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Álvaro Rocha, PhD, Universidad de Coimbra, Portugal.
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Hélder de Jesus Fernandes, Puga, PhD,
Universidad de Minho, Portugal.
Filipe Samuel, Pereira da Silva, PhD,
Universidad de Minho, Portugal.

Analı́a Adriana Amandi, PhD, Universidad Nacional del Centro de la Provincia de
Buenos Aires, Argentina.

César Sequeira, PhD, Universidad de
Lisboa, Portugal.
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Yasuhiro Matsumoto Kuwabara, PhD,
Centro de Investigación y de Estudios Avanzados del Instituto Politécnico
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Alejandro Rodrı́guez Ángeles, PhD,
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David Ojeda, PhD, Universidad Técnica
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Santiago Bentancourt Parra, PhD, Universidad Pontificia Bolivariana, Colombia.
Germán Zapata, PhD, Universidad Nacio-

Celso de Almeida, PhD, Universidad Estatal de Campinas Unicamp, Brasil.
Ramon Molina Valle, PhD, Universidad
Federal de Minas Gerais, Brasil.
Cristina Nader Vasconcelos, PhD, Universidad Federal Fluminense, Brasil.
João M. Ferreira Calado, PhD, Universidad de Lisboa, Portugal.
Guilherme Luz Tortorella, PhD, Universidad Federal de Santa Catarina, Brasil.
Mauro E. Benedet, PhD, Universidad Federal de Santa Catarina, Brasil.
Artemis Marti Ceschin, PhD, Universidade de Brasilia, Brasil.
Gilmar Barreto, PhD, Universidad Estatal de Campinas Unicamp, Brasil.
Ricardo Emilio F. Quevedo Nogueira,
PhD, Universidad Federal de Ceará, Brasil.
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Politécnica Salesiana, Ecuador.
Paul Chasi, MSc, Universidad Politécnica
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Salesiana, Ecuador.

Patricia Fernandez Morales, PhD, Universidad Pontificia Bolivariana, Medellin,
Colombia.

Ernesto

Paulo Peña Toro, PhD, Ministerio de
Productividad, Ecuador.

Jonnathan Santos Benı́tez, MSc, Universidad Politécnica Salesiana, Ecuador.
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Editorial

Dear readers:

we face every day, can pose a serious threat to humanity. And this is where an additional aspect we
have learned comes in.
We have learned to need and demand R+D to
overcome this crisis. Practically from the start of
the pandemic, collaboration and research was requested in different ambits. From the first day, work
was already under way in the development, in the
months to come, of a possible vaccine that prevents
this pandemic. From the health system it was requested support to the technological, corporate and
university sectors, with ideas and developments for
manufacturing improvised respirators, protection
systems, disinfection systems, action protocols, etc.
All this has a common denominator: investment
in R+D. Without R+D (and transfer) we are condemned to not evolving and not being able to face
other situations that the future may bring.
The commitment of INGENIUS with science,
technology and the generation of innovative ideas,
has always been very strong. Along these months
INGENIUS has continued its activity which is, definitely, making available to the society the knowledge
in the ambit of science, technology and engineering
that enable developing technologic solutions in moments of crisis, and contribute to the sustainable
development of our society. It is true that R+D is
absolutely necessary, but it is similarly true that
the technology transfer is also important, because
it enables to apply R+D in products and services
useful and necessary for our society. Perhaps we
still do not know what is not necessary, but what
has become evident, is what we certainly need: investment in research, development and transfer to
the society and there, INGENIUS reaffirms once
again its strong commitment to the service of the
international scientific community.

The year 2020 has brought us a severe pandemic derived from the COVID-19. Until now we had
thought that this situation we are living, was rather,
the script of a science fiction movie. However, as we
have been able to prove often, sometimes (more than
we would like to admit), reality surpasses fiction;
and that is what has happened and is happening in
these complicated months.
The COVID-19 pandemic has led us to extreme
situations: collapse of health systems, confinement
at home to avoid the spreading of the virus, switching from face-to-face to virtual teaching, shutdown
of producing companies, closing of borders, etc.
This paralysis caused by the confinement has
revealed what is and what is not necessary for the
functioning of a society. Overall, this medical crisis,
with its social and economic impacts, has revealed
that there are many dispensable things, and other
that are absolutely essential. The health systems
have been overwhelmed in many countries, the action of security bodies was not able to guarantee
the security of people; Governments had to take
difficult measures.
Ultimately, this virus has challenged the whole
planet, with greater or lesser intensity, but we have
learned much from this situation. We have learned
to appreciate the professionalism and vocation of
the health personnel. We have learned to adapt. We
have learned to perform our professional activities
through videoconference, to the extent possible. We
have learned that the security of our society is based
on strict confinement measures. We have learned
to «stay at home», without being able to hug and
interact with our most loved ones, friends and colleagues. We have learned that a virus, such as many

Rafael Antonio Balart Gimeno, PhD
EDITOR IN CHIEF
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Resistance effect estimation in the
short circuit current through a
sensitivity analysis
Estimación del efecto de la resistencia
en la corriente de cortocircuito
mediante un análisis de sensibilidad
Moronta R. José A.1,∗ , Rocco Claudio M.2

Abstract

Resumen

The assessment of the current in an electrical power El cálculo de los valores de corriente que fluyen en
system (EPS) after a fault, is generally termed short- un sistema eléctrico de potencia (SEP) posterior a
circuit analysis. The magnitude of those currents is una falla, se denomina análisis de falla o de cortocirused for dimensioning the protection equipment of cuito. Los valores de la corriente de cortocircuito son
the EPS. Short-circuit analysis assumes that the elec- empleados para el dimensionamiento de los equipos
trical resistances of the components can be neglected, de protección del SEP. Los análisis de cortocircuito
since they do not significantly affect the magnitude tienen como una de sus premisas despreciar la reof the short-circuit currents. This work quantifies the sistencia eléctrica de los elementos del sistema, pues
effect of the electrical resistance of the elements of esta no afecta en mayor medida las magnitudes de
the EPS on the magnitude of the short-circuit cur- las corrientes de cortocircuito. En este trabajo se prorent, by means of sensitivity (SA) and uncertainty pone cuantificar el efecto de la resistencia eléctrica de
(UA) analyses. The SA is based on the variance de- los elementos del SEP en la magnitud de la corriente
composition of an output variable, and can quantify de cortocircuito, mediante un análisis de sensibilidad
the main effects (importance) and the interactions of (AS) e incertidumbre (AI). El AS se basa en la descomthe variables considered. On the other hand, The UA posición de la varianza de una variable de salida y
allows assessing how the variations in the variables puede cuantificar los efectos principales (importancia)
considered affect the output. The proposed approach y las interacciones de las variables consideradas. Por
is illustrated on two networks from the literature, otro lado, el AI permite evaluar cómo las variaciones
considering three-phase and single-phase faults. The en las variables consideradas afectan la salida. La
results of such proposed approach numerically show propuesta se ilustra sobre dos redes de la literatura,
that the effects due to taking into account the electri- considerando fallas trifásica y monofásica. El resulcal resistance are indeed negligible, when compared tado de nuestra propuesta muestra numéricamente
to the rest of variables considered in the short-circuit que los efectos debidos a considerar la resistencia elécanalysis. This result coincide with the assumptions trica son de hecho insignificantes, en comparación con
reported in the literature for the calculation of the el resto de los factores que intervienen en el análisis de
fault currents.
cortocircuito. El resultado coincide con las premisas
de cálculo de las corrientes de falla supuestas en la
literatura.
Keywords: Short circuit current, electrical resistance,
sensitivity analysis.
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1. Introduction
The short circuit studies are analyses that are used to
determine the magnitude of the electrical currents that
go through the electrical power systems (EPS), during
a fault. Afterwards, such magnitudes are utilized to
specify or validate the characteristics of the components of the system, such as breakers, buses, among
others [1].
Short circuit studies in the EPS generally assume
that the electrical resistance of the elements of the
system is negligible, and exclusively consider their electrical reactance for calculating the magnitude of the
short circuit current. According to [2], for most calculations of short circuit currents in medium and high
voltage, and in some cases in low voltage, when the
reactances are «much greater» than the resistances,
is sufficiently accurate and simpler neglecting the resistances and considering only the reactances. Note
that the rule is not specific, only suggests when the
reactance is much greater than the resistance.
The same assumption for calculating the short circuit currents is made in the standard [3], where it is
indicated that the calculation is much simpler, but
with a loss of accuracy if the resistances are neglected,
when the reactance/resistance (X/R) ratio is greater
than 3.33.
The literature related to the analyses of EPS suggest similar procedures, regarding the possibility of
neglecting the resistance of the elements. For example,
it is indicated in [1] that it is possible to neglect the
resistances in the fault study, because «it is not likely
that they significantly influence in the level of the fault
current».
A group of assumptions is presented in [4] for short
circuit calculation, where it is suggested to neglect all
the resistances of the elements (generators, transformers and transmission lines) to simplify the calculation.
Other works [5, 6], establish 5 % as a maximum
error in the value of the short circuit current, if the
resistance of the elements of the system is neglected.
This suggestion is derived from the general expression
to determine the fault current, see equation (1):
|Icc | =

|Vf ault |
=
|Rf ault + jXf ault |

|V

Xf ault ×

|

rf ault
1+

Rf ault
Xf ault

2
(1)

Where:
Icc = Short circuit current (A)
Vf ault = Pre-fault voltage (V)
Rf ault = Resistance at the fault point (Ω)
Xf ault = Reactance at the fault point (Ω)
Where Rf ault and Xf ault correspond to the equivalent Thevenin impedance at the fault point. When

the ratio (X/R) is greater than 4, the error made by
neglecting the resistance is smaller than 4 %. This
is valid except for distribution or industrial systems
where this ratio is smaller than 4 [6].
In power systems, the value of the resistance of the
elements is usually very small compared to the value
of their reactance. This consideration is the reason in
which standards and authors are based for neglecting
the resistances and their influence in the determination
of the fault currents. In real power systems, the ratio
X/R between the reactance and the resistance at the
fault point is usually of an order between 15 and 120
times [7].
The references agree that the electrical resistance
may be neglected in short circuit analyses, but there
is no consensus regarding their effect in the magnitude
of the short circuit currents.
In this work, the sensitivity analysis (SA) is used
to quantify the effect of varying the resistance in the
value of the short circuit current, for two networks in
the literature. In addition, it is defined the relationship
of these variations with the remaining parameters that
enable determining the short circuit current (voltage
and electrical reactance of the elements). The analysis
is based on the use of the theory of SA and UA, and
as a result of these analyses the same conclusion presented in the literature is directly reached, but from a
different perspective.
The structure of the work is as follows: the first section presents some fundamental definitions associated
to the sensitivity analysis; the second describes the procedure for determining the uncertainty associated to
the short circuit current and the test electrical power
systems; the third presents and discusses the results
obtained and, finally, the fourth presents conclusions
and future works.
1.1. Sensitivity and uncertainty analyses
According to [8], the uncertainty analysis (UA) is defined as the study of the amount of uncertainty contributed to the output of a model, by the different
sources of uncertainty in the input. On the other hand,
the sensitivity analysis (SA) evaluates the importance
of the input variables of a model. Such importance
is measured as a function of how much variability in
the output of the model is due to the variability in
the input variables. In this case, the uncertainty in
the input variables is modeled through distribution
functions with known parameters.
According to [8], the steps to carry out the SA/UA
approach are defined as:
• Establish the objective of analysis, and accordingly define the form of the outputs of the model.
• Decide which input factors will be included in
the analysis.
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• Choose a probability distribution function for
is the expected value of Y conditioned to xi ,
each of the input factors.
and, therefore, is only a function of xi .
• Choose a method for SA, according to the charThe main index Si is the fraction of the variance
acteristics of the problem under study.
V (Y ) of the output that can be attributed to xi only,
• Generate the sample of the input factors. The while ST i corresponds to the fraction of V (Y ) that can
sample is generated according to the specifica- be attributed to xi , including all its interactions with
tions of the known parameters and the selected the other input variables.
The main index Si is the measure employed to
size of the sample.
determine the input variables that mainly affect the
• Evaluate the sample generated in the model and output uncertainty, while ST i is utilized to identify
produce the corresponding outputs, which con- the subset of not influential input variables, i.e., those
tain the values according to the form specified variables that can be fixed at any value in their uncerin step 1.
tainty range, and they do not significantly affect the
variance of the output [10].
• Analyze the outputs of the model, determine the
The estimates of Si y ST i are approximated: 1)
sensitivity indices (importance) and establish the
assuming (statistical) independence between the input
conclusions.
variables; 2) using particular sampling techniques to
The methods of SA can be classified according to generate samples of the input variables; and 3) evalthe output of their measures: quantitative or qual- uating the group of samples obtained in 2) from the
itative, local (they do not allow varying all factors model under study [8].
There are different techniques for sensitivity analsimultaneously) or global (they allow varying all facysis
based on the decomposition of the variance; sevtors simultaneously) and dependent or independent of
eral
of these techniques are mentioned in [10]. These
the model [9].
techniques
differ with respect to their computational
Given a model Y = F (X1 , X2 , X3 , . . . , Xn ) where
complexity,
as well as in the effects that they evaluY is its output and Xi represent the input variables
ate
(main
and/or
total). Among these techniques, it
modeled as random variables (i.e., its uncertainty is
should
be
mentioned:
Sobol [11] that enables evaluatmodeled as a probability density function (pdf)), the
ing
the
main
and
total
effects, and EFAST (Extended
variance V (Y ) of the output Y may be described as
Fourier
Amplitude
Sensitivity
Test) [12], an extension
in equation (2) [8]:
of FAST (Fourier Amplitude Sensitivity Test) [13],
X
XX
XXX
that also evaluates the main and total effects (Si and
Vijl + · · · V12...k
V (Y ) =
Vi +
Vij +
ST i ), but with less computational complexity than the
i
i j>i
i j>i l>j
(2) Sobol method.
Where:
Vi = V (E(Y lXi )) is the main effect (or of first
order) due to xi
Vij = V (E(Y lXi , Xj )) − Vi − Vj is the
second order effect due to the interaction between
xi and xj , and so forth.
The main sensitivity (Si ) and total (ST i ) effects,
may be defined as given in equations (3) and (4), respectively, according to [8]:
Si =
ST i =

Vi (E−i (Y |Xi ))
V (Y )

(3)

E−i (Vi (Y |X−i ))
V (Y )

(4)

Where:
X−i = (x1 , x2 , . . . xi−1 , xi+1 , ..., xk ) and E−i (Y |
Xi )

2. Methodology
The following approach is proposed to estimate the
effect of the electrical resistance of the elements (input
variables of the model) on the short circuit current
(output of the model):
A uniform distribution U [0 − 1, 2 × valor base] is
assumed for the input variables (pre-fault voltage, resistance and impedance of the elements of the power
system). The distribution is asymmetrical and enables
quantifying the effect of neglecting (values close to
zero) the resistance of the elements of the power system.
After the evaluation of the described procedure
(SA), a Monte Carlo simulation [14] is carried out
considering only the variables of interest (electrical resistance of the elements). The Monte Carlo simulation
is a method employed to evaluate the propagation of
uncertainty through the generation of random variables. In this way, the propagation of the uncertainty
is quantified at the output of the model, i.e., the vari-
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ation of the magnitude of the short circuit current is
quantified.
The short circuit calculation and the SA/UA were
carried out in the R free software [15]; specifically, the
algorithms from the Sensitivity library were utilized
for the SA.

2.1.2. Test power system 2 (TPS2)
The meshed electrical network taken from [16], for
which it is assumed a solid one-phase to ground fault
in k1 (see Figure 2). The values of the elements are
shown in Table 2, which are the input factors for the
sensitivity analysis.

2.1. Test electrical systems
2.1.1. Test power system 1 (TPS1)
The power system employed [16] is a nonmeshed network with two sources, as shown in Figure 1. It is
constituted by an external system, two transmission
lines, one transformer and one generator. It is assumed
a solid three-phase to ground fault in k3.

Figure 1. Radial test power system (TPS1)

The elements of the radial test power system 1
(TPS1) are modeled; the values are shown in Table
1. These values represent the input variables of the
model of SA.
Table 1. Impedance of the elements of the test power
system 1 (TPS1)

N.º

Variable

Value

1
2
3
4
5
6
7
8
9
10
11

Pre-fault voltage
Resistance external system
Reactance external system
Resistance line 1
Reactance line 1
Resistance generator
Reactance generator
Resistance transformer
Reactance transformer
Resistance line 2
Reactance line 2

110 kV
0,605 Ω
6,050 Ω
1,930 Ω
3,860 Ω
8,879 Ω
126,762 Ω
2,710 Ω
53,171 Ω
2,440 Ω
7,440 Ω

Figure 2. Meshed test power system (TPS2)

Since it is a one-phase fault, it is solved using the
method of the sequence networks [1], and the elements
should be modeled with their corresponding values of
positive, negative and zero sequence. In order words,
the parameters that take part in the SA are increased
by 3. For example, for a line there will be a resistance
of positive, negative and zero sequence.
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Table 2. Impedance of the elements of the test power system 2 (TPS2)

N.º

Variable

Value

Nº

Variable

Pre-fault voltage
20 kV
24
Resist. Line 3_0
1
2
Resist. External System _0 0,030 Ω 25
React. Line 3_0
3
React. External System_0 0,300 Ω 26
Resist. Line 3_+
4
Resist. External System_+ 0,020 Ω 27
React. Line 3_+
5
React. External System_+ 0,200 Ω 28
Resist. Line 3_6
Resist. External System_- 0,020 Ω 29
React. Line 3_7
React. External System_0,200 Ω 30
Resist. Transf. 1_0
8
Resist. Generator_+
0,224 Ω 31
React. Transf. 1_0
9
React. Generator_+
3,200 Ω 32 Resist. Transf. 1_+
10
Resist. Generator_0,224 Ω 33 React. Transf. 1_+
11
React. Generator_4,800 Ω 34
Resist. Transf. 1_12
Resist. Line 1_0
0,084 Ω 35
React. Transf. 1_13
React. Line 1_0
0,374 Ω 36
Resist. Transf. 2_0
14
Resist. Line 1_+
0,016 Ω 37
React. Transf. 2_0
15
React. Line 1_+
0,064 Ω 38 Resist. Transf. 2_+
16
Resist. Line 1_0,016 Ω 39 React. Transf. 2_+
17
React. Line 1_0,064 Ω 40
Resist. Transf. 2_18
Resist. Line 2_0
0,161 Ω 41
React. Transf. 2_19
React. Line 2_0
0,648 Ω 42 Resist. Transf. 3_+
20
Resist. Line 2_+
0,061 Ω 43 React. Transf. 3_+
21
React. Line 2_+
0,199 Ω 44
Resist. Transf. 3_22
Resist. Line 2_0,061 Ω 45
React. Transf. 3_23
React. Line 2_0,199 Ω
Note: The symbols +, -, 0 indicate the values of positive, negative and zero
respectively.

3. Results
3.1. Test power system 1 (TPS1)
Figure 3 shows the sensitivity indices of first order (Si )
(white part of the bars) and total (ST i ) (complete bar,
white and gray parts) for the TPS1. The variables that
most affect the short circuit current are, in order of
importance: the pre-fault voltage (S1 = 0.456), the
reactance of the external system (S3 = 0.252) and
the reactance of line 1 (S5 = 0.108). The remaining
factors, including the resistance of the elements, have
very small values of importance ST i , and consequently
their effects may be considered negligible.

Figure 3. Main (Si ) and total (ST i ) effects of the input
variables in the short circuit current of the TPS1

Value
0,161
0,648
0,061
0,199
0,061
0,199
0,147
2,746
0,147
2,746
0,147
2,746
0,027
0,761
0,027
0,761
0,027
0,761
0,027
0,761
0,027
0,761

Ω
Ω
Ω
Ω
Ω
Ω
Ω
Ω
Ω
Ω
Ω
Ω
Ω
Ω
Ω
Ω
Ω
Ω
Ω
Ω
Ω
Ω

sequence,

only evaluate the effects of the reactances and resistances of the elements; likewise very small effects were
obtained for the resistances.
For comparison purposes, all the main effects of
the resistances and the main effects of the less important reactances were grouped (see Figure 4), keeping
constant the pre-fault voltage. The sum of the main
effect of the resistances is negligible compared to the
main effect of the reactances, in this system and, for
this particular fault, the most important variable is
the reactance of the external system.

Figure 4. Main effects of the reactances and sum of the
main effects of the resistances.

As it was mentioned, the pre-fault voltage has a
After evaluating the SA, and only considering the
very high importance (0.456); due to this, it is subse- resistances of the elements, the evaluation of the Monte
quently fixed as a constant in the model, in order to Carlo method [14] is carried out, to obtain the approx-
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imate probability distribution of the short circuit current for 5000 evaluations. The short circuit current for
the values of Table 1 is 7196 A, which corresponds to
the normalized value of 1 unit, in the approximate histogram of the short circuit current presented in Figure
5. The minimum and maximum values obtained for the
short circuit current were 0.995 and 1.031, respectively.
The average value of this distribution is 1.022, and the
shape of the distribution is asymmetrical, with a bias
to the upper end.
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3.2. Test power system 2 (TPS2)
The results obtained for the meshed power system
TPS2 are similar to those obtained for the TPS1. The
pre-fault voltage turns out to be the most important
variable (see Figure 7). In this system, there is more uncertainty of superior order associated to the interaction
of variables (ST i - Si ), which is due to the fact that the
system is meshed, and various equivalent impedances
(successive sums and products) should be calculated
to obtain the short circuit equivalent impedance.

Figure 5. Approximate histogram of the short circuit
current (TPS1)

Figure 7. Main (Si ) and total (ST i ) effects of the input
variables in the short circuit current of the TPS2.

The literature refers to the X/R ratio to neglect
the electrical resistance in the short circuit calculations. For this reason, Figure 6 shows the short circuit
current normalized for the values of X/R obtained in
the Monte Carlo simulation. The values of the X/R
ratio vary from approximately 4 to 400; considering
this wide range, the normalized short circuit current
does not exhibit variations achieving at least 4 %.

The numbers of the variables (x-axis) of Figure
7, are in accordance with the numbering of Table 2.
Note that the variable 37 (zero sequence reactance of
transformer 2) appears as the second most important
variable, even though with a very small contribution.
Figure 8 shows a comparison of the sum of the
total indices of the resistances and of the reactances of
the system TPS2, considering constant the pre-fault
voltage; the percentage represented by the index of the
sum of the resistances is slightly smaller than 7 %.

Figure 8. Sum of the main effects of the resistances and
reactances of the TPS2

Figure 9 shows the approximate histogram for the
short circuit current, obtained using the Monte Carlo
Figure 6. Short circuit current normalized for the values technique disturbing only the resistances of the eleof X/R (TPS1).
ments of the system TPS2. For the values in Table
2 this current is 13679 A, which corresponds to the
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normalized value of 1 unit, in the histogram of Figure 9. The minimum and maximum values obtained
for the short circuit current were 0.9999 and 1.0037,
respectively. Note that carrying out variations in the
resistances, the effect on the short circuit current is
negligible. This distribution is more symmetrical than
the one in the previous example, and has an average
value of 1.002.

