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Abstract

This paper aims the planning, construction and modeling of a low-cost multivariable level plant for didactic purposes.
The developed model has two pumps that feed four tanks coupled to each other. Between the tanks and the pumps, there
are inlet and outlet valves that can change the system dynamics according to its opening configuration. To automate the
pumps and read the instrumentation used, the Arduino microcontroller was chosen because it is a model of great use in
the academic environment and of easy parameterization. For sensing, the HC-SR04 ultrasonic sensor was chosen, which
already has native compatibility with the microcontroller. In order to validate the constructed plant, it was necessary to
identify its model, using the empirical step response method for this purpose. In this way, this work has both qualitative
and quantitative characteristics, since the planning and construction of the didactic plant involved an exploratory
research of the problem, and then the modeling and simulation method was applied to obtain the mathematical model
of the plant. Finally, an experimental research was conducted, comparing the data obtained in the real plant with the
model data for validation. Having completed all research stages, the work result is a didactic plant with good linearity,
able to provide implementation of level control strategies of coupled tanks and to assist in teaching and learning subjects
that involve concepts of dynamic systems, besides multivariable systems identification and control.

Keywords: Four tank multivariable system; Dynamic systems and control laboratory; Low-cost didactic plant;
Engineering education.

Resumo

Este trabalho tem como objetivo o planejamento, a construcdo e a modelagem de uma planta de nivel multivariavel de
baixo custo a ser utilizada para fins didaticos. O modelo desenvolvido possui duas bombas que alimentam quatro
tanques acoplados entre si. Entre os tanques e as bombas existem valvulas de entrada e saida que podem alterar a
dindmica do sistema de acordo com sua configuracdo de abertura. Para automatizar as bombas e ler a instrumentacéo
utilizada, foi escolhido o microcontrolador Arduino, que ¢ um modelo de grande utilizagdo no ambiente académico e
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de facil parametrizacdo. Para o sensoriamento, optou-se pelo sensor ultrassbnico HC-SR04, que ja possui
compatibilidade nativa com o microcontrolador. Para validar a planta construida, foi necessario identificar seu modelo
utilizando o método empirico de resposta ao degrau para este fim. Desta forma, este trabalho possui tanto caracteristicas
qualitativas quanto quantitativas, uma vez que o planejamento e a construcdo da planta didatica implicaram em uma
pesquisa exploratéria da problemética e em seguida foi aplicado o método de modelagem e simulacdo para obter o
modelo matematico da planta. Por fim, foi conduzida uma pesquisa experimental, comparando os dados obtidos na
planta real com os dados do modelo para validagdo. Concluidas todas as etapas da pesquisa, o resultado do trabalho é
uma planta didatica com boa linearidade, capaz de proporcionar a implementacgdo de estratégias de controle de nivel de
tanques acoplados e auxiliar no ensino e aprendizagem de disciplinas que envolvem conceitos de sistemas dindmicos,
identificacdo e controle de sistemas multivariaveis.

Palavras-chave: Sistema multivariavel de quatro tanques; Sistemas dindmicos e laboratério de controle; Planta didatica
de baixo custo; Ensino de engenharia.

Resumen

Este trabajo tiene como objetivo planificar, construir y modelar una planta de nivel multivariable de bajo costo para ser
utilizada con fines didacticos. EI modelo desarrollado cuenta con dos bombas que alimentan cuatro tanques acoplados
entre si. Entre los tanques y las bombas hay valvulas de entrada y salida que pueden cambiar la dinamica del sistema
segun su configuracién de apertura. Para automatizar las bombas y leer la instrumentacion utilizada se opt6 por el
microcontrolador Arduino, el cual es un modelo de gran utilidad en el ambito académico y de facil parametrizacion.
Para la deteccién se eligid el sensor ultrasonico HC-SR04, que ya tiene compatibilidad nativa con el microcontrolador.
Para validar la planta construida fue necesario identificar su modelo utilizando el método empirico de respuesta
escalonada para tal fin. De esta forma, este trabajo tiene caracteristicas tanto cualitativas como cuantitativas, ya que la
planificacién y construccién de la planta didactica implico una investigacion exploratoria del problema y luego se aplicd
el método de modelado y simulacion para obtener el modelo matematico de la planta. Finalmente, se realiz6 una
investigacion experimental, comparando los datos obtenidos en la planta real con los datos del modelo para su
validacion. Después de completar todas las etapas de la investigacidn, el resultado del trabajo es un plan didactico con
buena linealidad, capaz de proporcionar la implementacion de estrategias de control de nivel de tanques acoplados y
ayudar en la ensefianza y aprendizaje de temas que involucren conceptos de sistemas dinamicos, identificacién y control
de sistemas multivariables.

