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Resumen

La experimentacion practica es esencial en la ensefianza de la ingenieria automatica; sin embargo, las plataformas tradi-
cionales suelen ser costosas, poco portitiles o depender de software propietario, lo que limita su accesibilidad y escalabilidad.
Este trabajo presenta un kit educativo open-source, portatil y de bajo coste para el aprendizaje practico en asignaturas de control
automatico. La plataforma integra un sistema embebido basado en ESP32 con un motor de corriente continua con encoder, junto
con una interfaz grafica de usuario (GUI) en Python para la configuracion de experimentos, la visualizacién en tiempo real y
el almacenamiento de datos. El firmware emplea FreeRTOS para garantizar un muestreo determinista y multiples modos de
operacion (bucle abierto, posicidn y velocidad). La GUI permite configurar controladores, aplicar referencias y exportar datos.
Gracias a su bajo coste y a su naturaleza abierta, los estudiantes pueden montar el sistema y disponer de un equipo de practicas
propio, manteniendo la interaccién con un sistema fisico real incluso fuera del laboratorio.

Palabras clave: Educacion en Control, Disefio de Control, Modelado, Identificacion y Procesamiento de Sefales, Sistemas de
Control Lineal, Computacion aplicada al Control.

Open-source, portable, and low-cost educational kit for engineering control courses
Abstract

Hands-on experimentation is essential in control engineering education; however, traditional laboratory platforms are often
costly, non-portable, or rely on proprietary software, limiting their accessibility and scalability. This paper presents an open-
source, portable, and low-cost educational kit for practical learning in control engineering courses. The kit integrates an ESP32-
based embedded system with a direct-current (DC) motor equipped with an encoder, together with a Python graphical user
interface (GUI) for experiment configuration, real-time visualization, and data logging. The firmware employs FreeRTOS to
ensure deterministic sampling and supports multiple operating modes (open-loop, position, and velocity). The GUI enables
users to configure controllers, apply reference signals, and export experimental data. Thanks to its low cost and open nature,
students can assemble the system themselves and have a personal experimental kit, maintaining interaction with a real physical
system even outside the laboratory.

Keywords: Control Education, Control Design, Modelling, Identification, and Signal Processing, Linear Control Systems,
Computers for Control.

1. Introduction oretical concepts to the behavior of real physical systems Carl-
son and Sullivan (1999). While simulation environments are

Hands-on experimentation is a cornerstone of control en- essential for introducing control theory and fostering concep-
gineering education, as it allows students to directly relate the- tual understanding, they are often insufficient on their own to
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convey practical issues such as sensor noise, actuator satura-
tion, discretization effects, and implementation constraints. In
addition, simulation-based tools are often perceived by stu-
dents as hands-off activities, which may limit engagement and
learning outcomes Sianez et al. (2010). For this reason, phys-
ical laboratory platforms continue to play a crucial role in un-
dergraduate and graduate courses in control, automation, and
mechatronics Jara et al. (2011).

Despite their pedagogical relevance, traditional laboratory
setups present several practical limitations. Commercial edu-
cational platforms are typically expensive, bulky, and difficult
to scale when large numbers of students are involved Bern-
stein (2005); Vazquez-Hurtado et al. (2025). In addition, many
laboratory systems rely on proprietary software tools, which
increase costs, restrict portability, and limit reuse beyond in-
stitutional facilities Dixon et al. (2002). Conversely, low-cost
solutions based on microcontrollers often require students to
engage in low-level programming, real-time scheduling, and
debugging tasks that may introduce accidental complexity and
divert attention from the main learning objectives related to
system dynamics and control behavior Schmidt et al. (2006);
Niez (2024).

To address these challenges, numerous low-cost, open-
source educational platforms have been proposed, particularly
for robotics and control education. Devices such as haptic
paddles Gandarias et al. (2016); Martinez et al. (2019), mo-
bile robots Mufioz-Ramirez and Gémez-de Gabriel (2016);
Gonzalez et al. (2017), and single-degree-of-freedom actua-
tion systems Docekal and Golembiovsky (2018); Muiioz et al.
(2022) have demonstrated their effectiveness for teaching dy-
namics and control concepts in project-based learning en-
vironments. Model-based approaches using tools such as
Simulink have also been shown to reduce implementation ef-
fort and improve teaching efficiency Gandarias et al. (2017).
Conversely, programming-centric approaches based on Ar-
duino or similar platforms offer low cost and openness but
impose a substantial cognitive and technical burden on stu-
dents during laboratory sessions Mufioz-Ramirez and Gémez-
de Gabriel (2016).