Figure 9. Approximate histogram of the short circuit
current (TPS2)

Figure 10 shows the short circuit current normalized for the values of X/R obtained in the Monte Carlo
simulation, for the TPS2 system. In this case the variation is much smaller, since the normalized short circuit
current does not exhibit variations achieving 1 %.

uncertainty. This analysis can be applied to any other
power system with any location and/or type of fault.
For the two cases under consideration, the results
are in accordance with what is suggested by different
authors: it is possible to neglect the resistance of the
elements, whenever their reactance is much greater
than their resistance (X/R ratio). The variation of
the magnitude of the short circuit current in the two
cases evaluated does not exceed 4 %, which coincides
with the value of 4-5 % reported in some consulted
works [5, 6].
This analysis not only considers the uncertainty
in the short circuit current, due to the uncertainty in
the resistances and reactances, but also enables quantifying the total variation, i.e., the percentage due to
the uncertainty of the resistances of the components
of the EPS. In these two cases, the effect of the resistance of the elements is approximately 7 % (in the
test power system 2 (TPS2)); the rest is associated to
the reactances, if the value of the pre-fault voltage is
considered constant, for the sensitivity analysis carried
out.
The results obtained in these two systems, could
be extrapolated to real power systems in medium or
high voltage, because in such systems the reactance is
usually much greater than the resistance (X≫R). As
a future work, it is intended to establish ratios and/or
critical values between the reactance/resistance factor (X/R) at the fault point of the system, and the
main indices (Si ) of the uncertainty of the short circuit
current.
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Abstract

Resumen

Measurement of moisture content (CH) of concrete Medir el contenido de humedad (CH) de los agregados
aggregates (AOC) in the manufactury of ready mixed de concreto (ADC) en la fabricación de concreto preconcrete is one of the currently challenges in the mezclado es uno de los retos actuales en la industria
building industry since affect to the final properties de la construcción porque afecta a las propiedades
of concret. At present, the methods for measurement finales del concreto. Actualmente los métodos que se
of CH in AOC are invasive and destructive. This utilizan para medir el CH en ADC son invasivos y
paper presents a novel sensing technique using di- destructivos. Este artículo presenta una técnica modelectric espectroscopy (ED), a method that using the erna basada en espectroscopía dieléctrica (ED), un
propagation of microwaves on the material allows the método que al propagar microondas en el material
correlation of its dielectric constant (CD) and its CH. correlaciona su constante dieléctrica (CD) y su CH.
In this research is used this method in AOC. Three En esta investigación se ha utilizado este método
diferents peruvian quarries (Moyobamba, Sol sol y en ADC. Tres diferentes canteras peruanas de ADC
Cerro Mocho) have been used. The results shows that (Moyobamba, Sol-Sol y Cerro Mocho) han sido utithe sensor at the frequency of 1.5GHz is capable of lizadas. Los resultados demuestran que el sensor a
detecting the CH in AOC with linear regression of una frecuencia de 1.5 GHz es capaz de detectar el CH
R2 = 95%. In conclusion, is available using the ED en ADC con una regresión lineal de R2 = 95 %. En
as a online and no invasive sensing method of CH in conclusión, se puede utilizar la ED como un método
AOC for using in the building industry.
de sensado no invasivo y en línea de CH en ADC para
ser utilizado en la industria de la construcción.
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1. Introduction
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DS and its relationship with the MC [6]. An application is presented that uses the DS to seek for the
The moisture content (MC) of a material is a parame- correlation between the MC and the DC of AOC with
ter that many industrial sectors seek to control in their different quarries, and verifying the possibility of this
processes, because it impacts the final characteristics new method in this industry.
of the product. In the construction industry, the MC of
the concrete is important since it defines the mechani- 1.1. Description of the electromagnetic waves
cal properties and the useful life of a civil project [1].
Studies have been carried out to analyze the durabil- Electromagnetic fields refers to the group of fields
ity and resistance in concrete structures measuring of electric and magnetic forces produced by electric
the MC [2], and also in concrete test tubes [3]. No charges and currents in movement through the vacresearch studies have been conducted about systems uum or any type of matter. When an electromagnetic
for measuring the MC of the AOC online, during the field propagates in the space it is called propagation
mixing process in the plant. Authors in [4–6] show of electromagnetic waves.
The propagation of electromagnetic waves is based
different techniques to perform the measurement of
the MC of materials. In the present paper it is uti- on the solution of Maxwell’s equations.
lized a methodology based on dielectric spectroscopy,
∂B
which has been tested in soil [7], wool [8], paper [9],
O×E =M −
(F araday 0 s law)
(1)
∂t
fabric [10], flour [11], wood [12–14].
There are various methods for measuring the MC
∂D
of materials, which are classified in direct and indirect.
(Ampere0 s law)
(2)
O×H =J −
∂t
In the direct methods the MC is obtained without
correlating with other variables. These are the thermoV.D = ρ (Gauss0 s law)
(3)
gravimetric and chemical methods. The thermogravimetric method is not selective [15, 16], the effective
(4)
V.H = 0 (Gauss0 s law)
measuring range varies from 0.5 % to 99.9 % for the
MC, and its precision is 0.5 % of the total mass. In Where:
contrast, the chemical method [17–19] is selective, it
has a precision of 0.0001 % and a measuring range
E is the electric field [V/m]
from 0.00001 to 99.9 % of MC.
H the magnetic field [A/m]
The indirect methods require a prior calibration
M is the density of magnetic current [V/m2 ]
to obtain the MC using direct methods. The indirect
J is the density of electric current [A/m2 ]
methods are classified in passive and active. The forB is the density of magnetic flux [Wb/m2 ]
mer utilize elements such as variable resistances or
D is the density of electric flux [Coul/m2 ]
capacitances to determine the MC, which is by nature
ρ is the density of charge [Coul/m3 ]
an invasive control. The active are those that emit
electromagnetic waves to determine the characteristics
In order to solve Maxwell’s equations it is supposed
of the medium, thus guaranteeing and online control propagation in free space and, besides, a sinusoidal
and the integrity of the sample by not being invasive and harmonic time-dependent field that propagates in
nor destructive.
the z-axis and is polarized in the x-axis.
The results of different research works in [20–23]
By using these assumptions and combining the
in the field of active methods, demonstrate that there given equations, it is generated the second orden equais a relationship between the MC and the relative tion, known as homogeneous Helmholtz vector equapermittivity (ε0 ) or dielectric constant (DC) [24] of a tion for E.
material.
The indirect methods use techniques such as the
O2 E + k 2 E = 0
(5)
DS, which seeks to measure the DC of the material,
where k is the wave number, which for a lossless
and is also utilized for other purposes such as characterizing materials. Another indirect technique is the use medium is expressed as:


of hyperspectral images, which has had good success
ω
2π rad
√
in bioengineering [25] and in agroindustry [26–29].
k = ω ε0 µ0 =
=
(6)
c0
λ min
Authors show applications with DS oriented to the
agriculture, with the purpose of estimating the quality where:
of their products [30–41], which include applications
in seeds, wheat, grains, nuts, fruits of oil palm and
ω is the angular frequency of propagation
bananas.
ε0 is the vacuum permittivity
This paper describes theoretical concepts of the
µ0 is the vacuum permability
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σ
(11)
ω
Where σ is the conductivity of the material such
that:
ε00 = ε00r +

Solving (5) yields:
E(z, t) = ax ε0 cos(ωt − kz)

(7)

which takes the phasor value:
ε(z) = ax ε0 e−jkz

J = σE
(8)

(12)

It is obtained an equivalent conductivity that represents all the losses in the medium.

The following expression can be used to give the
phasor vector in sinusoidal form:

σeq = ωε00

E(z, t) = Re{ε(z)ejωt }

The «tangent of losses» is a measure of the power
losses in the medium, and is defined as.

(9)

Figure 1 shows the propagation of the electric field
in free space, where the given hypotheses have been
been taken into account.

(13)

ωε00 + σ
ε00
=
(14)
0
ε
ωε0
Therefore, the solution of Maxwell’s equations
through the homogeneous Helmholtz vector equation
for E takes the form:
tan δ =

→
−
→
−
O2 E + kc2 E = 0

(15)

√
kc = ω εc µ(m−1 )

(16)

where kc is the complex wave number, i.e., that
takes the complex value of the permittivity of the
medium, which behaves in phasor mode when taking
a sinusoidal electric field. Besides, the vacuum permittivity is expressed as a real value, since it will have no
Figure 1. Representation of an electromagnetic wave that losses:
travels in free space [11].

F
m
Therefore, this form of behavior of the materials
1.2. Propagation of the waves in a medium
makes
the electromagnetic waves to attenuate at the
with losses
moment of hitting them; part of the energy will be
The hypotheses defined in the preceding sub-section stored in the polar bonds and part will leave as energy
consider the propagation of electromagnetic waves in losses. As a result, the concept of propagation constant
the vacuum. These are now extended to materials with is defined as:
losses, i.e., conventional materials.

 12
p
According to their behavior in front of fields, the
σ
0
y = α + jβ = jω µε 1 +
(17)
materials are classified in good conductors, when they
jωε
allow electric fields pass through them, or as dielectrics,
Using the definition of tangential loss:
when they store electric energy inside and form polar

1
molecular bonds that are known as electric dipoles.
p
ε00 2
0
In general, a material has a conducting part and a
y = α + jβ = jω µε 1 − j 0
(18)
ε
dielectric part. Their behavior is determined by means
Where α is the constant of attenuation and β is
of the complex permittivity of the material, which is
the constant of phase.
defined as:
Then, the primary solution given in vacuum is
εc = ε0 − jε00
(10) written as:
ε0 = 8.854 × 10−12

Where ε0 is the dielectric constant of the material,
that measures the amount of formed dipolar moments
and represents the energy stored in the material, and
ε00 is the constant of losses that represents the energy
that is not stored in the material, but that is somehow
propagated or reflected, which is represented as:

E(z, t) = ax ε0 cos(ωt − βz)

(19)

which takes the phasor value:
ε(z) = ax ε0 e−jβz
where:

(20)
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The energy lost at the moment of the propagation
(21) on the material is called this way, because it is stored
Figure 2 shows the representation of this atten- in the material forming polar bonds; part of this energy
uation of an electric field that hits a material with is reflected from the material and part goes through it,
according to the value of its conductivity. This is seen
losses.
in Figure 3. It is observed an incident electric field (in
green) that collides in the medium (blue lines), and
part of it is reflected (in red) and part is propagated
by the field (in orange).
All this is quatified in the complex permittivity.
In all this analysis it is assumed that the material is isotropic, i.e., that the dipolar moments or that
the polar bonds occur in the direction of the electric
field; this does not occur in anisotropic materials, but
this analysis is not taken into account in this research,
because isotropic AOC have been considered.
The reflected part of the field can be related with
respect to the incident field by means of the reflection
coefficient Γ, which relates the reflected wave and the
incident wave of the field
E(z, t) = Re{ε(z)ejωt }

Figure 2. Representation of an electric field that travels
in a medium with losses [11].

Γ=

Er
Ei

(22)

Figure 3. Behavior of the propagation of an electromagnetic wave in front of a change of medium [11].

Replacing the equation of the wave to express it in With all this it can be assumed that it is possible to determs of the electric field, yields:
duce the values of DC that will take the material when
analyzing the relationship between these quantities.
Er (z) = ΓE0 ey1 z αx

(23)

The equation of the magnetic field of the propa- 1.3. Dielectric properties of the molecule of water
gated and reflected wave is directed in the direction
orthogonal to the electric field:
The water is a dielectric, i.e., it contains in its structure
polar molecules that form dipolar moments when beE0
Hr (z) = Γ ey1 z (−ay )
(24) ing in contact with an electric field, and thus a greater
n1
amount of water will result in a greater measured DC.
It is possible to measure the electric field that hits
A dry material will have a behavior established
a material, the propagated field and the reflected field, according to its molecular structure, and will be norin accordance with the equations given in the theory. mally homogeneous if this structure remains unalter-
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able when subject to a temperature increase or when
mixed with water. The AOC, due to their shape and
properties, have a homogeneous structure. Therefore,
their dielectric constant will remain unalterable when
moistened. However, a higher moisture will increase
the dipolar moment of the mixture due to the water
present, which will produce a change in the DC of
such mixture due to the increase in water. Therefore,
the DC of the mixture will be related with the MC of
the AOC, and if the MC and the DC of the mixture
can be measured, it will be possible to determine a
correlation between them for future prediction and use
Figure 5. Wavetester equipment for analyzing vector sigas a sensing system.
nals.

2. Methodology

The analyzer of vector signals utilizes a software
for data detection.
A sensing platform has been also constructed to
carry out the experimentation, on which the AOC has
been placed to measure its DC and its MC. Other utilized materials include: scales, measuring containers,
drying oven, etc.
The sample is placed between the receiver and
trasnmitting antennas, where it is measured the effect
on the AOC of the wave propagating in free space
between the two antennas.

It was seen in the previous section that it is possible
to correlate the value of the MC of the AOC with the
DC of the mixture, because the quantity of dipolar
moments will increase according to its MC. In addition, it has been theoretically seen that it is possible
to determine the DC of the mixture using Maxwell’s
equations and their solution for media with losses. This
section presents the experimental methodology which
was followed to determine such correlation.
It should be noted that the field emmited is the 2.2. Experimentation
field that collides with the material, and the propagated field is the one that goes through the material. Three Peruvian quarries of AOC have been utilized to
perform the calibration of the system: Cerro Mocho,
Moyobamba and Sol-Sol. To determine the correlation between MC and DC it has been proceeded the
2.1. Materials
following way:
The DC uses frequencies in the microwave range for
An initial mass (m0 ) has been defined as the total
the propagation of the electromagnetic fields; therefore, mass of AOC provided by the quarry. Then a thermotwo aperture antennas are utilized to emit and receive gravimetric drying has been carried out to obtain the
the incident and propagated fields, respectively (see value of dry mass (ms ), i.e., without MC. This value of
Figure 4).
ms has been divided into 4, and each of theses samples
has been named sampling dry mass and have been
numbered from 1 to 4 (msmx ), where the subscript x
corresponds to the number of the subsample. Then
the sample msm1 is selected and placed on the sensing platform, the electromagnetic field is emitted on
the material, and with the help of the signal analyzer
the value of the DC for msm1 is measured. This value
of DC corresponds to the value of 0 % of MC. The
mass of water (mH2 O ) corresponding to 0.5 % msm1
is added to msm1 , and the same procedure is carried
out for measuring its DC. Then 0.5 % msm1 is added
Figure 4. Aperture antennas utilized in MC measuring again and the DC is measured, which corresponds to
tests.
1 % of its MC. This procedure is repeated until reaching 10 % of MC
A system for analyzing vector signals has been also
mh2O = 0.005 × msm1
(25)
utilized to emit the electromagnetic field, as it is seen
in Figure 5. The phase and amplitude variation of the
It should be clarified that the following relationsignal is analyzed, to further determine the DC.
ships are met in the experimentation:

INGENIUS N.◦ 24, july-december of 2020

22

In fitting the regression model it was also found
(26) necessary to apply the Cochrane-Orcutt iterative procedure, to correct the autocorrelation present in the
data. This autocorrelation is the result of sequentially
msm1 + msm2 + msm3 + msm4 = ms
(27) adding the variation of the moisture, and with this corThe distance between antennas was 23 cm, the rection the estimation of the parameters is improved.
thickness of the sample was established in 40 mm, and
The results of the tests are presented in the followthe frequency of emission of the electromagnetic field ing.
was 1.5 GHz.
msm1 and msm2 were utilized to make the curves
of correlation, and msm3 and msm4 to validate the
3.1. Cerro Mocho quarry
results. It should be remarked that, at all times, the
DC of the mixture of the moistened AOC is measured.
The model was selected by means of «Stepwise Forward», where it is obtained
msm1 = msm2 = msm3 = msm4

3. Results
With the values of DC vs. MC obtained for each quarry,
the calibration curve is fitted by means of linear regression models. In this fit the MC is set as the dependent
variable, and the DC as the independent variable with
different effects: linear, quadratic, cubic and of fourth
order.
The «Stepwise Forward» method was applied for
selecting the linear regressiong model, to determine
which of the effects of the DC better fits with the MC.
This classical method for the selection of variables
initiates with an empty model, and in each iteration
evaluates incorporating some of the defined effects of
the dielectric constant: linear, quadratic, cubic and of
fourth order. It is decided to incorporate some of the
aforementioned effects if it meets the defined significance level: P Value smaller than 0.05. The «Stepwise
Forward» method finalizes when no more effects can
be incorporated, because they do not meet the significance level. In order to evaluate the level of significance
of the effects, a hypothesis test with «T-Student» is
carried out. In this test it is verified if the estimated
coefficient of the effect is equal or different than zero.
H 0 : bi = 0

(28)

H1 : bi 6= 0

(29)

(CH %) = −7.372 + 3.206 × CD

In this model, the linear effect of the dielectric
coefficient with respect to the expected value of moisture results significant. Table 1 shows the results of
the hypothesis contrasting, where the «P value» of
the linear effect is smaller than 0.05. It was obtained
a linear regression model of R2 = 95.8057 % and a
standard error of 0.382134.

Table 1. Significance of the effect of the variables
Parameter

Estimated
value

Standard
error

T-Student

P Value

Constant
Dielectric_const

7.37238
3.2059

0.378829
0.0740563

19.461
43.29

0.000
0.000

Figure 6 shows the relationship between the dielectric constant and the moisture; Figure 7 shows
the relationship between real and predicted values of
moisture.

If the null hypothesis is rejected (bi 6= 0), the effect
is significant.
In hypothesis contrasting, it is calculated the relationship between the estimated coefficient of the effect
(bi ) and its standard deviation (Sbi ), and it is compared with the critical t for a confidence level of 95 %
(α = 0, 05).
bi
α/2
> jN −1
Sbi

(30)

If the relationship is met, the null hypothesis is
rejected. In this condition it is met that the «P value»
is smaller than 0.05.

(31)

Figure 6. Plot of the fitted model.
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Figure 7. Graphical relationship between observed and
predicted values of moisture.

3.2. Moyobamba quarry

Figure 9. Graphical relationship between observed and
predicted values of moisture.

3.3. Sol-Sol quarry

The model was selected by means of «Stepwise ForThe model was selected by means of «Stepwise Forward», where the linear, quadratic and cubic effects
ward».
of the dielectric constant with respect to the expected
value of moisture are significant
(CH %) = −15.5262 + 7.26581 × CD − 0.506717 × CD2 (32)
2

(CH %) = 38.55+18.15×CD−2.52×CD +0.13×CD

3

Where the linear and quadratic effects of the diTable 2 shows the results of the hypothesis con- electric constant with respect to the value of moisture
trasting, where the «P value» of the effects is smaller resulted significant. Table 3 shows that the «P value»
than 0.05.
of the effects is smaller than 0.05.
Table 2. Significance of the effect of the variables
Parameter

Estimated
value

Standard
error

T-Student

P Value

Constant
Dielectric_const
Dielectric_const2
Dielectric_const3

38.55
18.1473
2.52011
0.1253

1.93216
1.045
0.18239
0.0102973

19.9518
17.3657
13.8172
12.1681

0.000
0.000
0.000
0.000

Table 3. Significance of the effect of the variables
Parameter

Estimated
value

Standard
error

T-Student

Valor P

Constant
Dielectric_const
Dielectric_const2

-15.5262
7.26581
0.506717

0.875589
0.41318
0.0477948

17.7323
17.5869
10.6011

0.000
0.000
0.000

It was obtained a linear regression model of R2 =
It was obtained a linear regression model of R2 =
99.5097 % and a standard error of 0.201714.
97.1325 % and a standard error of 0.297068.
Figure 10 shows the relationship between the dielectric constant and the moisture, while Figure 11 shows
the relationship between real and predicted values of
moisture.

Figure 8. Plot of the fitted model.

Figure 8 shows the relationship between the dielectric constant and the moisture; Figure 9 indicates
the relationship between real and predicted values of
moisture.

Figure 10. Plot of the fitted model.
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Figure 11. Graphical relationship between observed and
predicted values of moisture.

4. Discussion of results
From the results obtained in the previous section, it
is interesting to see that in the frequency of 1.5 GHz,
the linear regression correlations maintain an R2 >95
%, as seen in Table 4.
Table 4. Comparison of results
Cantera

R2

Error estándar

Cerro Mocho
Moyobamba
Sol-Sol

95.8057
99.5097
97.1325

0.382134
0.201714
0.297068

It can be also seen that there is a direct relationship between the MC and the DC, i.e., a greater MC
results in a larger value of DC.
Comparing the equations for predicting the MC,
it can be observed that, depending on the origin of
the AOC, it is defined its calibration curve, which
can vary between linear, quadratic or cubic; hence, for
practical purposes, the AOC should be first calibrated
according to a specific quarry before carrying out the
measurement and this curve cannot be used for another quarry, since the values of DC differ between
quarries. This was expected because the DC depends
on the molecular properties and on the energy storage
capacity, which means that each AOC has a different
structure at a molecular level.

5. Conclusions
The measurement of MC with devices that utilize
microwaves has advantages over invasive methods, because they do not damage the material. The measurement of the DC with this methodology analyzes
internally the behavior of the material to define its
DC, since it studies the dipolar moments formed when
electromagnetic fields are induced in the material. It
can be used in the presence of vapors or in dirty environments, while the AOC is not molecularly changed,
since these do not interfere with the microwave signals.
Therefore, the DS enables the measurement of a broad

range of materials, whether they are solids, gases or
liquids.
The measurement is carried out without contact
with the material. The method is not invasive nor destructive. The meaurement is carried out in real time
and online with the process.
It is interesting to observe the relationship found
by different authors. In [17] the author defines a linear
or polynomial relationship. The parameters that influence the calculation of the dielectric constant, and
the relationship between the moisture content and the
temperature are shown.
It has been verified that with the methodology
based in DS at 1.5 GHz, linear correlation values of
high precision (R2 >95 %) are obtained for each of the
quarries. The system has been validated in a horizontal
conveyor with fine aggregate and antennas arranged
vertically.
The results obtained show the relationship between
the MC and the DC in AOC, and it has been observed
a variation in the calibration curve between different
quarries.
This sensing system exhibits a high potential to be
used for measuring the MC in AOC, in the process of
concrete production.
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Abstract

Resumen

In the Salvadoran industry, we can find entrepreneurs
and microentrepreneurs who do not have the resources
to make plastic bottles with stylized designs that
differentiate them from other brands and products,
which prevents them from escalating to other market
segments or international markets, slows the growth
of their business. One possible cause is that the manufacture of blow molds requires a very expensive initial
investment. However, there are alternatives such as
the manufacture of low-run molds, which have lower
resolution and shorter life time, but, at the same time,
offer as a benefit a lower manufacturing cost and,
therefore, lower acquisition cost for the entrepreneur,
opening in this way the opportunity to be able to
produce stylized bottles at convenience. Among the
various ways to manufacture low-run molds, there
is the reverse engineering technique, which requires
rapid prototyping equipment. This article describes
the reverse engineering procedure to generate the
mold for blowing. With the available design the necessary mold was printed and with this, the bottles
were manufactured, which were scanned to verify with
computer program their dimensions comparing them
against the original mold file. Simultaneously, the
containers were verified in the industrial metrology
laboratory to validate the computer results, these
results are presented in the document.

En la industria salvadoreña pueden encontrarse empresarios y microempresarios que no tienen los recursos para fabricar botellas de plástico con diseños
estilizados que los diferencien de otras marcas y productos, lo que les impide escalar a otros segmentos
de mercado o mercados internacionales, frenando el
crecimiento de sus negocios. Una posible causa es
que la fabricación de moldes de soplado requiere una
inversión inicial muy costosa. Sin embargo, existen
alternativas como la fabricación de moldes de bajo
rendimiento, que tienen una resolución más baja y
un tiempo de vida más corto, pero, al mismo tiempo,
ofrecen como beneficio un menor costo de fabricación
y, por lo tanto, un menor costo de adquisición para
el empresario, posibilitando la producción de botellas
estilizadas a conveniencia. Entre las diversas formas
de fabricar moldes de bajo rendimiento está la técnica de ingeniería inversa, que requiere un equipo de
creación rápida de prototipos. Este artículo describe
el procedimiento de ingeniería inversa para generar
el molde para soplado. Con el diseño disponible se
imprimió el molde necesario y con esto se fabricaron
las botellas, que se escanearon para verificar con el
programa de computadora sus dimensiones comparándolas con el archivo original del molde. Simultáneamente, los contenedores se verificaron en el laboratorio de metrología industrial para validar los resultados
de la computadora, estos resultados se presentan en
el documento.
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tle in the manufacture of molds. This work presents
the manufacture of a mold by means of rapid prototypThe manufacturers of plastic containers and the Sal- ing and low investment FDM technology, with which
vadoran entrepreneurs cannot acquire new steel and containers with stylized designs are produced for each
aluminum alloy molds for new products, since it re- need.
quires a high initial investment that can only be amortized with the high production of products [1]. As an
example, the metal versions of the bottle blow mold 2. Materials and Methods
can cost from US$ 2,000 up to US$ 5,000, which regionConsidering the modeling techniques, the mold generaally manufactured can be received between 30 and 60
tion methods could be classified in reverse engineering
days and manufactured in Europe or North America
and CAD process (Computer Aided Design), reprecan be received from 90 to 150 days [2]. This implies
sented in Figure 2 and described as 5 stages.
that the micro, small and medium-sized Salvadoran
Applying reverse engineering, we scanned a concompanies with low profit margins cannot incorporate
tainer provided by the industry from which the mold
new products with differentiated plastic containers in
was obtained for study.
their offer.
As alternative solution for molds, 3D printing becomes a “disruptive technological innovation driven by
the flexibility it provides and the potentially favorable
economics” [3]. Another applications of printed molds
are used for hand-manufacturing composite parts [4]],
manufacturing plastic parts [5], develop low-cost wax
injection mold [6]. Whereas it alters traditional manufacturing approaches and promotes the expansion of
rapid prototyping and digital manufacturing technologies.

1. Introduction

Figure 2. Stages of rapid prototyping applied.

Figure 1. Digital manufacturing techniques.

Digital manufacturing technologies can be classified
into additives such as 3D printing and subtractive as
cutting equipment with CNC controls (computerized
numerical control), as shown in Figure 1.
There are practices in the United States and Europe, where they use additive technologies such as
SLA ( Stereolithography) and SLS (Selective Laser
Sintering) in the manufacture of molds by injection [7].
These technologies are high investment and useful in
small-scale production.
To the knowledge of the authors the technique
FDM (Fused Deposition Modeling) has been used lit-

In stage 1, the SmartScan R2-C2 scanning and
scanning equipment with an accuracy of 0.01 mm and
its Optocat 2015®software was used. The developer liquid is CANTESCO D101-A to attenuate the brightness
and reflection of the surfaces to be scanned. The scanning procedure is in accordance with the user manual
OPTOCAT version 2015R2 [8].
The temperature of the rapid prototyping room
was kept in stable conditions (24 oC) and the entrance
of light from outside was reduced less than 25% of the
live image illuminated to avoid noise in the scanned
images due to the light variations. The final cloud of
points is saved in a file with STL format (Standard
Triangle Language), to work then in other software.
During stage 2, the edition of the scanned surface
was done with the treatment of the point cloud, using
the CAD software GeoMagic Design X. The generated
file was saved in STEP format (Standard for the Exchange of Product Data) which prevents the loss of
design information.
For stage 3, the mold construction was carried out
with Inventor software. Was incorporated block dimensions, alignment holes, thread, air exhaust holes, nozzle
design.
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Within stage 4, the material used in the 3D printing of the blow molds was ABS-plus (acrylonitrile
styrene butadiene P430XL), the support material is
SR-30XL (soluble support), the bottles material is
PET (polyethylene terephthalate). Likewise, 3D printing process was done according with the user manual
of the uPrint SE Plus printer, the software used is
called CatalystEX and the system of elimination of
support is the WaveWash equipment that works by
means of ultrasonic washing [9]. The mold was used
in the POLIFLEX company to manufacture 25 test
bottles. With this first run the recommendations that
make up stage 5 arise.
In stage 5 the surface finishes of the mold were
made with automotive putty in the cavity where the
container is formed. The manual sanding was carried out with sandpaper 1000 to improve the surface
smoothness that facilitates the sliding of the PET
during the blow.
Outside the reverse engineering process, the containers were scanned for comparison by software, and
tests were performed in the industrial metrology laboratory to validate the software results.

cutting, merge, repair, smooth surfaces and borders.
The STL file can be improved with any CAD software.
The final bottle is shown in Figure 4, and can incorporate characteristic final details such as additional
forms, areas for labeling, texts and logos in high and
low relief, etc.

3. Results and Discussion

Stage 3. The digital construction of the mold consists in transforming the bottle from the previous stage
(stage 2) to solid in the CAD. The solid body in the
shape of a half bottle is joined by means of a process
of cutting solid objects in the CAD software and later
the details of the mold are added, for example, the
fixing holes, threads, exhaust holes and nozzle spaces.
Some important considerations foreseen in the digitization of the mold, and that influence the quality of
the products are:

In this section the results are presented in the order
of blocks shown in Figure 2.
Stage 1. A cloud of points was obtained from the
scan and digitization process, as shown in Figure 3.
It was not necessary to scan the container’s nozzle,
since in the later stage of digital construction the nozzle design was incorporated. according to the blower
machine. The possibility of change of nozzle in the
mold occurs when planning to produce containers with
machines that require preforms.

Figure 4. Bottle smoothed by computer and finished.

• There were no defects in the overlapping of the
container and mold block volumes.
• The thickness of the surfaces at the edges allowed
to resist the loads received.
• The curvatures of the geometries and the surfaces
are correct to reduce the stress concentration.
• The alignment of holes, pins, surfaces and edges
were indicated to avoid unevenness in the surfaces of manufactured products [10].

Figure 3. Nube de puntos del recipiente con formato STL,
resultante del proceso de escaneado 3D y de escaneado y
listo para ser procesado con software CAD.

