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Abstract—PID controller is widely used in automatic control
systems because it is simple, reliable, and easy to apply. It is
especially suitable for mobile robots, such as line-following
robots. The main contribution of this work is an experimental
method to tune PID parameters. Instead of using complex
algorithms, the parameters are adjusted and tested directly on
a real robot. This makes the method easier to apply, especially
for low-cost and educational systems. Experiments were
conducted to evaluate how PID parameters (Kp, Ki, and Kd)
affect the robot’s performance. The robot was tested on
different paths, including straight lines, curves, and 90-degree
turns. The results show that the optimal parameters are Kp =
65, Ki = 0.1, and Kd = 13. With these values, the robot moves
smoothly, responds quickly, and follows the path accurately.

Keywords—PID Control; Line-Following Control; ESP; Line-
Following Robot; Low-Cost and Educational Robot

L INTRODUCTION

The Proportional-Integral-Derivative (PID) controller is
one of the most widely used control strategies in modern
automatic control systems due to its simplicity, reliability,
and strong performance across a broad range of
applications [1]. It has been successfully applied in industrial
manufacturing processes [2], autonomous robotics [3],
healthcare systems [4], vehicle guidance and stabilization [5],
and other dynamic control tasks [6]. A PID controller
operates through three key components: the proportional
term, which responds to the current error; the integral term,
which eliminates accumulated steady-state error; and the
derivative term, which predicts future behavior by evaluating
the rate of change of the error [7]. Owing to this structure,
PID remains an essential solution for achieving stability, fast
response, and accuracy in control systems.

Line-following robots represent one of the most
fundamental and widely studied platforms in mobile robotics
research. These robots typically rely on infrared sensors to
detect the contrast between a predefined path and the
surrounding surface, allowing them to autonomously follow
a trajectory. Due to their relatively simple mechanical
structure and low implementation cost, line-following robots

are widely wused in robotics education, prototype
development, and experimental validation of control
algorithms [8], [9].

In recent years, several advanced control approaches have
been proposed to improve the performance of mobile robots.
Techniques such as intelligent hybrid techniques [10], fuzzy
logic combined with genetic algorithms [11], and adaptive
robust control [12] have been applied to enhance trajectory
tracking and motion stability. In addition, several studies
have attempted to optimize PID parameters using advanced
computational methods such as immune algorithms [13],
MATLAB-based optimization [14], [15], fuzzy inference
systems [16], [17], and particle swarm optimization [18].
These approaches can improve control accuracy and
adaptability under certain conditions.

However, many of these advanced methods require
complex mathematical modeling, high computational
resources, or simulation-based optimization procedures. Such
requirements may limit their practical applicability,
particularly for low-cost robotic platforms or educational
environments where simplicity, real-time implementation,
and hardware constraints are important considerations.
Furthermore, line-following robots operating in real
environments are often affected by sensor noise, variations in
ambient lighting, and nonlinear motor responses, which can
degrade control performance [19], [20].

Despite the large number of studies on PID and intelligent
control techniques, there remains a lack of practical research
focusing on systematic experimental PID tuning strategies
validated directly on real robotic platforms, particularly for
low-cost mobile robots used in educational and experimental
environments. Therefore, identifying a simple yet effective
PID tuning approach that can be easily implemented and
experimentally validated remains an important challenge in
robotic motion control.

To address this issue, this study proposes a practical
implementation of a discrete PID controller for a line-
following mobile robot based on the ESP32 microcontroller.
Instead of relying on complex optimization algorithms or
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intelligent hybrid controllers, this work focuses on a

systematic experimental PID tuning methodology with real-

time validation on a physical robotic platform. This approach
emphasizes practical implementation, simplicity, and
suitability for low-cost robotic systems.

The primary contributions of this work are as follows:

e A complete implementation of a low-cost discrete PID
controller for a line-following robot using readily
available components (ESP32, L298N, and TCRT5000
Sensors).

e A systematic evaluation of the individual effects of Kp,
Ki, and Kd on robot performance across straight paths,
curved trajectories, and 90° turns.

e Experimental identification of optimal PID parameters for
stable and smooth robotic motion.

e An analysis of performance limitations related to
environmental factors such as lighting conditions and
sensor noise, providing insights for future improvements.

