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Abstract

In the academic field, specifically in mechatronics
engineering, the teaching of automation techniques requires
laboratory equipment (control and automation plants), which,
due to their cost, generate problems of availability when
performing practices. For this reason, plant virtualization is
considered, being a viable and economical alternative for the
development of laboratory practices. The LabView software
from National Instruments is used to develop a virtual plant
laboratory, in which the mathematical model of a system is
implemented through transfer functions, discretization and
recurrence relation (difference equation). Each input and
output of the model is associated with a physical port of an
Arduino board, allowing interaction with other platforms. The
plant to be simulated is a cascade combination of two tanks,
fed by a pump. Two interfaces are used, one to represent the
simulated plant and another the control and monitoring
system. From the latter, the pump ignition signal is sent, as
well as the applied voltage, these are communicated by the
Arduino card so that the program with the simulated plant
performs the signal processing and the response of the system
is obtained in real time.

Keywords: Arduino, LabView, linear mathematical model,
virtualization.

INTRODUCTION

In the mechatronic, electronics and automation engineering
academic environments, it is necessary to have laboratory
equipment, specifically, instrumentation, control and
automation plants for the use of control practices and robotics
systems[1,2,3,4] which allow to develop and strengthen the
disciplinary competences of engineering students[5], that is
the reason why, the use of mathematical models of dynamic
systems in embedded systems (hardware), a technique known
as Hardware-in-the-Loop [6,7] or in computer software based
on the technique Software-in-the-Loop, constitutes a viable
and economical alternative for the development of practices,
achieving a very close experience compared to laboratory
equipment, allowing an efficiency improvement due to the
simplification of the virtual environments use [8,9].

Traditionally, the costs associated with the physical use of a
laboratory for practices in control and automation areas are
high, just to mention a few [10,11,12]. For this reason, since
the end of last century, different low cost alternatives have
been proposed for the implementation of both physical and
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virtual laboratories which take advantage of different
technological concepts and platforms to offer the student the
option of an economical and portable environment, which
acquirement of different skills and competences without the
need for complex assemblies, and even using long-distance
learning methods [13,14,15,16]. Trends such as e-learning
have impacted the way courses are taught in many fields of
knowledge, and engineering have not been unaware of these
changes, allowing not only to pass on theoretical knowledge
from a distance, but implementing practice forms and
laboratories through virtual media. It is already possible to
find numerous examples of e-learning applied to the teaching
of control and automation [17,18,19,20,21].

The use of dynamic models in computer systems (Hardware-
in-the-Loop) is of vital importance when it comes to offering a
reliable and realistic environment for a virtual laboratory
practice, as it is possible to replace a physical system using the
equations that govern its dynamics, without losing fidelity on
the real behavior at the time of its use [22]. Tools such as
Arduino and LabView have been used successfully to design
and implement virtual laboratories for control and automation
[23,24].

Within the framework of the project "Design and use of a
system for the learning of automation through the simulation
of industrial processes and interaction with industrial
automation platforms supported by programmable logic
controllers" carried out at the Universidad Piloto de Colombia,
a tool for the interaction of mathematical models with physical
systems has been developed, its methodology for use is
explained in this article. The result is an application based on
LabView software of National Instruments where the
mathematical model of two cascaded tanks fed by a pump is
used (Figure 3). Once the model is discretized and expressed
in difference equations, the input and output signals of the
model are associated with physical digital ports of an Arduino
UNO card for its subsequent interaction with other electronic
control systems [25]. Figure 1 shows the general structure of
the project.
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Figure 1: General structure of the project.
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MATERIALS AND METHODS

The application's development for mathematical virtualization
models with the capacity for interaction with physical systems
was done in the following stages:

e Stage 1. Implementation of mathematical models in
LabView.

e Stage 2. Physical interaction with the Arduino
Platform.

e Stage 3. Control and monitoring system.

Stage 1. Implementation of mathematical models in
LabView.

