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ABSTRACT

A key obstacle in teaching introductory control systems is the challenge students
encounter in connecting abstract mathematical concepts to tangible real-world
applications. Transfer function analysis, while foundational, is often viewed as
excessively theoretical and detached from practical engineering contexts. Without
accessible and relatable examples, students may struggle to understand critical
control system behaviors, including stability, damping, and dynamic response.
This study seeks to evaluate the transfer function of a DC motor and illustrate its
efficacy as a practical and engaging educational tool in foundational control
systems courses. The DC motor is selected due to its simplicity, cost-
effectiveness, and widespread use in both academic and industrial settings. The
primary contribution of this research lies in the development and simulation-
based evaluation of a second-order transfer function for a standard DC motor.
This model serves as an educational framework, enabling students to explore
time-domain and frequency-domain responses while solidifying their
understanding of fundamental control principles. The transfer function is derived
by applying the Laplace transform to the motor’s electrical and mechanical
dynamics. Python-based simulations are employed to analyze the system,
including step response evaluation and Bode plot analysis. Key system
parameters, such as steady-state gain, damping ratio, natural frequency, rise time,
and settling time, are calculated to assess system performance. The analysis
reveals a steady-state gain of 0.408, a damping ratio (g) of approximately 0.7, and
a natural frequency (w,) of 14.7 rad/s. The step response achieves 95% of its
steady-state value within 0.25 seconds, exhibiting minimal overshoot and
confirming the system’s stable, well-damped characteristics. The findings affirm
that the DC motor’s transfer function is an effective pedagogical tool for bridging
theoretical concepts and practical applications. This approach fosters enhanced
student engagement and a deeper understanding of control systems
fundamentals
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1. INTRODUCTION

Teaching core control system concepts—especially
transfer-function  analysis—often  remains  overly
theoretical and disconnected from hands-on applications.
Many engineering students struggle to map Laplace-
domain models to real-world electromechanical behavior,
which reduces both engagement and conceptual
understanding [1].

This conceptual gap becomes especially pronounced
when students engage with electromechanical systems
like DC motors. Despite their widespread use in
instructional laboratories, these systems are frequently
treated as opaque "black boxes," where control
strategies—such as PID algorithms—are implemented
without a meaningful grasp of the underlying dynamics.
Alkhafaji et al. [2] observe that educational emphasis

tends to skew toward controller tuning, often at the
expense of system modeling and analytical reasoning,
which are central to a deep understanding of control
theory. As a result, students may achieve functional
control without truly comprehending the behavior of the
plant they are manipulating.

Masoud et al. [3] further contend that learners
increasingly depend on pre-built simulation environments
such as MATLAB/Simulink, bypassing the critical process
of developing and validating mathematical models. This
reliance can hinder their ability to generalize insights
across systems or diagnose issues effectively. Taken
together, these concerns underscore an urgent
pedagogical imperative: to equip students with tools and
methodologies that illuminate the meaning behind
transfer functions and cultivate intuitive, experience-
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based understanding through engagement with real-world
systems [4].

Recent developments in control systems education
have increasingly emphasized experiential learning,
simulation-driven environments, and adaptive control
techniques as means to reconcile theoretical instruction
with practical application. Ivanov et al. [5] introduced a
parameter estimation method for DC motors using noisy
datasets, offering students a firsthand look at the
complexities inherent in system identification. Similarly,
Montoya-Acevedo et al. [6] developed adaptive current
control strategies for DC-DC converters, fostering deeper
engagement with nonlinear system dynamics.

A parallel stream of innovation has focused on
accessible hardware-based learning. Nassim and Amroun
[71 implemented fuzzy-PID control on affordable
microcontrollers to regulate DC motor speed, thereby
enhancing students’ grasp of control logic and
implementation. Badarudin et al. [8] contributed virtual
simulations that replicate motor responses, providing
scalable and cost-effective platforms for conceptual
exploration. Bhatta et al. [9] validated a low-cost
experimental setup for basic motor control instruction,
reinforcing the pedagogical value of hands-on experience
in solidifying theoretical understanding.

More advanced instructional approaches have also
gained traction. Sun et al. [10] demonstrated the feasibility
of teaching state-feedback controller design for hub
motors at the undergraduate level, given appropriate
scaffolding and instructional design. Gao et al. [11]
proposed an online recursive least squares (RLS)
algorithm for real-time motor parameter estimation,
highlighting how dynamic modeling techniques can enrich
students’ comprehension of system behavior. Gamazo-
Real et al. [12] introduced sensorless control strategies
for brushless DC motors (BLDCs), broadening the scope
of student engagement with contemporary control
technologies.

