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Abstract

Autonomous navigation in wall-following robots plays a crucial role in maintaining movement stability within
environments characterized by diverse path geometries. Conventional control methods often encounter
oscillations and increased collision risks, particularly on dynamic trajectories. This study evaluates the
performance of Proportional-Integral-Derivative (PID) control in maintaining a robot's navigation distance
relative to a fixed 10 cm setpoint. The system was developed utilizing an Arduino Mega 2560 microcontroller
and HC-SR04 ultrasonic sensors for distance feedback. PID parameters were determined using the Ziegler-
Nichols tuning method, yielding optimal values of K, = 2, K; = 0.5, and K, = 1. Testing was conducted on
both linear paths and dynamic trajectories consisting of 90° turns. The results demonstrate that on linear paths,
the system successfully maintains the target distance with high precision, achieving deviations ranging from
+0.56 cm to +1.13 cm with zero collisions. In contrast, a significant performance trade-off was observed on
dynamic trajectories, where a spike in transient error led to an average distance shift to 11.88 cm and 1-2
collisions per trial. These findings highlight that while PID control is highly effective under stable linear
conditions, it possesses inherent limitations in responding to rapid geometric changes and mechanical inertia.
Consequently, further development, such as adaptive control logic or high-sampling-rate sensing, is required to
enhance system robustness on dynamic trajectories.

Keywords: PID Control, Wall-Following Robot, Dynamic Response, Navigation Error, Ultrasonic sensor.

1. INTRODUCTION

Autonomous wall-following navigation represents a critical algorithm for rescue robots, enabling independent
operation within post-disaster building environments[1]. This algorithm allows the robot to maintain its path
orientation in complex environments without total dependence on a human operator. However, the
implementation of conventional control strategies, such as on-off systems, frequently triggers high-oscillation
movements (zig-zagging). Such erratic behavior increases the risk of collisions, particularly when navigating
dynamic changes in path geometry[2].

The application of Proportional-Integral-Derivative (PID) control serves as a technical solution to mitigate
oscillations and enhance navigational accuracy through continuous error correction. By precisely tuning the K,,,
K;, and K; parameters, the robot is expected to achieve a smooth transient response[3][4][5][6]. While previous
studies [1]-[6] have extensively discussed PID implementation for general navigation, there is a limited focus on
the controller's robustness when faced with extreme, non-linear geometric shifts such as sharp 90-degree turns.
Most existing research evaluates stability on linear paths or smooth curves, which may not fully represent the
structural unpredictability of post-disaster sites.

This study addresses this gap by specifically evaluating the performance and stability limits of a PID-based
prototype on high-curvature dynamic trajectories. The research focuses on the stability of the reference distance
and analyzes how the controller manages the trade-off between error convergence and mechanical inertia during
rapid direction changes. The results of this analysis are intended to provide a technical reference regarding the

BUFNETS.TECH | 63

@ 0] All articles published in BUFNETS will be immediately and permanently free for
everyone to read and download. Under the CC-BY license


https://bufnets.tech/
https://doi.org/10.59688/6g8j1952

optimization of mobile robot navigation across both linear and dynamic trajectories for emergency response
applications.

2. RESEARCH METHODOLOGY

2.1 System Architecture and Hardware

The robot's navigation system was developed using an Arduino Mega 2560 microcontroller as the central
processing unit to integrate various sensors and actuators. The selection of the Arduino Mega was based on its
sufficient I/O pin density, supporting the integration of three HC-SR04 ultrasonic sensors[7][8]. Distance data
acquired from these sensors are processed to determine the robot's spatial position relative to the wall.

To provide a comprehensive mechanical context for the performance analysis, the physical and technical
specifications of the robot prototype are summarized in Table 1.

Table 1: Specifications of the Robot Prototype
[Source: Author, 2026]

No Parameter Specification

1 Microcontroller Arduino Mega 2560

2 Sensors 3 x HC-SR04 Ultrasonic Sensors

3 Actuators 2 x DC Gear Motors JGA25-370 12V
4 Total Mass 1.6 kg

5 Dimensions (Lx WxH) 25x155x16cm

6 Wheel Diameter 7.5 cm

7 Power Source 11.1V Li-Po Battery

The system's mass and dimensions are critical factors that contribute to the mechanical inertia. As discussed in
the subsequent sections, this inertia significantly affects the robot's momentum and its ability to execute rapid
corrective Pulse Width Modulation (PWM) changes generated by the PID controller, particularly during sharp
90° turns.

