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Abstract. This study presents a cost-effective differen-
tial wheeled mobile robot system designed for educational
and research applications. The robot employs an ESP32
microcontroller for control and communication, integrat-
ing sensors such as ultrasonic modules, an IMU 9050,
and a line-following module via the I2C protocol. PID
controllers were designed and fine-tuned using MAT-
LAB’s System Identification Toolbox to address motor
asymmetries, ensuring stable and synchronized perfor-
mance. A custom-built user interface developed in C#
enables real-time monitoring and control via Bluetooth,
allowing users to configure modes and visualize robot
trajectory. The experimental setup was intentionally
simple and reproducible, enabling straightforward de-
ployment for instructional purposes. The system was
validated through tasks such as line-following, obsta-
cle avoidance, and trajectory tracking, with the latter
demonstrating superior accuracy. While limitations,
such as sensor inaccuracies in reflective environments
and computational constraints of the ESP32, were iden-
tified, proposed future enhancements include integrat-
ing advanced sensors and machine learning algorithms.
The robot’s modularity, affordability, and adaptability
make it a versatile platform for introducing students to

robotics and conducting foundational research in control
systems.

Keywords

Differential Drive Wheeled Robot, ESP32, Ex-
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1. Introduction

Robotics is a multidisciplinary field of research and
application that focuses on the design, construction, op-
eration, and practical use of robots. This field integrates
diverse disciplines, including mechanics, electronics, in-
formation technology, artificial intelligence, and even
biology, to develop robotic systems that can operate
autonomously or semi-autonomously. Robotics plays
a pivotal role in addressing complex challenges across
various domains, including manufacturing, healthcare,
agriculture, and space exploration. With advancements
in machine learning and sensor technologies, robotics
continues to evolve, enabling the creation of more intelli-
gent, adaptive, and efficient systems. This convergence
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of disciplines not only enhances the functionality of
robots but also opens new frontiers for innovation and
problem-solving.

As a specialized branch of robotics, mobile robots are
characterized by their flexible mobility and are exten-
sively applied across a wide range of fields, including
industrial manufacturing, transportation, healthcare,
agriculture, public services, education, and research.
These robots play a crucial role in improving work
efficiency, minimizing risks to humans in hazardous
environments, and enhancing the overall quality of life.
Mobile robots come in various forms, such as humanoids,
autonomous vehicles, drones, and animal-inspired de-
signs, each tailored for specific applications. Among
these, differential wheeled mobile robots are the most
widely adopted due to their exceptional maneuverabil-
ity, mechanical simplicity, and operational reliability,
particularly in structured or simple environments re-
quiring agility. These robots utilize two independently
powered wheels for movement, enabling precise control
of direction and speed. Additionally, they are typically
equipped with one or more caster wheels to maintain
balance and enhance load-carrying capacity, making
them versatile and practical for diverse tasks.

Mobile robots remain a compelling topic of inter-
est for scientists across multiple disciplines, including
kinematics and motion dynamics, system modeling and
identification, sensing and control, artificial intelligence
and machine learning, and human-machine interaction.
Comprehensive overviews of published scientific works
are available in the literature, such as references [1] for
robot control and localization, [2] for trajectory plan-
ning of differential wheeled mobile robots, and [3] for
applications, data acquisition, and communication.

In education, mobile robots have become invaluable
tools for learning and research, widely adopted in uni-
versities and research institutes worldwide. They play a
crucial role in equipping students and researchers with
practical knowledge and skills in robotics and artifi-
cial intelligence. Some popular mobile robot models
include:

Sphero SPRK: A compact, spherical mobile robot
designed for interactive educational activities that help
students explore programming and scientific concepts
[4].

TurtleBot: An open-source mobile robot built on the
Robot Operating System (ROS). It is widely used for
teaching and research in robot control and computer
vision [5]. Multiple versions of TurtleBot cater to dif-
ferent needs and budgets. The latest, TurtleBot 4, is
priced at $2,188.00 USD for the standard edition [6].

Pioneer P3-DX: A wheeled mobile robot commonly
employed in research on control, localization, and appli-
cations in constrained environments [7]. Although no

longer available on the market, it was studied at Can
Tho University by the author Ma Truong Thanh and
colleagues [8].

