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Abstract: This paper presents a proposal for a flying-cutting plant designed using the SketchUp
tool for 3D modeling and constructed with electronic devices and other low-cost components. The
proposed prototype aims to facilitate the implementation of control strategies in academic settings,
such as laboratory practices. The primary contribution of this work is the development of a scaled,
cost-effective industrial prototype that can be operated and controlled using various software and
hardware tools. The plant features a conveyor belt and a mechanical arm for continuous cutting, en-
abling it to emulate the operation of large-scale industrial processes. To validate the design, the plant
was simulated using a continuous and discrete transfer function as its mathematical representation,
obtained through an identification process performed with MATLAB's PID Tuner. Performance tests
were then conducted using tools such as Simulink and Code Composer Studio by Texas Instruments.
After validation, operation and shear tests were carried out on the physical prototype, employing a
classical control technique.

Keywords: 3D Modeling; Academic Environments; Digital Control; Flying Shear; Flying-Cutting
Plant; Industrial Prototype; Real-Time Control

Recibido: 30/07/2024 Aceptado: 29/11/2024 Disponible en linea: 11/04/2025

Cémo citar: Ramirez Jiménez, D. F. (2025). Proposal Of A Flying-Cutting Plant For The Development
Of Control Systems In Academic Environments. Ciencia E Ingenieria Neogranadina, 35(1), 87-112.
https://doi.org/10.18359/rcin.7500

*

Research article.

Electronic Engineer, Universidad del Quindio, Armenia Q., Colombia. M.Sc. Electronic Engineering,
Universidad del Valle, Cali, Colombia. Full professor at the Electronic Engineering at the Universidad del
Quindio, Armenia., Colombia.

Email: dframirez@uniquindio.edu.co; ORCID: https://orcid.org/0000-0001-9050-666X

87


http://M.Sc
mailto:dframirez@uniquindio.edu.co
https://orcid.org/0000-0001-9050-666X
https://doi.org/10.18359/rcin.7500
https://doi.org/10.18359/rcin.7500
https://doi.org/10.18359/rcin.7262  

Propuesta de Planta de Corte Volador para el Desarrollo de Sistemas de
Control en Ambientes Académicos

Resumen: Una propuesta de planta de corte al vuelo es presentada en este articulo. La planta fue
disefiada usando la herramienta SketchUp para modelado 3Dy construida usando dispositivos elec-
trénicos y otros elementos de bajo costo. El propdsito del prototipo propuesto centra su aplicacion
en entornos académicos a través del desarrollo de estrategias de control en practicas de laboratorio.
Una contribucion importante del trabajo realizado estuvo en el disefio de un prototipo industrial a
escala y de bajo costo, que brinda la posibilidad de ser operado y controlado a través de diferen-
tes sistemas embebidos que integran elementos tanto a nivel de software como de hardware. La
planta cuenta con una banda transportadora y un brazo mecanico para corte continuo que permite
emular el funcionamiento de procesos industriales de gran escala. Como resultados, se realizaron
simulacion de la planta mediante una funcion de transferencia continua y discreta como represent-
acion matematica, la cual fue obtenida a través de un proceso de identificacion realizado en pipTuner
de MATLAB. Posteriormente, se realizaron pruebas de desempefio a través de herramientas como
Simulink y Code Composer Studio de Texas Instruments y, una vez validado su funcionamiento, se
implementaron pruebas de operacion y de corte en el prototipo construido empleando una técnica
de control clasica.

Palabras clave: Modelamiento 3D; Ambientes Académicos; Control Digital; Cizalla Volante; Planta
de Corte al Vuelo; Prototipo Industrial; Control en Tiempo Real

Proposta de planta de corte volante para o desenvolvimento de sistemas
de controle em ambientes académicos

Resumo: Uma proposta de planta de corte em voo € apresentada neste artigo. A planta foi projetada
utilizando a ferramenta SketchUp para modelagem 3D e construida com dispositivos eletrénicos e
outros elementos de baixo custo. O propdsito do protétipo proposto centra sua aplicagdo em ambien-
tes académicos por meio do desenvolvimento de estratégias de controle em praticas de laboratério.
Uma contribuicdo importante do trabalho realizado foi o design de um protétipo industrial em escala
e de baixo custo, que possibilita sua operacdo e controle através de diferentes sistemas embarcados
que integram elementos tanto de software quanto de hardware. A planta conta com uma esteira
transportadora e um braco mecanico para corte continuo, permitindo emular o funcionamento de
processos industriais de grande escala. Como resultados, foram realizadas simulac8es da planta por
meio de uma fungao de transferéncia continua e discreta como representacdo matematica, obtida
através de um processo de identificagdo realizado no piDTuner do MATLAB. Posteriormente, foram
conduzidos testes de desempenho utilizando ferramentas como Simulink e Code Composer Studio
da Texas Instruments e, ap6s a validacdo de seu funcionamento, foram implementados testes de
operagao e corte no protétipo construido, empregando uma técnica de controle cldssica.