The mathematical models are formulated in differential
equations, linearized using Taylor series, subsequently
discretized with the Z-transform with a suitable sampling time
to avoid the Aliasing phenomenon, and finally, expressed in
difference equations which are implemented in the LabView
software (Figure 2). The period of discretization used in the Z-
transform is the reference for the execution time of the code
implemented in LabView, in this way the simulation of the
models will be consistent with the response of the simulated
models in Matlab.

Diferential DIFFERENCE
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S MODEL () i

Figure 2: Treatment of the mathematical model.

For the validation of the interaction system, a system of
interacting tanks fed by a pump is taken as a model plant
(Figure 3) with assumed physical parameters. The differential
equations of the model are proposed as linear first order
structures invariant in time and as a relationship between the
flow and the level for the cascaded tanks (Equation 1) and
(Equation 2), as well as a relation of the supply voltage and the
pump output flow (Equation 3) [26].
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Figure 3: Plant Model and implemented in LabView.

H,(s) A
Qi(s) - st + kpx

Equation 1: Transfer function of a tank.

Qox(s) = kp * Hx(s)
Equation 2: Tank output flow

Qs (s) A
V(s) ts+1

Equation 3: Transference function of a pump

Where,
H,, Qoy: Level and output flow of each tank.
Q;: Entry flow to tank 1.
Cys Kpyx: Capacitance and resistance in the discharge
of the tank.
A, Qp: Gains and flow of the pump.

It is relevant to highlight that the objective of the project is to
use mathematical models in the platform, therefore, the
coefficients of these are assumptions to obtain a rapid response
allowing the validation of results (Table 1).

The method used for the discretization of the Z-transform
model is the trapezoidal rule or Tustin's method [27].
Although numerical integration techniques exist for
discretization of more elaborate systems [27,28,29], Tustin's
approximation presents an acceptable level of approximation
to the response of the discretized continuous system [30], the
resulting equations are easy to understand and use on Arduino
type platforms [31], facilitating its use in projects of
educational nature such as the one presented here. Once the
mentioned method is applied, the equations (Equation 4),
(Equation 5) and (Equation 6) are obtained.

Q:(s) ATz + AT
V(s) Q@t+T)z+ (T -21)

Equation 4: Discretized function of the pump.

Hy(s) Tz+T
Q:(s)  (2C, +Tk)z + (=2C, + Tk})

Equation 5. Discretized transfer function of tank No. 1

H,(s) _ Tz+T
Q,(s)  (2C, + Tky)z + (=2C, + Tk})

Equation 6: Discrete transfer function of tank No. 2
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Making use of the above, difference equations are obtained, as
an example, the result obtained for tank No. 1 (Equation 7) is
presented.

H, (kT) = Q1((k - 1)T)

T
(2C, + Tk))
H,((k—1)T)

ey Qu(kT) +
(2C, + Tk})
—2C, + Tk}
(2C, + Tk})

Equation 7: Difference equation Model for tank No. 1.

The LabView implementation for each of the difference
equations is done using the Node Formula structure (Figure 4)
[32], which allows the insertion of mathematical functions in
the C ++ language within the LabView graphic programming
environment, allowing status feedback passed with the
Feedback Node tool. Each difference equation is used in an
extension file * .vi designed with the respective input and
output variables of the equation in addition to the parameters
of the modeled component.

=
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Figure 4: Implementation of the model in difference equations
tank No. 1

The interaction of the different difference equations is done
through the variables of input and output defined for each * .vi
file, in accordance with the modeling variables of each
component. In Figure 5, we observe the use of the interaction
of the different * .vi files with the respective physical
parameters of each component (gains, capacitance, discharge
resistance and sampling time), in addition to the inputs and
outputs of each difference equation.
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Figure 5: Interaction of difference equations used in LabView.

Stage 2. Physical Interaction with the Arduino Platform

LabView allows the control of the Arduino platform, from its
programming to the acquisition and sending of data through its
ports, as long as it has the LINX library of MakerHub [33,34].
For this library to operate, the previous installation of National
Instruments NI-VISA libraries is required, which allows the
control of computer ports and the interaction with external
hardware of the company.

Once the mathematical models have been implemented, the
levels of the tanks (H1, H2) and the control voltage of the
pump are directed to the output and input ports of the Arduino
platform, which are then available to interact with the control
system. (Figure 6).
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Figure 6: Variables modeladas con interaccion fisica.

