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Abstract

Ball stabilization control system is an important control problem in undergraduate and graduate education. Practical
applications are carried out in control system laboratories on this subject. Students develop projects with a
multidisciplinary approach using their control systems knowledge, software knowledge, design knowledge, and using
equipment such as DC motors and microprocessors. The problem of keeping the ball balanced is a control problem that
is handled in two different ways. The ball and beam and the ball on plate systems stand out in this regard. However, in
many studies, the ball on beam system is preferred because it is easier. In these systems, the ball is controlled only on
the vertical axis. In these systems, a single PID controller and a single servo motor are preferred. In the ball on plate
control system proposed in this study, the ball's movement in both the x and y axes is controlled. The system is both
designed using MATLAB software and its practical application is carried out. 2 PD controllers and two servo motors are
used to provide more precise and faster control of the ball. In addition, an LCD screen is used to show the instantaneous
position of the ball on the x and y axes. Thus, a better design is obtained than standard ball on beam systems.
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1. Introduction

In control systems education, inverted pendulum control, two tank system control, and ball on beam control are
important practical control problem applications [1]-[3]. Thus, students have the opportunity to reinforce their
theoretical knowledge with experiments and practical applications. In addition, while performing these practical
applications, they perform a multidisciplinary study by using their theoretical control systems knowledge together with
Arduino programming, servo motor and battery usage, and design skills [4]-[7].

The ball and beam is a widely applied system both theoretically and practically. In this system, control of the ball on the
beam in the vertical axis is carried out. In general, practical application is carried out with a single PID controller and a
single servo motor. The ball and beam is a single-degree-of-freedom system and is cost-effective.

Ahmad et al. designed a cost-effective ball and beam with one PID controller, a servo motor, an ultrasonic distance
sensor, and an Arduino microcontroller [8]. Maalini et al. developed a ball and beam, and they controlled the beam angle
with one servo motor. They selected the PID controller parameters with the PID tuner algorithm of MATLAB [9]. Yao et
al. used a visual sensor and an LQR controller to stabilize the ball and beam. They also created a practical
implementation and designed some experiments [10]. Srivastava et al. used a PID controller to stabilize the position of
the ball and beam angle. They tested different PID tuning algorithms and compared their mean square error values to
obtain the best results [11]. Zaare et al. developed a state disturbance observer-based adaptive sliding mode controller
to control the position of the ball under uncertainties [12]. Blake et al. designed a 3D printed ball and beam and used a
PID controller to control beam angle and position and speed of the ball. They used reinforcement learning to tune the
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gains of the PID controller [13]. Zafar et al. proposed two different control strategies for a ball and beam system. Their
first control strategy used a PIDD2-PI controller, and their second control strategy used a tilt integral derivative with a
filter. They tested these strategies with the MATLAB program and compared the obtained results [14]. Chaturvedi et
al. proposed a cascade PID control method for the ball and beam system. They used a teaching-learning-based
optimization method to control the position of the ball [15]. Some researchers have designed a ball on plate system
using a small plate and a single controller. Bang et al. designed a system with a smaller plate and controlled by a single
sliding mode controller to control the ball on plate [16]. Kumar et al. designed a ball on plate system using a single servo
motor and 2 PID controllers. Due to the use of a single servo motor, this system showed a high oscillation, and it took a
long time for the ball to reach the balance point [17].

In this study, modeling and experimentation of a ball on plate system were carried out. The aim of the developed ball
on plate system is to control the ball in the x and y axes. In this research, more sensitive and faster control was achieved
by using two PD controllers. Modeling of the system was carried out with MATLAB software. In addition, a practical
application was carried out. Unlike studies using plastic and wooden plates, the current position of the ball was tracked
much more precisely by using a resistive touch panel, and it was ensured that it reached the balance point more quickly.
Arduino microprocessor, resistive panel, battery, servo motors, and LCD screen with Bluetooth module were used in
the practical application. With the Bluetooth module of the LCD screen, the position of the ball in the x and y axes is
taken instantly and shown on the screen.

2. Method

The purpose of the ball on plate system is to bring a ball placed at a random location on the plate to the center point. In
this section, mathematical equations related to the system are given. The parameters of the proposed system are given
in Table 1.

Table 1 The parameters of the system

Variable | Definition Value

mp mass of the ball 33g

g gravity 9.81 m/s?
I'v radius of the ball 20 mm

Jo inertial moment 1.32x10°
T'arm radius of the servoarm | 0.025 m
Lplate length of the plate 386 mm
Ts sampling period 10s

The nonlinear motion equation of the system is presented in (1).

. __ mpgsina(Org
(o) = OO

In cases where 8 angle is small, sin (6) = 08 can be accepted [18]-[19]. When (1) is linearized with the small angle
approximation, (2) is obtained.