Palavras-chave: modelagem 3D; ambientes académicos; controle digital; cortador de parafusos
volante; planta de corte em voo; protétipo industrial; controle em tempo real
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Introduction

The training of new engineers in automation and
control requires knowledge and close contact with
processes developed in the industry. However, this
proximity, particularly with large manufacturing
companies, is sometimes limited or even nonexis-
tent due to the lack of large companies or facilities
with automated systems that train engineers to meet
regional needs. An example of this is observed in
the department of Quindio, Colombia, where man-
ufacturing companies in 2021 contributed only
about 6.5% of the Gross Value Added (Gva). This
contrasts with departments like Valle del Cauca,
where the manufacturing industry occupies large
areas and, in the same year, contributed approxi-
mately 72.4% of the department’s gva [1], [2].

An alternative in educational practices to keep
engineering students in contact with the daily
challenges of the industry is to strengthen train-
ing in areas such as analog electronics, digital
electronics, dynamic systems, automation, and
process control. This ensures that students not
only develop skills in process supervision and
management but also gain the ability to design test
plants that enhance their learning. In the labora-
tories of the Electronic Engineering program at
Universidad del Quindio, there are few test plants
capable of emulating large-scale industrial pro-
cesses in diverse contexts and scenarios beyond
the academic environment. In recent years, test
plants have gained special relevance due to the
importance of process automation and control in
companies and the alignment of academia with
these needs [3].

For this reason, this research presents a proto-
type of a flying-cutting plant and its application
in educational settings for automation and con-
trol within the Electronic Engineering program at
Universidad del Quindio.

Applied research activities aimed at developing
laboratory equipment or prototypes that emulate
industrial processes are increasingly common in
public higher education institutions in Colombia.
This trend responds partly to the free education
policy implemented by the national government in
public higher education institutions [4], which has

reduced funds previously generated by tuition fees,
potentially threatening the financial sustainability
of higher education [5]. Additionally, the high cost
of didactic equipment from major manufacturers
such as Festo, where a station designed to emulate
an industrial process can cost around $60,000 usp
[6], presents another significant challenge. Lab-
oratory-scale equipment is essential for process
automation, automatic control in companies, and
integrating academia with industry [7], facilitating
effective learning strategies.

The value of academic work in automatic con-
trol and automation lies in fostering skills such as
resource optimization, process knowledge, evalua-
tion of alternatives, and time management in tasks
requiring precision. Various studies highlight
these themes. For example, [7] presents a method-
ology for process automation using Allen-Bradley
PLC programming. In [8], the control of a flying
shear with electronic cams is described using a
DC universal servo controller. In [9], Solidworks/
cosMos Motion and MATLAB/SimMechanics were
used to develop a three-dimensional model for a
centrifugal flying shear. Similarly, [10] applied a
direct torque controller (DTC) to improve torque
control in a steel mill flying shear system. Other
works, such as [11], modeled the behavior of a fly-
ing shear using SolidWorks, conducting kinematic
analyses of the three-dimensional design with
assembly and animation.

These studies demonstrate that applications in
flying-cutting plants often focus on cutting speed
control and dynamic modeling, generally at the
simulation level, as in [12], which emphasized the
design of mechanical parts for cutting precision
while neglecting critical aspects of implementa-
tion and validation of control systems using elec-
tronic devices. Some studies have progressed to
validation in physical systems, such as [13], where
a real-time FPGA-based controller was developed
for application in hot rolling mill flying shears, uti-
lizing tools like viDL and Xilinx 1sE. In [14], hard-
ness tests, energy dispersive spectroscopy (EDS),
and scanning electron microscopy (SEM) were
employed on flying cutter blades. Additionally,
[15] presented a test plant for remote connection to
an industrial and mobile robot using Java Servlets.

Proposal of a Flying-Cutting Plant for the Development of Control Systems in Academic Environments



This study introduces a prototype of a
flying-cutting plant for academic use in automa-
tion and control within the Electronic Engineering
program at Universidad del Quindio. The plant is
controlled by a C2000 microcontroller, using the
Texas Instruments LAUNCHXL-F28379D develop-
ment kit to validate its operation. The methodo-
logy adopted offers a significant contribution to
control and automation engineering by providing
a practical approach replicable in educational set-
tings and applying advanced control strategies
across various experimental models. Supported by
the cp1o (Conceiving - Designing - Implementing
- Operating) initiative for engineering education
[16], this methodology allows students to interact
with real physical systems, facilitating the unders-
tanding of theoretical concepts through hands-on
experimentation. Moreover, the system can be
adapted to different control schemes and techni-
ques, transforming the prototype into a versatile
platform that bridges the gap between theory and
practice in engineering education.

