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Johnny Josué Bullón Torrealba, PhD,
Universidad de Los Andes, Venezuela.

Nuno Laranjeiro, PhD, Universidad de
Coimbra, Portugal.

Rodrigo Palma Hillerns, PhD, Universidad de Chile, Chile.

Luı́s Amaral, PhD, Universidad de Lisboa,
Portugal.
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Luis Geraldo Pedroso Meloni, PhD,
Universidad Estatal de Campinas Unicamp,
Brasil.

Luis Medina, PhD, Universidad Simón
Bolivar, Venezuela.

Manuel Pelaez Samaniego, PhD, Universidad de Cuenca, Ecuador.

Facundo Almeraya Calderón, PhD, Universidad Autónoma de Nuevo León, México.
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Victor Ramon Leal, PhD, Investigador de
PDVSA, Venezuela
Gabriel Leon, MSc, Universidad Politécnica Salesiana, Ecuador.
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Diego Morales, MSc, Ministerio de Electricidad y Energı́as Renovables del Ecuador.

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

Yoandrys Morales Tamayo, PhD, Universidad Técnica de Cotopaxi, Cotopaxi
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Luis Ortiz Fernandez, MSc, Universidade
Federal de Rio Grande del Norte, Brasil

Ernesto Granado, PhD, Universidad

Pablo Parra, MSc, Universidad Politécnica
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Efrén Vázquez Silva, PhD, Universidad
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Publications board
Juan Cárdenas Tapia, sdb, PhD
Javier Herrán Gómez, sdb, PhD
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Editorial

Dear readers:

through a hybrid strategy"will be involved because
each intelligent device may present contingencies
that should. In most cases, be self-controlled, which
involves artificial intelligence techniques and robust
control that includes algorithms developed in the
web system.
Additionally, the different applications involving
sensors require platforms developed and integrated
into embedded systems and non-licensed software to
achieve a more significant deployment of solutions
with reduced costs because the number of devices
depending on the outdoor application could reach a
hundred of these devices. Such impact is evaluated
in the article Remote learning platform for microcontrollers and internet of things."
Thus, smart grids and smart cities are in continuous change and advancement, which warns new
research fields in which georeferencing aspects must
be incorporated for the exact location of a sensor.
Such a sensor can be the electric energy meter or
the device to locate the waste container of a neighborhood or sector, in addition to other implications
that are evaluated in the article "Design and validation of IoT measurement system for a photovoltaic
generation."
Electrical grids, telecommunication networks,
water networks, gas networks, and mass public transport networks may incorporate georeferenced deployments that facilitate and reduce deployment time
and subsequent maintenance through graph theory
and heuristic techniques.
A city solution incorporates several resources
that must be optimized to minimize the impact on
the investment. A better lifestyle implies planning
and an opportunity for the technological solution
to be scalable over time, not just a momentary solution.

As a result of the constant growth of cities and
the need of users to improve their quality of life,
energy consumption has increased due to the electronic devices incorporated in homes (indoor) and
in public use applications (outdoor).
Within the stages of a smart grid, stages as a
response to demand, the smart metering infrastructure presented in the article .Electricity consumption
meter to promote savings in residential consumers";
in addition, the inclusion of renewable energy in
photovoltaic systems, wind, and that may be incorporated into the network from micro-generation
including distributed generation should be contemplated. The massive deployment of charging centers
for electric vehicles and an increase in the use of
induction stoves in homes should be considered.
Consequently, the customer demands an electrical grid that supports new services, many of which
give birth to a smart city capable of providing services in favor of society. Many contemplate intelligent
household waste management and innovative park
systems, among others.
Electrical substations must require robust grounding systems to ensure the quality and reliability of
the system that is incorporated into an internet of
things as it is called to applications that relate to
telematics which involves a heterogeneous wireless
network that will allow the connection of sensors or
smart meters in micro-grids based on clean energy
systems. It is essential to demonstrate in the article,
"Methodology for design of electrical substations
considering the effect of the potential gradient in
surrounding metallic structures."
A fault-tolerant control system that evaluates
in the article "Fault-Tolerant Passive Control of
sensing in dynamic compensation devices - SVC

