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Abstract: The design and control of a ball balancing system pose a complex challenge in control engineering,
requiring precision and real-time responsiveness. This paper presents the development and implementation of
a Proportional-Integral-Derivative (PID) controller to stabilize a ball on a plate using a resistive touch panel
for real-time position sensing. Central to the system's operation is a resistive touch panel, which provides
continuous, real-time feedback on the ball's position across both the X and Y axes. The data from the resistive
touch panel is critical as it serves as input for the PID controller, enabling it to make precise adjustments to
the motors that control the plate's angle. The design methodology focuses on developing a robust and
responsive PID controller capable of dynamically adjusting to the ball's position on the plate. The controller
processes the positional feedback from the resistive touch panel and computes the necessary corrections to
maintain the ball's balance by manipulating the plate's tilt. The challenge lies in ensuring the controller's ability
to quickly and accurately counteract any deviations, thereby keeping the ball centered. The effectiveness of
the system is evaluated through rigorous testing under various conditions, including different initial positions
of the ball and external disturbances. The novelty of this research lies in the comparative analysis of the
resistive touch panel versus camera-based systems, evaluating factors such as response time, accuracy, and
system robustness. Rigorous testing under various initial conditions and external disturbances revealed that
the resistive touch panel outperforms camera-based systems in terms of efficiency, offering faster response
times and enhanced reliability without the complexity of image processing. These results underscore the
effectiveness of touch-based sensing, demonstrating its superiority in achieving stability with fewer resources.
This study contributes to control system design by presenting a more efficient and streamlined alternative to
traditional methods, with potential applications in automation and educational platforms.

Author keywords: Ball balancing, PID controller, Equilibrium, Automation, Dynamic Stabilization, Real-
Time Control.

1. Introduction

The research titled "Design and Control of Ball
Balancing System" goes beyond a basic
demonstration of physical concepts, introducing an
innovative educational platform for exploring real-
time control systems. The ball balancing system
provides a dynamic environment that integrates
mechanical engineering, electrical control systems,
and advanced algorithms, facilitating a
comprehensive understanding of closed-loop
control theory. The system operates by continuously
monitoring the ball's position and strategically
adjusting the platform's tilt via a feedback loop. This
real-time manipulation exemplifies the core tenets
of closed-loop control, ensuring the ball remains
perpetually balanced. However, the true innovation
lies in the platform's educational potential.

Our research addresses a fundamental challenge in
control engineering: maintaining the precarious
equilibrium of a dynamic object, like a ball, on a flat

surface. This task encapsulates the intricate
interplay of various control system principles.
Mastering this balance demands a high degree of
precision to counteract the ever-present forces that
threaten to topple the ball, necessitating constant
adjustments in a dynamic environment. This
research aims to investigate and implement effective
control strategies for this nonlinear system,
enhancing the understanding of real-time control
applications.

The primary objectives of this study are to design
and calibrate a functional ball-balancing platform,
develop a real-time ball-tracking system, implement
an efficient closed-loop control system using
Arduino IDE, and construct a robust mechanical
system capable of responding to control signals.
Additionally, a user-friendly graphical interface will
be created to facilitate interaction and visualization
of the ball-balancing process. The significance of
this study lies in its potential to bridge the gap
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between theoretical control concepts and practical
applications, offering an engaging educational tool
that fosters deeper comprehension and appreciation
of control engineering.

This paper is structured to provide a comprehensive
overview of the research. Section 2 presents a
detailed literature review tracing the historical
evolution of control systems and highlighting recent
advancements in nonlinear and real-time control.
Section 3 describes the methodology employed in
designing and implementing the ball balancing
system. Section 4 provides an in-depth analysis of
the results obtained. Section 5 discusses these results
in the context of control system theory and potential
applications. Finally, Section 6 summarizes the key
findings and proposes future directions for research
and development in this field.

2. Literature Review

Through an exhaustive literature review, we embark
on an investigation of ball balancing systems. The
primary aim is to gain a deep understanding of their
complex dynamics and immense relevance to bridge
theory with real-life applications as part of the
research.