This paper presents an open-source, portable, and low-cost
educational kit specifically designed for control engineering
courses to deal with these limitations (see Fig. 1). All the
code and detailed instructions are available in a public GitHub
repository '. The proposed kit relies on widely available,
low-cost, and open or off-the-shelf hardware components and
includes detailed assembly instructions to ensure straightfor-
ward system integration and maintainability, preventing this
from becoming a barrier for students. A fully developed,
open-source firmware is provided that handles low-level tasks
such as signal acquisition, real-time scheduling, and control
execution. As a result, students are not required to engage in
embedded programming, since the firmware can be easily up-
loaded following the provided guidelines, typically as a one-
time setup process. In addition, a cross-platform, open-source
Python Graphical User Interface (GUI) enables intuitive ex-
periment configuration, real-time data visualization, controller
selection and tuning, and data logging without reliance on pro-

! GitHub repository: https://github.com/jmgandarias/dc_motor_kit

prietary software. This architecture allows students, even in
the early stages of their degree, to build and use their own
portable experimental kit, which can be reused across multiple
courses, enabling them to focus on control and system dynam-
ics concepts rather than implementation details. Hence, the
kit we propose preserves interaction with a real system while
reducing accidental complexity and improving accessibility,
scalability, ease of repair, and cross-disciplinary applicability
in educational contexts.

Figure 1: The proposed kit combines a DC motor-based plant, driven by an
ESP32-based integrated controller, with a fully open-source, cross-platform
graphical user interface (GUI), and requires only a single 3D-printed part for
assembly. CAD design (left) and real experimental kit (right).

The remainder of this paper is organized as follows. Sec-
tion 2 describes the proposed system architecture, including
hardware and firmware design. Section 3 introduces the GUI
and the communication protocol. Section 4 presents represen-
tative educational use cases and example experiments. Finally,
Section 5 concludes the paper and outlines directions for fu-
ture work.

2. System Overview

The proposed educational kit is a compact, portable, and
self-contained unit for hands-on experimentation in control
engineering courses. Its design follows a modular architec-
ture that integrates a physical control plant, an embedded real-
time controller, and a host-level graphical user interface. The
complete hardware interaction and communication pipeline
is presented in Fig. 2. This section provides an overview of
the hardware and firmware components (left-hand side of the
pipeline).

2.1. Hardware kit

The physical plant consists of a DC motor equipped with
an incremental encoder, driven by an ESP32-based embedded
system. Motor actuation is performed via bidirectional Pulse-
Width Modulation (PWM) with an L298N H-bridge driver,
enabling control of rotation direction and the input voltage ap-
plied to the motor. Encoder feedback provides high-resolution
angular position measurements, from which velocity can be
computed numerically by discrete differentiation.

An external power supply powers the actuation to ensure
sufficient current delivery and stable operation. In the setup
proposed in this work, a 12 V, 5 A power supply is used, en-
abling the system to operate reliably under varying loading
conditions while remaining affordable and easy to implement.
The remaining components are powered via a standard USB
connection that is also used for communication.
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Figure 2: System pipeline showing the interaction between the embedded control architecture and the host graphical interface. The diagram illustrates the flow
from experiment configuration and controller execution to real-time data acquisition and visualization.

The proposed kit is available in two configurations. The
basic version is built around a standalone ESP32 microcon-
troller, offering a minimal, cost-effective setup for control ex-
periments. The advanced version is based on the M5Core2
(see Fig. 1), which integrates the ESP32 along with additional
components that may be useful for other related subjects but
are not essential for the purpose described in this article. Fur-
thermore, the kit allows the inclusion of additional elements
such as an LED and a small breadboard, enabling simple ex-
tensions for related courses such as industrial electronics or
informatics.

The Bill of Materials (BOM), including the list of compo-
nents and their approximated costs at the time of writing, is
provided in Table 1. The total cost of the kit ranges from 26.9
€ for the simplest, cheapest version (ESP32) to 77.03 € for
the most expensive, complete one (M5Core2).