Although the existing literature presents a rich
spectrum of modern tools and applications for DC motor
control, a notable gap persists in educational modeling
frameworks—particularly  those that emphasize
conceptual understanding of transfer functions rather than
mere optimization of control outputs. As Chavan [13]
observes, students are often introduced to time-domain
response characteristics without a clear grasp of how
these behaviors emerge from the system’s physical
parameters.

Current instructional approaches rarely support a step-
by-step learning trajectory that allows students to follow
the full modeling pathway:

—  From physical attributes

— Mathematical formulation

— Laplace transformation

— Canonical second-order representation

— Time and frequency domain analysis.
While advanced techniques such as state-space
modeling or machine learning offer powerful insights [10],

[11], they tend to be too abstract or computationally
intensive for learners at the introductory level.

This highlights a pressing need for a simplified,
pedagogically grounded modeling tool—one that centers
on a basic second-order transfer function derived directly
from measurable motor parameters. Such a framework
would prioritize interpretability and reinforce foundational
learning outcomes, enabling students to build intuition
and confidence in system modeling before progressing to
more complex methodologies.

This study proposes the development and analysis of
a simplified transfer function model of a DC motor,
designed specifically for educational purposes in basic
control systems. The model will be derived using first
principles—from Newton’s laws and Kirchhoff’'s circuit
laws—and will be shaped into a standard second-order
form:

G(s) =

Where:

— Kis the system gain

— 1 is the constant

— ( is the damping ratio

This paper aims to analyze the transfer function of a
DC motor and demonstrate its effectiveness as a didactic
tool in foundational control systems education. By
connecting physical motor parameters to standard
second-order system representations, the model supports
deeper conceptual engagement and bridges the learning
gap between math and machine.

The key contributions of this work are:

1. A simplified derivation framework: Step-by-
step modeling of a DC motor into its second-order
transfer function using fundamental physics and
electrical theory.

2. Pedagogical tuning of parameters: Realistic
values selected for damping ratio (~0.7), natural
frequency (~14.7 rad/s), and gain (~0.408) to

K
12524+2015+1

(1)

generate optimal educational step response
behavior.
3. Python-based simulation tools: Complete

example code and graphs for visualizing time and
frequency response, promoting hands-on, code-
based learning.

4. Scalability to labs and virtual environments:
Applicable for use with low-cost microcontrollers,
real DC motors, or even fully virtual simulation
settings.

The remainder of this paper is structured as follows.
Section 2 presents related work in DC motor modeling,
educational simulations, and control experiments. Section
3 describes the methodology for deriving the motor’s
transfer function and tuning parameters. Section 4
discusses simulation results and educational implications.
Section 5 outlines how this model can be integrated into
laboratory teaching, including potential improvements.
Finally, Section 6 concludes the paper and suggests
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future research directions, including model expansion to
higher-order systems or inclusion in automated design
tools.

2. MATERIALS AND METHOD
A. Dataset

The foundation of this study lies in the accurate
modeling of a standard educational DC motor HC785LP-
012, which is frequently used in introductory control
system laboratories. The motor model serves as the
principal dataset, defined not by large-scale empirical
logging but rather through a set of key parameters
obtained from both manufacturer datasheets and
empirical tuning via simulation tools in MATLAB Simulink.
The parameters used for this model include the armature
resistance (R,), armature inductance (L,), rotor inertia
(), viscous damping coefficient (b), torque constant (K,),
and back-electromotive force (EMF) constant (K, ). These
values are essential in constructing an accurate transfer
function that reflects the real dynamic behavior of the
motor at Tabel 1.

Tabel 1. DC Motor HC785LP-012 Parameters Used
in Simulink Simulation

Para meter Symbol | Value unit
Armature Resistance R, 81,39 Ohm
Armature Inductance L, 0,05 Henry

Moment of Inertia ] 0,0025 | kg.m?
Damping Coefficient b 0,01143 | N.m.s
Torque Constant K, 0,05 N.m/A
Back-EMF Constant K, 0,05 V.s/rad

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

Data was gathered through a closed-loop simulation
environment constructed in Simulink, which served as a
virtual lab platform. A Transfer Function block was
configured based on the standard second-order model of
a DC motor with the equation:

_ Kt

G(s) = LaJs?+(Lab+Ra))s+(Rab+K¢tKe) (2)
0,408

G(s) = 3)

0,00012552+0,20355+0,0272

The developed model exhibits the characteristics of a
second-order underdamped system, capturing the
dynamic response typical of DC motor behavior. To
simulate a change in desired speed, a Step Input block
was employed, initiating a unit step that allowed
observation of the system’s transient and steady-state
performance. The resulting output was monitored via the
Scope block, providing a visual representation of the
motor’s response.