II. ALGORITHM

A. Concept of PID Control

Fig. 1 a PID controller (Proportional-Integral-Derivative)
s a feedback control technique widely used in automatic
control systems. It continuously calculates an error value e(t)
as the difference between the desired setpoint (SP) and the
measured process variable (PV). The controller output u(t) is
determined by combining three terms: proportional (P),
integral (1), and derivative (D), as expressed in (1) [21]:

—

de(t)
dt

u(®) = Kye() + K [ e(®)dt + K, (1)
Where Kp — proportional gain, Ki — integral gain,
Kd — derivative gain, e(t)}=SP—PV(t) — control error.

Each term of the PID controller contributes differently to
the system response:

e Proportional term (P): produces a control output
proportional to the instantaneous error. A larger Kp yields
a faster response but may introduce oscillations, while a
smaller Kp results in a slower and less sensitive system.

e Integral term (I): eliminates steady-state error by
accumulating past errors over time. However, an
excessively high KiK iKi can cause overshoot and
instability due to error accumulation.

e Derivative term (D): responds to the rate of change of
error, improving transient performance and reducing
overshoot. In practical applications, the derivative action
is often filtered to reduce sensitivity to high-frequency
noise [22].

The combined effect of the P, I, and D components
enables the PID controller to achieve fast response, reduced
steady-state error, and stable control performance.
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Fig. 1. PID Controller

B. Line-Following Algorithm

The line-following robot uses five infrared sensors
(TCRT5000) labeled s1 s5 to detect the black line on a white
surface. Each sensor outputs logic ‘0’ when detecting the line
and ‘1’ otherwise. The combination of sensor readings
indicates the robot’s lateral deviation from the path, as shown
in Table 1.

Before conducting the experiments, the infrared sensors
were calibrated to ensure reliable detection under the
experimental lighting conditions. The reflected signals from
both the black line and the white background were measured,
and the threshold levels of the TCRT5000 modules were
adjusted accordingly. Additionally, the sensors were
mounted at a fixed distance from the ground to maintain
stable readings and reduce measurement noise.

Table 1. Sensor value and position of the robot

Sensor Value Position of Robot

00100 Center
10000 Far right
00001 Far left

Based on the sensor pattern, an error value (E) is assigned
from —5 to +5, representing the deviation level. The
microcontroller calculates the correction signal using the
discrete PID equation:

u(k) = u(k — 1) + Kp + KiTe(k) + -2 [e(k) —
2e(k—1) + ek —2)]

Where T is the sampling period in this implementation, the
PID controller is executed with a sampling period of T = 10
ms, which provides a balance between control responsiveness
and the computational capability of the ESP32
microcontroller.

The output u(k) determines the PWM duty cycles applied
to the left and right motors via the H-bridge driver (L298N).
When the robot drifts left, the right motor speed increases and
the left motor speed decreases, and vice versa. This closed-
loop correction ensures the robot continuously follows the
line smoothly and accurately.

C. PWM Control

Pulse Width Modulation (PWM) is used to control the
average voltage supplied to the DC motors. By varying the
duty cycle of a constant-frequency square wave, the motor
speed can be adjusted [23], [24]:

Increasing the duty cycle — higher average voltage —
higher speed, Decreasing the duty cycle — lower voltage —
lower speed.

PWM offers high efficiency, low power loss, and easy
implementation using microcontrollers, making it a suitable
technique for motor speed control in mobile robots.

2)

D. Motor Speed Control Using PID Output

The motor speed control based on the PID output is
illustrated in the flowchart shown in Fig. 2. First, the
microcontroller reads the line deviation through the function
vitrixe(), which returns the error value E. The discrete PID
controller then computes the control signal U(k) using the
current and past error values.
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To ensure stable operation, the control signal is
constrained within a predefined range [-max,+max]. When
the PID output reaches its saturation limits, specific
correction rules are applied to maximize the robot's turning
capability. Under normal operation, the left and right motor
commands are obtained by adding and subtracting the PID
output from the nominal reference value (Mid).

Finally, the calculated values are written to the PWM
registers (OCR1A and OCR1B), which determine the duty
cycles for the left and right motors. This closed-loop feedback
mechanism allows the robot to continuously adjust motor
speeds, enabling smooth and accurate line-following
performance under varying conditions.