Table 1: Bill of Materials (BOM). The components at the bottom are optional.

Components Cost (€)
JGA25-370 DC motor 6.19
L298N H-bridge 1.76
ESP32-DevKitC-32 / M5Core2 3.69/51.39
Dupont AWG Cables 1.59
12V, 5A power supply 11.89
3D printed parts 1.78
Jack connector 0.32
Switch 1.03
Mini breadboard 1.04
LED 0.04

2.2. Firmware architecture

The embedded firmware is developed using the Arduino
framework for the ESP32 and is structured around a multitask-
ing, multicore architecture based on FreeRTOS Barry (2018)
(see the ESP32-firmware block in Fig. 2). This design allows
a clear separation of functionalities while maintaining deter-
ministic timing behavior in the control loop.

The firmware is organized into three main tasks. The con-
trol task executes the real-time control algorithm in Core 1
with a configurable sampling period. It performs signal acqui-
sition and actuator command generation, and supports multi-
ple operating modes, including open-loop actuation, position
control, and velocity control. Encoder signals are processed
using Interrupt Service Routines (ISRs) in Core 1 to ensure
accurate pulse counting. Angular position and velocity are

computed from the encoder data, with optional filtering ap-
plied to reduce measurement noise.

A configuration and communication task runs on Core 0
and handles serial communication with the host computer,
processes experiment commands, and updates control param-
eters at runtime. A third task, which also runs on Core 0,
manages local interaction and visual feedback (available only
in the M5Core?2 version), facilitating standalone operation and
system status monitoring. Output saturation and experiment
time limits are implemented to ensure safe operation during
student use.

The control loop runs independently on the embedded sys-
tem with a configurable sampling period of up to 1 kHz, en-
suring deterministic real-time performance. In contrast, com-
munication over the serial interface occurs at a fixed rate of
approximately 100 Hz, which is sufficient for visualization.
Each transmitted batch, encoded as a JSON message, con-
tains a sequence of time-stamped samples, allowing the host
application to reconstruct the high-frequency system behavior
despite the lower communication rate.

On the host side, the GUI parses these JSON messages
and reconstructs the experiment’s temporal evolution for real-
time visualization and logging. This design decouples con-
trol execution from the communication layer, enabling high-
frequency control loops to operate reliably while maintaining
an efficient, robust data transmission pipeline.

3. Graphical User Interface and Communication Protocol

To support experiment configuration, execution, and anal-
ysis, a cross-platform GUI has been developed in Python (see
Fig. 3), with its dependencies specified in the requirements file
in the GitHub repository. The GUI is a key element of the pro-
posed educational kit, providing students with intuitive access
to the experimental kit while abstracting away low-level pro-
gramming, communication, and implementation details. This
section describes the interface’s design objectives, the com-
munication protocol, and the main interaction and data man-
agement features.

3.1. Design objectives

The GUI has been designed with a strong educational fo-
cus. Its primary objective is to enable students to interact with
a real control system without requiring prior knowledge of
embedded programming or communication protocols. The in-
terface should therefore be intuitive, lightweight, and easy to
deploy on standard personal computers.
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Figure 3: GUI of the proposed system. The upper section shows the serial communication panel, including port selection, baud rate configuration, and connection
controls. Below it, the experiment configuration panel allows selection of the control mode, input signal, controller parameters (i.e., PID gains), experiment
duration, and sampling time. The lower part of the interface displays real-time plots of the main system variables: the top plot shows the applied voltage with
saturation limits, the middle plot shows angular position, and the bottom plot shows measured and filtered velocity. Logging options and variable selection

checkboxes are also available for data recording and visualization.

In addition, the GUI is intended to provide immediate vi-
sual feedback on system behavior, allowing students to re-
late theoretical concepts—such as transient response, steady-
state error, or the effect of controller parameters—to real ex-
perimental results. Finally, the interface must support repro-
ducibility and assessment by enabling systematic experiment
configuration and automatic data logging.