Palabras clave: Sistema multivariable de cuatro tanques; Laboratorio de control y sistemas dindmicos; Planta didactica
a bajo costo; Ensefianza de ingenieria.

1. Introduction

In Brazil, the curriculum of undergraduate engineering courses experiences constant changes that lead universities to
search innovative solutions with the aim of improving the formation of engineering students. These changes are a consequence
of the application of Brazilian laws, in which curricular guidelines are created to achieve a strong link between theory and
practice. In this context, the aim is to reduce the distance between theory and practice, since a large part of the development of
the engineer occurs through laboratory disciplines, but due to the lack of coherent learning objectives, there is a limitation of the
effectiveness of the objectives as well as difficulties in the development of significant research in the engineering area (Feisel &
Rosa, 2005).

One of the most applied methods is project-based learning (PBL) in which the instructional model is student-centered,
and the student engages in real-world challenges or projects to achieve shared goals (Kokotsaki et al., 2016). Throughout the
development of a project, students are presented with real problems that encourage them to observe, think critically, share
experiences, and cooperate to solve the proposed project. Knowledge is gained through experimentation and PBL implementation
in engineering courses can bridge the gap between theory and practice (Efstratia, 2014; Vasquez et al., 2015; Ozerdem, 2016;
Alves et al., 2019).

The growing demand for engineers versed in the practical and theoretical domains has challenged institutions and
educators in proposing simple and efficient methodologies of the formation and teaching. This demand stems from the fact that
the systems and equipment worked on, whether in design or maintenance, contain a vast amount of information (Simington &
Lesiecki, 2004; Sanchez & Bragos, 2007). In general, the practical application consolidates the ideas, directing the student as to

the tasks performed by the engineer. In this way, teaching in engineering goes through a gradual evolution in which students are
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no longer restricted to basic learning through reading and writing only (Srivastava, 2012).

Engineers working in automation and control industrial process may encounter a variety of equipment such as sensors
and actuators, requiring indisputable knowledge for the appropriate use or even maintenance of such equipment, which are
inserted in various industrial processes. These professionals need to be prepared to deal with real situations present in the daily
life of the Control and Automation Engineer. Thus, practical knowledge is a significant requirement for this type of professional,
and to improve practical skills, universities apply teaching methods based on experimentation in addition to only providing
theoretical classes (Stankovski et al., 2009; Guzman-Ramirez et al., 2015).

The development of educational platforms is crucial to allow students to have contact with engineering practice and
experience with real industrial applications (de Paiva et al., 2020; Pinho et al., 2021; Beccaro et al., 2022). One of the difficulties
in intensifying the use of didactic control plants in the disciplines of this area is the high commercial price for educational
institutions of didactic plants. Other limitations that may arise are the costs of installation, operation and maintenance, the number
of students who use the equipment, physical space in laboratories and the amount of equipment available (Pereira et al., 2012).

Knowing the importance of applying practical knowledge and the difficulties in obtaining commercial didactic plants,
this paper proposes the construction and modeling of a didactic plant that represents a multivariate level system using low-cost
equipment. It should be noted that the purpose of the plant is to assist practical activities in teaching the disciplines of modeling,
systems identification, control theory and multivariable control present in the curriculum of the Control and Automation
Engineering course at the Federal University of Itajuba, Itabira campus. The proposed didactic plant aims to meet criteria such
as low cost, easy construction, assimilation of physical concepts, instrumentation and communication providing a
complementation of content covered in other theoretical disciplines of the course curriculum.

The work is structured in six sessions, the first being this introduction. The second section addresses the construction
of the proposed didactic plant. The third about identifying system parameters. The fourth on the experimental procedures and

the fifth on the validation of the model obtained. In the last section, the conclusion about the work is presented.

