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Abstract

This paper details the design of a levitating ball portable training system for in-depth learning of
Proportional Integral Derivative (PID) control theory. This system can be incorporated into the
Electrical Engineering Technology bachelor degree curriculum laboratories at our university.
Based on the prevalence of PID control applications in industry, and it being a relatively
advanced concept in traditional, theory heavy, control system courses, it is important to address
this topic with a practical system. This has inspired the idea of designing a PID training lab
course for the department. Focusing on analog circuits and programmable logic controllers, this
lab course would give an in-depth look at the physical layout of the PID control system and how
it operates. The laboratory procedures themselves include a physical demonstration of the
software implementation of the PID calculation, with access to manipulate the code. PID tuning
and understanding how gains at each stage affect the overall outcome of the control system
response will be the highlights of the laboratory procedures. The overall layout of the design of
this training lab could function as a framework curriculum, meaning that it could be used at other
learning institutions other than our university. There are 3 existing courses within the Electrical
Engineering Technology (EET) bachelor curriculum that have the flexibility to implement this
form of training. This project looks to aid the preparation of future undergraduates interested in
automatic control implementations.

Introduction

PID control is an integral component of industrial automation [1, 2]. It is used to automatically
control process variables such as temperature, liquid level, pressure, flow rates, etc. Although
programmable logic controllers (PLCs) have software functions for implementing PID control
using analog input and output modules, all major manufacturers offer stand-alone PID
controllers since they are easier to program, monitor and maintain [3]. This creates a need to
teach this cornerstone control calculation to university-level engineering students. The
applicability of PID in many different career fields, implies that many degree programs could
benefit from adding it to their curriculum. Mechanical Engineering, Electrical Engineering,
Chemical Engineering, Electrical Engineering Technology, Mechanical Engineering
Technology, etc. are all degrees that either already offer disciplines or courses that study the
design and use of automated control [5].



Part of the Advanced PLC laboratory at our university, the Amatrol Process Control System,
shown in Fig. 1, is used to teach programming of industrial equipment for controlling the flow
rate and level of fluids [3]. It is not concerned with the theory of PID control, rather it focuses on
the programming of industrial equipment and the application. A multitude of automatic control
laboratory education kits exists[6]. These use various applications including process,
temperature, motor speed, angle, altitude, and pressure control. These education systems are
typically expensive, application-oriented, and proprietary. This paper outlines the design of a
smaller, more easily replicable, PID demonstration unit, as well as curriculum for three short lab
experiments to interact and learn with it. This will let the PID education fit into existing courses
that cover automation control, and be more accessible to a larger number of students.
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Figure 1. PID Process Control training in automation laboratory [3]
PID Control Loop

The developed trainer implements PID control of a ball’s position, i.e. the process variable, in a
vertical transparent tube, through a base mounted air fan as the actuator. The ball height is
measured, i.e. fed back, and compared to the setpoint, that is the desired ball height. The PID
gains can then be tuned to change the system time response to disturbance of the height, or
changes in the height setpoint. Figure 2 illustrates the feedback control loop of the ball height
PID control system trainer. The PID gains, Kp, Ki, and Kd, respectively, are tunable via
potentiometers by the student and their value displayed on the interactive system screen. The
disturbance to the ball height is an additive or subtractive change to the ball height induced by
restricting or increasing airflow, say by the student briefly placing their palm on top of the tube
where the air is exhausted.
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Figure 2. Feedback control loop of the ball-height controller system

The PID controller’s output is used to control the fan speed through a Pulse Width Modulation
(PWM) function, and is a function of the ball height error e(z) and the PID gain, as shown in

eq.(1):
u(t) =Kpxe(®) +Kix [} e(t)dt+Kdx=e(t) (1)

The PID controller equation shows how the controller output, u(?) is a weighted sum of the
current error e(?), as well as the accumulator error, and the change in error.

Mechanical Design

The trainer device is used as an interactive visual representation of Proportional, Integral and
Derivative control schemes. A similar design was created at ETSI Informatica [7]. The ball
inside a clear tube is used to demonstrate the controls effect on the system; as the ball moves
further from the setpoint, the system will control the speed at which the fan spins, affecting the
amount of air moving through the tube, which affects the position of the ball. Gravity acts as a
constant downward force on the ball, and the fan is a variable control to create upwards force on
the ball. Holes drilled into the cap of the vertical tube are used as interactive disturbance on the
system.

The mechanical design seen in Fig. 3 was designed to fulfill the niche of this trainer device. The
vertical cylinder was made from a 2" OD x 1/8" wall acrylic tube [8] and the base for the
components and fan are constructed from 3/16” acrylic [9], which provides students with clear
observation of the process for the educational benefit. The VL53L0X sensor [10] is mounted to a
3D printed cap on the top of the tube. The cap also includes drilled holes to allow for air to exit
the chamber and simultaneously provides a manageable means to introduce outside disturbance
to the system by covering the holes. The base mount for the fan [11] and tube is used to house



the electrical components and control panel for interactive variable control. Potentiometers [12]
and double pole - double throw switches [13] provide students with variable control, and a 4 inch
display screen. Between these input and output components, the achieved design is a standalone
unit, without the need for outside equipment.
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Figure 3. Mechanical components of the floating-ball trainer

Electrical Design

The trainer deceive has several requirements. Firstly, it must sense the position, i.e. height, of the
ball in the cylinder. It must also actuate the fan through a PWM control signal, demonstrate
on/off control, and calculate a PID gain control based on variable user inputs. As an added bonus



it should be able to display important quantitative data to students in real-time, such as individual
PID gains and the position of the ball in reference to time.