At a theoretical level, this research contrib-
utes to the body of knowledge in control and
automation by conducting detailed analyses and
modeling the dynamic behaviors of real systems
implementable in laboratories, covering classical
aspects of system dynamics and pID controllers.
Furthermore, it explores the interaction between
system mechanics and controller responses, ana-
lyzing how variations in operating conditions
affect system performance. Finally, the implemen-
tation and operation of the proposed prototype
not only enhance the understanding of control
systems in industrial applications but also lay the
groundwork for future research aimed at improv-
ing the accuracy and efficiency of automated sys-
tems in complex industrial environments.

The conducted research provides several signif-
icant contributions, detailed as follows:

» Application of Real-Time Microcontrollers:
Utilization of microcontrollers specifical-
ly designed for real-time control in various
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industrial sectors, including precision agricul-
ture, automotive, medical, automation, motor
control, power electronics, and others [17].

= Digital Controller Design and Implementa-
tion: Development of fully digital controllers
where signal processing, process variable man-
agement, and controller structures are execut-
ed entirely within the microcontroller.

= Development of a Versatile Test Plant: Cre-
ation of a full-scale, modular, compact, robust,
and cost-effective test plant. This platform en-
ables students from the Automation and Con-
trol Department of the Electronic Engineering
program at Universidad del Quindio to perform
exercises and validate real industrial processes
within an academic environment, mirroring
rapid prototyping methodologies [18].

= Research Initiatives with Industrial Rele-
vance: Promotion of research lines and projects
that engage with the industrial sector, focusing
on implementing efficient solutions for process
improvement.

=« Emphasis on Technical Construction: Devel-
opment of prototypes that prioritize the tech-
nical aspects of their construction, including
mechanical design, rather than focusing sole-
ly on control strategies or simulation-level
modeling.

The content of this work is organized into the
following sections:

Chapter II: Provides a concise review of the
design and construction processes of the fly-
ing-cutting plant, the system dynamics modeling,
and the controller used to validate its operation.

Chapter 111: Details the results obtained from
performance tests conducted on the flying-cutting
system, both at the simulation and implementa-
tion levels.

Chapter IV: Concludes the research with the
main findings and insights derived from the devel-
oped aspects of the study.

m D. F. Ramirez-Jiménez
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Materials and methods

Materials

Flying-cutting plant

This paper presents the design and implemen-
tation of a flying shear system. Flying shearing
machines, or flying shears, are continuous cut-
ting mechanisms that operate either in synchrony
between the blade and the material in motion

or by adjusting speeds with the aid of additional
electronic devices.

Various types of flying shears exist, often
defined by their manufacturers. For instance,
the Chinese company RISHBIN offers a range of
flying shears for cutting metal plates and catego-
rizes them based on the type of cut into rotary,
crank-operated rotary lever, eccentric crank, and
pendulum machines [19]. Figure 1 illustrates dia-
grams of some of the different types of industrial
flying-cutting systems currently in use.

Figure 1. T1 type fly-cutting plant (left) and T2 type fly-cutting plant (right)
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Source: The authors.

SketchUp 3D

SketchUp is a versatile 3D modeling tool widely
used across various fields of engineering and
design. Initially developed by Last Software and
later acquired by Trimble Inc., SketchUp enables
the creation of detailed 3D models using a sur-
face-based approach and vector geometry.

One of SketchUp’s key strengths lies in its intu-
itive user interface, which simplifies the manip-
ulation of 3D models and drawing tools. Beyond

Figure 2. SketchUp user interface for desktop application
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designing mechanical components, the tool also
supports their simulation and assembly, making
it a valuable resource for comprehensive project
development.

In terms of accessibility, SketchUp offers a free
version (SketchUp Free), as well as educational
versions with full functionality (SketchUp Pro),
making it particularly suited for academic envi-
ronments and fostering learning in various disci-
plines [20]. An example of the SketchUp desktop
user interface is shown in Figure 2.

Source: [21].
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PID Tuner

MATLAB offers a variety of tools and functions
for designing and tuning PI-pID controllers and
their various variants. Among these tools are the
Sisotool, Control System Designer, and pIDTuner,
among others. PIDTuner is particularly useful for
interactively tuning and adjusting PID controllers
through an intuitive graphical user interface. It

Figure 3. MATLAB PIDTUnNer graphical user interface

=
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features sliders that allow for the automatic adjust-
ment of controller parameters to meet specified
system performance requirements.

One of the key advantages of pipTuner is, its
ability to select different variations of controller
configurations, such as standard or optimal, and
to provide options for adjusting the controller
structure as needed [22]. Figure 3, illustrates the
MATLAB PIDTuner graphical user interface.

14 =

Source: [23].