2.2 Control System Block Diagram

The control system follows a closed-loop feedback principle, where sensor data is continuously updated to
correct the motor velocity. The ultrasonic sensors detect the actual distance (y), which is compared against a
reference value or setpoint (). The difference between these two values generates an error signal (e) that is
processed by the PID controller to produce the Pulse Width Modulation (PWM) control signal.
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Figure 1. PID Control System Block Diagram
[Source: Author, 2026]

2.3 PID Algorithm Implementation

Implementation on a microcontroller requires the conversion of the continuous PID equation into a discrete-time
form suitable for processing within each program iteration cycle[9][10]. Utilizing the Euler approximation
method, the control law implemented in the firmware is defined as follows:

em)—e(n—1)

Outputp;p = K, -e(n) + K; Z e(n) At + K, - AL

M

e ¢(n) is the current error;
e e(n—1) isthe previous error;
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e At is the sampling time.

2.4 Tunning Ziegler-Nichols Method

The controller gains were determined using the Ziegler-Nichols (Type II) oscillation method to achieve an

optimal transient response[11]. The tuning procedure was conducted through the following experimental stages:

1. Identification of Ultimate Gain K,: the K; and K, parameters were set to zero, while K, was gradually
increased until the robot reached a state of continuous oscillation (marginal stability). The ultimate gain
(K,,) was identified at 3.33.

2. Determination of Ultimate Period (T;,): The time period of one full oscillation at the K,, state was recorded
as 0.8 seconds, serving as the system's natural frequency reference.

3. Parameter Calculation: Based on K, and T,, the initial parameters were calculated using standard PID
formulas as shown in Equations (2), (3), and (4):

K, = 0,6 XK, =2 2)
K, =Z2=5 3)
Ty
K, =52 =02 )

8

However, the initial parameters from the Z-N formulas resulted in excessive overshoot and instability during the
robot's transition at 90° turns due to mechanical inertia. Therefore, a fine-tuning process was conducted to
optimize the response. The integral gain (K;) was reduced to 0.5 to minimize cumulative error oscillation, and
the derivative gain (K;) was increased to 1 to provide stronger damping against rapid distance changes.
Consequently, the final optimal values adopted for this study are K, = 2,K; = 0.5, and K; = 1.

2.5 Real-Time Data Acquisition

To ensure repeatability and analytical accuracy, error data were recorded in real-time during the testing
phase[12][13]. The system utilized the Serial Communication feature of the Arduino Mega 2560 connected to a
laptop. The error was calculated at each iteration using the following equation:

e(n) = Setpoint — Jarak )

The data were transmitted via the Serial Monitor in a tabulated format for subsequent processing into response
graphs.

2.6 Differential Navigation Configuration

The PID output was used to modulate the speed of the left and right DC motors via a motor driver to produce
corrective movements. If the robot is too close to the wall (positive error), the PID output decreases the speed of
the outer motor while increasing the inner motor speed to steer the robotaway, and vice versa. The PWM
programming logic is defined as:

PWM,;,; = BaseSpeed + Outputp, (6)
PWM;gnan = BaseSpeed — Outputp;p @)

2.7 Testing and Data Collection

Performance evaluation was conducted under two scenarios: a linear path and a dynamic trajectory (90° turn).
Testing was performed with a fixed setpoint of 10 cm. Success indicators were measured based on the robot's
ability to minimize error (error convergence) and the frequency of collisions during changes in path geometry.

3. RESULT AND DISCUSSION
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3.1 Error Calculation Analysis

The accuracy of the control system is highly dependent on the precision of the error calculations performed by
the microcontroller during each iteration cycle (loop). Mathematically, the error calculation is defined as
follows:

e(n) = Setpoint — Actual_Distance (8)

3.2 Alalysis of System Response toK,, Variation (K;=0, K; = 0)
Initial testing was conducted by varying the proportional constant (Kp,) from 1 to 10, while K;

andK jparameters were set to zero. The objective of this test was to observe the influence of proportional control
on the system's response characteristics.
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Figure 2. Response Graphs for K, = 1and K, = 2
[Source: Author, 2026]
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Figure 3. Response Graphs for K, = 3 and K, = 4
[Source: Author, 2026]
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Figure 4. Response Graphs for K, = 5and K, = 6
[Source: Author, 2026]
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Figure 5. Response Graphs for K, = 7and K, = 8
[Source: Author, 2026]
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Figure 6. Response Graphs for K, = 9and K, = 10
[Source: Author, 2026]

Analysis:
e Low K, values (1-4): The system response tended to be sluggish, taking a significant amount of time to
reach the setpoint.
e Moderate K, values (5-7): The system began to demonstrate faster response times with manageable
overshoot.
e High K, values (8-10): The response became very rapid; however, it induced significant oscillations and
overshoot.

These results indicate that increasing Kjaccelerates the system response but potentially compromises stability if
the value is excessively high.