Stage 2. The scanned surface edition consists of
the set of operations to obtain a smoothed body, like

• The tolerances of holes were correct so that both
parts could be coupled during the production of
containers with a sliding fit [11].
• The dimensions of the air exhaust were adequate
so that no marks are seen in the manufactured
containers.
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Stage 4. ABS was used as printing material, Figure
7. The height of the printing layers is 0.25 mm, shell
thickness of outer surface 10 mm, infill density 100% in
the wall, infill density in the middle 60%, top/bottom
thickness solid layers 10 mm, with the uPrint SE plus
equipment, which generates low resolution curved surfaces. This is difficult when you need smooth bottles,
while for stylized designs with rough surfaces is an
advantage. In our case the bottom of the mold was
printed as part of one of the halves and although it
Figure 5. Sequence of processes for mold manufacturing: showed some interference in the demolding, it affected
The solid body in the shape of a half bottle is joined by
2 bottles of 25 so we considered that it had no negative
means of a process of cutting solid objects in the CAD
effect during the manufacturing.
software and later the details of the mold are added, for
example, the fixing holes, vents and nozzle spaces.

The nozzle depends on the type of machine where
the mold will be installed and the type of raw material.
For example, the nozzle of the blow molding machine
forms the external thread and uses granulated material, while the nozzle of the preform machine is smooth
because it receives the preforms with its already manufactured thread. With this information a nozzle was
drawn to the mold as shown in Figure 5.
The molds were designed with a removable bottom, which should be removed during the demolding
of the container and installed during the closure of the
mold. Its function is to evacuate the air during the
blowing and form the bottom of the container to provide stability of it while remaining on flat horizontal
surfaces.
The designed mold was analyzed by means of a computer with CAE Inventor software (Computer Aided
Engineering), applying a pressure of 350 psi in the
curved surfaces which is the blowing pressure for the
manufacture of bottles. The results are shown in Figure
6, it is observed that could be an average deformation
of 0.66 mm represented by the green area, and a maximum deformation of 1.026 mm at the bottom of the
mold represented by the red area.

Figure 7. Blow molds for bottles printed in ABS.

The mold for blowing bottles is shown in Figure
7. The 3D printing mold includes ABS material and
support material of suppliers in El Salvador, Table
1 shows 3D printing costs. The main cost is about
materials and designer time, the cost of materials can
be reduced when uses a open source 3D printer, and
allows research about new 3D printing materials with
better mechanical properties. The working time in
CAD can be optimized practicing to improve skills.
Table 1. Cost of 3D printed molds, using prices of existing
materials in the Salvadoran market
Cost of 3D printing mold

Figure 6. Critical points of the deformation of the mold,
considering the points of concentration of efforts calculated
by the software and shown in the color palette. The simulated charge pressure was 350 psi, analysis temperature
100 °C, and the units for deformation shown in the color
scale in millimeters.

Printing material (cubic centimeters)
Support material (cubic centimeters)
Printing material, cm3 (unit cost)
Support material, cm3 (unit cost)
Total cost printing material
Total cost support material

552.48
227
$ 0.42
$ 0.42
$ 232.04
$ 95.34

$ 232.04
$ 95.34

Cost of energy for printing
Amortization per hour
Printing time (hours)
Power (kilowatts)
Amortization during printing
Tax (IVA, El Salvador)
Total cost energy

$ 0.86
$ 2.65
12
1.5
$ 3.98
13%
$ 21.98

$ 21.98

Design/configuration (hours)
Design/configuration (unit cost)
Total cost design/configuration

14
$ 10.00
$ 140.00

$ 140.00

Total cost of 3D printing mold

$ 489.36
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Figure 8. Plastic bottles made with the use of printed
molds.

With printed mold, 25 containers were obtained
in a production company, the mold was installed in
one of its blowing machines and bottles were produced
as shown in Figure 8. The mold and the bottles were
verified with the help of the scanner, determining that
they are in good dimensional conditions. It is considered that the surfaces of interest to evaluate are those
that supported the pressure of the preforms during the
blowing operation and the surfaces that supported the
closing pressure of the machine.
The bottles were scanned and compared to the
design of the mold in CAD format. Figure 9 shows
the points of the digitally verified containers, based
on the critical points resulting from the CAE Inventor
analysis of the mold in Figure 6. In general terms, the
dimensions of the containers are in the range of a tenth
and a half millimeter above the average dimensions,
and three tenths of a millimeter below the average.

INGENIUS N.◦ 24, july-december of 2020

Figure 9. Digital verification of the dimensions of the
containers produced with the printed mold together with
its color palette.

The colors blue, light blue, green and yellow in
Figure 9 denote minimum deviations of the scanned
model with respect to the digital model, so it is verified
that the manufactured bottles are kept in the ranges
of +0.15 and -0.2 mm. The measurement results obtained with digital technique are shown in Table 2.
Brown color denotes high positive/negative deviation
and yellow color indicates low positive/negative deviation from the average dimensions, the dimensions are
A=168.168 mm (high), B=61.130 mm (upper width),
C=72.610 mm (lower width), D=41.518 mm (higher
depth), E=43.049 (lower depth).
The containers were analyzed in the metrology laboratory to verify hermeticity, dimensions and weight [12].
The verification points and part of the equipment used
are shown in Figure 10, and Table 3 shows an extract
of the determined average and extreme values. Similarly, Table 4 presents an extract of the determined
weights, indicating the extreme and average values. It
is important to note that none bottle presents leaks
after being tested with water.
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Table 2. Results of the difference of measurements between the produced containers and the printed mold
Bottle
number

Point 1

Point 2

Point 3

Point 4

Point 5

Point 6

1
0.0723
0.1644
0.0917
0.0881
-0.1216
2
0.1439
0.1445
0.0832
0.0277
-0.0110
3
0.1182
0.1125
0.0790
0.0624
-0.0580
4
0.0175
0.1001
0.1109
0.0551
-0.0569
0.0383
0.0622
0.1062
-0.1231
5
0.0784
6
0.1094
0.0512
0.0196
0.1632
-0.2330
7
0.0704
0.1229
0.0094
0.1078
-0.2044
0.1458
-0.2595
8
0.0869
0.1268
0.0843
9
0.1063
0.0729
0.0508
0.1260
-0.1681
-0.3859
10
0.1126
0.0972
0.0793
0.1312
11
0.1419
0.1103
0.1031
0.1056
-0.2024
12
0.1232
0.1455
0.1077
0.0906
-0.3409
0.1204
0.1109
-0.1183
13
0.1664
0.1377
14
0.1471
0.1288
0.0862
0.0909
-0.2086
15
0.1109
0.1257
0.0665
0.1428
-0.1994
16
0.1072
0.0673
0.0558
0.1033
-0.3444
17
0.1411
0.0258
0.0120
0.0973
-0.3811
18
0.1465
0.0938
-0.0205
0.1325
-0.3631
19
0.1019
0.0603
-0.0090
0.1041
-0.3061
20
0.1286
0.0966
0.0455
0.1397
-0.1682
-0.0018
0.1095
-0.2294
21
0.1182
0.1136
22
0.0677
0.1241
0.0256
0.1068
-0.1644
23
0.1159
0.1199
0.0478
0.1164
-0.1837
24
0.1147
0.1887
0.0476
0.1233
-0.1654
25
0.0905
0.1295
0.0803
0.0793
-0.2773
The verification team used 3D scanner and the GeoMagic software.

0.0280
0.0636
0.0896
0.3939
0.0720
-0.0138
0.0223
-0.1917
-0.0795
-0.2118
-0.0397
-0.1720
-0.0979
-0.2159
-0.0293
-0.1224
-0.1013
-0.0562
-0.0247
-0.0201
-0.0770
-0.0080
-0.0226
-0.0870
-0.0214

Table 3. Reference diagram for the dimensional analysis and execution of dimensional tests with the dimensions A
high, B upper width, C lower width, D higher depth, E lower depth.
Results of the verification of the 25 bottles (mm)
Dimension

A

B

C

D

E

Vref

168.168

61.130

72.610

41.518

43.049

ID of the
bottle

Average
Value
Vm

1
2
3
4
5
12
15
18
24

168.160
168.219
168.148
168.173
168.268
168.162
168.148
168.139
168.044

Vm - Vref

Average
Value
Vm

0.008
-0.051
0.020
-0.005
-0.100
0.006
0.020
0.029
0.124

61.073
61.075
61.098
61.089
61.082
61.137
61.131
61.173
61.182

Error

Vm - Vref

Average
Value
Vm

0.057
0.056
0.032
0.041
0.049
-0.007
-0.001
-0.042
-0.052

73.038
73.003
72.986
72.981
72.993
73.000
73.041
73.051
72.986

Error

Vm - Vref

Average
Value
Vm

-0.027
0.007
0.024
0.029
0.017
0.011
-0.030
-0.041
0.024

41.335
41.250
41.167
41.335
41.315
41.758
41.527
41.604
41.669

Error

Vm - Vref

Average
Value
Vm

Vm - Vref

0.182
0.267
0.351
0.183
0.203
-0.240
-0.009
-0.087
-0.152

42.941
42.907
42.979
42.980
42.978
42.990
43.151
43.109
43.120

0.107
0.142
0.069
0.069
0.070
0.059
-0.103
-0.060
-0.072

Error

Table 4. Weight measurement results of the 25 containers
Results of the verification of the 25 bottles (g)
Wref
ID of the bottle

Average value
Wm

283.538
Error
Wm - Wref

1
283.194
-0.0345
2
286.626
0.3087
5
283.559
0.0021
7
283.558
0.0020
8
283.555
0.0016
9
283.557
0.0018
22
283.289
-0.0249
23
283.252
-0.0287
24
283.236
-0.0302
25
283.202
-0.0336
The results in orange are the highest deviations above the average and in yellow the greater deviations below the average.
The values Wm in grams.

Error
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are scarce, however, when the necessary resources are
available, the file can be used to generate codes that
are entered into computerized numerical control manufacturing equipment.
This work gives perspective to carry out research
on superficial treatments of polymer molds for the
increase of durability, study of the use of molds of
low cadence in thermoforming processes, molding of
biodegradable plastics with the use of printed molds,
molds for reinforced composite materials. These results
are precedents for those who have software and 3D
printers can be incorporated in the productive field,
providing design services and manufacturing of printed
molds.

Figure 10. Reference diagram for the dimensional analysis
and execution of dimensional tests with the dimensions A
high, B upper width, C lower width, D higher depth, E
lower depth.

Stage 5. To improve the surface finish, automotive putty was applied to the mold and smoothed
with 1000 grade sandpaper, which achieved a smooth
surface with roughness not noticeable to touch. This
operation is variant to the normal prototyping procedure, where the models printed in 3D FDM are used
without further processing. This artisanal process is
recommended because it is inexpensive and does not
take a long time or makes the mold more expensive,
which transforms into a benefit for an SME with a low
budget. The technical note of Hernández [13] refers
to the level of roughness or smoothness effects on the
flow of the parison during blowing because of friction
against the surface of the mold. This fact may seem
counterproductive, however, after observing the first
containers, the surface texture can be a distinctive element for SMEs that can incorporate different designs
in their packaging.
A useful result for SME users of the mold is the
time elapsed from scanning until delivery of the finished and clean mold, which was 6 days. Delivery time
is a positive factor when compared to mold delivery
times at the regional level and outside the Central
American region.

4. Conclusions
The work done shows that it is possible to apply reverse
engineering to manufacture a 3D printed mold with
FDM technique [14]. Reverse engineering resources are
usually 3D scanning equipment, computers and scanning software, 3D printing equipment, measurement
and verification equipment, among others.
The digitization process is replicable by institutions that have a high definition 3D scanner, where
their product will be the digital file of the mold. The
resulting file will be used to manufacture the mold in
any institution that has a 3D printer, when resources
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Proposal for implantation of coffee
drying greenhouse with parabolic
cover and adapted modular structure
Propuesta de implantación de
invernadero de secado de café con
cubierta parabólica y estructura
modular adaptada
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Díaz-Sinche1

Abstract

Resumen

The present work proposes a greenhouse for coffee El presente trabajo propone un invernadero destidrying, constituted by a parabolic solar cover and nado al secado de café formado por una cubierta solar
adapted modular structure. It started with a plani- parabólica y estructura modular adaptada. Se inició
metric survey made using different engineering and a través de un levantamiento planimétrico elaborado
architecture software, such as: SolidWorks y Revit por diferentes softwares de ingeniería y arquitectura
Architecture. For the experiment, reverse engineering como: SolidWorks y Revit Architecture. Para el exprinciples based on an existing structure, were used to perimento se utilizó principios de ingeniería inversa,
develop a modular coupling model, in order to estab- tomando como base, una estructura ya existente para
lish interactions between mechanisms and structure. desarrollar un modelo de acople modular, con el fin
The study demonstrated that the design of the assem- de establecer interacciones entre mecanismos y estrucbly couplings facilitates their mobilization, reduces tura. El estudio demostró que el diseño de los acoples
costs and allows the application of accessible materi- de armado, facilitan su movilización, reducen costos
als for the solar parabolic dryer (marquee). Also, the y permiten la aplicación de materiales accesibles para
coffee drying curves in a parabolic type solar dryer el secador parabólico solar (marquesina), adicionaland their time are shown in Statgraphics. The result mente se presentan curvas de secado de café en un
of the model with modular armature couplings was secador solar tipo parabólico y su tiempo represencorrectly associated with the existing experimental tados en Statgraphics. El resultado del modelo con
results, allowing to compare the time and efficiency acoples de armado modular se asoció correctamente
of the coffee drying.
con resultados experimentales existentes, permitiendo
realizar comparaciones entre tiempo y eficiencia del
secado de café.
Keywords: reverse engineering, design, marquee,
manufacturing, parabolic, Statgraphics.
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there is rain present, or when the estimated temperature is not the correct one; therefore, the height of the
The worldwide coffee sector constitutes an important drying beds above the floor level is 0.60 m, thus reduclivelihood for millions of people, especially in develop- ing the possibility that the coffee gets contaminated
ing countries. In its global production, South America as a result of the trampling of the workers, or by the
represents the 47 %, followed by Asia and Oceania accidental entry of animals [4].
with 29 %, Central America and Mexico with 13 %,
and Africa with 11 %. The production of Brazil, the
worldwide leading coffee producer, increased 5.6 %
and was 57.4 million of bags, among which was part
of the harvest from April 2018 to March 2019. It is
calculated that the consumption of coffee in South
America increased 1.8 % and was 26.97 million of bags,
after an increment of 3.5 % in 2016/2017 [1].
The use of solar energy in the agricultural sector is
growing due to the price increase of the fuels, the environmental pollution and the forecasted depletion of
conventional fossil fuels. The drying using solar energy
is one of the most attractive and promising applications in rural areas. Usually, agricultural crops are
dried by exposing them to the sun, which contributes
to extend the useful life of the harvested products,
thus improving the quality, position and business of
the farmer, with the purpose of maintaining a constant
Figure 1. Marquee.
price in their products.
The direct sun drying requires an open space of
large area, and mostly depends on the availability
of sunlight, which is susceptible to the pollution with
1.1. Solar drying
foreign materials such as dust, garbage and other chemicals that may be dragged out by the wind, as well In general, the solar dryers are classified in three cateas birds, insects and rodents. Similarly, most of the gories, as shown in Figure 2.
agricultural products intended to be stored should be
first dried, because they could be affected by insect
pests and fungi that easily develop when there are
humid conditions, thus becoming unusable [2].
In a peak day it can be obtained an equivalent of
2.0 % of the total yearly production of washed coffee
(drained), in a farm with a production of 2500 kg c.p.,
for which it is required 3.3 2 of floor, having a layer
with a maximum height of 3 cm [3].
With the purpose of enabling a better utilization of
the solar energy, reducing the cost and facilitating the
construction, operation and maintenance, a parabolic
Figure 2. Classification of solar dryers [4].
solar dryer was improved, which will be called marquee. Just like the solar tunnel dryer, it is constituted
In this context, this work will focus on the direct
by a metal structure, a transparent plastic cover, cesolar
dryer, because the moisture of the product to be
mented floor, rolling gates of transparent plastic and
dried
is eliminated by its direct exposure to sunlight,
a door for internal access. The solar dryer facilitates
with
or
without natural air circulation [4]. A schematic
an acceptable quality of the coveted product with a
low environmental impact, and thus it is an effective, view of the direct solar dryer is indicated in Figure 3.
inexpensive and safe method for drying agricultural
The direct solar dryer has a drying chamber, an
and food products.
insulated box wrapped with a glass or plastic transFigure 1 shows the marquee which occupies a total parent cover, which has holes for letting the air move
area of 18 m2 , with a concrete floor that helps to make in and out of the chamber [5]. When the solar radiait a clean area, and houses two shelving columns with tion affects the glass or plastic cover, the air warms
six drying beds, each of 6 m2 , which are exposed to the and circulates naturally, or by wind pressure using an
sun. The plastic covers are rolled and elevated when external source or a combination of both.
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Figure 3. Direct solar dryer [5].
Figure 5. Photovoltaic solar dryer [9].

The construction of the direct solar dryer is simple
and cheaper, and protects the product being dried
from dust, rain, debris, dews, etc.; however, it also
presents some drawbacks in its operation, such as
product overheating, undesirable quality and limited
drying capacity [6].
Tomar and Norton [7] developed a crop dryer consisting of a solar air heater and a tunnel dryer, for
drying a variety of agricultural products, as can be
seen in Figure 4. In comparison with the traditional
solar drying methods, the drying time and the massive
losses were significantly reduced with the amortization
period of 1-3 years. For example, it was reported that
the energy necessary for drying 1000 kg of grapes varies
from 11.2 to 23.0 kWh depending on the weather conditions, with a cost between 1.2 and 2.0 USD which was
absolutely insignificant as compared to the additional
profit. However, the dissemination of the solar drying
system to a particular area depends on the availability
of electricity and of its needs.

Tefera et al. [10] evaluated the performance of
wooden box and pyramidal shape direct solar potato
dryers, which reduced the general drying time between
2 and 3 hours compared to the open sun drying. The
pyramidal dryer performed better in the generation
of a more favorable drying environment, with a better economic viability. Similarly, Eke and Arinze [11]
developed a prototype of a direct natural convection
solar dryer made with clay, for drying corn. It was
observed that the moisture content was reduced from
29 to 12 % wet basis, achieving a 55 % savings in
drying time against open sun drying. It was found that
the drying efficiency of the dryer and of the open sun
drying method were 45.6 % and 22.7 %, respectively.
Therefore, the direct solar dryers are the devices
mostly used for drying agricultural and food products.
It is observed that the mean drying efficiency of direct solar dryers varies from 20 to 40 % depending on
the types of products, the flow of air, and the drying
location. The quality of the product obtained using
direct solar dryers is acceptable, and can be improved
by means of the use of certain types of pretreatment
chemical processes.

2. Materials and methods

Figure 4. Solar tunnel dryer [7].

Neama and Farkas [8] presented an experimental
study to increase the crop drying efficiency using a
photovoltaic cell. The dryer reached a temperature of
76 °C and reduced the moisture content between 50 %
and 60 %. The schematic view of the solar dryer with
photovoltaic cell is shown in Figure 5.
Ogheneruona and Yusuf [9] designed and manufactured a direct natural convection solar dryer for drying
tapioca, and reported a reduction of the moisture content from 79 % to 10 % wet basis at environmental
conditions (32 °C and 74 % of relative humidity).

For the case study it was taken as reference the León
Farm, located in the Loja canton, Vilcabamba parish.
This farm has a parabolic solar dryer (marquee) consisting of a structure, shelving, and six drying beds of
6 m2 , which will be planimetrically surveyed for the
design of the modular couplings for its easy mobilization and construction. The measurement equipment
utilized for the survey were flexometer, laser distance
meter and goniometer.
The steps followed in this research were acquisition
of real measurements, the 3D planimetric survey, the
conversion of the survey to a real environment using
the Rendering software, the analysis of modular couplings and the graphical comparison of the efficiency
of the time and the drying of the coffee.
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adapted modular structure
2.1. Extent of the research
This research spanned a period of four months (interval
between June 2019 and September 2019). The collection of data and valuable information was consulted in
the following documents: i) NTE INEN 2507 [12], ii)
Ecuadorian Standard of Construction NEC-11, chapter
14 Renewable Energy [13].
2.2. Planimetric survey

Figure 8. Coffee drying beds located on the right hand

Dimensions of all the components that consti- side of the marquee.
tute the marquee are presented, as indicated in
Figure 6.
2.3. Acquisition of real measurements
The acquisition of real measurements concerning the
marquee, where it is evident the front view (Figure 9),
right side view (Figure 10), left side view (Figure 11)
and internal part (Figure 12).

Figure 9. Dimensioned front view.

Figure 6. Marquee prior to taking the measurements.

The dimensions of the marquee are 3 m high, 3 m
wide and 6 m long; it consists of six beds for coffee
drying, with dimensions 1 m wide x 6 m long. Figures
7 and 8 show the coffee drying beds located on the left
and right hand sides, respectively, of the marquee.

Figure 7. Coffee drying beds located on the left hand side
inside the marquee.

Figure 10. Dimensioned right side view.

Figure 11. Dimensioned left side view.
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Figure 12. Internal view of the marquee.

2.4. 3D survey

Figure 15. Upper view of the marquee.

For taking measurements of the different components
of the marquee, it is proceeded to make the survey in
three dimensions; for this it is required an interactive
software and different applications, both for learning
technical drawing and for engineering analysis; SolidWorks is chosen [14]. In the following, it is detailed the
front (Figure 13), right side (Figure 14), upper (Figure
15) and isometric (Figure 16) views.

Figure 16. Isometric view made with the SolidWorks
software.

2.5. Architectural presentation
Figure 13. Front view of the marquee.

Figure 14. Right side view of the marquee.

For a better finish and future projection of a scale prototype, the model made by SolidWorks is converted to
a real environment using the Rendering software [15]
applied in the architectural field. Figures 17 and 18
present the isometric design made by Rendering.

Figure 17. Marquee designed by Rendering.

Briceño-Martínez et al. / Proposal for implantation of coffee drying greenhouse with parabolic cover and

41

adapted modular structure

heat (kJ/kg °C); ma , mass flow of air; T0 , initial temperature of the greenhouse; Ti , final temperature of
the greenhouse; As area of the greenhouse and Is is the
solar intensity on the wall and roof of the greenhouse.
Table 2. Costs of materials employed
Materials

Figure 18. Isometric view of the marquee.

2.6. Materials and costs
In parallel with taking the measurements, a revision of
the materials that constitute the marquee was carried
out. Table 1 presents the main elements.
Table 1. Materials implemented in the marquee
Materials

Quantity used

Greenhouse plastic
Saran Mesh
Green plastic mesh 3/16”
Bug repellent plastic mesh
Galvanized round tube 2”
Galvanized round tube 1”
Square tube
Angles
Corrugated rod 8
Steel wire
Thread
Wood strips
Hexagonal bolts and nuts

25 m
24 m
12 m
24 m
54,76 m
21,19 m
28 m
83,4 m
43,5 m
60 m
254 m
83,4 m
36 units

Commercial
presentation

Greenhouse
roll of 200 m
plastic
Saran Mesh
rollo de 30 m
Green plastic
roll of 30 m
mesh 3/16”
Anti Trip
Bug repellent
roll of 100 m
plastic mesh
Galvanized
6m
round tube
Galvanized
6m
round tube
Square tube
6m
Angles
6m
Corrugated
6m
rod 8
Steel wire
roll of 75 m
Thread
roll of 100 m
Wood strips
2m
Hexagonal
bolts and
perno de 2”
nuts
TOTAL

Estimated
value $
106,25
182,4
57,48
79,92
238,2
35,8
35,8
161
38,4
33
63,5
48
3,96
$1.083,71

3. Results and discussion
3.1. Analysis of the structural coupling

The software engineering techniques are utilized for
The estimated costs of the materials that are avail- modeling systems, specially the design and simulation
able in the domestic market are indicated in Table of tunnel greenhouses. Traditional concepts of object
2.
oriented technology, are focused on developing software
based on software engineering components, similar to
the model-based design, the specification of the compo2.7. Experimental design
nents and standards, applying the use of libraries and
The results of the analyses and the graphs regarding the reutilization of design structures [18, 19]. All these
drying time and efficiency, were obtained from the techniques are common in the design of greenhouses,
statistical software STATGRAPHICS Centurion XV as indicated in Figure 19.
(Trial version 16.1.18) [16]. A factorial design of one
Figures 20 and 21 present the structure of the maror various factors was used as the experimental design. quee made by SolidWorks, detailing the design of the
The theory of the efficiency of the collector of Duffie coupling of assembly in the corners and in the rear part,
and Beckmen [17] was established in the thermal study. indicating the type of tube and its specifications, with
The following equation (1) is utilized for calculating the purpose of providing an easy access of assembling
the thermal efficiency of a greenhouse.
and disassembling for its quick mobilization.
When there is the need to model multitunnel greenCp ṁa (T0 − Ti )
nempty =
(1) houses, methods that include concepts of reutilization,
As I s
class hierarchy and succession are applied, which enWhere nempty is the percentage of thermal effi- able the user to have available different technological
ciency of the empty greenhouse, Cp is the air specific applications, with the purpose of constructing a series
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of basic blocks for manufacturing greenhouses, once
the design has been revised. From this point of view, a
greenhouse is no more than a series of blocks adapted
to a space; the efficiency in the use of such space
constitutes a critical issue [20].

3.2. Analysis of the shelving

At present, the unified modeling language (UML) is
utilized in different engineering disciplines for modeling systems, which enables to understand and describe
the structure and operation of a system under study;
for example, the UML is utilized in industrial systems: automotive sector [21, 22], teleoperation [20],
robotics [22, 23], and production systems for monitoring [24]. Therefore, UML has been employed in the
agricultural sector as a complementary technique for
modeling greenhouses.
The technique of Computer Aided Design (CAD)
is used for the analysis of the shelving, as indicated in
Figure 22, which shows the length and height, Figure
23, which shows the separation of the coffee drying
beds and the type of tube employed with its specifications. At last, Figure 24 details an isometric view
Figure 19. ASome software engineering techniques for of the shelving constituted by six drying beds, and
greenhouse modeling [18].
specifies the composite material and its dimensions.

Figure 22. Dimensions of the coffee drying beds.

Figure 20. Coupling of assembly of the marquee.

Figure 23. Distance between columns of drying beds.

Figure 21. Detail of the structure.

Figure 24. Isometric view of the shelving and its specifications.
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3.3. Analysis, moisture – coffee drying time

• Correlation coefficient = –0.952588

In order to estimate the relationship between moisture
and coffee drying time, it is proceeded to perform a
statistical analysis of linear regression, due to the little
curvature exhibited by the plots in Figure 25, setting
the moisture (%) as the dependent variable and the
drying time (days) as the independent variable. Figure 25 indicates the plot of the model fitted, moisture
– drying time, setting equations (2) and (3) as such
model.