Pepper: A humanoid mobile robot developed by Soft-
Bank Robotics, used for research in artificial intelligence
and human-machine interaction, particularly in services
and education [9].

KUKA youBot: A mobile robot equipped with sen-
sors and omni-directional wheels. It supports teach-
ing and research in control, programming, and human-
machine interaction [10]. This robot is actively studied
at the Vietnamese-German University [11].

Anki Cozmo: A small, endearing mobile robot de-
signed to teach children programming through fun and
interactive activities. It is currently available in Viet-
nam for 7.35 million VND [12].

NAO Robot: NAO is a humanoid mobile robot de-
signed for voice recognition and human-machine interac-
tion. It is extensively used in education and research on
artificial intelligence and robotics. At Ton Duc Thang
University, two NAO robots are currently utilized for
research and teaching, managed by the Applied Infor-
mation Technology Center. As of now, the price of a
NAO Robot is $12,990 USD [13].

These robots demonstrate the breadth of applications
and accessibility in mobile robotics, from educational
tools to advanced research platforms, underscoring their
importance in shaping the future of robotics and AI
education. These products are characterized by their
advanced functionality and high level of integration,
making them highly effective for teaching and learning.
However, their commercialized and pre-packaged nature
limits users’ ability to explore, modify, or customize the
mechanical design and control algorithms. Additionally,
their high costs pose significant challenges, particularly
for students from developing countries such as Vietnam,
where affordability remains a critical concern.

Most commercial and research mobile robots utilize
electric motors for actuation. Wheeled mobile robots
(WMRs) commonly employ permanent magnet direct
current (PMDC) motors [2], brushless direct current
(BLDC) motors [14, 15], stepper motors [16], or direct
current servo motors [17]. Among these, PMDC motors
are particularly popular due to their ease of mathemat-
ical modeling and straightforward control mechanisms.

Modern commercial PID controllers frequently in-
corporate auto-tuning features [18], streamlining their
application in practical systems. In addition, a wide
range of online and offline PID tuning algorithms have
been developed, leveraging techniques such as genetic
algorithms [19, 20, 21, 22], particle swarm optimization
[23, 24], and soft computing methods [25, 26, 27, 28].
Despite these advancements, most research focuses on
PMDC motors as standalone systems, where assump-
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tions about load torque being constant, undergoing step
changes, or being subjected to minimal noise may not
accurately reflect real-world conditions.

This paper presents the design and implementation
of a differential wheeled mobile robot. The robot is
equipped with two motor-driven wheels on each side
and a caster wheel at the front for balance. A variety
of sensors, including motor speed sensors, distance sen-
sors, and optical sensors, are integrated into the system.
An ESP32 microcontroller serves as the control unit,
offering robust communication and data transmission
capabilities via Bluetooth and Wi-Fi. The robot in-
cludes on-board control buttons and an LCD screen to
display critical information. It is designed for wireless
programming and can perform tasks such as following
colored lines, avoiding obstacles, and tracking target
objects.

To enhance user interaction, a monitoring and control
interface has been developed. This interface allows users
to configure operational parameters, choose operating
modes, collect status data, and visualize real-time infor-
mation such as wheel speeds and the robot’s trajectory
through intuitive graphical charts.

Compared to existing solutions, the proposed system
offers a cost-effective and scalable approach to mobile
robot control, making it particularly suitable for educa-
tional and research applications in resource-constrained
settings. Unlike commercial robots, which are often
pre-packaged and expensive, our system allows for cus-
tomization and modification of both the mechanical
design and control algorithms. Key unique features
include the integration of a cost-effective ESP32 mi-
crocontroller, a comprehensive suite of sensors, and a
custom-built user interface for real-time monitoring and
control.

The remainder of this paper is structured as follows:
Section 2 details the system description and modeling
of the proposed robot. Section 3 addresses motion plan-
ning and trajectory generation. Section 4 covers system
identification, control system design, and experimen-
tal results. Finally, Section 5 summarizes the primary
contributions and outlines future research directions.