A circuit was designed to handle all of these functions. In Fig. 4, an Arduino Leonardo [14]
receives an analog signal from the resistance potentiometers [12] for variable control, and
discrete signals from throw switches [13] to achieve on/off control. The Arduino also receives a
digital signal from our laser sensor [10] to identify ball position. The microcontroller also
handles the PID calculation and converts the resultant into a PWM control signal for the fan [11].
A separate Raspberry Pi Microcontroller [15] receives serial communication from the Arduino in
real time, and can plot relevant data to a screen for student observation.
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Figure 4. Electrical Circuit Diagram for the trainer.
Software Design

The program that was developed for the trainer utilizes different programming software across
two microcontrollers. Most importantly, the Arduino Leonardo Microcontroller board [14] is
used as the primary controller of the device, reading data from the sensor and user input
components and sending a digital control signal to the fan [11]. Figure 5 describes the general
execution of the developed code.
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Figure 5. Microcontroller Program Flow Diagram

First the Arduino reads the ball’s position from the VL53L0X sensor [10] and sends that data to
the Raspberry Pi 4 4GB Model B [15] via a serial transmission. Then the Arduino reads the user
P, I and D status switches (each switch has corresponding on/off control over the corresponding
PID gain)[13]. If the switch is high, the arduino reads the analog potentiometer value [12] and
writes it into the corresponding gain value. If the switch is low, the arduino will overwrite the
existing gain to 0, removing that control (P, I or D) from the equation. Given a small P
(proportional) gain value in the calculation, the system output response is minimal, thus it is used
as an on/off control for power to the fan. After the gain for each expression has been calculated



the Arduino sends the gain values to the Raspberry Pi as well. Then the Arduino calculates the
PID sum value, and converts it to a PWM signal, which it uses to control the speed of the fan.
The Python code generated for the Raspberry Pi has one purpose, to display real time data to the
user with the Muizie Raspberry Pi 4 touchscreen. The Pi charts the Ball position in real-time
onto the displayed graph, and reads the P, I, and D gain values into the display as well. This
gives the student access to real time data that is being calculated and then the immediate control
feedback for that data.

Curriculum Design

To strengthen student understanding of PID and ensure the feasibility of the curriculum as a
supplementary work to preexisting courses, the lab was written to be split into three separate
sections. It was assumed that this lab would be taught after or during the explanation of PID in
traditional resuscitation, so students should know of PID and its importance. This lab curriculum,
then, exists to demonstrate to students some common understandings of the Fig. 5. flow diagram
of PID control, such as the importance of each calculation, developed software and PI or PD
control schemes.

Overview

For this Lab session you will be looking at how to properly adjust the PID system to a desired set
point. In addition you will be asked to explain your process of completing the tasks given. Given
below is the base PID formula for calculating proper values however for this lab you should try
your best to manually adjust your analog inputs to obtain the proper setpoint.

Figure 6. Overview section of Lab 1 for the proposed lab curriculum

The first section of the lab will introduce students to the problem and goal of the demonstration;
the ball should be at the setpoint, and the most efficient way to keep it there respectively - as
seen in Fig. 6. Students will be asked to use P alone to control the ball, and to identify its
advantages compared to on/off control. Then students will be instructed to introduce Derivative
control, and asked to demonstrate its use in the scope of the control scheme and identify
specifically what has been achieved by this calculation. The conclusion of the first section
introduces Integral control and its ability to reduce steady state error.

Overview

In this lab you will be expected to optimally achieve a set point with optimally low steady state
error. When this is achieved you will induce disruption in the system and adjust your system to
compensate for the outside error.

Figure 7. Overview section of Lab 2 for the proposed lab curriculum



The second section of the lab, introduced in Fig. 7, will teach students how to use full PID
control to make the most efficient control of the system and introduce outside disturbances.
Students will be asked to use the different constants to create an equation to best fit given
parameters such as necessary rise times. Students will be asked to create settings for the system
to best deal with outside interference by covering the exhaust holes on the cap of the tube. This
teaches them how you use the constants in conjunction with one another to form a steady system.

Overview

Using exclusively Pl and PD control you will again be asked to complete scenarios to
guantitatively evaluate the differences of Pl and PD controls. Then you will be asked to
gualitatively evaluate the differences between Pl and PD.

Figure 8. Overview section of Lab 3 for the proposed lab curriculum

The third and final part of the lab section instructs students to use PI and PD. As the introduction
states in Fig. 8, students will identify strengths, drawbacks, and uses for both PI and PD by
observing firsthand the capabilities of the limited controls. Completion of this section shows that
students understand the use of P, I and D control and the benefits that each calculation brings to
the summation.

Conclusions

The developed PID trainer unit is affordable, small, and simple to use. When paired with the
proposed curriculum, the system will offer students a learning opportunity on a highly applicable
and popular control scheme. The concise nature of the trainer allows several groups of students
to have access to different units and allow them to focus on the core aspects of PID control. The
fast-paced visuals of the mechanical system, as well as the real time data from the screen, allows
for students to make several individual tests to affirm their understanding of the process. The
software is developed as part of the trainer, so students don't need to spend time learning
supplemental programming languages, and instructors can modify and fit this into several
courses without constraint issues. Further study can be done on the curriculum to improve its
performance. As students go through this program and use the trainer, professors can observe
what about the curriculum is teaching as intended and what portions are maybe missing the
mark. As changes in industry occur, the curriculum could be additionally changed to better suit
modern developments. Additionally the Arduino microcontroller could be completely replaced
with the Raspberry Pi, as the Pi has all of the necessary electrical connections and the capability
of generating a PWM signal.
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