Figure 7 shows the graphic programming for the control of the
Arduino card by adding the files of the Linx MakerHub library
to those already used (Figure 5). In order to get the control
ports to develop steadily, it is necessary that the writing and
reading programming of the ports is done within a While
structure and the opening and closing is outside of itself.
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Figure 7: Programming the interaction of the mathematlcal
model with the Linx MakerHub library.
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Stage 3. Control and Monitoring System.

The development of the project exposed in stages 1 and 2
fulfills the objective of achieving virtualization of
mathematical models with the ability to interact with physical
systems. To validate the process, a control and monitoring
system is implemented using the same LabView-Arduino
structure from which the pump control signal is sent and the
status of the level signals of the tanks is monitored (Figure 8).
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Figure 8: Control and Monitoring System.

The Arduino platform does not have analog output ports which
allow the delivery of the signals associated with the tank
levels, therefore, they are used with the PWM output ports at
the standard frequency of 490hz, adding an external low-pass
filter with a cutting frequency of 4.2hz, in this way a clean
response is obtained and without appreciable delays. The
frequency of the PWM signal can be modified with the pre-
scaling of the corresponding timers. The control system
program can be seen in figure 9.
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Figure 9: Graphic programming of the Control and
Monitoring System.

In the development of the visualization interface of the control
and monitoring system (Figure 10), it is possible to visualize
tank levels, control the pump turning it on and off and vary the
supply voltage in the range of 0- 10Vdc additionally, with the
measurement of the level variables, alarm levels are defined
for high and low.
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Figure 10: Control and Monitoring System Interface.

RESULTS AND DISCUSSION

In order to validate of the system, the constants of the model,
are assumed, specifically the gains, (4,), capacitances (C,)
and tank discharge resistors (k_px), with the values shown in
Table 1.

Table 1: Dynamic system simulation parameters.

Component C, k,x A, T
Pump n/a n/a 1.2 0.4
Tank 1 20 3 1 6.67
Tank 2 20 3 1 6.67

The mathematical model is simulated in Matlab with a step of
voltage input in the 10Vdc pump, obtaining the response of
Figure 11
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Figure 11: Simulation of level outputs in continuous time in
the Matlab software.

The simulation constants of the model are entered in the
interface of the virtual plant (Figure 12) and the program is
executed while the pump and the input signal from the control
and monitoring system are on. The virtual plant interface
allows to vary the parameters of the system to simulate
different configurations of the used system.

SYSTEM VARIABLES
PARAMETERS

DYNAMIC BEHAVIOR

Figure 12: Virtual plant interface

The control and monitoring system sends the activation signal
of the pump and the voltage of 10V step type. The application
of the virtual plant receives the signal and generates the
response shown in the virtual plant interface (Figure 13), in
addition to sending the level values of the tanks through the
PWM ports which are captured by the control and monitoring
system (Figure 14). It can be seen that the answers are
identical, in this way, validating the development used.

9 Time (s) o

Figure 13: Response of the model in the virtual plant
interface
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Figure 14: Response obtained from the control and
Monitoring System

CONCLUSIONS

The results of the project reflect that LabView-Arduino is a
viable and reliable tool for the implementation of virtual plants
for laboratory practices from linear mathematical models,
offering the possibility to implement a large number of virtual
applications for the development of practical with external
control hardware, for example, microcontrollers,
programmable logic controllers (PLC's), FPGA, and even with
the same Arduino platform, with the additional requirement of
developing electronic hardware for signal conditioning,
especially for interaction with electronic systems with
different voltage and current levels to the Arduino platform.

In addition to the possibilities of implementing multiple
simulated systems, portability and duplication by magnetic
means, it favors independent academic work, offering an
alternative to strengthen disciplinary competences from
independent work, expanding the possibilities of learning by
offering the possibility of counting with a "laboratory at
home".

Finally, although most of the mathematical models of dynamic
systems can be linearized, it is necessary to explore the way in
which non-linear mathematical models can be used, which
would allow the development of more complex applications,
an upturn which can be carried out with the same system.
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