Recent studies on ball balancing systems have made
significant contributions in various aspects. Tzu Ho
etal. [1] developed a visual servoing tracking control
system using FPGA-based image processing,
emphasizing system modeling and trajectory
tracking control. M. Kopichev et al. [2] implemented
a laboratory test bench utilizing a resistive touch
screen and PID controllers, showcasing a simpler
alternative to camera-based systems. Anwar et al. [3]
extended the classic balance problem to 2D surfaces,
employing visual sensing and digital control
systems. Kumar et al. [4] and Naseer et al. [9]
focused on ball-on-plate systems using servo motors
and touch screens, highlighting their educational
value. Zeeshan et al. [5] utilized phototransistor
sensors and PID control for stable ball positioning.
Sinaga et al. [6] and Khanduja et al. [7] explored
open-loop control and metaheuristic optimization
techniques, respectively. Madhumitha et al. [8]
integrated smartphone HMI controls and image
processing algorithms, while Cheng and Tsai [10]
used visual servo control techniques for robotic
systems. Muhammad [11] and Nunez et al. [12]
provided insights into real-time tracking and state-
feedback control for ball-and-plate systems

Despite significant advancements, several gaps
remain in the literature on ball balancing systems.
One prominent gap is the reliance on visual servo
control systems, such as camera-based tracking, for
ball position detection. While effective, these
systems can be complex and costly, and their
performance is highly dependent on camera frame
rates and image processing speeds. Additionally,
there is limited research on alternative, potentially
more cost-effective methods for ball position
detection that do not rely on external computer
vision systems.

Our study aims to address this gap by utilizing a
resistive touch screen for ball position detection
instead of the traditional camera-based systems. By
doing so, we seek to simplify the hardware
requirements, reduce costs, and potentially enhance
the system's robustness and ease of implementation.
Our research will focus on integrating this touch
screen technology with advanced control algorithms
to achieve precise and stable ball positioning. This
approach will bridge the gap between theoretical
concepts and practical applications, offering a robust
educational tool and contributing to the
advancement of control engineering. Through
comparative studies, we will evaluate the
effectiveness of our resistive touch screen-based
system against traditional camera-based systems,
providing insights into its performance and potential
benefits.

3. Methodology

This research focuses on the modeling and control of
a ball balancing system, a nonlinear control problem
with applications in automation, robotics, and
education. The primary objective is to develop a
robust mathematical model to design effective
control strategies.
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The study involves a sophisticated setup of
electronic, mechanical, and custom 3D printed
components, which are meticulously described and
integrated to form the complete ball balancing
system.

Data collection is performed through real-time
feedback from sensors that monitor the ball's
position on the plate. This data is crucial for
developing and validating the mathematical model
and control strategies. Experimental data is also
collected to fine-tune model parameters and ensure
the accuracy of the simulations.

Tools and Instruments Used:

The primary tools and instruments used in this
research include:

Electronics: Arduino Uno, Nema 17 stepper motors,
A4998 stepper motor drivers, Motor driver CNC
Sheild, capacitors, header pins, 24V power supply,
and 5V regulator.

Mechanical Parts: Touch panel, steel bearing ball,
tie rod, threaded inserts, standoffs, screws, and
locknuts.

3D Printed Parts: Base stand, base plate, spacers,
links, platform frame, and retainer clips.

Fig2.3D Model of Ball Balancing System

Software: The Arduino IDE was used to program the
microcontroller for processing sensor inputs and
controlling the stepper motors

Procedures Followed

System Description: The ball balancing system was

constructed  using  electronic  components,

mechanical parts, and custom 3D-printed elements.

The Arduino IDE was used to program the
microcontroller for processing sensor inputs and
controlling the stepper motors. Calibration involved
fine-tuning model parameters to match real-world
observations.
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Fig3.Flow Diagram of Process.

Mathematical Modeling: Developed kinematic and
dynamic models of the ball balancing system.

Derived equations of motion and made necessary
simplifications and assumptions for tractability.

Conducted sensitivity analysis and optimization for
enhanced control robustness.

Data Analysis Techniques

Mathematical Modeling: Derivation and
simplification of equations of motion, considering
small angle assumptions and uniform mass

distribution.

Control Strategies Evaluation: Comparing different
control strategies (PID, state-space, nonlinear) to
determine the most effective approach for
maintaining the ball's balance.

4. Results

The ball balancing platform's performance was
evaluated through a series of rigorous tests and case
studies, with a focus on key metrics such as response
time, accuracy, and stability. Extensive testing was
conducted under varying conditions, including
different initial positions of the ball, external
disturbances, and long-term operational scenarios.
These tests allowed for a comprehensive analysis of
the system's robustness and adaptability in real-
world conditions.