2. Methodology

Following the methodological definitions explained by Kéche (2016), it is possible to state that this work has both
qualitative and quantitative characteristics. The planning and construction of the didactic plant involved explanatory research.
The research problem to be investigated was identified by engineering professors and students: the difficulty of applying concepts
related to the discipline of multivariate control. The proposed solution to this problem was then the development of a low-cost
module for didactic purposes to illustrate the application of control theory.

For the didactic module construction, the four phases of the action research method were followed: plan, act, describe
and evaluate (Tripp, 2005). Action research is a method for conducting applied research, oriented towards making diagnoses,
identifying problems, and finding solutions (Thiollent, 1988).

Then, in later stages of work, the modeling and simulation method was applied to obtain the mathematical model of this
dynamic system and validate the built plant. According to De Padua (2019), it is not possible to establish a single procedure for
experimental research due to the intrinsic characteristics of the method. The empirical step response method was used and an
experimental research was conducted, comparing the data obtained in the built plant with the data from the identified model for

validation.

2.1 Proposed Didactic Plant
For the development of the work, it was proposed to build a multivariable didactic plant for level control with individual

activation of two water pumps, responsible for feeding 4 interconnected tanks and a supply water tank. Figure 1 illustrates the
3
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plant structure. In it, each pump is fed by the main water tank and has two outlets connected to distribute the flow of water
between the tanks. Pump 1 feeds water tanks 1 and 4, while pump 2 feeds water tanks 2 and 3. In addition, the outlets of tanks 3

and 4 feed tanks 1 and 2, respectively, and they return the water to the main reservoir.

Figure 1 - Model of the didactic plant of 4 water tanks.

TANK 3

vumaq—x g—ovnlwx

VALWE 1 VALVE 2

@ PUMP 2

Source: Authors.

The water tanks have a flow control at their entrances made by manual valves that are connected independently after
each T connector outlet that feeds the water tanks. The pump’s 1 flow can be divided between water tanks 1 and 4, while for
pump 2 it is possible to divide between water tanks 2 and 3. In addition to the inlet control, each water tank has an output flow

control in its lower part, in which it can also be manually regulated by a valve.

2.2 Plant Structure
Among the materials used in the construction of the plan, some were available at Federal University of Itajuba campus
Itabira laboratories, while the others were chosen based on the cost-benefit ratio. Therefore, they have low maintenance costs,

they are easy to acquire and use. Tables 1 and 2 show the components used and their respective unit prices in Reais (R$).
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Table 1 - System Components.

Amount Description R$
2 Pump 12V DC 152,00
2 8mm Y Quick Connection 11,00
5 8mm Pneumatic Hose 15,00
4 3/8 Mini Ball Valves 88,00
4 3/8 Lever Ball Valves 112,00
12 3/8 Male Quick Coupling Connection 48,00
4 Acrylic Boxes 3mm 10x10x15cm 130,00
2 Drive Circuits 0-12V 32,80
4 Ultrasonic Sensors HC-SR04 56,00
1 Arduino Mega 2560 Board 85,90
1 Atx 230W Power Supply 69,00
1 5 Liter Cooler 65,00
1 Metal Structure in Metalon 350,00

Source: Authors.

Table 2 - Components of the drive plate.

Amount Description R$
2 TIP3055 Transistor 6,00
2 BC337 Transistor 3,00
2 2.4 kQ resistor 0,80
2 Diode 1N4007 1,00
1 Phenolite plate 8,00
2 Electrical Terminal kr2 6,00
2 Electrical Terminal kr3 8,00

Source: Authors.

2.3 Arduino

Arduino is a micro controller with ATmega 2560 chip and RISC processor that has a 16MHz oscillator. Even though it
is a microcontroller with only 256 Kbytes of flash memory, it has a wide range of applications because it has 16 analog inputs
and 54 digital ports that can operate as an input or output of which 14 can be used as PWM outputs as shown in Figure 2 and can
work with voltages of 3.3, 5, and 9V if powered by a source.

Figure 2 - Arduino Mega.

Source: Manufacturer's instruction manual.

This driver is widespread in the academic environment because the board and its accessories have a low acquisition
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cost, such as sensors, actuators, displays and modules for communication. Another advantage is having an open source and

widespread language because processing is based in C language, besides working with USB type connection that is found on

both PCs and notebooks.