3.3 Analysis of Graph Characteristics and Overshoot

Visualization of the system response relative to the setpoint revealed significant overshoot phenomena under
dynamic trajectory conditions. The response graphs indicate that on linear paths, the robot achieves a steady-
state condition in a short duration without meaningful deviation.

However, when the robot encounters sharp turns, a spike in transient error occurs, leading to overshoot.
Mechanically, the inability of the actuators (DC motors) to execute instantaneous PWM changes due to inertia
causes the robot to exceed the safe distance threshold before the derivative component can stabilize the position.

3.4 Analysis of Real-Time Error Graphs
Real-time error graphs were obtained through data acquisition using serial communication between the
microcontroller and the computer.
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Figure 7 Final PID Test Results Graph
[Source: Author, 2026]

Based on the graph, two primary characteristics were identified:
e  Steady-State Error Elimination: The graph shows the error value approaching zero on linear paths,
indicating the success of the integral component (K;) in eliminating static error.
e  Transient Error and Overshoot: Spikes in the graph represent the system's response to disturbances or path
changes. The derivative component (K;) plays a role in damping these spikes.

3.5 Experimental Results on Linear and Dynamic Trajectories

On linear trajectories, the PID control system demonstrated stable performance with high precision. The robot
successfully maintained its distance from the wall within a range of 10.56 cm to 11.13 cm relative to a fixed 10
cm setpoint, with a Mean Absolute Error (MAE) of 0.88 cm and a deviation of approximately £0.56 cm to £1.13
cm. Furthermore, all tests showed zero collisions, indicating that the system can respond to errors smoothly
under constant path conditions.

The precision achieved in this study on linear paths shows a significant improvement compared to previous
wall-following implementations. For instance, Igbal et al [14] reported that while PID control effectively
smooths robot movement, it still faces challenges in maintaining very tight distance tolerances on complex
arenas. Our results demonstrate that with the specific Ziegler-Nichols tuning of K, = 2,K; = 0.5,and K; = 1,
the steady-state error can be further minimized.

Furthermore, when compared to advanced control strategies such as the Fuzzy Tuned PID Controller[15] and
Fractional-order PID[16], our conventional PID system remains highly competitive for linear trajectories. While
[15] and [16] offer superior adaptability in dynamic path tracking, our system provides a lower computational
burden for the Arduino Mega 2560 platform while maintaining a precision level that is sufficient for rescue
robot prototypes. However, the 1-2 collisions observed on 90° turns in this study align with the findings in[16],
which suggest that standard PID controllers possess inherent limitations in handling non-linear geometric
changes compared to higher-order control methods.

Overall, the combination of K, K;, and K; parameters produced a fast and stable response on linear paths. The
integral component effectively reduced steady-state error, while the derivative component helped dampen
fluctuations, although it remained sub-optimal in handling rapid error changes on dynamic trajectories due to the
mechanical inertia of the 1.6 kg chassis and sensor latency.

Table 2: Linear Path Test Results (Setpoint 10 cm)
[Source: Author, 2026]

Trial Collisions Average Result
Distance (cm)
1 0 11.06 Success (Collision-free)
2 0 10.98 Success (Collision-free)
3 0 10.56 Success (Collision-free)
4 0 11.13 Success (Collision-free)
5 0 10.88 Success (Collision-free)
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Table 3: 90° Turn Path Test Results (Setpoint 10 cm)
[Source: Author, 2026]

Trial Collisions Average Result
Distance (cm)
1 2 12,10 Completed (Collision)
2 1 11,75 Completed (Collision)
3 1 12,40 Completed (Collision)
4 0 11,90 Success (Collision-free)
5 0 11,25 Success (Collision-free)

4. CONCLUSION

The implementation of the PID algorithm in the wall-following robot navigation system has been proven to
significantly improve response stability compared to conventional control systems. Through the configuration of
optimal parameters K, = 2, K; = 0,5, and K; = 1, the system successfully maintains the reference distance
relative to the wall with high precision on linear trajectories, exhibiting a minimal average deviation of +0.56
cm to +£1.13 cm. Error data analysis demonstrates that the integration of the integral component plays a crucial
role in eliminating steady-state error, thereby ensuring the convergence of the robot's position exactly at the
desired setpoint for this specific 1.6 kg hardware configuration.

Performance degradation on dynamic trajectories was identified as a consequence of high transient errors that
exceeded the system's mechanical response capabilities. Although the PID controller effectively dampens
oscillations, the increased collision frequency (1-2 times) during sharp 90° turns indicates limitations in the
derivative action's ability to compensate for sensor data acquisition latency and the robot's mass inertia. These
findings confirm that for environments with complex geometries, the conventional PID control scheme
possesses inherent limitations in anticipating non-linear changes in path angles.
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