3.2. Communication and experiment management

Communication between the embedded system and the
host computer is implemented via a USB serial interface. A
lightweight text-based protocol is used, combining explicit
command messages with structured configuration data en-
coded in JSON format. This approach allows experiment
parameters—such as the sampling period, controller gains,
reference signals, and experiment duration—to be dynam-
ically modified without recompiling or reprogramming the
firmware.

During operation, the firmware continuously transmits
time-stamped variables (actuation, position, velocity, filtered
velocity, and reference) to the host computer. This data stream
enables real-time monitoring of system behavior and supports
post-processing and analysis of experimental results.

To ensure efficient and reliable data transfer at differ-
ent sampling rates, the firmware groups and serializes the
measurements into compact JSON structures, which are then
transmitted to the host periodically. This batching strategy
reduces communication overhead, improves throughput, and
prevents data loss when operating at high control frequencies.

3.3. Data logging and offline analysis

In addition to real-time visualization, the GUI supports au-
tomatic data logging throughout each experiment. Received
data samples are stored locally and can be exported to stan-
dard file formats, such as CSV, at the end of an experiment or
on demand. This feature enables students to perform offline
analysis using external tools and to document their results in
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laboratory reports or assignments. In addition, this feature al-
lows students to perform an offline workflow using the data to
obtain experimental models, design controllers, and work on
simulations, as described below.

3.4. Experimental workflow for control design

The right-hand side of the diagram in Fig. 2 represents
the host-level processing pipeline, which connects experi-
ment configuration, real-time monitoring, and optional anal-
ysis tools. The proposed pipeline enables a complete experi-
mental workflow that closely follows the typical control engi-
neering methodology. Using the graphical interface, the stu-
dent can first configure and launch an experiment on the real
system, obtaining time-stamped measurements. These experi-
mental data can then be exported and used to develop a math-
ematical model of the system, for instance, through system
identification techniques.

Based on this model, the student can design a controller
using standard tools, either through dedicated environments
such as MATLAB or open-source alternatives such as the
Python Control Systems Library Fuller et al. (2021). The de-
signed controller can be validated in simulation before being
implemented in the real system. Once validated, a new ex-
periment can be executed by integrating the controller into the
embedded firmware, allowing direct comparison between sim-
ulated and real responses.

This iterative process allows students to bridge the gap be-
tween theory and practice, verify that theoretical concepts are
supported by experimental results, and reinforce their under-
standing through direct interaction with the physical system.

4. Educational Activities and Use Cases

The proposed educational kit has been designed to sup-
port a broad spectrum of learning activities in control engi-
neering, ranging from introductory laboratory sessions to ad-
vanced project-based coursework. Its modularity and software
flexibility allow the same kit to be reused across different aca-
demic levels and teaching methodologies, promoting continu-
ity and scalability in control education.

4.1. Undergraduate-level activities

In undergraduate control courses, the kit can be primar-
ily used to introduce fundamental concepts such as system
dynamics, transient response, stability, and feedback control.
Initial laboratory sessions typically focus on system familiar-
ization through open-loop experiments, where students apply
step or ramp inputs to the motor and observe the resulting po-
sition and velocity responses. These experiments also allow
learners to identify practical phenomena such as actuator sat-
uration, nonlinear effects, and measurement noise.

Subsequent sessions introduce closed-loop control. By
implementing proportional or PID controllers and adjusting
their gains through the GUI, students can directly observe how
controller parameters affect key performance indicators such
as overshoot, settling time, and steady-state error. The imme-
diate visual feedback provided by real-time plots facilitates
conceptual understanding and promotes active experimenta-
tion.

At the intermediate stage, students can also explore the
differences between continuous-time and discrete-time con-
trol systems. By modifying the sampling period, they can ana-
lyze its impact on the dynamic behavior, including changes in
stability, responsiveness, and noise sensitivity. Additionally,
the platform allows students to observe practical nonlinear ef-
fects such as actuator saturation, as well as mitigation strate-
gies including anti-windup mechanisms. The effect of filter-
ing the derivative action can also be studied, highlighting the
trade-off between noise attenuation and control performance.

In higher undergraduate courses, the kit can be extended
to develop more advanced control strategies, such as cascade
control or feedforward compensation. These approaches may
require modifications to the embedded firmware and the GUI,
providing students with additional insight into the implemen-
tation aspects of control systems.