• R-squared = 90,7424 %

Y =a+b×X

(2)

M oisture = 50, 7786 + 5, 79048 × drying time (3)

• R-squared, (titted for g. l.) = 89.5852 %
• Standar error ofthe estimate = 6.28562
• Mean absolute error = 4.83571
• Durbin-Watson Statistical = 0.587605
(P = 0.0005)
• Autocorrelation of residues in delay
1 = 0.60396
It can be seen in Table 4 that the P-value is smaller
than 0.05, which indicates that there is a significant
statistical relationship between moisture and drying
time, with a confidence level of 95.0 %.
Table 4. Analysis of variance moisture-drying time of the
coffee
Source

Sum of
squares

Gl

Model
Residue
Total

3098,14
316,073
3414,21

1
8
9

Mean
square
3098,14
39,5091

F-ratio

P-value

78,42

0,0000

The statistical parameter R-squared indicates the
fitted model, showing a 90.7424 % of variability in the
moisture, and consequently the correlation coefficient
is equal to -0.952588, which indicates a relatively strong
relationship between the variables. The estimated standard error shows that the standard deviation of the
residues is 6.28562 and the mean absolute error is
4.83571, since it is the average value of the residues.
The Durbin-Watson (DW) statistical analysis indicates the residues with the purpose of determining if
there is any significant correlation based in the order
in which the collected data are presented.
Since the P-value is smaller than 0.05, there is an
indication of a possible serial correlation with a confidence level of 95.0 %, which means that the smaller
the drying time in the greenhouse, the greater the
Figure 25. Plot of the fitted model moisture – drying
percentage of moisture.
time.

Table 3 presents the coefficients of the relationship
moisture – drying time, where it is shown the estimated
and incorrect parameters of the coffee drying.

3.4. Analysis, Drying area – production

In places in which the solar drying has yearly productions smaller than 500 arrobas of dried parchment coffee, they usually occupy drying places such
Table 3. Coefficients, moisture – drying time
as marquees, canopies or parabolic dryers [25]. Table
5 presents a statistical summary showing the average
Least
Standard Stadistical
and standard deviation of the samples. It should be
Squares
taken into account that there is a difference of more
Parameter Estimated
Error
T
P-value
than 3 to 1 between the smallest and largest standard
Intercept
50,7786
4,05208
12,5315
0
Slope
–5,79048
0,653902
–8,85527
0
deviations. This may cause problems because the analysis of variance assumes that the standard deviation
From the statistical analysis, the following values of all the levels is equal, thus, the production of coffee
were obtained:
in quintals is increasing.
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Table 5. Statistical summary of the drying area and production
Average

Standard
deviation

Coef. of
variation

Min.

8

63

51,8129

82,2426%

12,0

8

210

172,71

82,2426%

40,0

8

48,75

44,7014

91,6952%

10,0

24

107,25

126,677

118,1140%

10,0

Count
Drying
area
Production
Production
in quintals
Total

Figure 26. Graph of means and of the 95 % of Fisher

Table 6 presents an ANOVA table, which decom- LSD.
poses the variance of the data in two components:
one between groups and another inside groups. The
F-ratio, which in this case is equal to 5.54178, is the
quotient between the estimate between groups and the
estimate inside groups, since the P-value of the F-test
is smaller than 0.05; there is a statistically significant
difference between the means of the three variables
with a confidence level of 95 %, and thus, they are valid
and accurate statistical samples in the production of
coffee.
Figure 27. Box-and-whisker plot of the area-production
relationship.

Table 6. Anova table
Source

Sum of
squares

Gl

Between groups
Inside groups
Total (Corr.)

127503
241580
369083

2
21
23

Mean
square
63751,5
11503,8

F-Ratio

P-value

5,54

0,0117

Table 7 shows the mean for each column of the
obtained data, and the standard error of each mean,
which is a measure of the variability of the sampling.
The standard error indicates a result of dividing the
pooled standard deviation by the number of observations in each level. In addition, it also marks a sample
of interval around each mean.
Table 7. Table of means with confidence intervals of 95 %

Drying area
Production
Production
in quintals
Total

Cases

Mean

Est. Error (s)
Gropued

Lower
limit

Upper
limit

8
8

63
210

37,9206
37,9206

7,23727
154,237

118,763
265,763

8

48,75

37,9206

–7,01273

104,513

24

107,25

The intervals currently shown are based in the
procedure of the least significant difference (LSD) of
Fisher; it is constructed in such a way that, if two
means are equal, their intervals will overlap 95 % of
the times, which can be graphically observed in Figure
26.
Figure 27 indicates the relationship of the drying
area with the production in arrobas of dried parchment
coffee; it presents that in a drying area of 18 m2 of the
marquee it can be produced around 1500 kg yearly.

3.5. Directional field of the heat flow inside the
marquee
When Newton’s law is considered to study the effect
with which a body reaches the internal temperature,
as it is the case of the coffee bean inside the marquee,
the temperature T of the coffee bean and the ambient
temperature Ta are considered. Equation (4) is employed for studying the field of directions of the heat
flow inside the marquee.
∂T
= K(T − Ta )
(4)
∂t
Constant K is the thermal conductivity of the
medium,
 W considering a controlled environment of
0, 02 Km
. The initial condition of the problem will
be T (t0 ) = T0 . The particular solution of the equation
for time t0 = 0. (Equation 5).
T (t) = (Ta − T0 ) · eKt + Ta

(5)

From the measured temperature data inside the
marquee it was established aTa = 82Ľ, considering
that there are not adiabatic losses for the analysis.
The representation of the field of directions for the
autonomous continuous ordinary differential equation
(Equation 6, Equation 7) is shown in Figure 28, employing a set of meshed points. It can be appreciated
an equilibrium point at the ambient temperature inside the marquee. It also occurs that the points below
this point behave as attractor points that have an
exponential growth.
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adapted modular structure

 
t
Tv =
T

Tdor =

 0 
 

t
1
1
=
=
T
K(T − Ta )
K(T v(2))

(6)

(7)

giving a statistically significant difference between the
means of the three variables with a confidence level
of 95 %, indicating that the data obtained are valid
and convenient statistical samples in the production
of coffee.
The intervals of moisture and drying area indicate
the relationship of drying area with the production in
arrobas of dried parchment coffee, for a drying area
of 18 m2 there is the capacity of producing fifteen
quintals yearly.
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Abstract

Resumen

This article presents the design of a power system
based on flywheel to mitigate voltage sags. With this
system the power quality is improved at a point in a
distribution network, which is subject to the random
connection of electric machines. For this purpose, the
power distribution system is modeled, the power supply system which is composed of an electric machine
with flywheel, the bidirectional energy conversion system and the current, voltage and speed control system.
The designed system enables supplying a power of
22.8 kW and capacity of 1.2 Wh, compensating the
transients produced by the loads connected to the
network.

Este artículo presenta el diseño de un sistema de
energía basado en volante de inercia para mitigar
los huecos de tensión. Con el sistema se mejora la
calidad de energía en un punto de una red de distribución, el cual está expuesto a la conexión aleatoria de
máquinas eléctricas. Para ello, se modela el sistema
de distribución de energía, el sistema de inyección de
energía que está compuesto por una máquina eléctrica con volante de inercia, el sistema de conversión
de energía bidireccional y el sistema de control de
corriente, voltaje y velocidad. El sistema diseñado
permite inyectar una potencia de 22.8 kW y capacidad
de 1.2 Wh, compensando los transitorios producidos
por las cargas conectadas a la red.
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1. Introduction
Since the electric power distribution company is responsible for supplying power to the consumers based
on established standards, it is under the obligation
to maintain the quality of the delivered power, and
such quality can be estimated by means of the service
continuity and the quality of the voltage waveform.
In order to carry out this objective, different power
backup strategies were implemented in electrical power
systems, which seek to improve the power quality and
stability [1]. According to their discharge time [2], these
systems may be classified as follows:
Discharge time from seconds to minutes: are
used to improve the power quality. The discharge
times are of 10 minutes with responses in milliseconds. This type of systems include the supercapacitors with powers up to 1 MW, and the
flywheels with powers between 10 kW and 1 MW.
Discharge time from minutes to one hour: are
used as power bridges, i.e., they ensure the reliability of the supply source to the users, have
responses from seconds to minutes with discharge
times of up to 1 hour, and powers between 1 kW
and 10 MW. Electrochemical batteries are included in this type.

on the working environment and on the number of
charges/discharges and, the most important, they cannot be charged nor discharged quickly because they
have a large internal resistance [5].
Therefore, the use of the flywheels is the option remaining, which offer the following advantages: a greater
cycle of charges/discharges with medium to high power
(kW to MW) during short periods of time (seconds)
without affecting their useful life [6], high response
capacity, friendly to the environment since they do not
require chemical reactions, and no special geographical
conditions are needed for their construction [7].
In comparative terms, the main competitors of the
flywheels are the supercapacitors, which similarly offer
the following advantages over electrochemical batteries:
they may be charged/discharged in short periods of
time (seconds), may supply high charge currents, have
a life cycle of the order of millions of times, operate
under very tough temperature conditions, and do not
have toxic elements in their structure [2].
In this work it is intended to carry out the study
about the design of a power supply system based on
flywheels, to mitigate the voltage sags in the common
connection point of an electrical distribution system.
For this purpose, it will be modeled the flywheel with
its control system and the distribution network. The
design is applied to a rural area with mining and agricultural activities with electric machines as loads, using
PSIM® as simulation tool.

Discharge time in hours: they are utilized for energy management; this type includes the pumped
and compressed air hydraulic energy storage,
with powers between 100 MW and 1 GW, re- 1.1. Problem description
spectively, and the thermal energy storage with
Due to the increase in the loads connected to the comstorage capacities between 10 MW and 100 MW.
mon connection point (CCP) belonging to the mining
Regardless of the technology used, it must be con- and agricultural area under study, the power supply
sidered aspects such as: operating and constructive quality decreases, due to the features of the existing
expenditures, life cycle, response time after the occur- distribution system and the continuous start-up of
rence of a disturbance in the network, geographical high-capacity electric machines, and also soft starters
that contribute to the occurrence of voltage sags.
limitations and physical properties [3].
The case study will cover the Pucará canton and
If geographical limitations are considered, the
pumped storage systems are ruled out, since they re- surroundings, specifically the San Juan de Naranjilquire two reservoirs located at different levels because las village belonging to the Azuay province, Ecuador,
the energy stored is proportional to the volume of liq- which is supplied by the feeder 1424 of the South Reuid and to the difference between the heights of the gional Electric Company (Empresa Eléctrica Regional
reservoirs, thus its installation is limited to places with Sur).
Due to the lack of technical standards that regunon-planar characteristics.
Compressed air is neither chosen because it requires late the power of the motors utilized in the different
very resistant underground caverns to house air at high mining/agricultural activities, it was considered as
pressure and, at last, the thermal energy storage is reference the machinery utilized in a main mining comdiscarded since the operating principle of each of them pany called TRES CHORRERAS, which establishes
the use of 32 HP Allis Chalmers motors, and according
depends on the working ambient temperature.
As a result, electrochemical batteries, flywheels and to this and catalogs available in Ecuador, W21 50 HP
Explosion-proof NEMA Premium electric motors are
supercapacitors are the options remaining [2].
The electrochemical batteries exhibit drawbacks, utilized to drive centrifugal pumps for liquid handling,
such as: at the end of their useful life they pollute crushers, conveyor belts, among others [8].
the environment because an adequate recycling infrasThe features of the motors to be utilized are inditructure is not available [4], their useful life depends cated in Figure 1 [9].
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The simulation model of the distribution network
is indicated in Figure 1, with resistances of 20Ω that
emulate small electrical equipment distributed in each
of the phases (lightning, appliances).

Figure 2. System based on flywheel to mitigate voltage
sags in the CCP.

Figure 1. Model of the distribution network and features
of the 50 HP motors.

1.2. Power quality
One of the important aspects related to the power
quality are the so-called voltage sags, described in detail in the technical standards IEEE 1159, CONELEC
004/01 and NP EN 50160-2010, which define them as
a decrease in the supply voltage to a value between 10
% and 90 % of the nominal voltage.
In addition, the standards define the voltage swell
as an increase in the supply voltage to a value between
110 % and 180 % of the nominal voltage, followed by a
voltage restore after a short period of time. Applying
this criterion to the phase-to-neutral voltage level of
the secondary side of the transformer of Figure 1, the
range for the occurrence of sags is between 26.55 V and
238.95 V, and for swells between 292.05 V and 477.9 V,
thus resulting in a permissible range from 238.95 V to
292.05 V.
The methods utilized in this work to mitigate the
occurrence of voltage sags are described in the following.

2. Materials and Methods
2.1. Proposed power system for the mitigation
of voltage sags in the common connection
point

In Figure 2, the proposed model consists of the
followings control stages:
Control system 1: The power converter associated to the distribution network consists of a
control of current in the synchronous reference
system such as the utilized in [10,11]. Its task is to
control the distribution network voltage and the
DC-link voltage. This control may be divided in
two sub-stages: charge mode, power flows from
the distribution network to the direct current
bus to reach the nominal value of VDC−link . In
this mode, the VDC−link control system operates
using the converter as a controlled three-phase
rectifier. In discharge mode, power flows from the
direct current bus to the distribution network, in
this mode, the control system of the distribution
network voltage operates using the converter as
a controlled three-phase inverter.
Control system 2: the power converter associated to the electric machine consists of a control of current in the synchronous reference system. This control system can be divided in two
sub-stages: charge mode, power flows from the
VDC−link voltage source to the electric machine
that is operating as a motor to reach the nominal speed of charge, in this mode, the electric
machine speed control system operates using the
converter as a controlled three-phase inverter. In
this state, the energy of the system is stored as
kinetic energy. In discharge mode, power flows
from the electric machine operating as a generator to the VDC−link source, to maintain the
voltage at a reference value in the presence of
any load connected to the distribution network.
In this mode, the control system of the voltage
VDC−link of the intermediate circuit operates
using the converter as a controlled three-phase
rectifier.

Figure 2 shows the block diagram model proposed by
this study to mitigate the voltage sags in the CCP,
which is constituted by an electrical machine with
The change between the control modes is subject
flywheel, two controlled three-phase power converters to the voltage at the CCP; in this sense, each of the
and a coupling capacitor called DC-link.
power converters will operate as AC/DC or DC/AC.
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The control loops that constitute the power supply
system based on flywheel are described in the following.
2.1.1. Control system 1, belonging to the control of the distribution network voltage
and of the VDC−link voltage.

is considered equal to 10 % of the base resistance [10], thus resulting Xl = 0, 565 Ω, and
therefore, L = 1, 5 mH. From this initial value
L is calibrated until reaching a value of 7 mH,
with which the total harmonic distortion (THD)
fulfills the standard NP EN 50160-2010, Conelec
004/01 (smaller than 8 %).

According to [12], Rs is associated to the losses
The control system 1 has a structure defined by the
of the passive elements and semiconductors in
charge or discharge operation mode. Figure 3 shows a
the converter.
block diagram of the cascade control system.
Due to the voltage level which are able to
s0 is the Laplace operator.
withstand the SKiM459GD12E4 three-phase converter and the coupling capacitor U37F type
Similarly, the energy balance equations associated
E37F501CPN103MFK0M, a voltage level of 900 Vdc
to the capacitor of the bus, which can represented by
was established as reference for the VDC−link .
means of equations (2) and (3) [10], are also honored.

Figure 3. Control loops of the distribution network voltage and of the VDC−link voltage.

From Figure 3, Bq , BRed−q , BV DC−link are the
gains associated to the measurements of current, distribution network voltage and VDC−link voltage, respectively, with unit values, Gcq , GV DC−link , Gnetwork
are the transfer functions of the controllers, where in
this application classical controllers of proportionalintegral (PI) configuration are utilized, GP W M is the
gain of the PWM, a unit gain has been used in this case,
Y (s)
U (s) represents the transfer function that relates the
distribution network voltage with respect to the curV
rent in the quadrature axis, and DCĩ l ink is the transfer
q
function that relates the VDC−link voltage with respect
to the current in the quadrature axis.
The power converter can be modeled through equation 1, as utilized in [10, 11].
ĩ0d(s)
ĩ0q(s)
V0
= 0
=
Ls0 + Rs
d˜0d(s)
d˜q(s)

VDC_link
Dq
=
I0
ĩq
Cs0 + VDC_link

(2)

√
2 2Vf −n
Dq =
VDC_link

(3)

Where: Dq is the modulation index, C is the total
capacitance of the capacitors that constitute the direct
current bus, I0 is the current that circulates from the
rectifier bridge to the direct current bus, VDCl ink is
the voltage of the direct current bus, s0 is the Laplace
operator.
In the case of the discharge mode, the power converter controlled by means of the current loops in the
direct and quadrature axes is utilized for controlling
the voltage in the distribution
network by means of the


Y (s)
transfer function U (s) , which for the design of the
control system has been characterized as a first order
approximation. In order to find the parameters that
constitute such transfer function, it is considered that
the system based on the flywheel will be connected
in parallel to the distribution network behaving as a
current source. Graphically, Figure 4 shows the scheme
to determine the previously described transfer function
by means of the step response.

(1)

The following is considered regarding the parameters involved in Equation 1:
V0 is the VDC−link voltage, which in the present
work has been defined at a value of 900 V.
According to [12], L is the inductance of the
input filter. For the calculation it is proceeded Figure 4. Model for the transfer function that relates the
in the following way: the inductive reactance voltage at the CCP with the supply of current in phase.
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Point of Common Coupling
When applying the previously described procedure,
the behavior of the distribution network voltage after
a disturbance in current with amplitude ∆I = 400 A
results in ∆V = 51, 6 V , obtaining a transfer function
as the one given by Equation 4.
Y(s)
0, 129
=
U(s)
0, 287s0 + 1

(4)

√ 

6
Te = p (Ld − Lq )Iq Id + λm Iq
2

(8)

Where: p is the number of poles of the synchronous
machine.
The relationship between the angular speed of the
rotor and the current referred to the quadrature axis,
is expressed by Equation 9.
√
6
dwr
+ Bwr = pλm Iq
(9)
dt
2

It is important to remark that the currents supplied
from the energy storage system to the CCP, require a
phase synchronization system to control the active or
reactive power. A normalized phase-locked loop (PLL)
Where: J is the moment of inertia in (kg · m2 ), B
system as the one used in [10] has been utilized in this
is the friction coefficient in (N · m · s) and wr is the
design.
mechanical angular speed.
The relationship between the steady-state current
2.1.2. Control system 2, belonging to the con- in the quadrature axis and the voltage of the capacitrol of the electric machine speed and of tor of the direct-current bus is expressed by means of
the VDC−link voltage.
Equation 10.
The electric machine used in the present work is a perVDC_link Idc
manent magnet synchronous machine, since it presents
√
Iqs =
(10)
pλm 26 wr
advantages over the induction machines, such as: high
efficiency, excellent power density, good mechanical
From the equations of the synchronous machine totorque/current ratio and small size [13]. It should be gether with the capacitor referred to the synchronous
remarked that in synchronous machines the speed of axis, it is obtained the block diagram shown in Figthe rotor is equal to the speed of the rotor flux. There- ure 5, where it is observed an internal loop belonging
fore, θ1 (angle necessary for the Park transformation) to the current loop in the quadrature axis and two
is directly measured by means of position sensors or external loops that correspond to the control of the
by means of the integration of the rotor speed [14].
synchronous machine speed and the control of the
A field-oriented control (FOC) was utilized to con- V
DC−link voltage [15].
trol de synchronous machine speed, which enables
decoupling the mechanical torque and the components
of the magnetization flux, due to simplicity of being
able to independently control the currents isd (associated to the magnetic flux of the machine) and isq
(associated to the mechanical torque exerted by the
machine), thanks to its smooth rotor (Ld = Lq) [10].
The mathematical model of the permanent magnet synchronous machine in the synchronous reference
system is expressed by Equations 5 and 6.
dlq
dt
√
dIq
6
Vq wLd Id + Rs Iq + Lq
+ λm
w
dt
2
Vd = Rs Id − wLq Iq + Ld

(5) Figure 5. Control loop of the VDC−link voltage and of the
synchronous machine speed.

(6)

Where: w is the electric angular speed in (rad/s);
λm is the flux of the permanent magnets, Lq and Ld
are the inductances of the machine in the quadrature
and direct synchronous axes, respectively, in (H); Rs is
the resistance of the stator of the synchronous machine
in (Ω).
The effective power and the torque are expressed
by Equations 7 and 8.
√ 

6
Pe = w (Ld − Lq )Iq Id + λm Iq
(7)
2

From Figure 5, G and M are the gains associated
to the measured values of current and speed, with
unit values, and D, A, C are the transfer functions of
the controllers. PI controllers have been used in this
application; F is the gain of the PWM, which in this
case is a unit gain. H is expressed by equation (1), Z =


√
√ 2 
2VDC_medido Idc
pλm 6
pλm 6
1
√
,
T
=
,
X
=
,
0 +B
2
2
Js
pλ
6w
m

r

K = Js01+B .
For tuning the speed and current loop, it is necessary to know the electric and mechanical parameters
of the three-phase synchronous machine; these data
are shown in Table 1 [15].
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Table 1. Parameters of the permanent magnet synchronous machine

Power (kW)
Poles
Speed (krpm/min)
Resistance of the stator(Ω)
Inductance of the stator (µH)
Inertia (kg · m2 )
Coefficient of friction (N · m · s)
External inductance (mH)

< 125
2
< 36
0,02
entre 70 y 120
0,633
4, 2 × 10−05
1,5

The transfer function required for tuning the PI
controller related to the control of the VDC−link voltage is the same given by equations 2 and 3.
Equations 11 and 12 are the result of the simplification of the loops of current and synchronous machine
speed.
iqs
Es02 + P s0 + N
=
i0qs
Qs03 + Is02 + Y s0 + U

(11)

Control system 1: for the control loop of the
direct and quadrature currents, the PI controller
has kp = 0.36 and ki = 0.09, for the control loop
of the direct current bus VDC−link voltage, the
PI controller has kp = 51.02 and ki = 0.32, and
for the control loop of the distribution network
voltage, the PI controller has kp = 36.98 and
ki = 4.3.
Control system 2: for the control loop of the
direct and quadrature currents, the PI controller
has kp = 655 and ki = 166.62, for the control
loop of the VDC−link voltage of the direct current
bus the PI controller has the same values as the
control system 1, and for the control loop of the
synchronous machine speed, the PI controller
has kp = 9.5 and ki = 0.005.

The system based in the flywheel has two constraints in the discharge mode:

Where:
E = 4JLVDC−link , P = (4LBVDC−link +
4JRVDC−link ).
N = 4RB, L = Lsynchronous−machine + Lexternal
belonging to the numerator of equation (11).
Q = 4JL2 , I = 4L2 B + 8JRL, Y = 8RBL+
6VDC−link p2 λ2m L, U = 4R2 B + 6VDC−link p2 λ2m R,
L = Lsynchronous−machine + Lexternal belonging
to the denominator of equation (11).
wr
1, 22pλm
=
iqs
Js0 + B

Minimum voltage level of the VDC−link voltage
of the direct current bus, which is calculated by
means of Equation 13 [10]. For this work, the
minimum voltage is Vdcm inimum = 639V .
Discharge depth of the flywheels. This is calculated as the 75 % of its stored energy, which for
this case is wr−minimum = 27rad/s.

(12)

The tuning of the PI controllers for the different
control loops is carried out by assignment of poles and
zeroes, considering the following aspects [11]:
In this work the switching frequency is set at 15
kHz, which limits the dynamics of the current
loops, since for frequencies above fsw
2 = 7.5 kHz,
the modeling technique loses its validity.

VDC_minimmunm

√
2 2Vf −n(rms)
=
Dq

(13)

If the system based on flywheels is below the constraints in discharge mode, the reference current is
fixed to a value of 0, so that it does not supply nor
absorb power during the occurrence of a voltage sags
at the CCP.

From the tuning frequency of the PI for the current loop, it should be tuned a decade below for
the remaining control loops.
3. Results and Discussion
The phase margin of the Bode plot has to be
3.1. Performance of the control system
greater or equal to 60◦ electrical.
The gain margin is greater than or equal to 7 In order to verify the performance of the system based
dB.
on flywheel, the limits established in section 3 are considered. On that basis, the model of Figure 1 is simuConsidering these aspects, the following parameters lated, without including the system based on flywheel.
of the PI controllers were obtained:
The resulting voltage level is illustrated in Figure 6.
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Figure 8. Voltage level by including the power system
Figure 6. Behavior of the voltage at the CCP at the mobased on flywheels to mitigate voltage sags at the CCP.
ment of starting the motors in the distribution network,
without the power system based on flywheels.

It can be seen in Figure 8 that at the start-up instant of the first motor, which is 6 s, the voltage level
is inside the acceptable range established in section 3,
with a value of 244 V, compared to the voltage level of
Figure 6 it increased 13 V. Similarly, it occurs at 8.5 s
when the second motor starts with a voltage level of
244 V at that instant.

From Figure 6 it can be seen that before starting
the operation of the loads (t < 0,3 s) the voltage level
at the CCP is 265.5 V, which is between the acceptable
margins established in section 3 and with a current of
13 A (Figure 7), due to the charge of 20 Ω which is
It can be seen in Figure 9 the voltage VDC−link
connected.
and the synchronous machine speed. The following
At the moment when the first electric motor starts events are observed: before the motors start the volt(t ≥ 0,3 s), a sudden and transient decrease in voltage age VDC−link increases up to a reference value of 900
is observed with a value of 231 V (Figure 6), which V, with the associated power converter operating as
demands a peak current of 400 A with a duration time a rectifier so that the distribution network can abof 0.2 s, as indicated in Figure 7. In this condition, the sorb power, with its corresponding current loop with
voltage at the CCP is in the range established for the negative reference equal to -20 A (Figure 10a).
occurrence of a voltage sag.
It is important to remark that in this condition,
The time in which the voltage level enters again in the current of the system based on flywheel known as
the acceptable range is 0.2 s (Figure 6).
If ilter is out of phase with the current that circulates
Such behavior occurs again in 0.7 s, because the through the load (Figure 10a). Similarly, it is observed
second motor is connected, with the same value of in Figure 9 that the synchronous machine speed starts
to increase up to a reference value of 200 rad/s with the
peak current and stabilization time.
associated power converter operating as an inverter,
so that the flywheel absorbs power from the VDC−link
voltage source, with its corresponding current loop
with positive reference equal to 40 A (Figure 11). In
this state the power system based on flywheel is in
charging mode.
When the synchronous machine reaches the corresponding reference speed operating as a motor, it
consumes a total current of 3.8 A (Figure 11). In this
state the power system based on flywheel is in stand-by
mode.