Esteban Inga Ortega, PhD
Associate Editor
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Abstract

Resumen

For designing and studying an electrical substation Para el diseño y el estudio de un sistema de puesta a
grounding system (GS), a simple remote substation tierra de una subestación eléctrica (Grounding Sysis considered according to the safety procedures in- tems, GS, en inglés), se considera una subestación
dicated in the IEEE 80 Standard. Buried metallic remota simple según los procedimientos de seguridad
materials or nearby metallic structures permanently indicados en la norma IEEE 80. Los materiales metáliendanger human life when electrical faults occur. Sce- cos enterrados o las estructuras metálicas cercanas
narios related to the design of electrical substations ponen en peligro permanente la vida humana cuando
that consider the transfer of electrical potentials that se producen fallas eléctricas. Se presentan escenarios
can occur between the GS and buried metallic mate- relacionados con el diseño de subestaciones eléctricas
rials in their vicinity are presented, the behavior of que consideran la transferencia de potenciales eléctripotential transfer is evaluated, values of transferred cos que pueden producirse entre la GS y los materiales
voltages are calculated, and the main variables that metálicos enterrados en sus proximidades. Se evalúa
influence the transferred voltage levels are identified. el comportamiento de la transferencia de potencial,
The simulations are performed with the CYMGRD se calculan los valores de las tensiones transferidas y
software specific for GS calculations. Its analysis gen- se identifican las principales variables que influyen en
erates real results in the potential transfer that must los niveles de tensión transferidos. Las simulaciones se
be considered by the GS design engineer, which en- realizan con el programa CYMGRD específico para
ables to avoid designing isolated substations without el cálculo de GS. Su análisis genera resultados reales
taking into account existing elements that may affect en la transferencia de potencial que deben ser conthe substation surroundings.
siderados por el ingeniero de diseño de GS, lo que
permite evitar el diseño de subestaciones aisladas sin
tener en cuenta los elementos existentes que pueden
afectar al entorno de la subestación.
Keywords: Electrical substation, grounding systems,
ground grid, potential transfer, step and touch voltage, buried metal structures
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1. Introduction
The GS is an essential factor in human safety and
maintenance of electrical inputs that make up a substation, considering its cost and durability [1]. In GS,
ground fault currents must safely dissipate to return
the ground to their sources; so that the protection devices can quickly disconnect the supply and eliminate
the fault. However, fault currents flowing through the
ground grid also flow through other buried metallic objects, including grounding systems connected to other
facilities not affected by the faults [2], [3], [4], [5].
Although the GS may be physically isolated from
each other, they are electrically linked through unwanted coupling, transferring dangerous electrical potentials from the meshes with fault currents to the
non-energized passive meshes of other GS with a risk
of electrocution for the personnel present. in those
areas [6], [7], [8], [9]. Poor grounding in the oil and
gas industry contributes to unnecessary downtime, but
lack of good grounding is also dangerous and increases
the risk of equipment failure leading to instrumentation errors, problems harmonic distortion, and power
factor problems [10], [11, 12].
Oil and gas pipelines are large and sophisticated
structures protecting against electrical discharge, especially corrosion. For the design of the GS, cathodic
protection [CP] must be included, in addition to the
electrical effects that can occur when these two systems
are together GS, and CP [13], [14], [15], [16], [17].
This article aims to present case studies on the
problems introduced by the presence of metallic structures and adjoining protection systems, among others,
in the transfer of potential gradients [GPG] in passive
GS.
The design procedures described in the standards
related to GS of electrical substations in urban areas
and oil stations allow the calculation of safe levels of
step and touch voltages within the substation area,
but adjacent GPG is not taken into account [18], [19],
[20], [21], [22], [23], [24].
The type of material used can be a decisive factor
in human electrocution. Inside the substations, the
touch voltage [MTV] and step voltage [MSV] are less
dangerous due to the high resistivity surface layer [25].
However, this layer does not extend outside the substations, where the transferred touch and step voltages
can be harmful and much more if there are adjoining buried metallic structures not connected to the
GS [26], [27], [28]; [29].
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Metallic parts such as water and gas pipes, rails,
and building foundations can modify the distribution
of electrical potential in the area, depending on the
structural topology, which triggers the effect of the
GPG, [8].
The GS must consider the conductors directly involved in the protected installation, and any other,
connected or not, can interact with the whole GS (Figure 1).