X,

error = vitrixe()

v

Udk = PID_control ; /

am = Mid-Udk*10;
if (am<0) am = 0;
duong = Mid+Udk;

duong = Mid + 10*Udk;
\  iflduong<0) {duong=0;}
am = Mid - Udk;

am = Mid - Udk;
duong = Mid + Udk;

OCRIA = am;
OCRIB = duong;

Fig. 2. Flowchart of the PID control algorithm for line-following robot

III.  EXPERIMENTAL MODEL

A. Overview and Block Diagram

This project implements a line-following robot that uses
infrared sensors (TCRT5000) to detect and track a line on the
floor. The sensor data are processed by an ESP32
microcontroller, which controls two DC motors through the
L298N motor driver module [25]. A discrete PID controller
is applied to balance the motor speeds, allowing the robot to
follow the path smoothly and maintain stability during turns
or sudden direction changes.

Fig. 3 to Fig. 5 present different views of the experimental
robot platform, including the sensor arrangement and motor
driver configuration.

Fig. 5. Top view of the experimental model

. Functional Description

From Table 2, components are as follows:

Power Supply Unit: Provides 5 V for the ESP32 and
sensors, and 12 V for the L298N motor driver to operate
two DC motors.

Sensor Unit: Consists of five TCRT5000 [26] infra-red
sensors arranged in a row. These sensors detect the
contrast between the black line and the bright
background and output digital signals (0 or 1) to the
microcontroller [27].

Control Unit: The ESP32 [28] reads the sensor signals,
calculates the positional error of the robot relative to the
line, and applies the PID control algorithm to generate
PWM signals for the motors.

Motor Driver Unit: The L298N module receives PWM
and direction control signals from the ESP32 to drive the
motors forward or backward [29].
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When the robot deviates from the line, the PID controller
increases the speed of the motor on the opposite side, steering
the robot back to the correct path. This enables smooth and
accurate line tracking even at higher speeds [30].

Table 2. Elements of Robot from Fig. 6 and Fig. 7

Station Unit
1 L298N
Line sensor
DC motor
ESP32
Battery
Switch
LM2596

NN AW

Fig. 7. The circuit connection diagram of the system

C. Working Principle

The infrared sensors continuously read reflected light
values from the surface. When the robot deviates from the line,
the ESP32 calculates the positional error and applies the
discrete PID algorithm to modify the PWM signals of both
motors [31]. This feedback mechanism allows the robot to
quickly return to the correct path, achieving smoother and more
stable motion compared to traditional control methods [32].

IV. EXPERIMENT RESULTS

Initially, we set the speed to 120/255, but it was too fast,
making it difficult to tune the PID parameters. Therefore, we
reduced the speed to 50/255, which made it easier to find
suitable parameter values. The results of our experiments are
presented in Table 3 and Table 4.

Table 3. Adjust Elements of PID Control

Parameter Kp Ki Kd Result
PID-1 65 0.1 13 Fig.8
PID-2 66 0.1 13  Fig.9
PID-3 67 0.1 13 Fig. 10
PID-4 65 02 13 Fig 11
PID-5 65 0.1 14 Fig 12
PID-6 65 0.1 12 Fig. 13

The experimental tests were conducted on a track
consisting of multiple segments, including straight paths, 90°
turns, and curved sections. The corresponding output
responses of the robot were observed for each trajectory
condition.

To provide a clearer evaluation of the controller's
performance, several basic quantitative indicators were
considered during the experiments. These include the
tracking error, which represents the deviation of the robot
from the reference line, the maximum lateral deviation, and
the settling behavior, which describes how quickly the robot
returns to the correct path after a disturbance.

A. Adjusting Kp

At first, a very small value of Kp was selected and
gradually increased while observing the behavior of the
vehicle until it was able to follow the line steadily. The main
evaluation criteria during this stage were the tracking
sensitivity and the oscillation level of the robot.

Fig. 8 shows the response of the robot when the PID
parameters were initially set to Kp = 65, Ki = 0.1, and Kd =
13. The motor output indicates that the vehicle maintained
relatively stable motion across different track sections.