At time t ≥ 6 s of Figure 9 it is observed a sudden
decrease in the voltage VDC−link with a value equal to
860 V, which is due to the start of the first motor connected to the CCP, and at this instant the associated
power converter operates as inverter to supply power
to the distribution network, with the corresponding
current loop with positive reference equal to 115 A
The connection of the power system based on fly- (Figure 10b). An important aspect is that the current
wheels is now considered, which supplies energy to supplied to the network by the system based on flymitigate the voltage sags at the CCP, resulting in wheel, known0 as If ilter , is in phase with the current
Figure 8.
that circulates through the load (Figure 10b).
Figure 7. Behavior of the current in phase «A» at the
CCP, at the moment of start-up of the electric machine in
the distribution network, without the power system based
on flywheels.
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To avoid that the VDC−link decreases sharply, the
synchronous machine starts operating as a generator
reducing its velocity up to a value of 164.3 rad/s, delivering power by means of the power converter in
rectifier mode to the VDC−link voltage source, with
the corresponding current loop with negative reference
equal to -100 A (Figure 11).

motor, which is of 0.2 s. In this state, the system based
on flywheel is in discharge mode.

Once the start time of the motor has passed and
when the voltage at the CCP is in the range established in section 3, the VDC−link voltage jointly with
the machine speed increase again up to their reference
The decrease of the VDC−link voltage and the ma- values (Figure 9), and the previously mentioned cycle
chine speed are maintained during the start of the is repeated again when another voltage sag occurs.

Figure 9. VDC−link voltage and synchronous machine speed.

Figure 10. Reference current of the power system based on flywheels: a) charge mode, b) discharge mode.

Figure 11. Reference current for the synchronous machine.
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Point of Common Coupling
Another important aspect is the THD level at the
charge, stand-by and discharge moments of the system
based on flywheel. After the simulation test, the following results were obtained: 1) regarding the THD of the
current that circulates to the load it was obtained 2.4
%, less than the established which is 8 % (standards
CONELEC 004/01, NP EN 50160-2010), 2) regarding
the THD of the voltage measured at the CCP it was obtained 2.4 %, less than the established in the standard,
3) regarding the THD of the current that circulates to
the system based on flywheel it was obtained 3.4 %,
less than the established in the standard.

To overcome this problem, an auxiliary power supply system must be installed in parallel, which should
consist of a control system that jointly monitors: the
voltage level of the direct current bus, the synchronous
machine speed and the distribution network voltage,
since in this way, when the system based on the flywheel and the distribution network are below the allowed values, it starts supplying power to avoid the
occurrence of voltage sags at the CCP.
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Abstract

Resumen

T-wave alternans (TWA) analysis is one of the main El análisis de la alternancia de la onda T (TWA,
techniques for determining whether an individual T-wave alternants) constituye una de las principales
is at risk of sudden cardiac death (SCD). Among técnicas para determinar la presencia del síndrome
the existing methods for determining TWA is the de muerte súbita cardíaca (MSC). Entre los métoadaptive spectral method (SM-Adaptive), which uses dos existentes para determinar TWA se encuentra
time-frequency distributions (TFD) for the analysis. el método espectral adaptativo (SM-Adaptativo), el
The objective of the study is to apply the method on cual utiliza distribuciones en tiempo-frecuencia (TFD,
main public databases in order to detect the presence time-frecuency distribution) para el análisis. El obor absence of alternations, and to obtain quality pa- jetivo del estudio es aplicar este método sobre las
rameters of the aforementioned method. The method principales bases de datos públicas con el fin de detecwas tested on synthetic signals, 90 signals without tar la presencia o ausencia de alternancias y obtener
TWA and 450 with TWA; on the other hand, 10 sig- parámetros de calidad del método en mención. El
nals from Physionet’s TWADB database belonging método fue probado en señales sintéticas, 90 señales
to healthy patients and 26 signals from patients with sin TWA y 450 con TWA; por otro lado, se utilizaron
risk factors associated to SCD were used. Tests with 10 señales de la base de datos TWADB de Physionet
synthetic signals showed a sensitivity of 94.89%, speci- pertenecientes a pacientes sanos y 26 señales de paficity of 92.22% and accuracy of 94.44%. As for the cientes con factores de riesgo asociados a la MSC.
tests in the database, the method exhibits an accu- En las pruebas con señales sintéticas se obtuvo una
racy of 80.56%, which indicates that the SM-Adaptive sensibilidad de 94,89 %, especificidad de 92,22 % y
method enables detecting TWA with an acceptable exactitud de 94,44 %. En cuanto a las pruebas en la
accuracy and, in addition, it shows greater robustness base de datos el método presenta una exactitud del
against noise and stationary data.
80,56 %, lo que indica que el método SM-Adaptativo
permite detectar TWA con una exactitud aceptable,
además, que presenta mayor robustez frente a ruido
y a la estacionariedad de datos.
Keywords: ECG, sudden cardiac death, T-wave alternans, SM-Adaptive.

Palabras clave: ECG, muerte súbita cardíaca, alternancia de la onda T, SM-Adaptativo.
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1. Introduction
The sudden cardiac death (SCD) is an event that
causes the death in a fast and unexpected manner of
an apparently healthy individual, or with a known
cardiac disease but with low death probability. The
SCD is produced by an electric instability of the heart,
which prevents the occurrence of a heartbeat and, as
a consequence, the heart stops pumping blood to the
rest of the body. This produces a lack of blood flow
to the brain, with causes the loss of oxygen; this gives
rise to an abrupt loss of consciousness, and the death
of the individual.
Among the main causes of the SCD are the cardiovascular problems [1]. The cardiac diseases that are
more related to the SCD are the following: coronary
artery disease, cardiomyopathies, electrophysiological
anomalies, heart valve disease and congenital cardiac
anomalies, among others [2].
Similarly, it is estimated that the SCD is responsible for 3 to 7 million of deaths worldwide every
year [2, 3]. In Latin American countries there are no
official records related to the SCD, which prevents
knowing its incidence in a precise manner. The reports
about this problem are not uniform, since the SCD
constitutes a multifactorial problem and varies according to the age. In addition, there is the possibility that
it continues to increase as a result of the increment
of the coronary diseases (smoking, obesity, diabetes
mellitus, high blood pressure, high cholesterol levels),
thus becoming an important unresolved challenge.
At present, the therapies mostly used to prevent
the SCD are the medication and the implantable
cardioverter-defibrillator (ICD) [3], however, since they
are invasive and high cost tests, it is evident the search
for techniques that enable a fast detection of this type
of phenomena of great interest in the social and technological areas.
The ECG is one of the tools mostly used for the
study and diagnosis of heart diseases. It enables recording the electrical activity of the heart by placing electrodes on the body surface, such that it is obtained a
sequence of heartbeats described in a set of waveforms
(P, Q, R, S, T), segments and complexes [4, 5].
The existing mechanisms to measure the electrical
instability of the heart in the ECG include the QT
prolongation, QT dispersion, late potentials, T-wave
alternans (TWA) and heart rate turbulence [6]. The
TWA has been used for the analysis of the ventricular
repolarization, which manifests in the ECG as periodic
fluctuations of the T-wave amplitude [7].
The TWA estimation implies measuring, beat-tobeat, the variability of the amplitude, duration and
shape of the ST-T segment of the ECG record [8]. The
TWA signal is generally in the range of microvolts;
therefore, it is necessary to use advanced digital signal
processing techniques and computational algorithms
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In recent years, various TWA analysis procedures
have been proposed. The techniques mostly used have
been developed in time-domain, among which there is
the moving average method (MAM), which calculates
the TWA value using the difference of the mean value
of even and odd beats [9]; another method is the correlation method (CM), which detects alternans using
the cross-correlation [10]. The methods developed in
frequency-domain include, among others, the spectral
method (SM), which utilizes the discrete Fourier transform (DFT) to analyze the frequency component at
0.5 cycles per beat (cpb) [11]. A similar method is complex demodulation (CD), which fits a sinusoidal signal
at the frequency of 0.5 cycles per beat of the aligned
T-waves [12]. The main drawback of these methods
is that they are very sensitive to signals with noise.
Recently, artificial intelligence techniques are being
used for SCD classification [5].
With the purpose of overcoming the limitations of
the methods previously described, Ghoraani et al. [13]
propose a method called Adaptive-SM for detection
and quantification of TWA, which is based on the process of the SM method and carries out the analysis
of TWA using time-frequency distributions; hence, it
enables representing the spectral variations of TWA
along time, and at the same has the capability of following nonstationary structures. On the other hand, it
utilizes the non-negative matrices factorization (NMF)
with the purpose of separating the noise from the TWA
signal, so that the detection capability is improved.
The main objective in this work is evaluating the
performance of the Adaptive-SM method in different
scenarios. In order to achieve this objective, a set of
synthetic signals (simulations) with and without added
TWA of variable amplitudes, and with different levels
of noise, have been utilized. The first group, i.e., the
synthetic signals with added TWA were generated from
five base signals to which alternans with different amplitudes have been added: 10µV , 20µV , 50µV , 100µV
and 200µV . Therefore, there are 25 signals available;
the alternans are generated from three wave shapes:
Gaussian, triangular and rectangular, which results
in 75 signals. At last, five different levels of Gaussian
white noise were added to all ECG signals, with SNR:
10, 20, 30, 40 and 50. These signals together with the
noise-free signals resulted in a total of 450 test signals. For the second group, constituted by synthetic
signals with TWA, five signals were taken as base,
with three different wave shapes (15 signals) and five
noise levels. Therefore, together with the noise-free
signals, 90 signals were obtained. Hence, between the
two groups there is a total of 540 synthetic test signals.
Then, the test on real signals was developed for which
the Adaptive-SM method was applied to 36 signals of
Physionet’s TWADB database. The signals belong to
healthy patients and to patients that have the risk of
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SCD. The TWA magnitude was calculated with the
purpose of determining the existence or absence of
alternans of the test signal. This enabled to establish
values of sensitivity, specificity and accuracy. In addition, a comparison of such parameters was carried out
with the SM and MAM methods which are available
in the TWAnalyser software [14].

2. Materials and methods
The present work is focused on the analysis of heart
signals; 540 synthetic signals and 36 signals from the
TWADB database, with the purpose of detecting TWA
in the signals using the Adaptive-SM method, and then,
obtaining the quality parameters of the algorithm, to
evaluate its performance.
Initially, the method requires a preprocessing stage
to filter the signals, and to detect and segment the
characteristic points of the ECG signal.
Then, the Adaptive-SM method is applied followed
by the NMF technique, with the purpose of detecting
the presence or absence of alternans in the signal. This
enables the classification of the signals with and without TWA. Figure 1 shows the stages of the proposed
methodology.

SCD, these records have been obtained from patients
with myocardial infarctions, transient ischemia, and
ventricular tachyarrhythmias, among others.

2.2. Preprocessing
In general, heart signals have noise that disturbs and
distorts the information contained in the signal. The
noise is caused by external interferences, such as the
body movement, breathing and muscle spasms, bad
placement of the electrodes, etc. This is why a robust
preprocessing stage is required, which includes the
elimination of noise, the removal of interferences at
different external frequencies and the correction of the
baseline deviation [4].
The methods utilized should guarantee that an appropriate filtering is carried out, as well as that there
is no loss of relevant information, since the alternans
are often confused with noise components because they
are in the level of microvolts. In this case, the aim is
to maintain the alternans characteristics, and at the
same time, eliminate noise.
On the other hand, as a prerequisite for the
Adaptive-SM method, it is necessary to extract the
ST-T segment from every beat. Therefore, a method
for extracting the characteristics is required, and another for segmentation of the different waves, segments
and complexes that constitute the ECG signal [5].

2.3. Description of Adaptive-SM
The Adaptive-SM method utilizes time-frequency distributions (TFD) to obtain a representation of the
frequency components of the signal along time. It is
This procedure enables obtaining the quality pa- constituted by two stages, (i) alignment and (ii) estirameters of the model, namely sensitivity, specificity mation of the adaptive TFD.
and accuracy.
Figure 1. Proposed methodology for the detection of SCD.

2.1. Development of the experimental phase

2.3.1. Alignment

First, it was tested the performance of the algorithm on
450 synthetic signals, which represent signals without
TWA, with different noise levels and variable alternan
amplitude. In addition, a second group of 90 signals
without added TWA, i.e., with amplitude 0µV and
different noise levels.
Then, 36 signals taken from the T-Wave Alternans
Database (TWADB) presented in [15] were selected,
which includes signals belonging to healthy patients
and patients with risk factors associated to SCD. The
ECG records have been sampled at 500 Hz with an
approximate duration of two minutes.
The 36 signals are divided as follows, 10 signals
corresponding to healthy patients, and the remaining
26 signals of patients with risk factors associated to

With the aligned waves it is constructed a matrix A,
as shown in Equation 1, of dimension M × N, where
M is the number of beats, in this case 128, and N is
the length of the segment ST-T.

T

1 (1)
T (1)
 T23 (1)
A=
 ..
.
TM (1)

T1 (2)
T2 (2)
T3 (2)
.
.
.
TM (2)

···
···
···
···
···



T1 (N )
T2 (N )

T3 (N ) 
 = A1
.

.
.
TM (N )

A2

···

AN



(1)

The rows represent the ST-T segments of each beat
and the columns describe the beat-to-beat variations
of the ST-T segment. The graphical representation of
alignment matrix A is shown in Figure 2.
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Figure 2. Aligned ST-T segments (128 segments) with a
length of 132 samples, of the signal TWADB55.

Figure 3. Average adaptive TFD of the TWADB55 signal corresponding to a healthy patient; it is observed low
alternan values at 0.5 cpb.

2.3.2. Adaptive TFD
TFD is a two-dimensional representation of the signal
energy in terms of time and frequency. The adaptive
TFD method utilizes the Matching Pursuit algorithm
to decompose a signal x in time-frequency atoms. Once
the signal is decomposed, the Wigner-Ville distribution is used to obtain the energy distribution in the
time-frequency domain, using Equation 2.

V (t, f ) =

I
X

2

|αγi | W V Gγi (t, f )

(2)

i=1

Matrix Vi is generated applying the Adaptive TFD
method to matrix A, and then a matrix defined by Figure 4. Average adaptive TFD of the TWADB12 signal
corresponding to a patient with risk factors of SCD; it is
Equation 3 is constructed calculating the average.

observed low alternan values at 0.5 cpb, however, between
samples 20 and 40 there is a possible alternan component.

V M ×M =
2

N
1 X
Vi
N i=1

(3)

The TWA magnitude is calculated taking the energy values at 0.5 cycles per beat. The energy at 0.5
cycles per beat T(t) and the energy values of the noise
present in the interval 0.36 to 0.49 cycles per beat, are
required to estimate the TWA value.
Figures 3 and 4 show a graphical representation of
the adaptive TFD on two heart signals of the TWADB
database [15].

2.4. Non-negative matrices factorization
A new matrix Vl×M 0 is constructed in this stage, where
in this case I = 16 and M is equal to the length of
the analysis window, 128 in this case. NMF factors
the input matrix V in two matrices Wm×r and Hr×n
of smaller size. Taking the value r = 3, three vectors
W1 , W2 and W3 are determined. The representative
components of the TWA magnitude are grouped in a
single vector represented as Wt .
The TWA magnitude is expressed according to
Equation 4, and thus it is possible to separate the
alternans components of the noise.
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T W A = wt ht

(4)

At last, the TWA value of vector wt is calculated,
which is the component with the greatest TWA magnitude, according to equation 5.
f = Real

p

T − µnoise

(5)

Figures 5 and 6 show the separation of the alternans
components of the noise. The upper graph indicates
the alternan components, and the lower part shows
the noise extracted from the signal.

Figure 7. Component with the greatest TWA magnitude
of the TWADB55 signal, the TWA is calculated at 0,5
bcpl.

Figure 5. Decomposition of the TWADB55 signal in its
alternan and noise components.

Figure 8. Component with the greatest TWA magnitude
of the TWADB12 signal, the TWA is calculated at 0,5
bcpl.

2.5. Classification

Figure 6. Decomposition of the TWADB12 signal in its
alternan and noise components.

Immediately after calculating the TWA magnitude, a
threshold value (Th) of 1, 5 µV is established. Then,
the signals are classified according to the hypothesis
given by Equation 6.
f > T h ⇒ H0
f < T h ⇒ H1

(6)

Figures 7 and 8 correspond to the signal factorized
in three components; the component with the greatest
Where H0 indicates presence of TWA in the signal,
TWA magnitude is indicated in the graph.
and inversely, H1 indicates absence of TWA.
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3. Results and discussion
3.1. Tests with synthetic signals
This first test was carried out with the purpose of evaluating the performance of the Adaptive-SM method
on synthetic signals, which simulate heart signals, to
which artificial alternans and noise have been added,
at different levels.
The scheme of Figure 9 shows the synthetic signals
used, divided in two groups, and the process necessary
to find the quality parameters.

Figure 9. Process for obtaining the quality parameters
using synthetic signals with and without added TWA.

for lower values of SNR, it is seen that for SNR of
20 and 10 the number of false positives is 3 and 17,
respectively, i.e., for these values of SNR the classification does not show a 100 % accuracy and in any
case it has been reduced up to 73.33 % for the signals
with the lowest SNR value. This indicates that the
algorithm is sensitive to high levels of noise (low SNR),
in particular for values of SNR smaller than 20.
However, when calculating the specificity of the
method which was found to be 92.22 %, the AdaptiveSM method has been capable of appropriately classifying signals without TWA (healthy individuals), even
with high noise levels.
Continuing with the tests on synthetic signals, 450
synthetic signals with TWA artificially added have
been taken, which represent individuals with risk factors associated to the SCD.
The results of the classification are shown in Tables
2 and 3. In Table 2 the results are divided according
to the noise level, while Table 3 shows the results
according to the amplitude of the added alternans.
Table 2. Classification of the synthetic signals with TWA
noise levels

Initially, the SM-Adaptive method was evaluated in according to the added
90 synthetic signals without TWA, i.e., signals that simulate heart signals without the presence of alternans,
SNR(dB)
which correspond to healthy individuals. The results
Without noise
of the classification obtained applying the method to
50
the 90 signals can be found in Table 1, the values are
40
presented according to the different levels of noise.
30
20
Table 1. Classification of the synthetic signals without
10
TWA according to the levels of added noise
SNR (dB)

VN

FP

Without noise
50
40
30
20
10

15 (100 %)
15 (100 %)
15 (100 %)
15 (100 %)
12 (80 %)
11 (73,33 %)

0 (0 %)
0 (0 %)
0 (0 %)
0 (0 %)
3 (20 %)
17 (26,67 %)

Total

83 (92,22 %)

23 (7,78 %)

As a result, 83 true negatives (TN) and 7 false
positives (FP) were obtained. In this case, the true
negatives indicate that a signal without TWA has
been effectively classified as a signal without TWA;
on the other hand, the false positives indicate that a
signal without TWA has been classified as a signal
with TWA.
Table 1 shows that the signals without the presence
of any type of noise, which does not occur in real signals, have been correctly classified. It occurs similarly
with the signals with high SNR values, 50, 40 and 30,
which correspond to low noise levels (amplitude of the
noise), since they are inversely proportional. The classification of the signals starts generating false results

Total

VP

FN

75 (100 %)
75 (100 %)
75 (100 %)
74 (98.66 %)
70 (93.33 %)
58 (77,33 %)

0 (0 %)
0 (0 %)
0 (0 %)
1 (1,34 %)
5 (6,67 %)
17 (22,67 %)

427 (94,89 %)

23 (7,78 %)

Table 3. Classification of the synthetic signals with TWA
according to the amplitude of the added alternans

Amplitude (µV)

VP

10
20
50
100
200

76 (84,44 %)
85 (94,44 %)
87 (96,67 %)
89 (98,89 %)
90 (100 %)

Total

427 (94,89%)

FN
14
5
3
1

(15,56 %)
(5,56 %)
(3,33 %)
(1,11 %)
0 (0 %)

23 (5,11 %)

As a result of the classification carried out by the
Adaptive-SM method, there are 427 tests diagnosed
as true positives and 23 as false negatives. The true
positives indicate that a signal with TWA has been correctly classified, and on the contrary, the false negatives
indicate that a signal with TWA has been classified
as a signal without TWA.
Table 2 includes the responses of the method for
signals with different noise levels. A noise-free signal
is diagnosed with an accuracy of 100 %, and similar
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results are achieved for SNR values of 50 and 40, i.e.,
as the SNR value of the signal is greater, the method
shows more accurate results. For SNR values of 30
dB, 20 dB and 10 dB, the classification starts to give
wrong results; it is the case that for these values of
SNR there are 1, 5 and 17 false negatives, respectively.
Therefore, the method is more sensitive for values of
SNR smaller than 30 dB, resulting in false detections.
Table 3 shows the resulting classification for different values of alternans. For an amplitude of 200 µV the
detection is made with an accuracy of 100 %, which
indicates that, as the alternans contained in the signal
are greater, it is simpler for the algorithm to detect
them. As the amplitude of the alternans decreases,
also does the detection percentage, and for 10 µV it
has decreased up to 84.44 %, i.e., the method shows
difficulties in detecting a very small alternan wave,
which could be due to the fact that such wave is being
confused with noise or another type of interference.
From the known values of true positives and false
negatives, the value of sensitivity was determined as
94.89 %, an acceptable value, which shows that the
method has a high probability of correctly classifying
a signal with TWA (individuals with risk of SCD).
Therefore, the method has been capable of performing
a correct classification with an accuracy of 94.44 %,
which indicates that it has a high probability of diagnosing correctly signals with and without TWA, with
different levels of noise and variable alternans.

chosen, calculated value of the detected alternan and
the diagnosis generated, true negative or false positive.

Table 4. Results given by the Adaptive-SM method in
signals of healthy individuals

Signal

TWA Value

Diagnosis

twa39
twa46
twa55
twa60

0
8,3949
0
0

VN
FP
VN
VN

twa10
twa23
twa61
twa62
twa71
twa93

0
0
0
0
0
27,1057

VN
VN
VN
VN
VN
FP

The method classified 8 of 10 signals as signals
without TWA, i.e., there are 8 true negatives and 2
false positives. This indicates that the method is ca3.2. Tests with signals from the TWADB pable of correctly detecting a signal without TWA
database
and, therefore, a healthy individual (specificity), with
A second way for evaluating the performance of the a probability of 80 %.
Adaptive-SM method was conducted utilizing real sigThe other group of analysis is constituted by 26
nals from the Physionet’s TWADB database. The sesignals
corresponding to patients with risk of SCD.
lected signals correspond both to healthy individuals
The
results
are shown in Table 5, which has the followand to individuals with risk of SCD, as shown in the
ing
information:
name of the signals, calculated TWA
scheme in Figure 10.
value, in µV, and diagnosis of the detection.
In the case of signals with risk of SCD, of the 26
signals, 5 were classified as signals without TWA, i.e.,
there are 5 false negatives; on the other hand, the remaining 21 signals have been correctly classified, and
thus there are 21 true negatives. With the number of
true positives and false negatives, the sensitivity of the
method has been calculated resulting in 80.76 %, i.e.,
it has a high probability of correctly detecting signals
Figure 10. Process for obtaining the quality parameters without TWA and, therefore, individuals with risk of
using signals from the TWADB database.
SCD.
The tests were carried in two groups of analysis, on
one side, ten signals from healthy patients were taken,
i.e., signals that do not contain alternans. Once the
Adaptive-SM method is applied to these signals, the
classification shown in Table 4 is obtained as a result,
which has the following information: name of the signal

According to the data of Tables 4 and 5, there are
29 signals correctly classified of a total of 36 signals,
among signals with and without TWA, which results
in an accuracy of the method of 80.56 %, i.e., the
method has a high probability of correctly detecting
and classifying signals with and without TWA.
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Table 5. Results given by the Adaptive-SM method in
signals of patients with risk of SCD

Table 6. Quality parameters of the Adaptive-SM, SM and
MMA methods

Signal

TWA Value

Diagnosis

Parameter

Adaptative-SM

SM

MMA

twa07
twa32
twa85
twa92

8,1842
8,0292
0
3,6081

VP
VP
FN
VP

Sensitivity
Specificity
Precision

80,76%
80%
80,56%

61,53%
70%
63,89%

100%
0%
50%

twa00
twa08
twa45
twa63
twa68
twa95

0
0
40,2243
1,8172
4,1085
6,5078

FN
FN
VP
VP
VP
VP

twa12
twa27

0
0

FN
FN

twa03
twa11
twa18
twa19
twa20
twa31
twa36
twa40
twa41
twa48
twa49
twa53
twa54
twa83

24,1159
9,8338
6,7598
6,1028
0
10,3374
6,6947
0
5,6962
8,1214
4,0385
2,6401
53,9866
9,1466

VP
VP
VP
VP
FN
VP
VP
FN
VP
VP
VP
VP
VP
VP

From the results in both types of tests, i.e., on synthetic signals and records from the TWADB databases,
these indicate a better performance of the AdaptiveSM method with respect to the other two methods,
in all quality indices. Specifically, the Adaptive-SM
algorithm is characterized by its robustness in the
detection of alternans.

4. Conclusions

The extensive experiments showed that the AdaptiveSM method is capable of correctly detecting alternans
and classifying the signals. In addition, it could be compared, by means of standard metrics, the performance
of the algorithm when subject to different noise and
alternans levels, exhibiting advantages with respect to
the classical SM and MMA methods. This superiority
is because the Adaptive-SM utilizes time-frequency distributions that enable a more detailed analysis of the
signal, thus avoiding the loss of relevant information
contained in the heart signal and, therefore, yielding
better results in the detection of alternans.
In conclusion it could be indicated that the
Adaptive-SM is a promising technique for the early
and non-invasive detection of the SCD.
In a future work it will be studied the capability
of
the
algorithm for long-term analysis, and its perSubsequently, in this work a comparison was made
formance
in mobile monitoring systems intended to
between the Adaptive-SM method and the SM and
eHealth;
all
this accompanied with the criterion of an
MMA methods; these latter are implemented in the
expert
cardiologist
specialized in SCD.
TWAnalyser software [14]
The 36 signals previously described were taken for
this experiment. The results of specificity, sensitivity
and precision are shown in Table 6.
The MMA method is the one that exhibits more
problems, since its sensitivity of 100 % and specificity
of 0 % suggests that it classifies all signals as signals
with TWA, although they do not have alternans. Then,
this method considers any type of disturbance as an
alternan, which is wrong, and this is the reason why
the methods classifies incorrectly 50 % of the test signals. On the other hand, the SM method shows a more
balanced performance, however, when compared to
the Adaptive-SM the percentage of accuracy in the
classification is considerably smaller, with a precision
of only 63.89 %. The Adaptive-SM method results a
more acceptable method with a balanced behavior in
the detection of signals with and without TWA.
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Abstract

Resumen

This paper presents the design of a robust Active Disturbance Rejection Controller (ADRC) for tracking
the reference trajectory of the output voltage of a
flying capacitor multilevel inverter. If the dynamics
of each flying capacitor and of the passive elements
of the filter are considered in the dynamic model of
the converter, it results a high order model, which
is difficult to control. PS-PWM modulation is used
in this work to keep the voltages in the flying capacitors at their nominal values, and thereby generate
a second-order simple dynamic model that is easier
to control. The simulation and experimental results
confirm that the controller is robust in the presence
of disturbances, caused by either linear or nonlinear
load changes. The experimental prototype of the complete system was built, and the implementation of
the controller and the modulator was carried out in
a FPGA; the results obtained are shown in the final
part.