2. System Description and
Modelling

2.1. System Description

The overall block diagram of the proposed Differential
Drive Wheeled Mobile Robot (DDWMR) is illustrated
in Fig. 1. The robot operates using two permanent-
magnet direct-current (PMDC) motors, each integrated
with a gearhead and encoders for precise speed and
position feedback. These motors are powered through

Fig. 1: System Block Diagram.

a dual H-bridge L298N motor driver, ensuring bidirec-
tional control and efficient power delivery.

For environmental interaction, the robot is equipped
with three ultrasonic sensors, strategically placed to
detect obstacles in the front, left, and right directions.
A line detector module is mounted underneath the
robot’s base, enabling it to perform line-following tasks
with accuracy. Additionally, nine push buttons are
installed on the front panel, allowing users to configure
operational parameters and select specific operating
modes with ease.

The ESP32 DEVKIT board serves as the central
microcontroller, providing robust processing power
and wireless communication capabilities. To enhance
the robot’s navigation and stability, a 9-DOF gyro-
accelerometer-magnetometer module (MPU9050) is in-
corporated. This sensor module enables precise mea-
surement of orientation, acceleration, and magnetic
field, improving the robot’s overall navigation and con-
trol performance.

Due to the limited number of general-purpose in-
put/output (GPIO) pins on the microcontroller, the
three HC-SR04 ultrasonic sensors are interfaced with
the ESP32 microcontroller via a CMOS analog switch
(CD4052B). This configuration optimizes GPIO usage
by allowing the microcontroller to manage multiple
sensors efficiently.

For other peripherals, communication with the micro-
controller is established through the I2C protocol. The
MPU9250 sensor is directly connected to the I2C bus
for real-time orientation and motion data. However, the
LCD LM041L, the dual H-bridge motor driver L298N,
and the line detector module require additional I2C
expansion. These devices are interfaced with the micro-
controller using a PCF8574 remote 8-bit I/O expander,
enabling seamless integration and reducing GPIO pin
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(a) Part I

(b) Part II

Fig. 2: Detail Schematic Diagram.

constraints. This setup ensures efficient communication
and control of the robot’s various components.

V Ai = 3.3 i
9 [V ] for i = 1...9 (1)

By monitoring the voltage at the Out pin (or its cor-
responding ADC value), the system can reliably detect
which push button (PB) has been pressed. However, a
limitation of this approach is that simultaneous pressing
of two or more PBs cannot be detected accurately due
to the overlapping signal values. Despite this constraint,
the method remains effective for single-button opera-
tions. The detailed schematic of the proposed mobile
robot system is presented in Fig. 2, illustrating the
connections and configurations of all components. The
printed-circuit-board of the robot is divided into three

(a) The Power Circuit

(b) The Sensor Circuit

(c) The Control Circuit

Fig. 3: The Printed-Circuit-Boards.
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Fig. 4: Implemented Differential Drive Wheel Mobile Robot.

sub-modules: the power circuit, the control circuit, and
the sensor circuit boards as shown in Fig. 3 and the
implemented model is shown in Fig. 4.

In addition to the hardware components, the pro-
posed system includes a custom-built user interface
(UI) developed in C#. This UI allows users to config-
ure operating modes, monitor robot performance, and
retrieve real-time data through Bluetooth communica-
tion. The design ensures flexibility and adaptability for
both educational and research purposes.

2.2. System Modelling

In our previous work, we a symmetrically half-weight
model of the DDWMR has been proposed. The robot
model is presented as a standard 2nd order system as

Gp =
Ωm

Va
=

Kdcω
2
n

s2 + 2ζωns+ ω2
n

(2)

where Ωm (s) is the Laplace transform of the angular
speed, Va is the armature voltage voltage of the motors;
ωn is the natural frequency; ζ is the damping ratio, and
Kdc is the dc gain that can be determined from the
robot parameters as:

ωn =
√

BmRa+K2
T

JTLa

ζ = JTRa+BmLa

2
√

JTLa(BmRa+K2
T )

Kdc =
KT

BmRa+K2
T

(3)

Detail about the models and parameters can be found
in [29].

3. System Identification,
Control System Design, and
Experimental Results

3.1. System Calibration and
Experimental Setup

The ultrasonic sensors were calibrated by measuring
their response to known distances in a controlled envi-
ronment. Temperature compensation was applied to
account for variations in environmental conditions. The
IMU (MPU9050) was calibrated using factory-defined
offsets, followed by real-world tests to correct for drift
and noise. The line-following module was calibrated
using a high-contrast black-and-white surface, with
thresholds adjusted dynamically during operation to
handle variations in lighting conditions.