. _ Zmbgrarmrg
X(t) - Lplate(mbrl;zv+]b) 9[ (t) (2)

After applying the Laplace transform to (2), (3) is obtained.

x(s) — Zmbgrarmrbzy (3)
6(s)  Lpiate(mpri+/p)s?

Damping ratio is given in (4). OS represents overshoot.
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Natural frequency equation is represented in (5).
4
Wn = —- (5)

In many studies, PID controller is preferred due to its easy adjustment, simple structure and its widespread use [20]-
[25]. In this study, PD controller is used. With the above equations, the ky and kq gains of the PD controller can be
calculated. These gains are shown in (6) and (7), respectively.
_ .2 Lplate(mb"'rl? +Jp)
kp oo mbgrarmrg (6)

2
Lypiate(mp+rj+]p)

kg =qw
d { n mbgrarmrg

(7

The values of the PD controllers used in the simulations are given in Table 2. The same values were used for both
controllers. The values of the PD controllers were determined manually by trial and error.

Table 2 PD Control Parameters

Kp Ka

The schematic representation of the employed ball on plate from the top and side is as in Figure 1.

“1 [

(a) (b)

Figure 1 Schematic representations of ball on plate (a) top view of the ball on plate system and (b) side view of the
ball on plate system

3. Results and discussion

The results obtained in this research are examined under two subheadings. The simulations section includes
simulations made using MATLAB software. The practical application section includes the practical application of the
ball on plate.

3.1. Simulations

Simulations were performed using MATLAB. The simulations show how long it takes for a ball released at any point on
the plate to reach the equilibrium point (0, 0). The goal in the simulations is to bring the ball to the (0, 0) point in less
than 10 seconds. In addition, the ball's trajectory on the x and y axes is shown in simulations. In simulations, x and y
lengths are in meters, and time is in seconds. The ball was released from x = 0.09 m and y = 0.05 m in the first simulation.
PD controllers were able to bring the ball to the equilibrium point in a short time. Figure 1 shows how long it takes for
a ball released from a certain x and y point to reach the equilibrium point.
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Figure 2 Position with time simulation for x = 0.09m, y = 0.05 m

Figure 3 shows the distance traveled on the x-axis and y-axis until the ball reaches the balance point.
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Figure 3 Trajectory graph for x = 0.09, y = 0.05 values

As seen from the simulation results, the ball dropped on the resistive panel reaches the balance point in less than 5
seconds.

Secondly, the ball was placed at x = 0.15 m, y = 0.08 m. The ball on plate system again managed to bring the ball to the

balance point in less than 5 seconds. Figure 4 shows how many seconds it took for the ball placed atx = 0.15m, y = 0.08
m to reach the balance point of (0, 0).
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Figure 4 Position with time simulation for x = 0.15 m, y = 0.08 m

Figure 5 shows the trajectory of the ball released from x= 0.15 m, y= 0.08 m on the x and y axes until it reaches the
balance point.
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Figure 5 Trajectory graph for x = 0.15, y = 0.08 values

The simulation results show that even if the ball is released from different points, the system can reach the balance point

in less than 5 seconds. In this case, the target of reaching the balance point before 10 seconds, as determined in the
study, was successfully achieved.

3.2. Practical Implementation

In this section, the practical application of the ball on plate was carried out. The findings obtained from simulation

results were confirmed with the experimental results. The list of materials used in the development of the practical
application is shown in Table 3.
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Table 3 The materials of the project

Material Specification Quantity
Resistive panel GreenTouch 19-inch panel 1
Controller Arduino uno 2
Servo motor MG 995 180° 2
Bluetooth module | HC-06 Receiver, HC-05 Transmitter | 2
LCD screen 16x2 character LCD 1
Power supply 9V Li-ion Battery 1
Ball AISI 52100 steel ball 1

Aresistive touch panel was used to accurately detect the instantaneous position of the ball [26]. The MG995 servo motor
was preferred due to its ability to rotate 180 degrees, operate continuously, and be cost-effective [27]. HC-06 Receiver
and HC-05 Transmitter Bluetooth modules were preferred due to their compatibility with Arduino [28]. The appearance
of the assembled system is given in Figure 6.

(a) (b)

Figure 6 The appearance of the assembled system (a) ball on plate (b) resistive panel

The LCD screen that instantly shows the x, y position of the ball is presented in Figure 7.
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Figure 7 LCD screen

4., Conclusion

In this study, a ball on plate system controlled by 2 PD controllers was modeled, simulations were made using MATLAB
and a practical application was carried out. Simulations were performed by placing the ball at different points on the x-
axis and the axes. The ball dropped on the resistive panel was able to reach the (0, 0) point, which is the balance point,
in less than 10 seconds. The results obtained with the simulations were verified in the practical application. The
instantaneous position of the ball was shown on the LCD screen. The platform with 2 servo motors, 2 PD controllers,
and a resistive panel showed very good performance. In future studies, experiments will be carried out using different
types of controllers.
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