The following figures and tables summarize the
findings:
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Table 1: Response Time Summary

Test Average Fastest Slowest
Condition (s) (s) (s)
Basic 2.5 2.0 3.0
Performance
External 3.0 2.2 3.8
Disturbances
Long-Term 2.8 2.0 35
Performance

Table 2: Accuracy Summary
Test Average | Minimum | Maximum
Condition (cm) (cm) (cm)
Basic 0.5 0.2 1.0
Performance
External 0.7 0.3 1.2
Disturbances
Long-Term 0.6 0.3 1.1
Performance

These findings provide a quantitative basis for
assessing the ball balancing platform's performance,
highlighting its response time, accuracy, and
stability across various conditions.

5. Discussion

The results from the advanced scenarios
demonstrate the robustness and adaptability of the
ball balancing platform. The system’s ability to
handle varying loads and large disturbances with
only a moderate increase in response time and slight

degradation in accuracy underscores its versatility.

The increased oscillations and response times under
these conditions highlight areas for potential
improvement, such as refining the PID algorithm or
enhancing the mechanical design to better manage
additional loads and larger disturbances.

The long-term operation tests reveal that the system
can maintain consistent performance over extended
periods, an important factor for practical
applications. The absence of significant drift or
performance degradation over time is a strong
indicator of the system’s reliability.

Overall, the platform’s performance under advanced
scenarios meets the expectations for robustness and
adaptability, providing confidence in its practical

applicability. The insights gained from this case
study will guide further optimizations and
enhancements, ensuring that the system can handle
even more demanding conditions in future
iterations.

6. Conclusion

This Paper presented a brief overview of how to
design, implement, and test a ball balancing
platform, demonstrating its capability to maintain
stability and accuracy in both basic and advanced
scenarios. The system employs a Proportional-
Integral-Derivative (PID) controller to stabilize a
ball on a plate, using a resistive touch panel for
position sensing. The robust PID controller responds
dynamically to feedback from the touch panel,
enabling precise control of the motors to maintain
balance.

The research aligns with Sustainable Development
Goals such as decent work and economic growth,
industry innovation, and responsible consumption
and production. It is expected to impact society by
advancing technology and providing educational
benefits. The objectives include design and
calibration, real-time tracking, closed-loop control,
mechanical system completion, and a user-friendly
graphical interface.

The ball balancing platform demonstrates a
responsive and precise control system, capable of
maintaining stability and accuracy in positioning the
ball at the center. With an average response time of
2.5 seconds and minimal oscillations, the system
corrects disturbances efficiently. The platform’s
performance is consistent across repeated ftrials,
showcasing its reliability and robustness for long-
term use.
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9. Appendices:
Appendix A: Raw Data

Table 3: Response Time Data

Test Condition Trial Trial Trial Trial Trial 5
1) |2() [3() [4() | (®

Basic 2.3 2.6 2.4 2.5 2.7

Performance

External 3.1 2.9 3 32 2.8

Disturbances

Long-Term 2.7 2.8 3 2.9 2.6

Performance

Table 4: Accuracy Data

Test Condition Trial 1 | Trial 2 | Trial 3 | Trial Trial

(cm) (cm) (cm) 4 5
(cm) (cm)

Basic 0.5 04 0.3 0.6 0.7

Performance

External 0.8 09 0.7 0.6 0.5

Disturbances

Long-Term 0.6 0.7 0.8 0.5 0.6

Performance
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Table A3: Stability Data

Test Trial | Trial | Trial | Trial | Trial

Condition 1 2 3 4 5
(cm) | (cm) | (cm) | (cm) | (cm)

Basic 0.1 0.1 0.1 0.1 0.1

Performance

External 0.15 | 0.14 | 0.16 | 0.15 | 0.14

Disturbances

Long-Term 0.12 | 0.11 | 0.13 | 0.12 | 0.13
Performance

Appendix B: Detailed Calculations

Calculation of Standard Deviation for Response
Time:

For Basic Performance:

. 23426+24+25+27
Mean response time = 5

=2.5 seconds

Variance =

[(2.3-2.5)%+ (2.6-2.5)%+ (2.4—2.5)%+ (2.5-2.5)%+ (2.7-2.5)?]
5

=0.04

Standard Deviation = v 0.04
= (.2 seconds

(Similar calculations are performed for other test
conditions.)

Appendix C: Questionnaires
Questionnaire for Testing External Disturbances:

1. What type of external disturbances were
introduced?

- a. Physical nudges

- b. Vibrations

- ¢. Environmental factors (e.g., wind)
2. How were the disturbances applied?

- a. Manually

- b. Using mechanical devices

- ¢. Environmental simulation
3. Duration and intensity of disturbances:

- a. Duration: (seconds)

- b. Intensity: (magnitude/description)
4. Observations during testing:

- a. Ball behavior

- b. Platform response

- ¢. Stabilization time