Calibration challenges included environmental noise
and reflections affecting ultrasonic sensor accuracy, tem-
perature drift in the IMU, and variations in lighting
conditions impacting line-following performance. These
challenges were mitigated through filtering algorithms,
adaptive threshold, and real-time adjustments. How-
ever, extreme environmental variations may still affect
performance, and future work will focus on develop-
ing adaptive calibration techniques to further enhance
robustness.

The experimental setup for the proposed system was
intentionally designed to be simple, cost-effective, and
reproducible, ensuring its accessibility for educational
purposes. By using a flat, smooth surface and mini-
mal environmental variables, the setup enables straight-
forward replication by students and educators while
maintaining flexibility for further experimentation with
line-following, obstacle avoidance, and trajectory track-
ing tasks. The testing area measured approximately 2
meters by 2 meters and was illuminated under standard
indoor lighting conditions, avoiding potential interfer-
ence from extreme light or reflective surfaces. The
simplicity of the setup allows students and educators to
easily replicate and adapt the experiments for instruc-
tional purposes.

To ensure consistent performance during testing, the
system incorporates dynamic pulse-width modulation
(PWM) adjustments to compensate for the gradual
decline in battery voltage over time. As the battery
discharges, the PWM duty cycle is automatically in-
creased to maintain a stable armature voltage supply
to the motors. This mechanism prevents degradation in
motor speed and trajectory tracking accuracy, ensuring
reliable operation throughout the experimental tasks.
This approach, while simple, is sufficient for educational
applications and provides a platform for students to
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explore more advanced control and power management
techniques in future iterations of the system.

3.2. System Identification

To design a control system for the experimental setup,
it is essential to determine the system’s parameters
accurately. While some parameters can be obtained
directly from manufacturers’ datasheets, this is not
always feasible, especially for non-standard components.
Furthermore, the integration of individual components
can introduce slight variations in the overall system
parameters that need to be accounted for during the
identification process.

Initially, the motor speeds were controlled by adjust-
ing the pulse-width modulation (PWM) signals gener-
ated by the ESP32 microcontroller’s GPIO pins, which
were then fed into the dual H-bridge L298N driver.
Since the battery voltage decreases gradually during
operation, the PWM duty cycle must be adjusted to
maintain a consistent armature voltage supply to both
motors. The motors were configured to receive the same
armature voltage, ensuring uniform power distribution.
The robot was tested by running freely on a flat floor
while the motor speeds were monitored using encoders.
Low-pass filters were applied to the encoder data to
minimize noise and improve measurement accuracy. For
an armature voltage of 3.1V, the experimental results
are illustrated in Fig. 5.

Using the data collected, the transfer functions for
the left motor-wheel and the right motor-wheel were
identified using MATLAB’s System Identification Tool-
box. The resulting transfer functions are presented as
follows:

GR = VR

VaR
= 66.42

s2+6.008s+7.411

GL = VL

VaL
= 175.1

s2+14.3s+17.12

(4)

in which VR and VL denote the linear speeds, while VaR

and VaL represent the armature voltages of the right
and left motors, respectively. The analysis reveals that
the transfer functions of the left and right motor-wheel
systems are not identical. This asymmetry arises despite
the motors and wheels being selected with identical
parameters from the same manufacturer. The disparity
is primarily attributed to the non-uniform allocation of
other mechanical components in the system.

The characteristics of the Differential Drive Wheeled
Mobile Robot (DDWMR) can be expressed in terms of
the motor-wheel systems, as detailed in Table 1. From
this table, we observed significant asymmetry between
the left and right motors, with the left motor exhibiting
a natural frequency of 4.14 rad/s and a damping ratio
of 1.73, while the right motor had a natural frequency
of 2.72 rad/s and a damping ratio of 1.10. This asym-
metry was attributed to mechanical imbalances in the
robot’s structure. To compensate, we fine-tuned the

(a) Measured Data without and with Filter

(b) Motors Speed with different PWM Values

Fig. 5: Open-loop Tests.