Code Composer Studio - ccs

Code Composer Studio (ccs) is Texas Instru-
integrated development
(1pE) designed for software development and pro-
gramming of its microcontrollers and processors,
including the msp430, Tiva C, and C2000 series.
Key features of ccs include an advanced code edi-
tor, real-time debugging tools, support for multi-
ple TT devices, and simulation capabilities.
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ccs also offers integration with other 1T tools
and version control systems, providing access
to documentation and resources through the 11
Resource Explorer. Its primary advantage over
other platforms is its specific optimization for
T1 devices, comprehensive support, advanced
debugging tools, and continuous updates for TI
hardware. Figure 4, shows an example of the ccs
graphical interface for Windows.
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Figure 4. Graphical user interface for ccs on Windows
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Source: The authors.

Methods

Proposed prototype structure

Figure 5, illustrates the proposed design of the
structure on which the flying-cutting line is imple-
mented. The mechanical system consists of a con-
veyor belt and a cutting mechanism, which operates
in a three-dimensional plane through the X, Y, and

QA o A @

&y
Import to IDE

8

Search

blinkled_msp432p401r

@) README.html

[& msp432p40ir.cmd
[y system_msp432p40irc

Z axes. The electronic system includes the control
board, which houses the peripheral devices, the
power circuit that powers the main operating board,
and the switching circuit. This switching circuit
enables the plant to be controlled and operated either
by the internal devices or by an external controller,
such as a Dsp, Raspberry Pi, or another embedded
system. The control board facilitates access to infor-
mation from the sensors and actuators.

Figure 5. Block diagram showing the structure of the flying-cutting plant

Mechanical
system

Flying-cutting
plant

Electronic
system

Source: The authors.
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The structure of the proposed plant was
designed by considering the most important oper-
ational and design elements found in industrial
plants and similar systems. This approach was
chosen because the existing plants align with the
types developed by industries such as RISHBIN [19]
and Schneider Electric [24], which have been doc-
umented in the literature through previous works,
such as the one conducted in [25]. Based on the
results of the analysis described above, and with
the goal of creating a plant that is easy to trans-
port, modular (allowing the cutting system and
conveyor belt to be used independently in other
projects), low-cost, and easily repairable (with the
ability to replace broken components quickly),
we designed a 3D flying-cutting plant model in
SketchUp. This design is open to be operated and
controlled using various microcontroller and psp
technologies, including open-source solutions.
Figure 6 presents the resulting model.

Figure 6. 3D model of the proposed flying-cutting plant
prototype

75cm

Source: The authors.

Cutting mechanism

One of the key factors that demonstrates the
efficacy of the system is its ability to execute an
accurate cutting trajectory, characterized by
smoothness and the absence of erratic move-
ments. Achieving these qualities requires precise
alignment of the components that make up the
cutting system, as well as high precision in the
motors or actuators that dynamically integrate the
cutting mechanism.

Revista Ciencia e Ingenieria Neogranadina = Vol. 35(1)

The system design is based on the X and Y
coordinates, which are controlled by two motors,
and a Z-axis coordinate, facilitated by a servo, for
both the layout and subsequent cutting processes.
After conceptualizing the cutting system, it was
essential to consider various kinematic aspects
for its design and implementation, along with the
movement area of the conveyor and the spatial lay-
out. Larger operational areas necessitate extended
rails for the X and Y axes. Figure 7, illustrates the
coordinate design for the cutting system and its 3D
model, which was developed using SketchUp.

Figure 7. Coordinate design and SketchUp 3D model for
cutting system
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Source: The authors.

Electronic circuits

The circuits have been carefully engineered to
ensure both the scalability of the system and the
seamless interconnection of its various modules,
as outlined in the block diagrams shown in Figures
8 and 9. These figures illustrate the interconnec-
tion of the overall system, categorizing it into three
main components: the mechanical system, which
includes the limit switches, encoders, motors, and
servos; the power board, which houses the driv-
ers and the necessary conditioning equipment to
manage sensors, actuators, and the Texas Instru-
ments LAUNCHXL-F28379D development kit; and
the control board, which serves as the user inter-
face for the fly-by-wire cutting system.

In addition to these three groups of electronic
systems, Figure 9 further demonstrates that the
flying-cutting system incorporates an external
management or control module.

m D. F. Ramirez-Jiménez
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Figure 8. General wiring diagram for the flying-cutting plant
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Source: The authors.
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Figure 9. Internal diagram of the devices, connections, and external mode of the modules shown in Figure 8
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Source: The authors.

Power and control panels

The protection of the electronic circuits, wiring
connections, and power supply was accomplished
through two panels that organize and manage the
various sensors and actuators of the plant. Figure
10, shows the block diagrams of the power and con-
trol panels. In the first panel, the connections from

Figure 10. Block diagram for the power panel
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the actuators and sensors of the mechanical system
are consolidated. The entire system is powered by
a switched-mode power supply with 5V and 12V
outputs, which are fed directly to the power circuit
and then distributed to the other devices. The sec-
ond panel consolidates the connections from the
power supply board and the interface devices that
are part of the graphical user interface.
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Environment and programming structure