2.4 Ultrasonic Sensor
To measure the level of the water tanks, the ultrasonic distance sensor HC-SR04 was chosen. It is shown in Figure 3.

Figure 3 - HC-SR04 sensor.

Source: Manufacturer's instruction manual.

This sensor, in addition to having a low cost, it’s capable of measuring distances from 4 cm to 4 m with an accuracy of
up to 3 mm. The module has a circuit with an emitter and receiver attached and 4 pins (VCC, Trigger, ECHO, GND). When the
Trigger pin receives a 5V pulse with a minimum duration of 10us, the module emits 8 pulses with a frequency of 40kHz and the
ECHO pin assumes a high logic level. As soon as these pulses find an object, they are reflected, detected by the receiver and the
ECHO pin assumes a low logical level. The time (thigh), in ps, that the ECHO pin remains at a high logical level is proportional
to the distance (d) between the sensor and the desired object, which can be calculated by Eq. (1), in centimeters (Morgan, 2014).

Figure 4 shows the operation of the ultrasonic sensor used.

thign [1s] (1)

d[cm] = =g

Figure 4 - Time diagram of the HC-SR04 sensor.

--10us--
Trigger J
Acoustic

Burst 8x40KHz
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Propagation Delay
Dependent on Distance

Source: Manufacturer's instruction manual.

2.5 Water Tanks
The plant is formed by 4 water tanks made of acrylic with a thickness of 3 mm and with identical geometries, so that
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all have equal volumes. They have a length of 100 mm, a depth of 100 mm and a height of 120 mm as shown in Figure 5, which
guarantees a capacity of one liter due to fixing holes in the upper part.

Figure 5 - Acrylic tank.

Source: Authors.

Two of the acrylic tanks were fixed in parallel at the top of the plant and two just below, with the same alignment. Thus,
the tanks at the bottom receive the liquid that comes out of the upper tanks as shown in Figure 6.

Figure 6 - Sideview of the model.

Source: Authors.

To supply these tanks, another reservoir was installed and positioned at the bottom of the plant. It was designed to store
a volume greater than the sum of the 4 upper acrylic tanks, to store and supply water to the system uninterruptedly. The pumps
are connected directly to the bottom of this water tank and as the exits from water tanks 1 and 2 flow directly into it, there is no

risk of shortage or overflow as it has a higher than the other tanks.

2.6 Pumps

Hydraulic pumps are flow machines, whose function is to supply kinetic energy to the water, with the objective of
elevating it through mechanical energy conversion of its rotor from a combustion engine or an electric motor. In this way,
hydraulic pumps are seen as generating hydraulic machines (Jones, 2013).

These devices are classified as actuators and can significantly influence the response of the system's behavior. Some of
the aspects necessary for the design of a pump are the desired flow, the pressure variation, the torque, and the power.

In this work, 2 Rhondamaq CF-2201A centrifugal pumps were used to supply the water tanks, as shown in Figure 7.
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These pumps work with a voltage of 12V, have a power of 36W and a pressure of 110 PSI. In addition to being a compact
equipment, it has the advantage of providing high water pressure with low energy consumption (Rhondamag, 2022). To connect
the outlet of the pumps to the water tanks, PVC pipes of 8 mm in diameter were used.

To obtain the pump flow behavior curve, it is necessary to vary the supply voltage and measure the time required for

the pump to move a known volume of water.

Figure 7 - Pump Rhondamaq CF-2201A.
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Source: Manufacturer's instruction manual.

2.7 Valves

All valves used are 3/8-inch ball type with lever type handle, as shown in Figure 8, whose name is because its plug
(mobile component responsible for restricting the flow of the valve) consists of a central hollow sphere. When the lever is aligned
with the pipe, the valve allows maximum flow, and when it is 90° from the pipe, it is completely closed, preventing the flow of

liquid.

Figure 8 - Lever Ball Valve.

Source: Manufacturer's instruction manual.

What distinguish the inlet and outlet valves are the lever models and their connections. The inlet connections have quick
coupling and long lever connections, while the outlets from the water tanks have short lever and threaded connections with
rubber sealing ring.