Fig. 9 and Fig. 10 illustrate the system response when the
proportional gain was further increased while keeping Ki and
Kd constant. After adjusting Kp while keeping Ki and Kd
constant at 0.1 and 13, respectively, we observed noticeable
changes in the line-following performance of the vehicle.
When Kp = 65 as shown in Fig. 9, the motor output indicates
that the vehicle moved smoothly and maintained a stable
trajectory along the line, demonstrating satisfactory
performance.

However, when Kp was slightly increased to 66, the
vehicle began to exhibit mild oscillations and a slightly slower
response, as indicated by the motor output waveforms in
Fig. 10. Although the motion was less smooth, the vehicle was
still able to traverse the entire path without losing the line.
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Fig. 8. PID-1’s result

As Kp was further increased to 67, the vehicle’s
performance deteriorated significantly. It deviated from the
intended trajectory, particularly at 90° right turns where it lost
the line and rotated repeatedly while attempting to reacquire
it. After some time, the vehicle managed to find the line
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again, but with considerable delay. In curved sections, slight
deviations were also observed.

These results indicate that an excessive increase in Kp
causes the system to become unstable, reducing both tracking
accuracy and smoothness. Therefore, Kp = 65 was selected
as the optimal value for subsequent tuning of Ki.
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B. Adjusting Ki

In the second step, the controller was operated as a PID
controller. The integral gain Ki is responsible for eliminating
the steady-state error, which is the remaining error when only
Kp is used, and the vehicle cannot perfectly follow the line.
It accumulates the error over time, helping the vehicle
maintain a more stable trajectory on straight sections.
However, if Ki is too large, the vehicle may experience
overshoot or oscillation due to excessive error accumulation.
The Ki value was adjusted starting from a small value and
gradually increased until the system began to oscillate if
increased further. The Kp and Ki values were then retained
for the next step.

We maintained constant values of Kp = 65 and Kd = 13
while varying the integral gain, Ki. As illustrated in Fig. 8,
increasing Ki resulted in system instability, characterized by
visible vibrations and a sluggish response. It appears that the
stability threshold was exceeded at Ki = 0.1, as even a minor
increase to 0.2 caused significant performance
deterioration—the vehicle lost its smooth motion and even
deviated from the trajectory, as clearly evidenced by the
erratic motor output waveforms shown in Fig. 11. We
attribute this phenomenon to excessive oscillations
generating substantial inertia, which caused the vehicle to
drift off the track. Consequently, we decided to retain Kp =
65 and Ki = 0.1 for the subsequent adjustment of Kd.
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Fig. 11. PID-4’s result

C. Adjusting Kd

After adjusting Ki, we identified suitable parameters that
allowed the system to stabilize with a small error. We then
proceeded to investigate Kd to complete the controller. The
adjustment process was carried out in the same manner as the
previous steps, ultimately resulting in the optimal parameter
set for the system.

We maintain constant values of Kp = 65 and Ki = 0.1
while varying the derivative gain, Kd. Increasing Kd to 14
results in moderate oscillations, as illustrated in Fig. 12.
Although the vehicle occasionally deviated from the
trajectory, it successfully reacquired the line; however, the
overall stability was inferior compared to the Kd = 13
configuration. Conversely, decreasing Kd to 12 results in a
slower system response. While the vehicle managed to
complete the course despite deviations, its performance
varied across different track sections. Specifically, it
remained stable on 3-line sections but showed deviations
followed by recovery on 2-line sections. Notably,
performance at 90° turns was inconsistent: the robot
occasionally tracked well but at other times failed to detect
the turn, leading to overshoot, as clearly depicted in Fig. 13.

D. Optimal Results

Further experiments were conducted with various
combinations of parameters, and based on the experimental
results in Fig. 14 is the trajectory, and Fig. 15 is the optimal
result graph with the optimal parameters determined as Kp =
65, Ki = 0.1 and Kd = 13. With these values, the vehicle
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moves stably in a straight line, moves smoothly without being
sluggish, turns effectively on curves, and handles 90° corners
well. However, on 2-line straights, the vehicle sometimes
oscillates slightly to the left or right but quickly corrects itself
and continues straight. On 3-line straights, the vehicle moves
completely smoothly and straight, showing excellent
performance