Este artículo presenta el diseño de un controlador mediante la técnica de rechazo activo de perturbaciones
para el seguimiento de la trayectoria de referencia
para el voltaje de salida de un inversor multinivel
de capacitores flotantes. Si en el modelo dinámico
del convertidor se consideran las dinámicas de cada
capacitor flotante, adicionalmente, las de los elementos pasivos del filtro de salida, el modelo resultante
es de un orden alto, lo que dificulta su control. En
este trabajo se emplea la modulación PS-PWM para
mantener los voltajes en los capacitores flotantes en
sus valores nominales y de esta manera poder generar
un modelo dinámico simple, que resulta ser más fácil
de controlar. Los resultados de simulación y experimentales, confirman que el controlador es robusto a
perturbaciones provocadas por cambios en la carga,
sin importar si son de tipo lineal o no lineal. Se realizó
la construcción del prototipo experimental del sistema
y se implementó el controlador y modulador en un
FPGA y en la parte final se muestran los resultados
obtenidos.

Keywords: Active Disturbance Rejection, Exact Linearization, Flying Capacitors, Natural balancing,
Power converter, Robust Control.

Palabras clave: balanceo natural, capacitores
flotantes, control robusto, convertidor de potencia,
linealización exacta, rechazo activo de perturbaciones.
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1. Introduction
Electric power may be available in two modes: direct
current (DC) or alternating current (AC). There are
applications where it is required the transformation
from one mode to the other, and such conversion is
carried out by a device known as power converter; for
example, the AC-DC transformation is performed by
a converter called rectifier, and the DC-AC conversion
is carried out by a converter called inverter [1]. The
power converters are built with commutation devices
and passive elements such as capacitors, inductors,
diodes and transformers. In general, the power that
the converter is capable of delivering is limited by
the current and voltage ratings of its switches and
commutation devices.
Even though an inverter should ideally produce a
sinusoidal voltage in traditional applications of alternating current (to achieve better efficiency and low electromagnetic interference, among other advantages [2]),
they are only capable of producing rectangular waves
(i.e., with three levels). With the rise of multilevel
inverter topologies, it was possible to generate voltage waves with multiple levels, which are more similar
to the ideal sinusoidal wave. The most well-known
topologies of multilevel converters are: cascade cells,
diode clamped and flying capacitor [3]. The first topology mentioned consists of a series connection of Hbridges and requires isolated voltage sources for each
of the cells, while the last two require only one voltage
source [4].
The topology of flying capacitor multilevel converters (FCMC) has demonstrated to be an excellent choice
in applications where high power density is required [5].
The structure of a FCMC consists of power cells. Each
power cell is constituted by a pair of switches and a
flying capacitor. The number of levels at the output
of the FCMC may be increased by adding more cells
to the FCMC, but more capacitors and switches are
required. Each flying capacitor should be charged to a
particular nominal voltage. Depending on the state of
the cell switches, the flying capacitor will or will not
supply its voltage at the output of the converter.
For the correct operation of the FCMC, a balanced
distribution in the voltages of the flying capacitors
should be maintained: each of them should maintain a
nominal voltage equivalent to a fraction of the total
voltage of the DC bus divided between the number of
cells. Two independent processes known as precharge
and balancing (or regulation) of the voltages in the
flying capacitors, are carried out to achieve a correct
operation of the FCMC.
For the case of the precharge, some reported methods may be found in [6] and [7]. On the other hand, the
balancing of the voltages in the flying capacitors may
be carried out passively and actively. The natural or
passive balancing utilizes a modulation technique com-
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monly called Phase Shifted-PWM (PS-PWM). This
modulation technique is employed to generate the commutation states that form the desired output voltage
signal and, at the same time, it maintains an average
net charge equal to zero in the flying capacitors.
The aforementioned passive balancing technique is
easy to implement, but it does not guarantee that the
voltages of the capacitors reach their nominal values,
because the components utilized in the construction
of the FCMC regularly have non-ideal conditions, i.e.:
unequal leakage currents in the capacitors, asymmetrical charge and discharge in the capacitors and load
disturbances, among others [8]. On the other hand, in
active balancing the voltage of the flying capacitors is
individually regulated. This approach requires the use
of a voltage sensor for each of the flying capacitors as
shown in [9] and [10], or estimating them by means of
observers as it is considered in [11].
A necessary control task in power converters is
supplying an output voltage of constant amplitude,
regardless of the effective load resistance. For the case
of the DC-AC converter it is desired that the output
tracks a reference voltage despite the disturbances that
occur due to changes in the load current or in the input
voltage [12]. A feedback control system is required for
these tasks to be carried out precisely. Voltage tracking
in multilevel inverters has been addressed using different control techniques. Different control schemes have
been employed for the cascade cells topology, which
include: passivity-based controller [13] and generalized
proportional integral tracking control [14]. Voltage
tracking for the flying capacitor topology has been
carried out in [15] and [16]. In [15], each appropriate commutation state is generated to produce the
desired output voltage, using an algorithm that does
not require an additional modulation nor the model
of the converter. In [16], the authors state that the
tasks of voltage balancing and voltage reference tracking are coupled, which becomes a serious problem in
high bandwidth and high precision applications. They
emphasize in the decoupling of these tasks by means
of two techniques: feedback linearization and a variant of vector space modulation. Proportional-integral
(PI) and linear quadratic regulator (LQR) controllers
are applied for voltage tracking, and simple proportional (P) controllers for balancing the voltages in the
capacitors.
The objective of the present work is the tracking
control of a sinusoidal reference signal applied to the
output voltage of a FCMC. The PS-PWM modulation
is responsible for the task of balancing the voltages
in the flying capacitors. This enables avoiding the use
of multiple voltage sensors, and reducing the complexity of both the converter dynamic model and of
the controller implementation. The controller is based
on the Active Disturbance Rejection Control (ADRC)
technique.
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Section 2.1 describes the components of the system:
controller, modulator and power converter. The average dynamic model of the FCMC is obtained in section
2.2. The exact linearization of the FCMC model is carried out in section 2.3. The design of the ADRC-based
controller is presented in section 2.4. Section 3 shows
the results of the cosimulation carried out in MatlabSimulink/PSIM, where it is analyzed the effectiveness Figure 2. Topology of the flying capacitor multilevel inof the controller before the experimental construction, verter (FCMI).
the experimental results are shown in section 4 and,
For example, cell 1 is constituted by switches S1,
at last, the conclusions are presented in section 5.
¯ and by capacitor C1. Six cells are required to obtain
S1
seven voltage levels, including the level corresponding
to 0V . Each flying capacitor of the ith cell, should be
2. Materials and methods
charged and should be maintained at a nominal voltage VCi , which may correspond to any of the following
values: VCD /6, 2VCD /6, 3VCD /6, 4VCD /6, 5VCD /6.
Individually, each switch of the converter may be
closed (ON) or open (OFF). For the purpose of avoiding short circuits in the cells, the switches of each cell
should operate in a complementary manner, and consequently never should remain closed at the same time;
this condition is guaranteed using a delay time between commutations. In the flying capacitors topology,
as well as in other multilevel topologies, a particular
level of voltage may be obtained with different commutation states, which are called redundant states.
In the topology of half-bridge FCMC of seven levels, the following voltage levels may be obtained at
Figure 1. Block diagram of the system.
the output: −3VCD /6, −2VCD /6, −VCD /6, 0, VCD /6,
2VCD /6, 3VCD /6.
Figure 1 shows the complete system which is described in the following. From a direct current voltage 2.1. Average dynamic model
source, VCD , the FCMC synthetizes at the output a
signal with multiple voltage levels based on PWM. Applying Kirchhoff’s current law to the FCMC shown
Such output voltage is processed by a low pass LC in Figure 2, the following set of equations for the curpassive filter, with the purpose of attenuating the high rents in the flying capacitors is obtained:
frequency components of the PWM signal and, at last,
dvC1
obtaining a voltage signal purely sinusoidal at the
C1
= iL (d2 − d1 )
dt
output of the filter. The active disturbance rejection
dvC2
controller feedbacks the voltage signal of the filter and
C2
= iL (d3 − d2 )
compares it against a sinusoidal reference signal, of
dt
dvC3
frequency 60 Hz and variable amplitude; the reference
(1)
= iL (d4 − d3 )
C3
or modulating signal is employed for the PS-PWM
dt
dvC4
modulator. During the firing of the FCMC the flying
C4
= iL (d5 − d4 )
capacitors are discharged, and therefore, the correct
dt
voltage, or nominal voltage, in each of them is estabdvC5
C5
= iL (d6 − d5 )
lished by means of the precharge process.
dt
Initially, a resistive load with known value is con- where iL is the current through the inductor of the
nected in parallel with the capacitor C of the output output filter, Ci is the capacitance of the capacitors
filter, and at a given time a linear or nonlinear load is of the FCMC, di represents the duty cycle of the Si
added to the system as an external disturbance.
switch and vCi are the voltages in the flying capacitors,
The FCMC is shown in Figure 2, which consists with i = {1, 2, 3, 4, 5}.
of multiple power cells connected one after another.
The output voltage of the FCMC of Figure 2 is
Each power cell (except the one connected to the DC measured from node va with respect to ground and
bus) contains a pair of power switches and a flying is called vaN „ which is determined in the following
capacitor.
manner:
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vaN = vC1 (d1 − d2 ) + vC2 (d2 − d3 ) + vC3 (d3 − d4 )+
VCD
vC4 (d4 − d5 ) + vC5 (d5 − d6 ) + VCD d6 −
2
(2)
The PS-PWM modulation generates the PWM signals for each pair of switches of the cells of the FCMC.
Figure 3(a) shows some cycles of the carrier signals C1
to C6, which are triangular signals with amplitudes
that take values in the interval [−1, 1] and frequency
fc , 60 degrees out of phase. The frequency of the carriers is greater than the frequency fm of the modulating
signal, and consequently it is common to define a modulating index ffmc ≥ im . In this work, a modulating
index im = 40 was employed. For the case of the modulating signal uav , its amplitude takes values in the
interval [−1, 1] and has a frequency fm = 60 Hz.

(a)

Each carrier signal is compared with the modulat(b)
ing signal to obtain the PWM signals, as can be seen
in Figure 3(b), producing the PWM signals named as Figure 3. PS-PWM modulation: (a) Carriers of the modVa − Vf , which have the same duty cycle d.
ulation; (b) Duty cycle in the generated PWM channels.
Applying this signal to the FCMC of seven levels,
all switches have the same duty cycle, i.e.:

d1 = d2 = d3 = d4 = d5 = d6 = d

(3)

According to equation (1), the variation of the average voltage in each flying capacitor is zero when all
duty cycles, d1 to d6 , are equal. Therefore, the dynamics of the voltages (1) in the flying capacitors can
Figure 4. Simplified model of the flying capacitor multibe considered as constant, and their derivatives equal
level inverter.
to zero. This is the reason why the dynamics of the
capacitors may not be considered in the average model
Considering the above, the second order average
of the FCMC.
model of the FCMC can be expressed as in (5):
On the other hand, there is a relationship between
the duty cycle d and the modulating signal uav , which
diL
L
= −vC + Euav
is expressed as d = u/av 2 + 0.5. Considering this and
dt
(5)
dvC
vC
substituting (3) in (2), the output voltage VaN can be
C
= iL −
expressed as follows:
dt
R
The control input uav represents the PWM modulating signal, which can take values in the continuous
interval [−1, 1]. The term vC is the voltage in the filVCD
VCD
=
uav = Euav
(4) ter capacitor. The current that circulates through the
vaN = VCD (d) −
2
2
switches and through the output inductance is iL , L
and C are the values of the inductance and capacitance
where E is the voltage of each of the capacitors Cb1 of the filter, respectively.
and Cb2, whose value is VDC /2. Equation (4) enables
seeing the FCMC of seven levels in a simplified man2.2. Exact linearization of the model
ner, as a multilevel converter «reducer» with a supply
voltage source Euav (where E = VCD /2), a low pass The FCMC system previously described is linear, SinLC filter and a varying load, as shown in Figure 4.
gle Input-Single Output (SISO) and, as it was men-
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tioned above, of reducing nature. Regrouping the
It can be shown from (13) that JΦ is nonsingular
model shown in equation (5) to be expressed in its for any x, and consequently the coordinate transfornonlinear affine form, yields:
mation is valid. The coordinate system z is expressed
as:
ẋ = f (x) + g(x)u

(6)

y = h(x)

z1 = vC
1
1
z2 = iL −
vC
C
RC

where:

f (x) =

− vLC
vC
iL
C − RC

The original system (6) is transformed into the linearized system in the Brunovsky normal form, as shown
in the following:

E 


,

L

g(x) =

(14)

0

and:
x=

ż1 = z2

   
x1
i
= L
x2
vC

ż2 = α(x) + β(x)u = v

As it is widely described in [17], the output func- where:
tion that enables exact linearization of the nonlinear
system (6) is given as:
α(x) = (
h(x) = vC

(7)

1
1
1
−
)vC − 2 iL
C 2 R2
LC
C R

(15)

(16)

E
β(x) = Lg L1f h(x) =
(17)
The relative degree r of the nonlinear system (6)
LC
is obtained by means of the successive calculation of
Variable v is an auxiliary control law whose expression
the Lie derivatives:
will be stated later and will define the desired tracking
dynamics of the system. The control law is obtained
k
Lg Lf h(x) = 0
(8)
solving (15) for u, as follows:
until finding the Lie derivative that satisfies:
v − α(x)
u=
(18)
r−1
β(x)
Lg Lf h(x) 6= 0
(9)
The model of the FCMC shown in (5) considers a
where k < r −1, ∀x ∈ Ω. The calculated Lie derivatives
resistive load R of known value, but since the inverter
are:
is subject to loads of varying nature, the load current
iL will change its value depending of the load, thus
causing disturbances in the output voltage of the in∂h(x)
g(x)
Lg L0f h(x) = Lg h(x) =
verter. As can be seen, the control law of Equation (18)
∂x
 
requires the value of α(x), which in turn requires the
 E
L
= 0 1
= 0 (10) measurement of iL . A way to avoid using the current
0
sensor is proposed in the following.
∂[Lf h(x)]
g(x) =
∂x

E 

E
0
LC
(11)
Since (11) is different than 0, the relative degree r
of system (6) is equal to 2. The transformation of
coordinates x to z is carried out by means of:
Lg L1f h(x) =

z = Φ(x) =

1
C

1
− RC



L

   0

Lf h(x)
z1
=
z2
Ln−1
h(x)
f

=

(12)

In order to verify if Φ is a diffeomorphism, it is verified
the nonsingularity of the Jacobian matrix, given by

∂Φ(x)
JΦ =
=
∂x

∂z1
∂x1
∂z2
∂x1

∂z1
∂x2
∂z2
∂x2

!


=

0

1

1
C

1
− RC


(13)

2.3. Design of the ADRC controller
Based on the ADRC approach with extended state observer, a Linear Extended State Observer (LESO) [18]
is designed, making the following assumptions:
1. It is only measured the flat output F = vC .
2. The nominal values of the parameters L, C, R, E
are known.
3. The control input uav is available.
4. The disturbance function α(x) is unknown, but
it is considered as bounded.
5. The estimated variables of the flat output and its
ḃ .
derivative are denoted as F1 = Fb and F2 = F
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6. The estimated variables of the disturbance func- through a cosimulation between PSIM 9.0 and MATd and η2 = LAB/Simulink. The controller is constructed in MATtion and its derivative are η1 = α(x)
d
LAB/Simulink, as shown in Figure 5. On the other
α̇(x).
hand, the precharge circuit and the elements of the
The LESO observer is designed from (15) and is multilevel inverter (output filter, PS-PWM modulator
and the control for load changes) are constructed in
defined as follows:
PSIM, as shown in Figure 6. Therefore, the controller
processing is carried out in MATLAB/Simulink and is
Ḟ1 = F2 + λ3 (F − F1 )
coupled to PSIM through the SimCoupler module; the
value of the coupled control signal is called uav , which
Ḟ2 = η1 + β(x)u + λ2 (F − F1 )
(19) is received by the PS-PWM modulator as duty cycle
η̇1 = η2 + λ1 (F − F1 )
to perform the control action on the FCMC output.
η̇2 = λ0 (F − F1 )
The set of coefficients λ0 , λ1 , λ2 , λ3 are constant values,
and are chosen by means of a fourth order Hurwitz
polynomial:
λ0 = ωn4
λ1 = 4ζωn3
λ2 = 2ωn2 + 4ζ 2 ωn2

(20)

λ3 = 4ζωn
The ADRC control is designed from (18) and (19),
where the estimated values of the LESO observer are
adapted to the auxiliary tracking controller:
v = Ḟ2∗ − k1 (F2∗ − z2 ) − k0 (F1∗ − z1 )

(21)

where the tracking signals are:
F1∗ = A sin(ωn t)
F2∗ = −A ∗ ωn cos(ωn t)
Ḟ2∗

(22)

2

= A(ωn ) sin(ωn t)

with ωn = 2πf and f = 60 Hz.
The control law based on the ADRC technique is stated
as follows:
u=

v − η1
β(x)

(23)

In (22), η1 represents the estimated value of α(x), i.e.,
d The coefficients k0 , k1 are constant values,
η1 = α̇(x).
chosen by means of a second order Hurwitz polynomial,
as shown in the following:
2
k0 = wnc

k1 = 2ζc wnc

(24)

3. Simulation of the system
The simulation of the system was performed using the SimCoupler module and was carried out

(a)
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complex plane, in order to guarantee the stability.

(a)

(b)

(b)
(c)
Figure 5. MATLAB/Simulink: (a) ADRC control and (b)
LESO Observer.
Figure 6. (a) Multilevel inverter, (b) LC filter at the output and load change control, (c) PS-PWM modulator and
For all passive components employed, plate nom- load changes activation.

inal values were considered with a tolerance of 20 %
for capacitors and of 10 % for resistors and inductors;
therefore, for the multilevel converter the following
values were used: CCAP 1...CAP 5 = 10 µF ; the DC bus
capacitors have a value of CP C = 1000 µF . The values
of the elements of the output filter are CF = 4.7 µF ,
LF = 7 mH and RL = 100 Ω. The voltage reference
signal is equal to V d = A sin(2πf ), the tests were
conducted for a desired amplitude A = 80 V and a frequency f = 60 Hz. On the other hand, the PS-PWM
modulation utilizes carriers with frequency 2.4 kHz.
The value of the parameters for the LESO observer
λ0 , λ1 , λ2 , λ3 are calculated with wn = 30000 and
ζ = 0.707. The parameters of the controller k0 and
k1 are calculated with wnc = 3000 and ζc = 0.707. In
both cases the poles are located in the left side of the

In order to verify the robustness of the ADRC controller in the presence of sudden load changes, two
types of tests were conducted: for a first test, an additional R − L load, with nominal values RN L1 = 80 Ω
and LN L = 7 mH, is added at the output of the inverter, after the filter. The result of the simulation
is shown in Figure 7(a), where it can be seen that
when the load change occurs, the current iL increases
its value, and the LESO estimator together with the
ADRC controller update the control signal uav , enabling that the capacitor voltage retakes the reference
trajectory again.
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conducted, the first test without controller, only with
the PS-PWM modulator; the result of this test can be
seen in Figure 9(a). In the second test the proposed
controller is utilized, and the result is shown in Figure
9(b). In this test the voltage vC of the capacitor remains without changes or changes hardly perceptible
close to the reference. At this point, and analyzing
the aforementioned figures, it can be argued that the
PS-PWM modulation for itself would not be capable
of maintaining the output voltage.

(a)

Figure 8. Simulation result of the voltages in the flying
capacitors during the precharge, normal operation and load
changes.

(b)
Figure 7. Simulation results: (a) With additional R – L
load, (b) With additional load constituted by a bridge of
diodes and a resistance.

The second test consisted in adding a nonlinear
load constituted by a bridge of diodes together with
a resistive load of 40 Ω. Figure 7(b) shows the result
of the simulation, where it can be seen that adding
the nonlinear load produces a significant transient deviation of the capacitor voltage from its sinusoidal
reference, which is similarly corrected by the action of
the LESO estimator and the ADRC controller.
Figure 8 shows the result of the simulation with the
controller, of the behavior of the voltage in the flying
capacitors during the load changes implemented in the
previous tests. The precharge of the flying capacitors
is carried out according to the work presented in [7],
where a time interval of t = [0 − 2]s is proposed. In
the presence of load changes, it is seen that the average voltages of the flying capacitors are maintained
at their nominal values; the ripple increases, and is
larger when the nonlinear load of diode + resistance
is connected. To validate the effect of the controller
on the output voltage vC , two simulation tests were

(a)

(b)
Figure 9. Simulation results for the output voltage vC :
(a) With load changes and only the PS-PWM modulator,
(b) With load changes and applying the controller + LESO
estimator.
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4. Experimental results
In order to verify the simulation results, the implementation of the system was carried out which consisted of
two main parts: the first comprises the construction of
the multilevel converter prototype and of the auxiliary
systems for its operation; the description of this system
is shown in Figure 10.
The second part is the implementation in a FPGA
of the algorithms of the ADRC controller and the PSPWM modulator. In [19] it is recommended to follow
the top-down methodology, which is very appropriate
to implement algorithms in reconfigurable logic devices, and has been used with excellent performance
in [14] [20–22]. In order to carry out the implementation the software Xilinx ISE 14.7 was utilized, and the
coding was made in VHDL without using any high
level tool based on blocks or code generation, and the
internal elements of the FPGA were utilized, such as

BRAM memories and embedded multipliers, to optimize the use of the device internal resources; the
design which was made is shown in Figure 11. It is
worth mentioning that the 32-bit simple floating point
numerical representation, according to the IEEE-754
standard, was utilized for the necessary arithmetic
operations, and a sampling time of 10 µs was achieved.
For evaluating the performance of the controller,
two types of tests were carried out just like in simulation: open-loop and closed-loop. Linear and nonlinear
load changes were made in both cases, to verify the
performance of the proposed controller.
The prototype was initially tested to verify its correct operation, and the result of this test is shown in
Figure 12. The output with seven levels taken before
the output filter can be seen in Figure 12(a); Figures
12(b) and (c) show the sinusoidal output after the LC
filter for the supplied voltage and current, respectively.

Figure 10. Developed prototype of the seven levels flying capacitor multilevel inverter: (a) Development board based
on FPGA (Nexys-2), (b) Multilevel inverter, (c) Isolated sources for gate drivers and instrumentation, (d) Control of
the precharge of capacitors and of the load change at the output, (e) Main DC source, (f) LC filter at the inverter
output, (g) Loads at the inverter output (200 W), (h) Isolated measurement probes.

(a)

(b)
Figure 11. Implementation in the FPGA device: (a) Proposed block diagram, (b) Designed architecture for the
execution of the control algorithm and LESO.
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shows the value of the control signal with a fixed amplitude after the precharge with a value uav = 0.85,
which is equivalent to a reference value of the output
voltage VC = 85 V, as can be seen in Figure 14(b)
when the system is subject to sudden load changes.
It can be clearly observed in this figure that during
transients, the voltage amplitude is affected, since it
decreases. It is observed in Figure 14(c) that the balance of the capacitors is nominally maintained inside
their working zone, but an increase in the ripple of
each of them can be seen when load changes occur.
Figure 12. Shapes of the output waves obtained from the
experimental prototype: (a) Multilevel output voltage of
7 levels before the LC filter (VP W M ), (b) Output voltage
after the LC filter (VC ), (c) Current supplied to the load
(iL ).

A test with a power quality meter (Hioki 3197) was
carried out to validate the harmonic content of the
inverter output wave; the result is shown in Figure 13,
where it is observed a high quality of the output wave,
both in voltage (T HDv ) and current (T HDi ).
(a)

(b)

(c)
Figure 13. Result of the T HDv and T HDi measurement
at the output of the multilevel inverter.

As a result of the open-loop test, Figure 14 shows
the results of three aspects that are considered important: the control signal (uav), the converter output voltage (vC ) and the voltage of the capacitors
(VC1...C5 ). As it was previously mentioned, linear and
nonlinear load changes were carried out. Figure 14(a)

Figure 14. Plots of the experimental results obtained in
open-loop in the presence of different load changes: (a)
Control signal (uav ), (b) Inverter output voltage after the
filter (VC ), (c) Voltage in the flying capacitors VC1...C5 .

The closed-loop test was carried out under the
same procedure used for the open-loop test. Figure
15(a) shows the result of the control signal; after the
precharge period, an initial value uav = 0.85 is established for a reference value of VC = 85 V , and in
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the same figure it can be seen the action of the controller (variable uav ) during the sudden connection of
loads. Figure 15(b) shows that the amplitude of the
output voltage does not vary when the load changes
are performed. Figure 15(c) shows the voltage of the
capacitors, which maintain the balance and only a high
frequency increase is observed in each of them.