Tab. 1: Motor-Wheel Systems Characteristics

No Symbol Params Left Right
1 ωn [rad/s] Natural 4.14 2.72

Frequency
2 ζ [-] Damping Ratio 1.73 1.10
3 Kdc [-] DC Gain 10.23 8.96

PID parameters for each motor individually, ensuring
synchronized performance despite the differences in dy-
namics. Experimental validation confirmed that this
approach effectively balanced the motor responses and
improved the robot’s overall stability and control.

Furthermore, the open-loop characteristics of the
motor-wheel systems were analyzed using MATLAB’s
“Linear System Analysis” toolbox. The results, pre-
sented in Figure 6, confirm that both motor-wheel
systems exhibit stable dynamics in their open-loop con-
figurations. This stability forms a solid foundation for
the design and implementation of robust closed-loop
control systems for the robot.
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Fig. 6: Open-loop characteristics.

3.3. PID Controllers Design

The PID controllers for the left and right motors were
tuned using MATLAB’s ’PID Tuner App,’ which pro-
vided an intuitive interface for optimizing the propor-
tional, integral, and derivative gains. The tuning pro-
cess involved iteratively adjusting the parameters to
achieve desired dynamic responses, such as minimizing
overshoot, ensuring stability, and optimizing settling
time. The initial tuning was based on the identified
transfer functions for each motor as shown in Fig. 7, and
the parameters were further fine-tuned experimentally
to account for real-world conditions.

3.4. Experimental Results

To assess the performance of the proposed system, vari-
ous case studies were implemented. In the first scenario,
the robot was tasked with moving forward 60 cm from
its initial position and then rotating 180 degrees about
its wheelbase-center. Three distinct control strategies
were applied: motor speed references, robot speed ref-
erences, and trajectory tracking.

Battery voltage variation was managed by dynam-
ically adjusting the PWM duty cycle to maintain a
consistent armature voltage supply to the motors. This
approach ensured stable motor performance despite
gradual decreases in battery voltage. Additionally, real-
time voltage monitoring was implemented to provide
feedback and allow for corrective actions if necessary.
Future work could explore the use of voltage regula-
tors or adaptive control algorithms to further optimize
power management.

(a) Right Motor

(b) Left - Motor

Fig. 7: Tuned Parameters of the PID Controllers.

1) Motor Speed Reference (MSR)

Using the S-curve trajectory generation methodology,
reference trajectories for specific points were generated.
Based on the backward kinematic model of a Differential
Drive Wheeled Mobile Robot (DDWMR), the reference
angular speeds for the left and right motors were derived.
PID controllers were employed to ensure the motors’
speeds followed the reference values.

Performance: As shown in Fig. 8, delays in PID
controller performance led to a mismatch in motor
speed synchronization. Although the motors reached
their reference speeds after a short delay, this resulted in
significant errors in the robot’s position and orientation.
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Fig. 8: Motor Speed References.

2) Robot Speed References (RSR)

In this strategy, the reference trajectory was converted
into linear and angular velocity references for the robot.
This control approach also employed PID controllers
to regulate the robot’s motion. Similar to the motor
speed control strategy, the robot experienced position
and orientation errors due to delays in velocity tracking,
as illustrated in Fig. 9.

3) Trajectory Tracking (TT)

In the proposed control strategy, a TT system as shown
in Fig. 10a was implemented to directly regulate the
robot’s motion along the desired path. This approach
ensured tighter adherence to the reference trajectory.

As depicted in Fig. 10b, the proposed control system
allowed the robot to follow the reference trajectory with
minimal error, demonstrating significant improvement
over the previous strategies.

The Root-Mean-Square Error (RMSE) for the differ-
ent control strategies is presented in Table 2. The data
highlights that the trajectory tracking method outper-
formed both motor speed and robot speed reference
strategies, delivering superior accuracy and control.

Fig. 9: Robot Speed References.

Tab. 2: Evaluation of Trajectory Tracking Strategies

No. Quan. Unit MSR RSR TT
1 Left motor cm/s 4.35 5.33 1.95
2 Right motor cm/s 2.66 2.88 1.61
3 Angular speed cm/s 18.81 20.03 8.85
4 Linear speed deg/s 2.61 3.3 1.35

This analysis confirms that the proposed trajectory
tracking approach effectively minimizes positional and
orientation errors, providing a robust and precise solu-
tion for controlling the DDWMR.