The integration of all functionalities of the fly-
ing-cutting plant was achieved through program-
ming the LAUNCHXL-F28379D development Kit,
which is responsible for processing the various sig-
nals coming from the sensors and control panel.
There are several alternatives for programming
these embedded systems. One option is Energia,
an open-source IDE based on the Arduino frame-
work, which, as demonstrated in [17], facilitates

Figure 11. ccs graphical user interface
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programming for some of Texas Instruments’
boards and embedded kits. Another option is to
use ccs, which supports all development kits and
microcontrollers manufactured by Texas Instru-
ments. For this research, ccs was chosen because
it provides comprehensive support for all C2000
microcontrollers and allows access to all their
functionalities. Figure 11, shows the ccs pE for
developing projects and applications for T1 C2000

microcontrollers.
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Control strategy

The control system for the plant must ensure that
the cutting system creates a perpendicular trace
on the conveyor belt while it is in motion. If the
belt speed varies, the cutting system must adjust
to match the speed of the belt; otherwise, the
trace will be irregular. A fundamental aspect of
the control strategy is to ensure that both speeds
(X-axis and conveyor belt) are synchronized, and
that the trace forms a 90° angle with the horizon-
tal (X-axis). We selected a classical control tech-
nique, specifically the Proportional-Integral (PI)

controller. This approach allows us to validate
whether the plant meets the characteristics of sys-
tems found in industrial settings.

The p1 controller can be implemented in var-
ious configurations, such as parallel, series, or
standard, similar to those used for the design and
implementation of PID controllers. Some basic
configurations of these classical controllers are
discussed in [26], [27], [28], [29], where different
PI or PID controller configurations are applied to
control various dynamic systems. The control loop
proposed for the flying-cutting plant is shown in
Figure 12.

m D. F. Ramirez-Jiménez
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Figure 12. Proposed control loop for the flying-cutting plant
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Results

Building a conveyor belt structure

With the structure of the flying-cutting plant and
its 3D model in place, construction began. The
process started with the development of rollers to
rotate the conveyor belt, designed for easy align-
ment and calibration. At one end of the belt, an
8 mm shaft bearing system was used to ensure
proper alignment of the roller, which senses the
traction from the motor via pulleys. This roller is
a fixed drum that moves with the smooth shaft,
enabling movement through the bearings. At the
other end of the belt, there is a free drum roller
that rotates on its own axis via bearings. This
shaft is also 8 mm threaded, allowing it to be
clamped at both ends after calibrating and align-
ing the conveyor belt. Belt alignment is achieved
through grooves in the profiles where the rollers
are located, using clamping nuts and tensioners to
pull the shaft outward.

The belt structure was constructed using rect-
angular iron tubes with dimensions of 4x2 cm and
a gauge of 0.8 mm. The various cuts forming the
structure were joined using electrode welding,
ensuring greater stability and sturdiness. One of
the horizontal profiles supporting the rollers uses
screws for quick and easy replacement of the con-
veyor belt. The construction and placement of the
rollers with the pulleys, along with the conveyor
belt structure, are shown in Figures 13 and 14,
respectively.

Figure 13. Rollers and pulleys used in the building of the
conveyor belt structure

Source: The authors.

Figure 14. Structure built for conveyor belt

Source: The authors.

Conveyor belt material

The conveyor belt is a crucial component in the
development of any transport mechanism. There
are various types available, and selecting the
best material for its construction depends on the
intended application. In this research, several
conveyor belts were tested using materials such as
parasol tarpaulins, polyester tarpaulins, and even
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foam. After multiple tests, the material selected
was a 2 mm thick lamella, or microporous sheet-
ing, coated on one side with white adhesive vinyl.
The lamella adhered securely to the rollers without
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slipping, while the vinyl on the upper surface
allowed for marking during the cutting tests. The
conveyor belt installed in the constructed struc-
ture is shown in Figure 15.

Figure 15. Conveyor belt placed on the rollers of the conveyor belt structure

;

Source: The authors.

Cutting mechanism

The linear motion of the cutting system is achieved
using V-sLoT extruded aluminum profiles and
high-precision bearings, mechanisms that are
commonly implemented in the manufacture of 3D
printers, cNC machines, cartesian robots, and sim-
ilar systems. For our plant, a working area limit of
80% of the conveyor belt surface was defined. This

decision was made with the understanding that
the cutting system would be scalable and could be
adapted for other applications requiring cartesian
movement, such as cNC machines or a modular laser
cutting system. Lastly, the movement of the Z-axis
is driven by a servo motor through a mechanism
similar to those used in drawing machines [30], [31].
The 3D model developed in SketchUp, along with its
real-world implementation, is shown in Figure 16.

Figure 16. SketchUp 3D model and real implementation for cutting system

Source: The authors.
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As shown in Figure 16, the real implementation
of the cutting mechanism for the flying-cutting
plant closely resembles its 3D model, highlighting
the importance of design processes in engineering
and the use of tools like SketchUp.