(a)

(b)

On the other hand, it can be stated that it is necessary that the PS-PWM modulation maintains the
balance of the 12 voltages of the flying capacitors for
the ADRC control to work appropriately, i.e., so that it
performs the tracking of the reference voltage, but the
PS-PWM modulation is not capable of maintaining
the desired output voltage at its nominal value in the
presence of disturbances in the load current.
By adding the ADRC controller, the control task
is carried out in an effective manner. The ADRC controller and the LESO observer effectively manage the
current disturbance, and consequently the controller
may be considered as robust in the presence of external disturbances produced by linear and nonlinear
load changes. The voltage signal in the filter capacitor effectively tracks the imposed reference, except for
transient deviations that are quickly minimized by the
controller. It should be considered that in the case of
unbalance of the capacitors, the ADRC control is not
capable of tracking the reference voltage.
The use of the programmable logic device for implementing the system, as can be observed in experimental
tests, contributed to obtaining very good results, especially in terms of speed of execution of the algorithm
and attention to disturbances. It was verified that the
multilevel inverters have among their main features a
high quality in the output wave (T HDv < 5 %, as required by the IEEE-519 standard), and that the flying
capacitor topology is a recommended choice among the
other existing multilevel structures, since it requires
only one DC source.
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Elaboration of the cabuya fiber in flat
fabric as reinforcement matrix for the
construction of a rear-view mirror
Elaboración de la fibra de cabuya en
tejido plano como matriz de refuerzo
para la construcción de un retrovisor
Luis Pruna1,∗ , Fabián Velasco1 , Fabián Chachapoya1 , Cristian Paredes1

Abstract

Resumen

Natural fibers are becoming an efficient alternative Las fibras naturales se han convirtiendo en una excefor industrial applications. This is due to its easy ac- lente alternativa para usos industriales. Esto se debe
cessibility in the market and for being a renewable raw a su fácil accesibilidad en el mercado y por ser una
material. The present work seeks to use the cabuya as materia prima renovable. El presente trabajo busca
reinforcement material with polyester matrix for au- usar la cabuya como material de refuerzo con matomotive applications with low cost and weight. This triz poliéster para aplicaciones automotrices con bajo
is the case of the rearview mirrors of a vehicle, for costo y peso. Este es el caso de los retrovisores de
which a base mold was manufactured. The applying un vehículo, para el cual se fabricó un molde base.
and molding of the rearview mirror will be carried Sobre el molde se realizará el aplicado y moldeado
out on the mold, using cabuya fiber and a polyester del retrovisor utilizando la fibra de cabuya y una
resin. The mixtures of cobalt octoate and methyl- resina poliéster. Las mezclas de octoato de cobalto
ethyl-ketone peroxide (MEKP) with the natural fiber y peróxido de metil-etilcetona (MEKP) con la fibra
significantly reduce the weight; the manufacturing natural reducen considerablemente el peso; el costo
cost is reduced by approximately 40% due to the eas- de manufactura se ve reducido aproximadamente en
iness to handle this fiber and to obtain this material. un 40 % debido a la facilidad de manejo de la fibra
The use of the cabuya is recommended for automo- y la adquisición de este material. Se recomienda la
tive applications (rearview mirror), as it presents a utilización de la cabuya para aplicaciones automotriconsiderable reduction in its weight and relatively low ces (espejo retrovisor) ya que presenta una reducción
cost compared to the original component.
considerable en su peso y costo relativamente bajo
en comparación con el componente original.
Keywords: Applications, natural fiber, extraction,
molding, process.
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1. Introduction
Natural fibers are one-dimensional, long and thin structures. They bend easily, and their main purpose is the
manufacture of fabrics. They are classified based on
their origin, vegetal, animal or mineral. Likewise, fibers
of vegetal origin are classified according to the part
of the plant from which they are extracted [1], which
enables obtaining a better nomenclature of the fibers
produced in new research works.
The cabuya is a plant very common in the central
region of Ecuador, where it is used by the farmers to
feed the beef cattle. The fiber is obtained through a
process which consists of different stages: removal of
stalks, crushing, cooking, drying and combing.
In Ecuador, the development of composite materials is at the initial stages, and thus the use of natural
fibers is still limited. In general, the extraction of vegetal fibers is carried out manually, but this may change
taking into account the great potential offered by the
country. It is important to know the production of
domestic natural fibers [2].
On the other hand, the need for materials more environmentally friendly has boosted the study of natural
polymers for their use in disposable applications, with
the purpose of having a material available in nature
and also biodegradable [3].
These composite materials represent an important
alternative for replacing the reinforced composites
based on metal, aluminum, chromium, tungsten, etc.;
in many opportunities their properties are comparable
or even superior.
Reducing the vehicle weight has been considered
as one of the more important solutions to improve fuel
saving, reduce weight-power ratio and end up having
little or no polluting emissions. It is believed that the
weight of the vehicle body can be reduced with the
use of multiple materials without cost increase [4].
From the wide variety of composite materials available in the market, they are described as constituted
by organic matrices (epoxy, vinylester, polyester) and
high resistance fibers (glass, carbon, natural fibers,
etc.), considering them as the most developed and the
most often used at an industrial level [5].
With respect to the fibers, they are polycrystalline
and amorphous materials, with small diameters and
great length. In general, the fiber materials are polymers or ceramics (for example, aramids, glass, carbon,
boron, aluminum oxide and silicon carbide). There is
also the use of natural fibers such as abaca, cabuya and
coconut, incorporated as reinforcement elements in a
polymeric matrix. This type of materials offer many
advantages, among which it can be remarked the reduction of the manufacturing cost and the smaller
environmental impact [6].
Traditionally, the weight of the vehicles that take
part in automobile competitions is considerably low,
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as it is the case of the Formula 1, enabling them to
have a great performance, because they use lighter
materials in the manufacturing of its components, and
with characteristics similar to the originals.
According to the Ministry for Agriculture, Stockbreeding, Aquaculture and Fisheries (Ministerio de
Agricultura, Ganadería, Acuacultura y Pesca, MAGAP) approximately 5400 tons of cabuya fiber were
produced in Ecuador (2008). The Ecuadorian industries started to conduct tests to determine the resistance of this fiber [8], and thus its possible applications
and development of new biodegradable composite materials.
The objective of using natural fibers in the manufacturing of a rearview mirror is facilitating that this
element can be recycled, contributing to reduce the environmental impact caused by the automotive industry
due to the use of different materials in the production
of vehicles, as it is the case of plastics, and at the same
time reduce the mass of its components [7, 8].
It is expected to obtain a lighter rearview mirror,
with a considerable resistance to deformations due
to impacts, as well as a considerable reduction of its
manufacturing cost, taking into account a sustainability criterion in each production process; in addition,
the possibility of introducing the cabuya fiber in the
automotive industry of the country, enabling the development of new applications [9–11].

2. Materials and methods
2.1. Extraction of the cabuya fiber
It is necessary a correct selection of the cabuya plant
to obtain stalks of greater size which, in turn, enable
obtaining more fibers with less plants, thus improving
the production efficiency. The approximate growth
period is 5 years before removing the stalks, using a
steel bar with sharp tip.
The following steps should be executed to extract
the stalk:
1. Cut with a machete the stalk closer to the ground.
2. Chop the plant with the help of the bar in the place
of the stalk that was cut (Figure 1), until reaching
the center; once this is achieved a perpendicular force
must be applied on the bar so that the plant opens
(i.e., it is lifted), and all the stalks are freed. 3. Remove
with the machete the thorns in each stalk. 4. Take the
tip of the stalk with the hand and pull it performing
a twisting motion until detaching it from its center.
5. Repeat step 4 with all the stalks. 6. Once all the
stalks have been extracted, move them to the fiber
extraction area.
Es necesaria una correcta selección de la planta
de cabuya para contar con pencas de mayor tamaño
que, a su vez, permitan obtener más fibra con menos
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rear-view mirror
plantas, con lo cual mejoramos la eficiencia en la producción. El tiempo aproximado de crecimiento es de 5
años antes de ser despencada utilizando una barra de
acero con punta filosa.
Para extraer la penca se deben seguir los siguientes
pasos:
1. Cut with a machete the stalk closer to the
ground.
2. Chop the plant with the help of the bar in the
place of the stalk that was cut (Figure 1), until
reaching the center; once this is achieved a perpendicular force must be applied on the bar so
that the plant opens (i.e., it is lifted), and all the
stalks are freed.

Figure 2. Raw fiber.

Once the fiber is obtained, it is cooked for about
100 minutes; then it acquires an intense white color. It
3. Remove with the machete the thorns in each
is put out to dry during four days in a wire, attaching
stalk.
it with the help of tweezers. It is important that the
fiber does not get wet while it is hanged, since its
4. Take the tip of the stalk with the hand and pull quality may be harmed (Figure 3). When the fiber
it performing a twisting motion until detaching is completely dry it shows a pale yellow color; it is
it from its center.
further combed using a table with nails to separate
the smaller fibers, resulting in a uniform fiber, ready
5. Repeat step 4 with all the stalks.
to use.
6. Once all the stalks have been extracted, move
them to the fiber extraction area.

Figure 3. Cooking and drying of the fiber.

Figure 1. Extraction of the fiber.

In order to obtain the fiber, the stalks are crushed
on a flat surface with the help of a mallet to extract
all the water they have inside. Then, the greenish layer
that covers the stalk is removed with a machete. With
the help of a wooden board, the surface of the stalk
is moved up and down to extract water residues and
the protective layer, until obtaining the desired fiber,
which may show a greenish white color in certain areas,
see Figure 2.

2.2. Weaving of the cabuya fiber
A wooden gridded board is used for weaving the cabuya
fiber, in order to have the maximum precision when
placing the fiber threads. In this case it was a used
a weaving at 90 degrees: the cabuya fiber is placed
horizontally at a spacing of 2 mm, while the vertical
fibers are placed at a spacing of 10 mm; each of the
sets should have a total of 4 threads (Figure 4). The
final weaving has 40 cm in width x 30 cm in height.
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Figure 6, with the purpose of being able to release
the rearview mirror from the mold at the end of the
drying.

Figure 4. Weaving of the fiber.

Then, the ends of each group of threads are tied,
so that the weaving does not tend to deform during
further manipulation.

Figure 6. Application of the mold release wax.

2.3. Manufacturing process of the rearview
The cabuya fiber is used as matrix; for curing of the
mirror
resin cobalt octoate and methyl-ethyl-ketoneperoxide
The following process is implemented for manufactur- (MEKP) or catalyst, as a reinforcement two layers of
cabuya fiber are used (Figure 7).
ing the rearview mirror:
1. Storage of the corresponding resin and fiber.
2. Preparation of the fiber.
3. Preparation of the mold.
4. Preparation of the mixture.
5. Placement of the matrix (cabuya).
6. Solidification.
7. Demoulding.
8. Sanding.
9. Inspection of the finish.
10. Verification of weights.

Figure 7. Handmade and hand woven cabuya fiber.

The proportions of resin, cobalt octoate and catalyst must be exact, since the composition shown in
Table 1 must be met. A brush is used for applying the
mixture, being careful of doing it uniformly to avoid
the accumulation in particular areas.

An integral cleaning of the original rearview mirror
is carried out, and then the mirror is disassembled as Table 1. Quantities of resin, cobalt octoate, MEKP and
cabuya fiber, used for the composite material of the
well as the remaining accessories (Figure 5).
rearview mirror

Description

Quantity

Thickness [mm]
Number of resin layers
Woven cabuya fiber [g]
Polyester resin [ml]
Cobalt octoate [ml]
MEKP [ml]

2,5
2
25
150
0,75
0,4

The parameters which with the rearview mirror
will be made are specified in Table 1, as well as the
Figure 5. Cleaning of impurities from the original rearview quantity of chemical reagents necessary for a higher
drying velocity of the resin. Each part of the rearview
mirror.
mirror is left to dry for three days to achieve better
When the mold is clean of impurities, it is pro- consistency and hardness. Following these recommenceeded to place the mold release wax, as shown in dations, a rearview mirror with better characteristics
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rear-view mirror
of resistance and a significant weight reduction was
obtained (Figure 8).

(b)
Figure 9. Analysis of the mechanism in Autodesk Inventor.
a) Safety coefficient. b) Von Mises stress

Figure 10 shows the results of the rearview mirror
analysis, which should comply with the NTE INEN
1323 Standard.
Figure 8. Rearview mirror with a cabuya fiber matrix.

2.4. Design of the mechanism for the 180° rotation
A hinge that continuously opens and closes, similar to
the ones used in home doors, serves as the basis for
this mechanism, because the rearview mirror should
maintain its initial position and recover once it has
withstood an impact and has been moved a certain
angle from its origin. For this purpose, springs of the
same characteristics are placed on the sides of the
rearview mirror, so that if it is moved to one side
one spring compresses and the other extends, and the
mirror returns to its initial state once the application of the force stops. The mechanism is modeled in
Autodesk Inventor (Figure 9); it should be analyzed
the main points on which the greater stress is exerted
when a force is applied on the mechanism. With this
information, the necessary precautions are taken in
its manufacturing to avoid possible failures during its
operation (it may be necessary to reinforce certain
areas).

(a)

Figure 10. Rearview mirror analysis using the Ansys
software.

3. Results and discussion
Table 2 summarizes the comparisons of the weights
obtained when using cabuya fiber for manufacturing
the rearview mirror, which may be considered as a
total success because the measurements obtained show
a significant reduction of its weight, thus helping to
reduce the weight of the vehicles.
Table 2. Verification of the weights
Description

Weight (kg)

With cabuya fiber and mechanism
With cabuya fiber and without mechanism
Original rearview mirror

0,223
0,1859
0,227

Table 3 shows the behavior of the cabuya fiber
rearview mirror when a force is applied on its surface,
which enabled to verify the resistance of the 180° rotating mechanism; it was observed that the mounts of
the recover springs should be reinforced to avoid the
fracture of these small spring holders; similarly it could
be visualized that when a larger force is applied on the
surface of the rearview mirror it tends to peel off in
a small area; the total surface of the rearview mirror
is approximately 150 mm2 , on which the resistance
analysis will be carried out.
After carrying out the analysis of each of the tests,
it could be determined that the cabuya fiber and all
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natural fibers have low mechanical resistance, and
therefore the accessory to be constructed should not
be subject to excessive loads.
Table 3. Impact resistance

First test
Second test
Third test

Force/area
(MPa)

Force (N)

0,039
0,019
0,01

5,86
2,9
1,45

The cabuya fiber has a flexible appearance, its manipulation is simple and it does not fracture easily.
In contrast, other fibers are rather fragile, they break
easily and are rigid, which results in a difficult manipulation. In the case of cane bagasse the length of its
fibers is smaller than those of other specimens, which
makes more complex its application in the automotive
industry; in addition, these fibers have residues adhered to them that correspond to the ducts where the
sucrose is stored, causing a less homogeneous structure.

4. Conclusions
The mixture of cobalt octoate and methyl-ethyl-ketone
peroxide (MEKP) with the natural cabuya fiber tends
to significantly reduce the weight of the rearview mirror
and increase its hardness with respect to the traditionally manufactured rearview mirror. The manufacturing
cost is reduced in almost 40 % when this fiber is used.
Due to the easiness to handle the fiber and to
obtain the materials to be used, the manual stratification is one of the processes most commonly used for
manufacturing equipment in the automotive industry.
The selection of the material or of the natural
fiber to be used will depend on the particular requirements of the application. The results are encouraging
to try to boost the use of domestic natural fibers in
the development of other automotive elements (parts),
helping to take care of the environment by obtaining
biodegradable products.
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Monitoring Network to Automate the
Cooling System of a Data Center
Red de monitorización para
automatizar el sistema de enfriamiento
de un centro de datos
José Ignacio Vega-Luna1,∗ , Francisco Javier Sánchez-Rangel1 ,
Gerardo Salgado-Guzmán1 , José Francisco Cosme-Aceves1 ,
Víctor Noé Tapia-Vargas1 , Mario Alberto Lagos-Acosta1

Abstract

Resumen

The objective of this work was to develop a monitoring El objetivo de este trabajo fue desarrollar una red de
network of temperature, humidity and air quality in monitorización de temperatura, humedad y calidad
a data center to automate the on and off switching of del aire en un centro de datos para la automatización
the cooling, ventilation and air filtering system using del encendido y apagado del sistema de enfriamiento,
IoT (Internet of Things). A network with long-range ventilación y filtrado de aire usando Internet de las
wireless technology was implemented, consisting of cosas (IoT-Internet of Things). Se puso en marcha
five slave nodes, a master node and a user interface. una red con tecnología inalámbrica de largo alcance
The slave nodes periodically transmit the value of the compuesta por cinco nodos esclavo, un nodo maestro
three environment variables to the master node. The y una interfaz de usuario. Los nodos esclavo transmaster node sends the information received from the miten periódicamente al nodo maestro el valor de las
slaves to a cloud server, so that it can be accessed tres variables de ambiente. El nodo maestro envía
from a user interface. When the value of any of the la información recibida de los esclavos a un servivariables reaches the configured threshold, the cooling, dor en la nube para poder ser accedida desde una
ventilation and/or filtering system is activated as interfaz de usuario. Cuando el valor de alguna de las
required. The tests showed that an accuracy of less variables alcanza el umbral configurado se enciende
than ±1.0 °C was obtained in the measurement of el sistema de enfriamiento, ventilación y/o filtrado
temperature, less than ±2 % in the measurement of de aire, según sea el caso. Las pruebas mostraron
humidity, less than ±8 µg/m3 in the measurement que se logró una precisión menor a ±1.0 °C en la
of air quality and a range of 11.5 kilometers with medida de temperatura, menor a ±2 % en la medida
line of sight was achieved in data transmission over de humedad, menor a ±8 µg/m3 en la medida de
the network. Based on these results, the network can la calidad del aire y un alcance de 11.5 kilómetros
be implemented to monitor sensors and processes in con línea de vista en la transmisión de datos en la
other facilities with this scope.
red. Según estos resultados, la red puede ponerse en
funcionamiento para la monitorización de sensores y
procesos en otras instalaciones con este alcance.
Keywords: Automation, data center, IoT, monitoring, temperature, wireless.
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1. Introduction
Cooling, ventilation and air filtering are the three
critical systems in the operation of a data center or
data processing center (DPC). A room temperature
increase may cause that the equipment housed in the
DPC either stop operating, automatically shut down
or even get damaged. The productivity of companies
and institutions depends on the access and availability
of the computer and telecommunication equipment
for clients and users [1], which should be guaranteed
by the operation of the DPC. In other words, if the
applications are not in operation, the clients and users
will not be able to do their work.
Nowadays, the monitoring of environment variables in most DPCs is carried out locally. A computer
installed in the control office of the DPC receives the
information from the sensors, commonly using an Ethernet segment or 2-Wire technology, and shows it in a
user interface [2, 3]. This exhibits the following drawbacks: 1) Not all the surface of the DPC is covered
because the sensors are installed at specific places; due
to the limitation in the reach of the communication
technology being used, it is not possible to access some
points from the control office. 2) If for any reason or
contingency any variable achieves the threshold value
and remains in it for a long time, the only way through
which the DPC administrator may know about it is
visualizing it in the user interface. There is no mechanism that enables the administrator to react promptly
to this eventuality when he or she is not in the control
office. 3) In order to carry out the monitoring, as demanded by the audits nowadays, important changes
in the user interface must be carried out to enable
invoking it from the Internet [4].
This work was carried out on request of a data
center. It was required to put into operation a wireless
network for sensor monitoring. The network must consist of five slave nodes, strategically installed in the
DPC, in charge of periodically measuring the values
of temperature, humidity and concentration of PM2.5
particles, and transmitting them to a master node.
The functions of the master node must be: A)
Send to a server in the cloud, the information received
from the slave nodes. B) Implement the user interface
through a web server whose page enables to online
visualize the values of the three environment variables.
C) If any variable reaches the configured threshold
value, activate the cooling, ventilation of air filtering
system, as required. D) If the value of a variable is
equal to or greater than the threshold during an established time, a WhatsApp alert message must be
sent to a mobile phone. E) The control system must
be ON/OFF.
The implementation of the network should not require additional wiring nor modifying the one existing
in the DPC. The distance from the farthest slave node
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to the master node is 300 meters.
The periodic monitoring of the variables from the
Internet is because it is thus required by the companies
and institutions that audit and certify the security and
maintenance systems of the data centers [5, 6].
With the latest technological advances, a variety
of radiofrequency communication technologies of great
geographic coverage, low cost and low energy consumption have arisen; some of them were candidates to be
used in the development of this work [7]. Some of these
technologies are WiFi, Bluetooth Low Energy (BLE),
ZigBee and LoRa (Long Range) [8].
The main features of the four previously mentioned
wireless technologies are presented in the following.
The WiFi technology uses low cost transceivers,
has a reach between 15 and 25 meters with line of sight,
provides a large bandwidth and consumes a relatively
high amount of electric power [9].
The BLE technology has a nominal reach of 100 meters with line of sight, provides a medium bandwidth
and has low energy consumption [10, 11].
Regarding the ZigBee transceivers, these are low
cost devices, with a range of 100 meters, low energy
consumption and low bandwidth [12].
On the other hand, the LoRa technology uses low
cost transceivers, provides a range of various kilometers with line of sight, has small bandwidth and low
energy consumption [13].
Considering the previously mentioned features, it
was decided to use the LoRa technology and develop a
Low Power Wide Area Network (LPWAN) [14]. Lora
is an open protocol developed by the LoRa Alliance
that enables creating LPWAN networks for the Internet of Things (IoT) market [15]. The LoRa protocol
defines the physical layer of the OSI model or wireless
modulation to carry out the long distance communication, using low power radio transceivers that transmit
small amounts of information at low speed, achieving
a longer life time of the batteries [16].
In addition to the technological advances in wireless communications, the advent of sensors, actuators,
microcontrollers and Internet service providers, has
strongly boosted the development of IoT applications.
The growth of the data centers has been promoted by
trends such as IoT, Big Data, e-commerce and cloud
use [17].
The monitoring network developed in this work
consists of an LPWAN constituted by six nodes, five
slaves and one master. The nodes were implemented
using the Huzzah32-ESP32 card, which was chosen because it can be programmed using free and open source
libraries of functions available in the cloud, which simplified the programming development since a complex
low level language was not used.
Recent research works about the use of the LoRa
technology, where a long range is required, have resulted in important advancements in different ambits
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of human life and process monitoring. For example,
this technology has been applied in cities [18], smart
homes [19] and buildings [20], farms and agricultural
fields [21], healthcare [22] and hospitals, industrial
processes [23], electric power consumption [24] and water [25], control of heating systems [26], security [27],
fluids [28] and positioning [29], among others.
In parallel, a large number of sensor networks has
been created during recent years for remote monitoring of environment parameters, mainly temperature, using IoT. Some of them have been applied in
meteorology [30], smart buildings [31, 32], health sysFigure 1. Functional diagram of the monitoring network.
tems [33], agriculture [34], industrial plants, thermoelectric plants [35] and steel production [36].
Similarly, an important number of applications has 2.2. The slave nodes
been implemented with networks of wireless sensors in
data centers through IoT [37]. Most of them have con- The five slave nodes were implemented using the arcentrated in the monitoring and operation of cooling chitecture shown in Figure 2.
systems to achieve an efficient or reduced consumption
of electric power [38] and water [39].
On the basis of the above, the benefits and contributions of the authors with the application developed
are the following: 1) The monitoring of the variables
is carried out remotely using recently developed IoT
platforms in the cloud, which provide efficient, reliable
and always available services for storing information
and sending alert messages to a mobile phone. In most
data centers this task is carried out locally, and they
are migrating the monitoring to a solution similar to
the one developed in this work. 2) It enables taking
prompt actions before the occurrence of a contingency
in the data center. 3) It fulfills a real need of the data
center. 4) The network installation is non-intrusive,
since it uses wireless communication and does not modify the wiring of the data center. 5) Its programming
is based on free and open source libraries of functions,
which reduces its installation time and complexity.
The following sections of this document describe
the design, implementation and structure of the monitoring network, explain the tests carried out, as well
as their purpose and the results achieved and, at last,
present the conclusions obtained and the main recommendations.

2. Materiales y métodos
2.1. Materials and methods
The monitoring network is constituted by three elements: the slave nodes, the master node and the user
interface. Figure 1 shows the functional diagram of the
monitoring network.

Figure 2. Architecture of the slave nodes.

The components used in each of these nodes were
the Huzzah32-ESP32 card, the temperature and humidity sensor, the air quality sensor and the LoRa
transceiver. The LoRa technology uses the functionalities of the physical layer, layer 1 of the OSI model, since
it determines the type of modulation, the bandwidth
and the frequency of the signal used in the network.
The used Huzzah32-ESP32 card has the resources
required for the design of the slave nodes, thus reducing
their size and cost. The main resources of the card are
a Tensilica LX6 Microcontroller with two cores at 240
MHz, 4 MB of flash memory, 520 KB of RAM memory,
WiFi 802.11b/g/n interfaces, classic and LE Bluetooth
with integrated antenna, 3 UART ports, 3 SPI ports,
2 I2 C ports, 25 general purpose input/output (GPIO)
and a lithium-ion battery charger.
The temperature and humidity sensor used in the
slave nodes was the BME680 device. This digital device
integrates four sensors, namely temperature, relative
humidity, barometric pressure and gas, in a 3.0 × 3.0
mm2 compact metallic packaging. It uses a supply
voltage of 3.3 or 5 V, because the card on which it
is mounted has a voltage regulator. It is used in automation applications in homes, offices, industries, IoT,
weather forecast, air quality measurement and indoor
navigation, among others. It has I2 C and SPI digital
interfaces. The operating ranges are from –40 to +85
°C and from 0 to 100 % of relative humidity (RH). It
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can measure temperature with a precision of ±1.0 °C
and humidity with an accuracy of ±3 %.
In the slave nodes, the communication between the
BME680 and the microcontroller of the Huzzah32 card
was carried out through the I2 C ports. The BME680
works as slave using the 0 × 77 address of the I2 C bus,
to provide the value of temperature with a resolution
of 20 bits, and the value of humidity with 16 bits. The
barometric pressure and gas sensors of the BME680
were disabled to achieve a current consumption of only
2.1 µA and measure only temperature and humidity.
The PMS5003 sensor was used to measure the air
quality in the slave nodes. This device measures the
number of particles suspended in the air, i.e., the concentration of particles resulting from the operation of
internal combustion engine vehicles, from fire generated by wood burning or from industrial processes. It
is capable of measuring particles in the environment
with diameters of 1, 2.5 and 10 microns, known as
PM1.0, PM2.5 y PM10, respectively. Its operation is
based on the dispersion of laser light which irradiates
the particles suspended in the air, to capture the dispersed laser light and measure the number of particles
by unit volume using a processor. The PMS5003 sensor has a UART serial port to digitally transmit the
measurement of particles every second. It consumes
less than 100 mA in active state and less than 200 µA
in passive mode. It operates in the temperature range
from –10 to +60 ℃ and in the humidity range from
0 to 99 % of RH, making it a good candidate to be
used in the environment conditions of a data center. In
the slave nodes, this sensor was connected to a UART
port of the Huzzah32 card, which was configured to
operate at a speed of 9,600 bps and measure PM2.5
particles.
The RFM95 circuit is the LoRa transceiver used in
the slave nodes. This device has an SPI interface and
its main operating features are the following: supply
voltage of 3.3 V, output power from +5 to +20 dBm
up to 100 mW, current consumption of 100 mA during
transmission and 30 mA during active listening, reach
of 2 km with line of sight with tuned unidirectional
antennas or up to 20 km using directional antennas,
RF transmission speed from 0.018 to 37.5 Kbps and
transmission speed of the SPI of up to 300 Kbps. The
RFM95 transceiver may be configured to be controlled
from an external host through the SPI port. The host
implements the communication interface between both
devices using a master/slave protocol. In this work,
the external host is the controller of the Huzzah32
card, which performs as the master, and the RFM95
transceiver performs as the slave. The interface has
two types of messages: command packages and response packages. The master always sends command
packages, while the slave always transmits response
packages. When the master sends a package it should
wait until the slave sends a response package, before
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transmitting another command package. The RFM95
transceiver is a slave, and cannot initiate a transaction
with the master. The command packages consist of the
following fields: preamble (4 bytes), start of frame (1
byte), type of command (1 byte), number of message
(1 byte), length of the message (2 bytes), message (up
to 256 bytes) and checksum to verify the integrity of
the package (2 bytes). In the slave nodes, the SPI
port of the RFM95 transceiver was connected to the
SPI port of the Huzzah32 card. To achieve the reach
required by the network, the RFM95 transceiver of
the nodes uses an external antenna of gain type Omni
Lora of 915 MHz, with the following features: gain 8
dBi, female type N connector, impedance 50 ohms and
length 1.145 mm.
Regarding the programming of the Huzzah32 card
of the slave nodes, it was carried out using the Arduino
IDE development environment. The programming is
responsible for executing tasks such as configuring the
GPIO terminals and the I2C, UART and SPI ports,
and initializing the RFM95 transceiver. Afterwards it
should perform the reading, every 60 seconds, of the
temperature (T), relative humidity and concentration
of particles (PM2.5) to transmit it, through the LoRa
transceiver, to the master node.
Two open source libraries were utilized to carry out
the previous tasks: Adafruit_BME680.h to communicate the Huzzah32 card with the temperature and
humidity sensor; Serial.h software to communicate the
card with the air quality sensor, and RH_RF95.h and
SPI.h for transmitting the information to the master
node through the LoRa transceiver and the SPI port,
respectively.
2.3. The master node
In a way similar to the slave nodes, the master node
was developed using the Huzzah32-ESP32 card and
the LoRa RFM95 transceiver. In addition, the master node integrates an electric interface between the
Huzzah32 card and the actuators of the air filtering,
ventilation and cooling equipment, as shown in the
block diagram of the node architecture in Figure 3.