Furthermore, the kit can also be used in closely related
courses within the control engineering curriculum, such as in-
dustrial informatics or microcontroller programming. In these
contexts, students can explore topics such as embedded pro-
gramming, PWM signal generation, ISRs, digital controller
implementation, and real-time system design, thereby rein-
forcing their understanding of both theoretical and practical
aspects of engineering systems.

4.2. Usage scenarios in educational environments

The proposed kit supports several complementary use
cases, making it a flexible tool across diverse teaching con-
texts and learning methodologies.

First, the kit can be used in a conventional manner as a
laboratory setup for hands-on sessions in control engineering
courses. In this context, students perform guided experiments
to study system dynamics, controller design, and the real-time
behavior of physical systems.

Second, thanks to its portability, the kit can be used by
instructors during theoretical lectures to illustrate key con-
cepts directly and interactively. For example, it can be used
to demonstrate step responses, transient dynamics, or the ef-
fects of controller parameters such as PID gains, providing an
immediate link between theoretical analysis and real-system
behavior in the classroom.

Third, the low cost and accessibility of the components
enable students to assemble and use the kit at home. This sup-
ports the development of assignments and practical activities
beyond the laboratory environment, and facilitates their inte-
gration into Massive Open Online Courses (MOOCS). In this
context, the kit can complement traditionally theory-oriented
courses with hands-on experimentation, increasing student en-
gagement and enhancing learning outcomes.

Finally, the open-source nature of both hardware and soft-
ware enables project-based and self-directed learning. Stu-
dents can independently explore the system, develop their
own experiments, extend existing functionalities, or imple-
ment new features without direct supervision. This fosters au-
tonomous learning and creativity, and allows the kit to evolve
beyond its initial design, reaching wider user communities and
expanding its educational potential.
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5. Conclusions and Future Work

This paper has presented an open-source, portable, and
low-cost educational kit designed to support hands-on exper-
imentation in engineering control courses. The proposed so-
lution integrates a physical DC motor plant controlled by an
ESP32-based embedded system with a Python GUI that en-
ables intuitive experiment configuration, real-time visualiza-
tion, and automated data logging. This architecture preserves
direct interaction with a real system while minimizing acci-
dental complexity and avoiding dependence on proprietary
software environments.

The kit has been conceived with a strong educational fo-
cus, enabling reuse across different academic levels and teach-
ing methodologies. Its flexibility makes it suitable for guided
laboratory sessions, exploratory activities, and project-based
learning approaches, helping students connect theoretical con-
cepts with experimental behavior and gain experience with
real-world implementation issues.

At its current stage, the kit is primarily focused on clas-
sical control theory, based on linear time-invariant (LTI) sys-
tems and controller design using transfer functions, such as
PID control. However, it can be extended towards modern
control approaches in state-space form, allowing the study of
concepts such as pole placement, state feedback, and integra-
tor design. This evolution is planned as part of future devel-
opments.

At more advanced academic levels, the kit can be ex-
tended to support the implementation and evaluation of more
sophisticated control strategies. This requires modifications
at both the firmware and graphical interface levels to incorpo-
rate functionalities beyond the standard position and velocity
control loops. In particular, extensions may include cascade
control architectures, feedforward compensation strategies, or
nonlinear PID controllers, enabling students to explore more
advanced control schemes under realistic conditions. Further-
more, optimal control techniques such as Linear Quadratic
Regulator (LQR) or Model Predictive Control (MPC) can also
be addressed. Due to their higher computational requirements,
these approaches may require dedicated firmware, potentially
leveraging lightweight embedded optimization libraries such
as tinyMPC Nguyen et al. (2024).

Future work will therefore focus on extending both the
technical and educational capabilities of the kit. On the techni-
cal side, this includes integrating advanced control strategies,
improving signal processing methods, and supporting compu-
tationally demanding algorithms under embedded constraints.
On the educational side, future efforts will focus on incorpo-
rating the kit into remote and hybrid laboratory environments,
as well as systematically assessing learning outcomes in real
classroom settings.

Overall, the proposed kit provides a practical, scalable,
and accessible tool for control engineering education, promot-
ing the adoption of open, flexible, and reusable experimental
kits that effectively bridge the gap between theory and real-
world implementation.
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