Power circuit

The power circuitry shown in Figure 17 utilizes
an L298N driver for the gearmotors that control
the conveyor belt and the X-axis of the cutting sys-
tem, along with a DrRv8825 driver to manage the
Y-axis stepper motor in the cutting system. It also
includes pins to connect the LAUNCHXL-F28379D

developmentKkit [18] and connections to the switch-
ing circuit. This circuit features terminal blocks,
Molex, usB, and RJ-45 connectors for intercon-
necting various components of the flying-cutting
plant, such as the power supply, sensors, actua-
tors, control circuit, and programming interface,
among others. An additional complement of the
power circuit is presented in Figure 18, where an
optocoupler isolation circuit is shown between the
digital input/output pins of the Texas Instruments
development kit and other electronic components
of the plant. This circuit also functions as a voltage
regulator, converting between 3.3V and 5V.

Figure 17. Power circuit for L298N driver - top. Power circuit for DRV8825 driver - bottom
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Figure 18. Optocoupler isolating circuit
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From Texas Instruments Board to Switching Circuit
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Source: The authors.

Control circuit

The control circuit functions as a bridge between the
user interface and the power board. To facilitate this,
the circuit is equipped with three RJ-45 ports, which
enable the exchange of signals for managing sensors,
actuators, serial communication, general-purpose

elements, and the mode switch. The mode switch is
used to define the system’s operating mode (internal
or external). An Arduino Nano manages the dis-
play of menu information on an LCD, processes user
interaction signals, and sends the corresponding
values via the serial port to the main power board.
Figure 19 shows the developed control circuit

Figure 19. Control circuit for user interface and power panel

Source: The authors.
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Power and control panels

After designing and fabricating the pcBss for the
power, control, and commutation circuits shown
in Figures 17, 18, and 19, the implementation of

Figure 20. Power panel for the flying-cutting plant

LAUNCHXL-F28379D
Driver L298N
Driver DRV8825

Source: The authors.

the power and control panels, which manage the
flying-cutting plant, was completed. The finished
power and control panels with their respective
boards are shown in Figures 20 and 21.

Commutation
and power circuit

= DC source

Figure 21. Control panel for the flying-cutting plant. Electrical circuits - left, graphical user interface - right

Source: The authors.

Flying-cutting plant programming

Since the software development is for an embed-
ded system, a general file was created to compile
the various files containing the necessary func-
tions to manage the sensors and actuators in the
flying-cutting plant. Figure 22, shows the libraries

developed in ccs, which are loaded and executed
from the Texas Instruments LAUNCHXL-F28379D
development kit to manage each electronic device
of the plant. For ease of understanding and use,
libraries were developed for each component in the
plant, with the required configuration for manag-
ing each respective actuator or sensor.
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An example of using the libraries described configuration and pwm, as well as functions for
in Figure 22 is shown in Figure 23. The conveyor defining the direction, duty cycle, and speed esti-
belt library (Band.h) contains functions for pin  mation of the motor encoder.

Figure 22. Libraries developed in ccs for programming the c2000 microcontroller in the LAUNCHXL-F28379D devel-
opment kit

Comunication.h

AxisY.h _ Serlal

Interrupts.h

m
- Flying
Band.h “ Cut off
(main.c)

Figure 23. General content of the library developed for conveyor belt control

)

| ControllerPID.h

Source: The authors.

Library Functions Description

" GPIO and PWM

void Receives the
directionBand(int turning direction 1
state) - right 0 - left

Returns the
conveyor belt
speed

Float
readSpeedBand()

.VOId . Receives duty cicle
dutyCicleBand(int feemd between 0 and 100
duty_cicle)

Design an d impI ementation thoroug}.lly unders‘tanding. its dynamic béhavior.
As mentioned earlier, during plant operation, the
of control Strategy cutting mechanism must perform a perpendic-
The development and deployment of the control  ylar stroke to the conveyor belt movement. This
architecture for the flying-cutting plant began  means that if the conveyor belt speed varies, the
with an extensive process of modeling and simu-  cutting system must adjust its speed to match that
lation within the MATLAB environment, aimed at  of the belt, otherwise the cuts would be irregular.

Source: The authors.
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Therefore, the control strategy in this research
was designed to ensure that the speeds of both the
conveyor belt and the X-axis in the cutting mecha-
nism are synchronized, maintaining a 90° cutting
angle relative to the horizontal axis of the belt. The
control system will regulate the angular speed (in
revolutions per minute, RPM) of the X-axis gear-
motor of the cutting mechanism, while the angu-
lar speed of the gearmotor driving the conveyor
belt will serve as a reference or set point.

The programming carried out in ccs to
obtain the reaction curve of the actuator on the
X-axis of the cutting system involved configur-
ing and applying a pwwm signal with a duty cycle

Figure 24. Transient Response of the X-Axis Gear Motor

ranging from 0% to 100% and reading data from
its encoder. Subsequently, the pwMm signal and
encoder data were sent to MATLAB via the serial
port to estimate a model for the system. The gen-
erated pwM signal and encoder data are shown in
Figure 24.