For more rigorous analysis, the simulation data were
exported using a To Workspace block, enabling post-
processing and comparison against theoretical
predictions. The simulation ran over a 100-second interval

with a time resolution of 1 millisecond, utilizing a fixed-
step solver to maintain numerical precision and ensure
consistency in the results.

C. Data Processing (Arial 10)

It can be calculated using Eq. (4) as follows
[24]:

T, = i 4

wd

Where T, represents the rise time, defined as the
duration required for the system's response to transition
from 10% to 90% of the final steady-state value. The
parameter w,; denotes the damped natural frequency,
while 8 is the damping angle, which depends on the
damping ratio ¢ as shown in Eq. (5) [12]:

6 =tan™! (@) (5)

In the input phase of the simulation, a unit step signal
is applied to the plant model within Simulink to emulate
the system’s response wunder standardized test
conditions. This approach provides a controlled
environment for evaluating dynamic behavior. The
system’s output is captured using both the Scope and the
Simulation Data Inspector, allowing for detailed
observation and analysis. [13].

Key performance metrics—including rise time,
settling time, overshoot, and root mean square error
(RMSE)—are extracted wusing Simulink’'s  built-in
measurement tools. These empirical results are then
compared with the theoretical values derived earlier,
serving as a validation step for the accuracy and fidelity of
the second-order model. [14] This integration of analytical
and simulation-based methods reinforces the reliability of
the proposed framework, ensuring that the model not only
aligns with theoretical expectations but also performs
consistently under simulated conditions.

3. RESULTS
A. Main Finding

The simulation of the DC motor speed response in
Simulink produced a consistent time-domain output that
confirms the validity of the transfer function used in this
study. As shown in Figure 1, the output response to a unit
step input demonstrated key characteristics of an
underdamped second-order system, including a slight
overshoot and a fast convergence to the steady-state
value. The observed rise time was 0.08 seconds, settling
time was 0.26 seconds, and maximum overshoot reached
10.2%. The system stabilized at a final output of 0.408
rad/s, which is exactly the DC gain of the transfer function.

This output behavior aligns with theoretical results
derived using classical control formulas, which were
calculated based on the following parameters: R, =1.2 Q,
L, =0.05H,]=0.01kg:m? b=0.1Nm/s, and K, =K, =
0.05. The results suggest that the modeled motor is
inherently stable and sufficiently responsive, making it
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suitable for further control system experimentation such
as PID tuning or adaptive control.

A visual representation of the simulation output can
be seen in Figure 1. The figure illustrates a smooth,
slightly oscillatory transient followed by a steady
convergence—characteristic of systems with damping
ratio 0 < ¢ < 1. The modeling process was validated
guantitatively through RMSE analysis, which yielded a
value of 0.0092, demonstrating high accuracy and model
fidelity. This main finding verifies that the simulated plant
represents real-world DC motor behavior accurately and
provides a sound foundation for implementing control
strategies.

4 Scope - [m] X

File Tools View Simulation Help ¥
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Gambar 1. Output Simulation of The Trasferfaction
Motor DC HC785LP-012

B. Supporting Finding

To strengthen the reliability of the main result,
additional simulations were conducted by varying key
physical parameters of the DC motor. These variations
served as sensitivity analyses and highlighted how
system dynamics respond to changes in electrical and
mechanical constants. For instance, when the armature
resistance R, was increased to 1.5 Q, the rise time
increased to 0.11 s and overshoot rose to 14.5%.
Similarly, reducing the rotor inertia /] from 0.01 to 0.007
kg.m? led to a faster response, with the rise time dropping
to 0.06 s but introducing higher oscillations and longer
settling time.

These observations are consistent with theoretical
control behavior, in which higher damping reduces
overshoot but slows the system, and lower inertia
increases responsiveness but decreases stability. The
Simulation Data Inspector and Scope blocks in Simulink
were used to capture these responses, while MATLAB
scripts allowed the extraction and plotting of key data into
editable charts.

Moreover, the system’s response without PID control
was compared to its behavior under PID regulation.

Without PID, the output showed 10.2% overshoot and
0.408 rad/s steady-state value. With PID tuning applied
(not detailed here), the overshoot decreased to 4.3% and
settling time shortened to 0.19 s, demonstrating the
effectiveness of control augmentation.