Figure 3. Architecture of the master node.

The functions of the master node were defined programming the Huzzah32 card so that it configures the
GPIO terminals and the SPI port, and initializes the
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RFM95 transceiver and the WiFi interface. Then, it
invokes the function that starts the web server, which
may be interrupted when receiving, through the SPI
port, the information transmitted by the slave nodes.
The routine for serving the interruption is responsible for reading the information from the SPI port,
and transmitting it to the server in the cloud. If the
measured value of any of the environment parameters,
T, RH or PM2.5 reaches the configured threshold, it
activates the actuator of the corresponding equipment.
For the case of the temperature the cooling or air
conditioning (AC) equipment switches on; when the
humidity reaches a maximum the air filtering mechanism is switched on, and when the concentration
of particles is equal to or greater than 2.5 microns
the ventilation equipment switches on. If the value
of one or more of the previous parameters is equal
to or greater than the threshold during a configured
time, this routine transmits a WhatsApp alert message to the mobile phone through the Twilio service
platform. When the value is again below the threshold, it switches off the equipment and transmits the
corresponding WhatsApp message.
In addition to the open source libraries of functions
used in the slave nodes, the following libraries were
used in the programming of the master node: WiFi.h
to carry out the communication with the WiFi interFigure 4. Flow diagram of the master node programming
face and WebServer.h to implement the web server. .
Figure 4 illustrates the flow diagram used to develop
the master node programming. The server in the cloud
used in this work is available through the ThinkSpeak
Internet service provider.
The electric interface between the Huzzah32 card
and the A/C, air filtering and ventilation equipment
was put into operation using a module of four channels
of 3 V/125 VAC-250 VAC. This module integrates
four SRD-03VDC-SL-C relays of one pole two throws
and one optocoupler in each relay to isolate the digital
circuit, in this case the Huzzah32 card, from the power
circuit. The module relays are supplied with an input
voltage of 3 V, and the input IN of each of them is
activated from a GPIO terminal of the Huzzah32 card,
Figure 5. Electric interface of the master node .
configured as output, to switch on the equipment of the
data center. The equipment actuators are connected to
the normally open (NO) output of the corresponding
relay, as shown in Figure 5.
2.4. The user interface
The user interface is a page developed with HTML,
which is shown when the connection to the web server
is established. Figure 6 shows the main page of the
user interface through which the measured values of
temperature, relative humidity and concentration of
PM2.5 transmitted by each slave node, are visualized
online.

Figure 6. User interface.
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For each slave node, there is a button in the interface under which an alert signal is indicated when
the value of any of the parameters reach the threshold.
When the button of one slave node is pressed, the
user interface shows the real-time plot of the values
obtained from ThinkSpeak, as shown in Figure 7.

Figure 8. Precision in the measurement of temperature.

During the previous tests, there were no problems
in the communication between the nodes of the netFigure 7. Plots of temperature and humidity in ThinkS- work. The distance between the farthest slave node
and the master node is 300 meters. However, a second
peak.
group of tests was conducted to determine the reach
of this network.
In addition, the interface has two buttons: Configuration, which enables to establish the number of
mobile phone and threshold values for T, RH and
PM2.5, and Historic, which can be used to download,
from ThinkSpeak, the historic measured values of the
parameters during a selected period of time, and store
them in a text file. In general, this is the file requested
during the audits to the data centers.

3. Results and discussion

The signal transmitted by the nodes is subject
to interferences, and is diffracted or absorbed in the
medium; the reach of the network depends on the
value of power established in the LoRa transceiver,
environmental factors and obstacles in the signal route.
The previous tests were carried out under the following conditions: with line of sight between the nodes,
the RF transmission power in the RFM95 transceiver
was configured to 20 dBm-100 mW, RF frequency 915
MHz, bandwidth BW 125 KHz and the temperature
and relative humidity of the environment were 21.5 °C
and 45.1 %, respectively.

Three groups of tests were conducted. The first group
had the objective of determining the precision of the
temperature measured by the monitoring network. To
carry out these tests, the temperature in the sensor
of a slave node was artificially set to different values,
using a heater. Then, the temperature was measured
around the slave node with an analog thermometer,
similar to the one employed in the audits, and used
as reference, i.e., this value was compared with the
value reported in the user interface. The manufacturer
of the BME680 sensor indicates a nominal precision
of ±1.0 °C in the measured temperature [40]. The
results of these tests showed that the real precision
is smaller than ±1.0 °C which was maintained up to
68 ºC. When the temperature increases above this
value, the difference between the value indicated in
the thermometer and the one reported in the interface
increased proportionally, as shown in Figure 8.

When carrying out the second set of tests, a slave
node was located at different distances from the master
node with line of sight. The measurements reported in
the user interface were verified at each location. The
results of these tests indicated that the reach of the
network is 11.5 kilometers with line of sight. At larger
distances, the link between the slave node and the master node was lost. In this group of tests a program was
developed and executed in the master node, to show
the value of the Received Signal Strength Indication
(RSSI) in the Arduino IDE. Results indicated that the
attenuation of the RSSI value is significantly reduced
after 9.2 kilometers, and continues to reduce constantly
until the communication is lost at 11.5 kilometers, as
indicated in Figure 9. In case of using this network in
a place with different environmental conditions, it is
recommended to conduct these tests to determine the
reach limitations.
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slave nodes to access the information of other type of
variables making slight changes in the programming.
The application developed here may be easily
replied in other data centers or in other type of facilities, where it is necessary to remotely monitor processes
using an IoT solution whose programming is based on
free and open source software. It is recommended that
a ThinkSpeak license is used if the monitoring time of
the variables or processes is smaller than 30 seconds,
because the amount of messages sent will exceed the
maximum amount established in the software used in
this work which has no cost.
Figure 9. Reach of the network.
In the short term, it is planned to work in two
aspects of the system: to increase the reach of the
The purpose of the third group of tests was to ver- network by integrating slave nodes configured as reify the sending of WhatsApp alert messages. In these peaters, and to develop a user interface which executes
tests, smoke was artificially generated burning a piece in mobile devices.
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Abstract

Resumen

The objective of the present research work was to
carry out a numerical analysis by means of CFD of a
flat plate solar collector, in addition to a comparison
with experimental results. The working fluid reached
a maximum outlet temperature of 20.16 °C at 12:00,
the value of solar radiation was determined for the
geographical coordinates latitude -0.2252 and longitude -77.84; similarly, at this time it was possible
to obtain a temperature of 27.12 °C on the collector
surface, as peak value. The lowest performance of the
heat transfer device was determined at 10:00 with an
outlet water temperature and maximum temperature
on the collector surface of 18.65 and 20.48 °C, respectively. The experimental results showed a maximum
temperature of 20.93 °C and a minimum temperature
of 19.4 °C, resulting in a 4.01 % error between the
computational simulation and the experimental data.

El objetivo de la presente investigación fue realizar
un análisis numérico mediante CFD de un colector
solar de placa plana; además, se realizó una comparación con resultados experimentales. El fluido de
trabajo alcanzó una temperatura máxima de salida
de 20.16 °C a las 12:00, el valor de la radiación solar se determinó para las coordenadas geográficas
latitud -0.2252 y longitud -77.84; de forma similar,
en este horario fue posible obtener una temperatura
de la superficie del colector de 27.12 °C, como valor
pico. Se determinó el menor rendimiento del dispositivo de transferencia de calor a las 10:00 con un
valor de temperatura de salida del agua y temperatura máxima en la superficie del colector de 18.65 y
20.48 °C, respectivamente. Los resultados experimentales mostraron una temperatura máxima de 20.93 °C
y una temperatura mínima de 19.4 °C, derivando en
un error de 4.01 % entre la simulación computacional
y los datos experimentales.
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1. Introduction
At present, it has been observed how the scientific
community has become aware about the use of energy renewable sources, due to many studies about the
damages produced by the burning of fossil fuels for
the generation and use of energy. For this reason, in
recent years there has been an increase in the research
and experimental works about the use of solar energy
for increasing the temperature of fluids using thermal
solar collectors; among them there are the concentrating solar collectors which have determined that the
operating range varies between 50 and 300 °C [1].
Taking advantage of this virtually renewable resource has more impact in places with an appropriate geographic location to optimize the performance
of heat transfer devices with the assistance of solar
energy, due to the appropriate and invariant angle
of incidence by the influence of the seasons, as it is
the case of countries in the equatorial region such as
Ecuador [2].
Ayompe and Duffy [3], in their research work about
the thermal performance of a water heating solar system with flat plate collectors applied along one year
at a forced circulation household scale system, show
that the obtained results corresponded to a yearly average of collected daily energy of 19.6 MJ/day, a solar
fraction of 32.2 %, and, in addition, a collector and
system efficiency of 37.8 and 45.6 %, respectively.
There are various external agents involved in the
operation of a solar collector, namely the ambient
temperature, irradiation, geographic position, among
others, as stated by Hashim et al. [4]. In their work
they show the influence of the volumetric flow in the
temperature that the working fluid may reach when
leaving the solar collector; in their experimental research they conducted two tests with flow rates of 5.3
and 6.51 L·min−1 , respectively, obtaining as results
output temperatures of 51.4 and 49 °C, reaching the
conclusion that as the volumetric flow rate decreases
a greater temperature may be reached at the outlet of
the collector.
The Computational Fluid Dynamics (CFD) is of
great help in studies that seek to improve the performance of heat transfer devices. For this reason it is
regularly used to develop improved designs of various
mechanisms that require energy transfer, such as solar
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air heaters, and to evaluate the potential of power
generation [5].
In their research, Marroquín et al. [6] use the ANSYS simulation software, specifically its library for
fluid dynamics (CFD). The CFX-Mesh is utilized for
the meshed, where it is considered a face space in the
elements between 0.004 and 0.08 m, a resolution angle
of 30°; regarding the simulation, it is carried out under
the k-epsilon energy model due to the turbulent flow,
obtaining a result that varies 5% with respect to the
experimentation.
It is possible to perform a comparative analysis
to validate the results of the CFD analysis with experimental results seeking to find a permissible error
margin as stated by Mohamed et al. [7], who in their
study of a Direct Expansion Solar Assisted Multifunctional Heat Pump (DX-SAMHP) take real parameters
such as external ambient temperature during winter
from –1 to 5 °C, solar radiation of 0, 57, 100 and 200
W·m−2 to enter them in the simulator, obtaining larger
values in the modeling compared to the experimental
results, with average deviations of ± 4 %.
Similarly, the research work by Duarte et al. [8]
presents a comparative study to validate the results
of the mathematical model with experimental values,
where a heat pump is utilized with a collector/evaporator of 1.65 m2 , ambient temperature between 27.1 and
31.6 °C, solar radiation between 0 and 811 W·m−2 ,
among other parameters, thanks to which the simulation generates a difference in the COP of 1.6 %, smaller
than the experimental uncertainty of 5 %.
Likewise, the efficiency of the flat plate solar collectors may vary by the influence of other conditions such
as the cross sections through which the working fluid
circulates, as shown by Andrade et al. [9], who validate
their research work by means of a CFD simulation; in
addition, they show a final temperature of 330 K at
the outlet of the pipe, and an efficiency of 68 %.
There are many research works about the use of
solar collectors in heating systems, which are carried
out in different countries, as shown in Table 1, where
simulation proposals are validated experimentally for
a more precise development.
Similarly, some works seek to numerically validate
experimental proposals to find limitations in the design,
which shows the importance of the complementarity
between the simulation and experimental parts.
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Table 1. Research works carried out in different systems with flat plate solar collectors

1. Type of solar collector
Flat plate with cover
Flat plate without cover
2. Aplication
Hot sanitary water
Space heating
3. Country
4. Area of the collector (m2 )
5. Length of the collector (m)
6. Validation

Ji et al. [10]

Mohamed et al. [7]

Duarte et al. [8]

Fathabadi [11]

x

x

x

x

x
China
4
2
Experimental

Rabelo et al. [12]

Kong et al. [13]

x

x

x

x

x

x

x

Sudán
4.22
Experimental
and numerical

Brasil
1.65
Experimental
and numerical

Grecia
2.42
1.981

Brasil
1.57
-

China
2.1
1.448

Experimental

Experimental

Experimental

1.1. Description of the solar collector
The design of the equipment utilized for carrying out
the present work consists of a tube, in which the energy
exchange to the working fluid (water) takes place, covered with a metallic plate with two wings, as illustrated
in Figure 1.

the outlet (T1 ) larger than at the inlet, then enters a
tank where it losses part of the heat gained (QP 1 ) until
entering the pump where it gains work (W ) to move
to a second tank where it losses the remaining heat
gained in the solar collector (QP 2 ) and then reenters
the solar collector at ambient temperature, as detailed
in Figure 2.

Figure 1. Schematic diagram of the solar collector

In pursuit of improving the heat transfer in the
device, and thus considerably increasing its efficiency,
the material considered in the model of the solar collector is copper for the metallic cover with the wings
and the tube through which the working fluid circulates, with the dimensions specified in Table 2, taking
into account the variables that directly impact on the
temperature increase in the fluid, between the inlet Figure 2. Cycle of the working fluid in the solar collector
and the outlet of the collector.
Table 2. Detailed specifications of the solar collector
Description

Specification

Length of the absorbing plate
Thickness of the absorbing plate
Thermal conductivity of the plate
Density of the plate material
Thickness of the plate
Diameter of the conductive tube
Thickness of the incremental and
conductive tube
Total area

0.960 m
0.001 m
387.6 W·m−1 ·K−1
8978 kg·m−3
0.001 m
0.0165 m

2. Materials and methods
In a solar collector heat is transferred in three different ways: conduction, convection and radiation, which
occur due to the solar radiation striking the device,
and the temperature difference between the working
fluid and the ambient air T∞ , as seen in Figure 3.

0.002 m
1.728 m2

1.2. Operating principle of the system
The working fluid begins its circulation through the
system entering at ambient temperature (Tamb ) in the
solar collector, where as a result of the heat transferred
by the solar energy (QE ) it reaches a temperature at

Figure 3. Heat transfer in a solar collector
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Convection and radiation are due to the heat transfer through the ambient air up to the device surface,
and to the solar energy received by the collector, respectively. On the other hand, conduction occurs due
to the heat transfer between the solar collector surface,
as shown in Figure 4.

The intensity of natural convection is measured by
the Grashof (Gr) and Prandtl (P r) number, which is
shown in Equation (3), these dimensionless numbers
are characteristic of free convection, since when they
increase, the transition of the flow regime becomes
insignificant as stated by Meyer and Everts [17].
Gr =

g · ∂ · β · (T2 − T1 ) · L3
µ2

(3)

Where (g) represents the gravity, (∂) the density,
(β) the volumetric expansion coefficient, (T2 y T1 ) are
the temperatures at the boundary, (L) the wall length
and (µ) the dynamic viscosity [18]. The free convection
heat transfer can be quantified by means of the Nusselt
number, which varies as a function of the conditions
in which the heat exchange takes place, in this case
of free convection, it is related to the dimensionless
Rayleigh (Ra ) number shown in Equation (4), which
results from the product of the Grashof and Prandtl
numbers [19].
g · β · (T2 − T1 ) · R3
(4)
ν·α
For correct calculation of the Rayleigh number it
is necessary to take into account the volumetric expansion coefficient, the temperature of the fluid (T2 ),
the temperature of the enclosure wall (T1 ), the radius
of the enclosure (R), the cinematic viscosity (ν) and
the thermal diffusivity (α) [20]. The thermal radiation
is the energy emitted by any type of matter which
is at a temperature greater than zero and whose energy diffusion is shown in Equation (5), where it is
presented [21].
Ra =

Figure 4. Network of thermal resistances in a solar collector

The heat transfer by conduction (q), explained by
Fourier’s law, is proportional to the temperature gradient (dT /dx) multiplied times the area (A) through
which the energy is transferred; the relationship between the local temperature (T ), the distance in the
direction of heat flow (x) and the thermal conductivity
(k) is shown in Equation (1) [14].
dT
q = −k · A ·
(1)
dx
The heat exchange by convection (Qcv ) for a model
can be expressed as the process of heat convection between the internal and external surfaces of the envelope
of a surface as expressed in Equation (2) [15].
Q̇cv = h · AS · (TS − T∞ )

q = ka · 4σ · T 4

(5)

Equation (5) presents the heat transfer of the radioactive source (q), the thermal conductivity (ka ),
the Stefan-Boltzmann constant (σ = 5.67 × 10−8 W ·
m−2 · K −4 ) in units of the International System (SI)
and the temperature distribution due to the limit of
the physical media (T ) [22].

(2)

Where (h) represents the convection heat transfer
coefficient, (AS ) the surface area, (TS ) the temperature of the surface and (T∞ ) the temperature of the
fluid at a certain distance of the surface. It should be
considered that the temperature of the fluid is equal
to the temperature on the surface of the solid in the
contact area [16]. Regarding convection, it is important
to classify it in two types: natural or free and forced.

2.1. Parameters of the fluid at the inlet of a
flat solar collector
Some important conditions of the working fluid at the
inlet of a flat solar collector were: velocity, mass flow,
gauge pressure, ambient temperature, among others,
as seen in Table 3, which have been collected from
different research works that show the conditions at
the inlet of a solar collector.
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Table 3. Conditions of the fluid at the inlet of the solar collector

Properties

Cetina-Quiñones et al. [23]

Pang et al. [24]

Visa et al. [25]

Temperature
Volumetric flow
Pressure
Mass flow
Internal diameter
Working fluid
Material of the pipe

45 °C
0.0167 L·s−1
——
——
0.0254 mm
Water
——

27 °C
0.05 L·s−1
——
0.1 kg·s−1
——
Water
Copper

20 °C
——
300 kPa
0.02 kg·s−1
0.008 m
Water
Aluminum

2.2. Meshed and modeling

To correctly analyze the different properties of the
solids, liquids and gases with the simulation software,
it is necessary to construct an efficient computational
mesh, which may be constituted by pyramidal, tetrahedral or hexahedral cells that divide the body in various
smaller subsets [26]. To generate a correct mesh of the
fluid section it is recommended to use tetrahedral
cells due to their adaptability with the curved regions
crossed by the fluid.

Figure 5. Mesh of the solar collector
Table 4. Types of meshes

The independence of the meshed is important to
Mesh Number of elements Skewness average
determine the optimal mesh number, which means
1
2272823
0.23763
that the solution is independent of the mesh resolution.
2
149286
0.32162
In the 3D CFD analysis it is common to carry out
3
92901
0.42708
simulations using different mesh sizes to compare the
4
192792
0.30576
results, despite this it is possible to find variations
5
247324
0.27664
smaller than 0.5 % in the temperatures, which indiWith the help of the mesh quality, it can be seen
cates that this does not have a significant impact on
in
Figure
6 the different types of trends generated by
the results [27].
the variability of results of the CFD simulation, which
In the current case study it was required a differ- leads to the final selection of a particular meshed.
entiated meshed as illustrated in Figure 5. To obtain
the mesh, a patch conforming tetrahedral method was
utilized in the curved figures of the working fluid and
of the tube that contains it, edge sizing along the joints
between the wings and the arc in the collector wall
with an angle of curvature of 5°, which is shown in
Table 4 as mesh 1; in this way, typical hexahedrons
and tetrahedrons are utilized in the CFD analysis of
the solar collectors, heterogeneous distribution of its
elements and different number of neighboring elements,
which represent an unstructured meshed to improve
the convergence of the result [28].
Due to the search for high reliability results it was
necessary to establish an efficient meshed and, consequently, with a proper number of nodes and elements.
However, a comparative analysis was carried out between a variety of meshes with different qualities and
number of elements, as shown in Table 4, to verify the
Figure 6. Variation of results with different meshed
efficiency of the meshed in this work; as a result, the
mesh 1 model was taken with the excellent ratings of
To model the dynamic fluids, the CFD simulation
quality previously pointed out.
software employs the Navier-Stokes equations, which
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take into account the continuity, momentum and energy conservation, as shown in Equations (6), (7) and
(8), respectively [29].
∂ρ
+ O · (ρ~v ) = Sm
∂t

(6)



∂ρ
(ρ~v ) + O · (ρ~v~v ) = Op + O · µ × (O~v + O~v T ) +
∂t
+ρ~g + F~

(a)

(7)

∂ρ
(ρE) + O · [~v · (ρE + p)] = O · (kef f · OT ) + Sh (8)
∂t
When carrying out the validation of the CFD sim(b)
ulation results, it is important to know the permissible
range of the variation that such results may exhibit
Figure 7. Temperature in the external wall of the solar
with respect to the experimental values of the same
collector
study; this range can be measured with the percentage error presented in Equation 9, and according to
different authors the maximum permissible value is
5.2 % [30].

Error % =

|Xsim − Xexp |
Xsim

(9)

3. Results and discussion
The radiation module of the CFD simulation software,
(a)
solar calculator, enabled the analysis of the flat plate
solar collector with parameters of latitude (–0.225219),
longitude (–78.5248) and different hours to determine
parameters such as surface temperature of the heat
transfer device, as shown in Figure 7 (a and b) with
hours from 11:00 to 12:00, respectively, where it is
possible to observe a greater temperature distribution
due to the radiation peak existing at 12:00 with a maximum value of 27.12 °C; this temperature attenuates
as time goes on as it is indicated by a smaller value of
24.63 °C on the wing surface at 13:00.
The radiation striking on the collector is directly
(b)
related with the hours at which the test is conducted,
as can be observed in Figure 8 (a and b), generating
Figure 8. Variation of a) Radiation, b) Temperature
peak values between 12:00 and 13:15 with available
radiation values between 650 and 800 W·m−2 , respecDue to the common variations of the radiation
tively, influencing in a similar manner on the ambient levels that fluctuate between 350 and 800 W·m−2 in
temperature, a very important parameter in the heat the zone with the previously established latitude and
transfer to the device and in its performance.
longitude, along with the temperature and heat flow
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change on the surface of the heat transfer device, it is
possible to observe a greater temperature at the center
of the working fluid along the center of the tube in
the solar collector at specific times, as illustrated in
Figure 9, and due to this it is determined that the
largest temperature at the outlet of the collector will
occur at 12:00 with a value of 20.2 °C and with the
smallest value of 18.65 °C at 10:00 when going across
the total length of the flat plate heat exchanger.

(b)
Figure 10. Comparative diagrams of temperature vs.
length at a) ¼ of the surface, b) surface

The results of the CFD simulation presented in
Figure 9 show the same trend that the experimental
results, as can be observed in Figure 11, validating the
results within an error margin of 4.01 % in the analysis at the center of the solar collector at the different
hours.

Figure 9. Comparative diagram of temperature vs. length
at the center of the collector

It is possible to observe a greater temperature increase as the fluid approaches the tube wall in the
heat exchanger, as it is appreciated in Figure 10(a),
where the temperature is measured along the solar collector in an intermediate space between the wall and
the center of the tube, and additionally Figure 10(b) Figure 11. Comparative diagrams of temperature vs.
length with experimental results
illustrates the temperature variation in the collector
wall.
When carrying out the comparative analysis between the experimental results and the results of the
numerical simulation, it is possible to find a similar
trend in both cases as shown in Figure 12. Similarly,
it is possible to appreciate a maximum percentage
error of 4.01 %, thus validating the experimental and
simulation data.

Figure 12. Comparative diagram in the experimental and
numerical analysis at 12:00

(a)
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4. Conclusions
In the present study an analysis of the performance of
a flat plate solar collector was performed by means of
a CFD simulation software, where the solar radiation
at different hours has been utilized in several simulations carried out; such radiation directly influences
the transfer of thermal energy to the working fluid,
showing various results.
The maximum value of fluid temperature at the
outlet of the solar collector is 20.16 °C at 12:00, while
the smallest fluid temperature at the outlet was obtained at 10:00 with 18.65 °C, due to the low solar
radiation at that time; these values represent a favorable trend for the utilization of the fluid in different
processes, all this without ruling out the use of independent fluid heating processes to reach a specific
temperature in the search for fulfilling a particular
need.
The radiation peak occurring at 12:00 generates a
maximum heat flow of 96.02 W·m−2 to the working
fluid, thus achieving the maximum amount of energy
transfer in all the analysis range considered in the
research. It is possible to appreciate a temperature
variation on the external surface of the heat transfer
device in accordance with the typical radiation levels at
the different hours under study, obtaining a maximum
value of 27.12 °C and a minimum value of 20.48 °C at
12:00 and 10:00, respectively. At last, it can be verified
that the simulation and experimental data differ 4.01
% when compared to each other.
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el equipo eléctrico,” IEEE CONCAPAN
XXVIII, Guatemala 2008.
Thesis:
[1] L.M. Moreno, “Computación paralela y
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