In addition, the effectiveness of the PID tuning pro-
cess was validated through trajectory tracking tests,
as shown in Fig. 10. The results demonstrated that
the tuned PID controllers enabled the robot to follow
predefined paths with minimal error, confirming the
robustness of the control system.

Additionally, in this work, a User Interface (UI) also
designed and programmed. The UI allows for the eval-
uation of the effectiveness of different controller param-
eters across various tasks. Different scenarios can be
tested, including Point-to-Point, 8-Shape, and Pure-
Pursuit modes, as illustrated in Fig. 11. Each of these
modes serves a specific purpose, providing a compre-
hensive evaluation of the system’s performance under
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(a) Schematic

(b) Results

Fig. 10: Trajectory Tracking.

different conditions. By adjusting controller parameters
for each mode, the system’s response can be fine-tuned,
helping to optimize its performance and assess its capa-
bility in real-world applications. These scenarios offer
valuable insights into how well the robot can adapt
to different movement patterns, enhancing its overall
functionality.

4. Conclusion

In this study, we developed a differential drive wheeled
mobile robot system that integrates precise control,
accurate system modelling, and an intuitive user in-
terface. The PID-based control system ensures stable
and synchronized motor performance, with parameters

(a) Point-to-Point

(b) 8-Shape

(c) Pure Pursuit

Fig. 11: Different Operating Mode with UI.

meticulously tuned using MATLAB’s PID Tuner App
to address asymmetries in motor dynamics. A compre-
hensive system identification process, conducted using
MATLAB’s System Identification Toolbox, enabled the
derivation of accurate transfer functions for both mo-
tors, ensuring optimal controller design tailored to the
robot’s characteristics. Additionally, a custom-built
user interface developed in C# provides real-time mon-
itoring and control through Bluetooth communication,
allowing users to configure operating modes, adjust pa-
rameters, and visualize real-time data such as wheel
speed and trajectory adherence. This integration of
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robust control mechanisms, precise modelling, and in-
teractive monitoring creates a scalable and adaptable
platform ideal for both educational and research appli-
cations in robotics.

The robot’s versatility makes it suitable for various
educational applications, ranging from introductory
robotics courses to advanced experiments in trajectory
tracking and adaptive control. This flexibility addresses
the needs of diverse users, from students to researchers.
The modular nature of the system ensures scalability
for more advanced research applications.

The current implementation exhibits several notable
limitations that warrant consideration. The sensor
suite’s accuracy is constrained by environmental fac-
tors, with ultrasonic sensors being susceptible to acous-
tic noise and surface reflectivity variations, while the
line-following sensors demonstrate sensitivity to ambi-
ent lighting conditions. The ESP32 microcontroller’s
computational capacity presents inherent restrictions
on implementing more sophisticated control algorithms,
particularly those requiring intensive real-time calcu-
lations. Furthermore, the Bluetooth communication
protocol introduces bandwidth limitations that may
impact data transmission capabilities in applications
requiring high-frequency sensor updates or complex con-
trol commands. Additionally, the system’s current opti-
mization for controlled environments suggests potential
performance degradation in unstructured or dynamic
settings, where environmental variables may exceed the
designed operational.

Future enhancements to the system could focus on
advancing its autonomous capabilities and environmen-
tal adaptability through several key developments. The
integration of machine learning algorithms, particularly
reinforcement learning for dynamic obstacle avoidance
and deep learning for advanced perception tasks, could
significantly improve the robot’s decision-making capa-
bilities. Enhanced sensor integration, such as LiDAR
or stereo cameras, would enable more precise environ-
mental mapping and obstacle detection. The implemen-
tation of model predictive control (MPC) could provide
more robust handling of varying loads and surface con-
ditions, while incorporating SLAM (Simultaneous Lo-
calization and Mapping) would facilitate more effective
navigation in unstructured environments. Additionally,
the development of adaptive control algorithms could
optimize power consumption and extend operational
time, further improving the system’s overall efficiency
and utility in real-world applications.
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