Since these are manual opening valves, the liquid flow in the valves is not precise enough so that it can be indicated by

a specific value. For this reason, this flow is represented by the range of percentage values of valve opening.
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2.8 Logical/Power Connection

The speed control of the pumps is done by varying the input voltage, which occurs through PWM modulation. As the
voltage and current for these pumps are higher than those supported by the Arduino PWM outputs, two circuit boards were
created to drive the pumps. To read the level of the water tanks, an ultrasonic sensor was installed at the top of each water tank,
which is connected to the digital inputs of the microcontroller.

To make the communication between the computer and Arduino, serial communication was used via USB cable to
establish the connection, it was configured in Arduino and installed an add-on in Simulink. With this communication it was

possible to obtain the data from the sensors and create the activation of the pumps.

2.9 Pulse Width Modulation - PWM

The control of the pump flow is done by varying the speed of your motor. The pump uses a DC motor and the turning
speed in RPM can be controlled by varying its supply voltage (Petru & Mazen, 2015). In addition, the rotation is directly
proportional to the applied voltage. Therefore, varying the average supply voltage of the motor, its rotation is varied. This control
can be done by linear voltage control or by PWM.

There are disadvantages to applying linear control, because when the voltage varies, so does the torque, so at low speeds
the motor would start in an irregular way. With the use of PWM it is possible to obtain the same torque regardless of the applied
speed.

The PWM consists of a modulation of the digital output signal creating an alternation of the signal that is switched

between Off and On. When it is Off, no-load current is supplied and when it is On, maximum current is delivered.
The PWM, electrically, allows the average voltage in each period to be controlled, so that, the greater the proportion of time that
the system is ON, the greater the average voltage of the signal in the same period (Petru & Mazen, 2015). The time the signal is
on during this period is called Duty Cycle and can be calculated by Eq. (2) and Figure 9 represents the average voltage in terms
Duty Cycle.

ton
Duty Cycle = ——x 100 2
ton T toss 2

Figure 9 - Medium voltage Duty Cycle.

+V
R 1_1 ______ U —————— t——4o,?5xv
0

75%  25% T75% 25% T75% @ 25%

_____ ---4---4--------F---F----4050xV

50% 50% 50% 50% 50%  50%

) H H H
Pttt bl elielieliate ol Seleleietell thy bt 4020xV

20% 80% 20% 80% 20% 80%

Source: Manufacturer's instruction manual.
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2.10 Drive Board
Due to the power limitations of Arduino, which its PWM output provides a voltage of up to 5V with a maximum current

of 200 mA, and the fact that the pump chosen for the project works with a voltage of up to 12V with a current of up to 3A, it was

necessary to build a power drive to the pump as shown in Figure 10.

Figure 10 - Power drive.

.
i

|
»
{
/ y
Source: Manufacturer's instruction manual.

As shown in Figure 11, the circuit is based on Transistor TIP3055 which is of the NPN type. This integrated circuit can
withstand currents of up to 15A and voltages of 60V, for this reason it was chosen as the power drive for Arduino PWM output

signal (Innovations, 2022).

Figure 11 - Circuit diagram.

PUMP

Q2

TIP3058

Source: Authors.

After the development of the board, the diagram of the circuit was printed as shown in Figure 12. The stages of design,

simulation, and creation of the layout of the drive board were produced using Proteus software.
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Figure 12 - Printed circuit.

O \
A ]

Source: Authors.

3. Results and Discussion

3.1 System Parameters ldentification

Sophisticated control techniques, in general, have as a requirement for good results, a good process modeling. Thus, the
identification of systems is a crucial step for control and is directly related to areas of signal processing engineering, optimization
and statistics (Astrém & Hagglund, 1995).

Based on mathematical modeling, the representation can be performed through parametric and nonparametric methods,
with the transfer function being the most accepted and used parametric model used (Wang & Zhang, 2001). To obtain the transfer
function of a system, several types of tests can be performed, such as step response, pulse, pseudo-random binary sequence,
sinusoidal (Yuwana & Seborg, 1982). Among these methods, the step response is considered the simplest one, since the step
function is usually standard on controllers and microcontrollers and can even be done manually.

This method, also known as Step Response, consists of applying a step in the manipulated variable and when the
controlled variable is in a stationary regime, observe the behavior of the system. For a correct analysis of the step response, it is
necessary a minimum of prior knowledge about the process to be identified, making possible that the observed behavior can be
translated into already defined parameters of the model. The model order, the presence or not of dead time and poles in the right
semi-plane (unstable open loop processes) are mentioned as desirable knowledge parameters (Ljung, 1999).