Figure 1. Equi-potential contour of a mesh of one GS

The pipelines carrying harmful products are protected against corrosion, usually by layers of coating
materials integrated with active cathodic protection
systems [34, 35]. The current flow, typically adopted
for large or long structures, force the pipe to behave
as a cathode, thus providing corrosion protection of its
exposed parts when the coating fails. However, buried
lines with cathodic protection, close to the grounding
networks of electrical substations, allow the possibility
of bonding and reduce the risk of metal-to-metal contact voltages. This bonding connection, necessary for
the safety of operating personnel, can compromise the
CP’s effectiveness. To avoid corrosion of the CP and
1.1. Related Works
bonding with the mesh, mineral salts, which ionize,
The potential gradient generated [30], [31]in oil refining forming a solid electrolyte with a pH varying from 8
complexes in the event of a failure in an electrical sub- to 10, must be considered.
station causes its transfer to the process areas, causing
In electrical substations in urban areas, metal parts
damage to the instrumentation system, [32, 33].
that can modify potential electrical distribution are
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gradient on surrounding metallic structures
contemplated [36], [37], [38]. If they are attached to
the main ground connection terminal of buildings, as
recommended by the standards, it allows it to function
as a connection between the GS, this type of grounding
is known in the literature as Ufer grounding, which
considers that the metal encapsulated with concrete
acts as an effective grounding electrode. However, they
are not part of the GS and are buried in their environment, maintaining direct contact with the soil; they
modify the potential profile on their surface [39].
The GS is solid to limit ground potential gradients
to levels that avoid endangering human safety and
proper equipment operation under normal and fault
conditions. [40], [16]. What will allow us to comply
with the normal conditions and the fault conditions of
a substation?
Additionally, provide the means to dissipate electrical ground fault currents. [41], or prevent human
beings inside the substation and in its adjoining areas
from being exposed to electrification or electrocution.
Failure to pay attention to safety in the design will
cause potential gradients along the analyzed surface to
endanger humans [42]. Events caused by atmospheric
discharges: High ground-fault current circulation concerning the grounding system area nad is remote resistance [43]. Soil resistivity and its distribution of
ground currents can produce high GPG at points on
the substation surface under design [44].
Presence of the human being so that his body
forms part of a circuit between two points with dif-

ferent potentials. The absence of sufficient contact
resistance or other resistance in series limits current
flow through the body. The duration of the failure is
a function of the impact on the human being. Due to
these conditions, the low accident rate is due to a low
probability of coincidence of the favorable conditions
mentioned above. Table 1 shows the nomenclature of
the variables used to analyze the exposed case studies
present in the electrical substations versus surrounding metallic structures.Table 2 summarizes related
works of the recommendations proposed by several
authors concerning the design of grounding systems
and the behavior of the potential gradient that occurs
in surrounding metallic structures.
Table 1. Nomenclature & Description

Nomenclature
CP
PH
d
Ig
Rg
GS
MTV
M SV
GP G
ρs
TTV
T SV

Description
Cathodic Protection
Coefficient of Acidity
Distance
Ground Current
Ground Resistance
Grounding System
Maximum Touch Voltage
Maximum Step Voltage
Potential Gradients
Surface Resistivity
Threshold Touch Voltages
Threshold Step Voltage