0.05 ]
7| 0.020552+2 554025 "
Step Scope
Transfer Fen
Gambar 2. Block diagram of Simulation In

Simulink DC motor HC785LP-012

4. DISCUSSION

The simulation results obtained from the DC motor
model developed in Simulink reveal several key insights
into the behavior of second-order dynamic systems,
particularly those characterized by electrical and
mechanical parameters such as resistance, inductance,
inertia, and damping. The observed rise time of 0.08
seconds and settling time of 0.26 seconds reflect a
responsive system capable of quickly adjusting to input
changes. This is particularly important in applications
where real-time speed regulation is crucial. The 10.2%
overshoot found in the simulation is indicative of an
underdamped response, a typical behavior in motor
systems where fast reaction times are prioritized, albeit
with a slight trade-off in transient precision.

From an interpretative perspective, these results
affirm that the mathematical model used—derived from
real motor datasheet parameters—is capable of
representing actual motor behavior with high accuracy.
The final steady-state output of 0.408 rad/s exactly
matches the system's DC gain, validating the consistency
between theoretical predictions and simulation outcomes.
Moreover, the low Root Mean Square Error (RMSE) value
of 0.0092 confirms that the deviation between the
simulated response and an idealized theoretical curve is
minimal, further solidifying the reliability of the model.

When compared to similar research, this study
performs favorably. For instance, Ali et al. (2022) reported
arise time of 0.11 s, settling time of 0.32 s, and overshoot
of 14.8%, whereas Rahman et al. (2023) achieved a
slightly better profile with 0.09 s rise time and 12.3%
overshoot. In contrast, the results of this study offer faster
response times and lower overshoot levels, which may be
attributed to the optimized motor parameter selection and
simplified simulation environment. These comparisons
not only support the validity of the model but also highlight
the potential for using such simulations in both academic
and prototyping contexts.

However, the research is not without limitations. The
model is inherently linear and does not incorporate real-
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world nonlinearities such as magnetic saturation,
temperature-dependent resistance changes, or
mechanical backlash—all of which can significantly affect
motor behavior under certain conditions. Furthermore, the
analysis is limited to an open-loop configuration using only
a step input. While effective for evaluating baseline
system characteristics, this excludes important aspects
such as disturbance rejection, load adaptability, and
controller tuning under variable reference trajectories.
Future studies should incorporate more advanced inputs
(e.g., ramp or sinusoidal), closed-loop control structures
(e.g., PID or adaptive control), and external loading
conditions to further validate the model.

Despite these limitations, the implications of the study
remain valuable. The simulation framework proves to be
a highly effective educational tool, enabling learners to
observe and analyze system responses directly and
intuitively. It can also serve as a foundational platform for
control system prototyping, especially in scenarios where
low-cost validation environments are necessary before
transitioning to hardware implementation. The strong
correlation between the simulated and theoretical results
not only enhances conceptual understanding but also
provides a reliable basis for deeper exploration into motor
control, system identification, and embedded control
algorithm development.

5. CONCLUSIO

This study aimed to analyze the transfer function
of a DC motor as a learning medium for
understanding the dynamic behavior of basic control
systems. By constructing a second-order model in
Simulink based on real-world motor parameters, the
study sought to simulate and evaluate the system's
time-domain response under a unit step input. The
approach also served to validate whether such a
simplified transfer function could accurately
represent the motor’s dynamic characteristics for
both instructional and prototyping applications.

The simulation results demonstrated that the motor
model responds with typical underdamped
characteristics, including a rise time of 0.08 seconds, a
settling time of 0.26 seconds, and a maximum overshoot
of 10.2%. The final steady-state output of 0.408 rad/s
aligned precisely with the system's theoretical DC gain.
Furthermore, the calculated Root Mean Square Error
(RMSE) of 0.0092 confirms that the simulated response
is highly accurate and consistent with expected
outcomes. These results validate that the model can
reliably be used as a simplified representation of an actual
DC motor’s behavior in open-loop control scenarios.

Looking forward, several areas are identified for future
research. First, the model can be extended to include
nonlinear effects, such as saturation and frictional
backlash, to enhance realism. Additionally, closed-loop
control mechanisms like PID or adaptive controllers could
be implemented to evaluate system behavior under

feedback conditions. The incorporation of disturbance
inputs, load variation, and real-time hardware
implementation would also provide further insights into
the practical viability of the model in real-world
applications. These extensions would elevate the model
from an educational simulator to a robust platform for
controller design, testing, and validation.
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