Modeling a plant behavior with several interconnected tanks can be an ongoing task, since the supply configuration of
the water tanks can cause a high coupling between the variables, making it difficult to obtain the system's behavior when using
the Step Response technique (Yuwana & Seborg, 1982). In view of this difficulty, a viable alternative is to model each water
tank individually and build a final model using these equations together (Gosmann, 2002).

The approximation of the behavior of water tanks for first-order models is something that is already widespread in the
literature, since the dynamics in these processes are equivalent to electric capacitor models, in which the stored liquid volume
can be compared to the electrical energy stored in the component (Ogata, 2010).

In this type of model, there may or may not be a transport delay, being a feature inherent to the process to be
parameterized. The insertion of this nonlinear parameter in the modeling can make it difficult or even impossible, according to
its intensity, to apply the usual control techniques (PID or Lead-Lag). However, this type of problem does not reach the didactic
plant, as it is a device with small distances to be covered by the fluid, so we will not take this type of behavior into consideration.

In this way, a first order system without transport delay can be represented mathematically as Eq. (3).

G(s) = @)

s+1

where K and 1, which represent the gain and the constant time, respectively, indicate the parameters of the model to be

determined. The time constant 1 is defined as the time that the output takes to achieve approximately 63.2% of the response in a
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stationary and the gain K can be calculated by Eq. (4)

_ by
T Ax

where Ay is the variation in the amplitude of the output of the system and Au is a variation in the applied step.

(4)

3.2 Experimental Procedures

This section addresses the necessary experiments to the modeling of the proposed didactic plant, as well as make the
necessary data available for replication of the present work. Following the configurations proposed in Section 2, the didactic
plant was built as shown in Figure 13.

Figure 13 - Didactic level plant.

Source: Authors.

Having the plant already built, the adjustment of the valves, which is extremely important in the project, since the
change in the percentage of opening of each valve can change the entire dynamics of the plant. Table 3 presents approximately

the percentage of opening of each valve as numbering shown in Figure 1.

Table 3 - Valve opening percentage.

Valve Opening
Valve 1 70%
Valve 2 70%
Valve 3 30%
Valve 4 30%
Outlet from tank 1 100%
Outlet from tank 2 100%
Outlet from tank 3 80%
Outlet from tank 4 80%

Source: Authors.
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After adjusting the valves, configuration and communication were performed via USB port of the equipment (Arduino,
sensors, pumps and drive boards) with PC and Simulink. Subsequently, it was done the linearity test of the pumps, to prove that
the flow has a linear behavior with the voltage variation. For this, different levels of voltage were applied to the test pumps and
compared to the corresponding flow.

The Figure 14 presents the results obtained and the percentage linearity of each pump.

Figure 14 - Linearization of pumps 1 and 2.
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Source: Authors.

From Figure 14, the response behavior of the pumps approaches the linear, thus enabling the experiments of didactic
plant modeling. After the linearization test, the modeling of the dynamic system was done, according to the theoretical framework
for this, it was applied a voltage step on each pump separately until the system reached the steady state. This procedure was
repeated 5 times with the objective of obtaining a more reliable value for modeling and without operational deviations.

Table 4 show the average height values obtained from a voltage step on the pump 1 (P1) and pump 2 (P2). Both steps
on the pumps began to emerge from the dead zone tension of each pump and water tanks were initially empty. Figure 15 shows

the dynamic behavior of the levels of the four water tanks (h1, h2, h3 and h4) when the step is applied to the pumps.

Table 4 - Level in permanent regime after step in P1 and P2.

Signals Minimum Value Maximum Value
P1[V] 2.30 7.70
h1 [cm] 0 8.80
h2 [cm] 0 0.74
hs [cm] 0 0
hs [cm] 0 8.60
P2 [V] 2.00 8.00
h1 [cm] 0 0.34
h2 [cm] 0 6.27
hs [cm] 0 8.70
hs [cm] 0 0

Source: Authors.
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Figure 15 - Level in [cm] of the tanks: (a) after the step in P1. (b) after the step in P..
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Source: Authors.