After determining the response of the X-axis
gearmotor that forms the shear mechanism, MAT-
LAB’s PIDTUner was used to identify and estimate
a model that represents its dynamics. Since the
response exhibited first-order behavior [32], only
one pole was included in the identification pro-
cess. The result of the estimation in MATLAB is pre-
sented in Figure 25.
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Source: The authors.
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Figure 25. Model identified with MATLAB PIDTuner

Source: The authors.
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Identified Plant Structure: One Pole

From Figure 25, the estimated transfer function is:

Subsequently, the tuning of the PI controller
was performed using MATLABs pIDTuner for the
system described in equation (1). Recalling that the

Output
9000 put (y)
8000 "
Identification Data
Identified Plant
7000 x T1 Adjustor
6000
-8 5000 ]
2
a2
£ B
< 4000 Ty+1)
One Polz
3000 K 5368 3] ®mrx
- + »
2000 [ [1.666e-04 | [0.178e~04]
rT Giied 3 mx
1000 ‘ !
) Reset ®
0 1 2
0 0.5 1.5 2 25
Time (seconds)
6(s) 8368.1
S) ) =————
0.182s +1

)

PI controller was designed using the structure of a
parallel 1D controller [33], [34], [35]. The parameters
obtained for the PI controller are shown in Figure 26.

Figure 26. PI controller parameters obtained in MATLAB PIDTuner

Source: The authors.

Controller Parameters

Tuned
Kp 8.6524e-05
Ki 0.00053054
Kd n/a
Lii n/a
Performance and Robustness

Tuned
Rise time 0.482 seconds
Settling time 0.807 seconds
Overshoot 0.0073 %
Peak 1
Gain margin Inf dB @ NaN rad/s

Phase margin

87 deg @ 4.27 rad/s

Closed-loop stability

Stable
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The normalized step responses of the PI con-
troller designed using the parameters from Figure
26, and the closed-loop system control effort are
presented in Figure 27.

Then, the closed-loop controller for the contin-
uous-time validation tests is presented in Figure
28.

Figure 27. PI controller parameters obtained in MATLAB PIDTuner
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Figure 28. Closed-loop PI controller structure
X(s) eS) | kd-s?+kp-s+ki |Y6) | 83681 |V
s 0.182s + 1 XAt
Conveyor

belt PID controller

Plant

kp = 8.6524€-05

Source: The authors.

Since the p1 controller will be running on
a microcontroller, a discretization process is
required for the continuous model of the control-
ler. This requires a sampling time that is a function
of the processing capacity of the digital device and
the mathematical analysis of the open-loop and

5(0.182s +1) =0,

ki=0.00053054 kd=0

closed-loop poles. Below is a brief description of
how to calculate these poles to determine the plant
sampling time.

The open-loop poles for the plant are described
by:

51 =0, s, =-54945 ()

The closed-loop poles for the plant (feedback system) are described by:

(8.6524x107°s + 5.3054x10%)8368.1 + 0.182s% + s = 0 3)

(8.6524x107°s + 5.3054x107%)8368.1 + 0.182s% + s = 0
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s? +9.4728s + 24.3935 = 0,

Where the largest magnitude of the pole
describes the maximum frequency of the plant

Revista Ciencia e Ingenieria Neogranadina m Vol. 35(1)
S34 = —4.7364 + 1.4006i 4)

Wmax- for this case it is 5.4945. With the above, the
maximum sampling time is calculated:

10,0y 2
> , Tm< ®)
fm 2m m 10W0x
Tm < 0.114s 6)
The{efore, in tl.le LA.UNCHXL—F28379D' Develop- kTm k(1 —271)
ment Kit, a sampling time of Tm = 0.1 sis selected ~ Gc(z) =k, + — ,
1—2z71 Tm
to read the encoders and execute the control strat- (8)
egy. We then used the sampling time (Tm) to cal-  ¢onTm =0.1s
culate the PI controller constants in discrete time.
There are several controller tuning techniques to Ge(z) = P(2) +1(2) + D(2) ©)
perform this process, such as the Ziegler and Nich-
ols methods [35], [36], [37]. For our research, we Where:
chose the Ziegler-Nichols rules shown in Table 1
because the controller constants implicitly have p(2) = P(2e(2) = kye(2) (10)
the value of Tm.
) — _ kLTm
Table 1. Equivalence between the S-domain and Z-do- i(2) = 1(@)e(x) = 1—z71 e (11)
main of the pID controller.
kq(1—2z"1) (12)
. Gc(z) including d(z) =D(2)e(z) = ————e(2)
Gain Ge) Ge(@) Tm and delay Tm
Proportional Ky K, Ky Then, the difference equation representation of
k. k;z k,Tm the controller is:
L
Integral — — — 1
s 271 1~z plk] = kyelk] (13)
ky(z—1) kq(1—2z71)
Derivative kqs . .
z Tm i[k] = e[k]k;Tm + i[k — 1] (14)
Source: The authors. Adapted from [35], [37]. ked
d[k] = (e[k] — e[k —1]) (15)

Using the continuous-time PID controller
transfer function shown in Fig. 28 and applying
the discrete-time transformation from Table 1 to
obtain a representation of the differential equation,
we implement the PI controller in the LAUNCHXL-
F28379D development kit as follows:

u(s) ki

Ge(s) =m= kp +?+kds ()

The closed-loop discrete-time PI controller
block diagram shown in Figure 29 is obtained by
implementing the control loop from Figure 28
with equations (10), (11), and (12).

