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Pneumatic Control; Despite theoretical advancements in pneumatic control algorithms, industrial implementation of these
Switching Control; systems faces significant limitations due to high hardware costs and execution complexities. This
Industrial Implementation; paper introduces a practical and cost-effective approach for a pneumatic position control system
Cost-Effective Automation. utilizing the Arduino Uno microcontroller and the VL53L0X laser distance sensor. The proposed

system has successfully achieved its control objectives, demonstrating high accuracy (less than 1%
error) in positioning and exhibiting short response times, including a rise time of 1 second and a
settling time of 7 seconds. Alongside the evaluation of performance metrics, this research specifically
addresses key practical implementation challenges, such as managing electrical noise, real-time
processing constraints on low-cost hardware platforms, and sensor calibration procedures. The
obtained results suggest that with meticulous and intelligent design, an acceptable level of industrial
performance can be attained at a substantially lower cost, thereby opening new avenues for
automation development in small and medium-sized enterprises (SMEs) and educational institutions.

Extended Abstract

1. Introduction

in these systems requires expensive equipment such as PLCs, encoders, and proportional valves, which pose a significant

cost barrier for small and medium-sized enterprises (SMEs) and educational projects. With the emergence of low-cost and
accessible platforms like Arduino and sensors such as the VL53L0X, the democratization of control technology has become
feasible. Nevertheless, a significant gap remains between complex control theories (e.g., PID and SMC), which are primarily
studied on expensive laboratory platforms, and practical, cost-effective solutions for resource-constrained environments.
Practical challenges such as electrical noise, processing limitations, and sensor calibration are often overlooked in academic
research.

This paper aims to bridge this gap by presenting a complete, low-cost pneumatic position control system that focuses on
cost-effective hardware selection, addressing practical implementation challenges, and conducting cost analysis. The proposed
system employs a smart hybrid switching controller combining PID and SMC, which dynamically switches between these two
strategies based on operating conditions. The system is specifically designed to be implemented on low-cost processing
platforms (e.g., Arduino) with minimal sensors (only one position sensor) and estimates parameters such as load without
requiring additional sensors. With an application in controlling the inlet valve of a plastic granulator, the ultimate goal is to

Industrial automation and pneumatic systems play a key role in enhancing productivity. However, precise position control
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achieve a practical, economical, and reliable solution with high accuracy (error < 1%), fast response (recovery time < 4
seconds), and easy deployability in real industrial environments.

2. Materials and Methods

The control system in this research is designed around an Arduino Uno board as the central processing unit. A VL53L0X/1X
laser sensor is used for position measurement, MOSFETs are used for the power driver stage, and optocouplers are used for
isolation. The pneumatic system includes a double-acting actuator with a 500 mm stroke and two 3/2-way solenoid valves with
a response time of 15 ms. To demonstrate cost-effectiveness, the hardware cost of the proposed control system (approximately
$7.4) was compared with two other architectures: a system based on a more powerful ARM controller (approximately $31.8)
and an industrial system based on a Delta PLC and linear encoder (approximately $310), clearly showing the significant
economic advantage of the proposed system.

Implementation faced challenges such as the limited memory of the Arduino (32 KB Flash), which was overcome through
code optimization. Electromagnetic noise was reduced using shielded cables and flyback diodes for the solenoid valves. To
enhance sensor accuracy, a zero-point calibration process was performed by averaging 50 raw samples at the reference position
and subtracting this offset from subsequent readings. Subsequently, a median filter with an 11-sample window, implemented
using a bubble sort algorithm, was applied to eliminate impulse noise. Additionally, a simple capacitive filter consisting of
parallel 10 puF and 100 nF capacitors was used to reduce power line noise.

A smart switching controller was designed for this system, dynamically switching between PID and Sliding Mode Control
(SMC) strategies based on real-time conditions. This mechanism monitors parameters such as load force and automatically
switches from PID to SMC upon detecting abnormal conditions, returning to PID once normal conditions are restored. A
hysteresis band is employed to prevent chattering. The continuous control signal generated by this algorithm is applied to the
solenoid valve drivers using Pulse Width Modulation (PWM) technique and the Arduino's hardware timers.