! " o 7 S » G o 0 n » ] ] C}
t
Output Right o e
7 3
§ oy vV Vo LAY K 7 V =
i " - ’I’ S C 0 n E] E] 0 % ]
. OdputLeh - Output Left
(
3
3 Y o W " W Wy S L \ NIV L
L
] w F] » m = ¥ o [ a » ] % ]
' [
- Outpet Right o Output Right
§ of v W W v grV v V \_.
o w 2 » w E} CIL [ £ » ] F) [
' t
e Output Left . Outpu Left
z
AR AATARE AL S & AT A VvV vy W
i
] W0 ) 0 ) ) rl o 0 n » ) 50 0
' '
Output Right
o Output Right 0
an ] [ 3 E] w % [

ouputlet
™ i . Output Leh
I H
Eﬂl‘\/ J A AAAVIL S VAR S \ERAVERYAYL
0 10 ] » [ [] © ] l E) ) I % »
! t
a0y Onput By . Ouput g
H 3
H "iJ—‘ \ V N~V H \/ V-V V
b} o ) » [) E] 0 M 0 E) » [ [ ®
! '
o Gt Left 20y L
- 0 n 0 ] 50 ] L] 0 2 3:1 “n 50 L]
t
Ouiput Right 0 Cold
:
s 7
é LAY, V-V V V Z ! v
o [ 2 2 a 0 ® U L2 ) v L) = )
t
. OuputLef - Output Let
i e v AT A VA vV v Vv £y VW VUV VYW v
a 13
“ ] E) » a 5 [] ] 0 E] » [ E) (]
1 1
Cutput Right Outpit Right
20 20
2
L V=V TV : N VvV
o 1 E] E) ] % ] 0 0 ) ] ) 5 []

Fig. 14. The trajectory of the robot with optimal parameters

0 Output Left g Output Left
of Vv~ N e | T T S i i i
] 10 ) % [ E] W i # 5 ® = "”
t "
Ot gt s Qutput Right
20 o
o 7 Y |
| [ 10 0 k] 4 50 -]
o [0 » E) ) E) ® t
= coein o Output Left
= ~7 ~ Al =AY V VN W WV
0 10 o0 Ed & 50 80
1
i oary £ Output Right
777777777 — s oV \ /
- 0 [} P » ] [ [
t
n Lo o Output Lef
3
L Vs DWWU—V_?
a
] [l ) » [ ) [} 0 m 2 ) W 5 )
! t
Em, Qutput Right - Mr Output Right
30 = J/V 3 DT e T Y
] 0 ) @ 4 E i il 10 Fl x “ 50 &)

Fig. 15. Output result of the optimal parameters

Table 4. Comparison of Results with Different PID Parameters

. Tracking Max System
Case Kp Ki Kd Error Deviation Behavior
PID-1 65 0.1 13 Low Small Stable motion
PID-2 66 0.1 13 Medium Moderate Slight
oscillation
PID-3 67 0.1 13 High Large Unstable
PID-4 65 02 13 High Large Strong
oscillation
PID-5 65 0.1 14 Medium Moderate Moderate
oscillation
PID-6 65 0.1 12 Medium Moderate  Slow response

V. CONCLUSION

This study presented the design and implementation of a
PID-based line-following robot using an ESP32
microcontroller and infrared sensors. The objective was to
investigate the influence of PID parameters on the tracking
performance and stability of the robot.

Through systematic experimental tuning, the optimal
controller parameters were identified as Kp = 65, Ki = 0.1,
and Kd = 13. With this configuration, the robot demonstrated
stable motion, smooth trajectory tracking, and reliable
performance when navigating straight paths, curved
segments, and 90° turns.

The main contribution of this work lies in the systematic
experimental tuning approach applied to a low-cost robotic
platform. Unlike many existing studies that rely on complex
optimization or intelligent control methods, the proposed
method demonstrates that carefully tuned classical PID
control can still achieve reliable line-following performance
using simple hardware components. This approach provides
a practical and cost-effective solution for mobile robotics and
educational applications.

In addition to its practical relevance, the developed
experimental platform can serve as a useful educational tool
for studying feedback control, embedded systems, and
robotic motion control.

Future work may focus on improving the system
performance through adaptive PID tuning, fuzzy control
strategies, or machine learning—based optimization methods.
Further experiments on more complex track configurations
and higher operating speeds could also be conducted to
evaluate the robustness of the proposed approach.
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