The transient response of the open-loop plant
and the closed-loop controller is shown in Figure
30. To enable the plant to follow the established set-
point, the control effort is depicted in Figure 31.
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Figure 29. Discrete-time PI controller for the flying-cutting plant
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Figure 30. Open-loop and closed-loop plant response with controller
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Figure 31. Control effort for PI controller
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Source: The authors.

Using (13),(14) and (15), the PI controller —Development kit through ccs following the flow
was implemented in the LAUNCHXL-F28379D  chart presented in Figure 32.
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After implementing the p1 controller in the
Texas Instruments LAUNCHXL-F28377s devel-
opment kit, pwM signals with a 100% duty cycle
were applied to the conveyor belt and the X-axis
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motors in the cutting mechanism to validate their
response and the maximum speed achieved. Fig-
ure 33, shows the responses for each of the motors
using a 100:1 ratio gearbox.

Figure 32. Flowchart for the implementation of the PI controller in CCS
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Source: The authors.
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Figure 33. Maximum speed reached by the motors. Upper part of the conveyor belt motor and lower part of the

X-axis of the cutting mechanism
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Once the motor speed was adjusted, the cutting  a 50% duty cycle is set for the conveyor belt, and it
plant was tested for validation and operation in  takes 1.8 seconds for the belt speed to stabilize at
a real-time cutting process. Figure 34, shows the approximately 6330 rpm.
system response. After 6 seconds, the cutting sys- Finally, the implemented flying-cutting plant is
tem reaches the starting position. At 6.8 seconds, shown in Figure 35.

Figure 34. Response of the plant during a cutting process. Blue top conveyor belt, red top X-axis mechanism, and
bottom control effort

System response
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Figure 35. Flying-cutting plant implemented

Source: The authors.
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Conclusions

The results obtained from the design and imple-
mentation of a flying cutting plant for evaluating
control strategies in an academic environment
demonstrate that it is possible to develop robust,
low-cost prototypes within educational institu-
tions that serve two distinct yet complementary
purposes. First, they provide invaluable support
in training processes, allowing students to exper-
iment with and validate theoretical concepts
through practical applications. Second, they offer
an alternative method of learning the complexities
of real-world industrial processes.

The results validated the performance of the
plant in the automation and control area of the
Electronic Engineering Program at the Universi-
dad del Quindio through controlled environment
practices, characterized by low noise and minimal
vibrations. A key highlight is the proposed sys-
tem’s ability to accurately replicate the operation
of industrial-scale plants, and the enthusiasm of
students in applying advanced control strategies to
manage the plant in real time.

This research lays a significant foundation
for future investigations addressing real-world
needs and strengthening the collaborative rela-
tionship between academia and industry, par-
ticularly in developing new prototypes across
diverse industrial sectors. The implementation of
a proportional-integral (p1) controller facilitated
the synchronization of speeds between the con-
veyor belt and the cutting device, achieving 95%
cutting accuracy. This resulted in a considerable
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reduction of raw material wastage caused by cut-
ting inaccuracies.

In the current plant setup, the working surface
was constrained to 80% of the total area, limiting
the dimensions of the parts that could be cut. A
potential solution to this limitation would involve
redesigning the cutting mechanism to a modular
system, capable of adjusting its operating area from
0 to 100% by implementing optimal or adaptive
control strategies. This approach would enhance
the plant’s flexibility and adaptability, allowing it
to respond more effectively to varying production
requirements.

The real-time control system was success-
fully implemented using the Texas Instruments
LAUNCHXL-F28379D development kit. Tools like
Code Composer Studio (ccs) have maximized
the hardware capabilities of the C2000 microcon-
trollers, proving their effectiveness in academic
settings for developing and testing both classical
and advanced control strategies. This underscores
the importance of sophisticated technological
resources for advancing education and research in
automation and control.

The experimental development focused on sim-
ulating the regularity of cutting parts in a continu-
ous manufacturing process. Consequently, certain
parameters, such as inertia, friction, and other
dynamic forces that could impact the mechanical
system’s performance, were not considered in the
design. It is recommended that the objective of such
prototypes be clearly defined, as certain dynamic
characteristics might be excluded to simplify the
analysis of low-cost systems for academic purposes.
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