3. Experimental Results

Evaluation of the VL53L0X sensor's performance under four lighting conditions (dark, normal, bright, and fluorescent) at
five different distances (100 to 500 mm), with 4000 data points collected, demonstrated that sensor accuracy is highly dependent
on environmental conditions. Application of the proposed median filter led to significant improvements in measurement
accuracy and stability. Figure 1 presents a comprehensive analysis of the median filter's performance across all experimental
conditions. Overall, the Mean Absolute Error (MAE) decreased from 1.010 mm to 0.506 mm, achieving average improvements
0f' 49.9% in accuracy and 37.8% in stability (standard deviation reduction). The best filter performance was observed under
normal lighting conditions (61.7% improvement), while the weakest performance was under fluorescent lighting (33.2%
improvement). The results indicated that the filtered output maintained accuracy better than 2-3 mm even under the worst
conditions, which is acceptable for the target industrial applications.

Comprehensive Filter Improvement Analysis
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Figure 1 Performance improvement of the median filter under different lighting conditions and distances
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Following sensor calibration, the designed switching controller was implemented on the pneumatic system. Figure 2 shows
the system's response to a step input and load disturbance, demonstrating satisfactory controller performance. A rise time of
0.93 s, settling time of 7.2 s, and disturbance recovery time of 3.61 s were measured. Overshoot was approximately 3%, and
steady-state error was negligible, which is suitable for industrial applications. Integral error metrics, including Integral Absolute
Error (IAE) of 320.084 mm.s and Integral Squared Error (ISE) of 67,524.417 mm?.s, were calculated, indicating the system's
ability to rapidly reduce error and stabilize it around zero.

Experimental Response of Pneumatic System to Load Disturbance
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Figure 2 Experimental pneumatic system response under a load disturbance

The close agreement between simulation and experimental results confirms the accuracy of the dynamic system modeling
and the effectiveness of the Particle Swarm Optimization (PSO) algorithm in tuning controller parameters. The switching
controller implemented on Arduino hardware demonstrated high stability and robustness in a real-world environment. By
intelligently combining the advantages of the PID controller (smooth and stable response under normal conditions) and the
Sliding Mode Controller (SMC) (fast recovery and disturbance rejection), this controller eliminated the steady-state error
present in a standalone PID controller.

4. Conclusion

In this research, a low-cost and reliable pneumatic position control system was designed and implemented using an
intelligent switching controller based on the combination of a PID controller and a Sliding Mode Controller (SMC). Evaluation
of the VL53L0X laser position sensor's performance under various lighting conditions showed that applying a suitable median
filter reduced the mean measurement error to 0.506 mm and improved stability by 37.8%, providing the necessary accuracy
for the control loop even under challenging conditions such as fluorescent light. The switching controller, after parameter
optimization using the PSO algorithm, demonstrated stable and robust performance in a practical environment. Step response
characteristics, including a rise time of 0.93 s, a settling time of 7.2 s, an overshoot of 3%, and a recovery time of 3.6 s after a
load disturbance, along with low integral error metrics (IAE and ISE), confirm the controller's efficacy in achieving millimeter-
level accuracy and rejecting disturbances.

This system, relying on low-cost hardware (Arduino) and a non-contact sensor, presents a practical and cost-effective
approach for controlling pneumatic actuator position. The intelligent combination of PID and SMC controllers provides the
benefits of both, ensuring a smooth response under normal conditions and high robustness against disturbances. Although
limitations such as sampling rate, sensor working range, and sensitivity to extreme lighting conditions exist, this solution is
highly suitable for applications such as engineering education, small workshop automation, and rapid prototyping of control
ideas. Ultimately, this research demonstrates that through optimal component selection and algorithm design tailored to
resource constraints, precise and cost-effective control of pneumatic systems can be achieved.
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VL53L0X Performance: BRIGHT Lighting Condition
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VL53L0X Performance: DARK Lighting Condition
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VL53L0X Performance: FLUORESCENT Lighting Condition
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VL53L0X Performance: NORMAL Lighting Condition
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Error Distribution Analysis Across Lighting Conditions

DARK Light Condition NORMAL Light Condition
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Performance Across Measurement Range

Accuracy Analysis Precision Analysis
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Lighting Condition Impact Analysis

Accuracy by Light Condition

Improvement (%)

Filter Effectiveness
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Fluorescent Flicker Analysis - 4 View Comparison

I Raw MAE
B Filtered MAE
Error Comparison: Normal vs Fluorescent
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Fluorescent Light: Error Over Time
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Comprehensive Filter Improvement Analysis

Improvement vs Distance Improvement vs Light Condition
60-
50-
50-
40-
S £ 4
E E
2 30- g
H H
H 1
z E 30
2 2
E 2. £
20-
10- 104
01 : : : : 0 g g g
100 150 200 250 300 350 400 450 500 & S & <
oé* @\“ & <
® ® &
O
QV
Overall Performance Summary
Overall Error Distribution (Improvement: 49.9%)
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Experimental Response of Pneumatic System to Load Disturbance
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