3.3 Modeling Validation

From Figure 15 and Table 4 it is possible to observe the Ay, Au and 1 parameters refer to equations (3) and (4). Thus,
such parameters are presented as shown in Table 5.

Table 5 - Parameters obtained from the step test on pumps 1 and 2.

Stepin Py
Tank | Au[V] | Ay[em] | t]s]
1 5.40 8.80 241
2 5.40 0.74 27
3 5.40 0 0
4 5.40 8.60 254
Step in P2
Tank | Au[V] | Ay[em] | t]s]
1 6.00 0.34 22
2 6.00 6.30 210
3 6.00 8.70 204
4 6.00 0 0

Source: Authors.

An important information when calculating Au is to consider the dead zone of the pump, which is the minimum voltage

for its operation. From Table 4, the dead zone of pump 1 is 2.3V while the dead zone of pump 2 is 2V. The t value was found

for each water tank measuring the time for the system to reach 63.2% of the value in steady state and can be seen in Table 5.

With the parameters shown in Table 5 and with equations (3) and (4), the following transfer functions were found,

representing the dynamics of heights h1, h2, h3 and h4, respectively, depending on the voltage V1 applied to pump 1. Thus, each

equation is given by Eq. (5a), (5b), (5¢) and (5d):

Hy(s) _

1.6

3

Vi(s) 241s+1
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Hy(s)  0.14
Vi(s) 27s+1 (50)
Hs(s)
Vi(s) B 50
Hy(s) 159 (50)

Vi(s) 254s+1

Similarly, from Table 5 and Eq. (3) and (4), the transfer functions were found, representing the dynamics of heights h1,
h2, h3 and h4, respectively, depending on the voltage V2 applied to pump 2. Thus, each equation is given by Eq. (6a), (6b), (6¢)
and (6d).

Hy(s) _ 0.06 .
Vy(s) 225+ 1 (62)
Hy(s) 105 o
Vo(s) 210s+1 (66)
Hy(s) = 145
Vy(s)  204s + 1 (6c)
Hy(s)
) =" (6dl)

A system simulation was performed on the computer through the Matlab/Simulink platform, to validate the
identification and check if the obtained mathematical models represent faithfully the real system. It was done simulations to
reproduce the two tests shown in Figure 15. From the same step of entry into the simulation environment.

As a result of the dynamic response of the system was obtained, as shown in Figure 16.

Figure 16 - Simulation of the model: (a) after the step in P;. (b) after the step in P-..
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Source: Authors.

As expected, pump 1 does not have any influence on water tank 3, as well as pump 2 has no influence on water tank 2.

It is also observed a greater influence of the pump 1 flow in water tanks 1 and 4, as well as greater influence of pump 2 on water

tanks 2 and 3. In addition, it was made a comparison of the results obtained in the simulation with the actual test data obtained
15
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from the open loop steps applied to pumps 1 and 2. The result of the comparison can be seen in Figure 17.

Figure 17 - Simulation vs. practical test in [cm]. (a) Tank 1. (b) Tank 2. (c) Tank 3. (d) Tank 4.
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Source: Authors.

Figure 17 shows the confrontation between the real test and the computer simulation based on the mathematical models
obtained. It is noted that the mathematical model obtained for the didactic plant is like the real system, satisfactorily representing

the system dynamics for the imposed configuration.

4. Conclusion

Due to the difficulty, for several educational institutions, of obtaining didactic plants for the teaching of disciplines in
automation and control, this work presents the necessary concepts for the construction and modeling of a didactic plant for
teaching multivariable systems. The development of specific skills and abilities was put into practice during the development of
the project as well as the interdisciplinarities that are directly related to the disciplines of modeling, systems identification,
electronics, and technical design.

It stands out for the fact that it was possible to create an engineering project for the development of a didactic system
using low-cost resources that are accessible to any student. In addition, the system built, proved to be reliable and with a linear
behavior satisfactory enough that its identification was obtained through a simple empirical method. The evaluation of this can
be done by comparing the step response of the model obtained with the real data of the system, validating the model obtained
for the system.

For future work, other techniques for identifying systems and applying multivariable process control strategies can be
analyzed. In addition, it is intended to use the didactic plant in a PBL-based course to assess students learning of concepts related

to the identification of systems as well as the application of different strategies for multivariate controlling systems.
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