Table 2. Summary of articles related to grounding systems

✠
✠

✠
✠
✠
✠
✠

✠
✠

✠

✠

✠

✠

✠

✠
✠
✠
✠

✠

Standards

✠
✠
✠

✠
✠
✠

Design

✠
✠
✠
✠
✠

✠
✠

✠

Ground resistance

Proposal

Electric Potential

Soil resistivity

Surrounding metallic

Constraint

Potential gradient

Soil resistivity

Author
Holik, 2022 [45]
Sinchi, 2022 [44]
Permal, 2021 [36]
Elmashtoly, 2021 [34]
Popovic, 2021 [6]
Liu, 2021 [41]
Kuchler, 2021 [43]
Kavimandan, 2020 [23]
Tian, 2020 [39]
DiSilvestre, 2019 [4]
Di Silvestre, 2018 [19]
Shabangu, 2017 [13]
Proposal Authors

Problem

Grounding system

Scientific
Article

✠

✠

✠
✠

✠

✠

✠

✠

✠
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2. Materials and methods
2.1. Problem Formulation
Figure 2 presents a flow chart of the electrical substation design methodology, including the effect of the
potential gradient on the surrounding metallic structures, where the designer’s expertise allows obtaining
results according to the threshold contact voltages and
the threshold step voltage.

The present study focuses on the variation of the
surface layer, the physical location of the mesh, and the
different locations of the surrounding metallic structures.

Figure 3. Top view of GS case study 1
Figure 2. Methodology used for the design

Case studies are presented, which will allow analyzing the transfer of potential. The simulation of the
scenarios is carried out with specialized CYMGRD
software using the finite element method (FEM) developed by EATON; it allows the interpretation of soil
resistivity measurements, elevation of earth potential,
and evaluation of dangerous points in any area of additional interest, generates a visual representation of
the results of the analysis on the potential of the mesh.
The proposed scenarios are according to the type of
surface layer used and the potential transfer analysis;
the input data presented correspond to the following:
Table 3. General Notation & Descriptions
Nomenclature
U nif orm
ρ 50 Ω − m
40o C
0.15µm
ρs -200 Ω-m - concrete
ρs - 5000 Ω-m - gravel
ρs -10000 Ω-m - asphalt
0.1sec
10kA
50kg
Sf 100V
Cp100V
1m
Cu4 − 0AW G

Description
Terran Model
Upper layer resistivity
Ambient temperature
Surface layer thickness
Surface layer resistivity
Surface layer resistivity
Surface layer resistivity
Fault duration time
Fault current
Human body mass
Current division factor
Growth factor
Mesh depth
Conductor Cu

In the case of asymmetric grids, the analysis study
is similar; taking the stratigraphy of the terrain, the
exposed potential gradients transfer study metric is
applied for any grid configuration.
Parameter values of the GS are taken based on the
mesh indicated in figure 3 so that the importance of
step and touch voltage does not exceed the maximum
allowed values; the use of copper rods or electrodes is
not considered for these simulations.
For the design and simulation of the scenarios, the
bodyweight of a 50kg person is taken.
Assuming the most sensitive case that can occur,
the optimal mesh conductor for this configuration is a
copper conductor of 20.3776 mm2, equivalent to 2/0
AWG for the simulations of the scenarios, a 4/0 AWG
copper conductor is taken up, where the IEEE 80
standard suggests considering the effects of corrosion
present by the PH of the soil stratigraphy, [22].
2.1.1. Case Study 1
Figure 3 shows a substation grounding mesh; its dimensions correspond to 50×50 meters with 10-meter
grids; the perimeter conductor GS at 1 m depth in
uniform soil with a straight metallic cylindrical tube
at 2 m depth.
It is analyzed such as a) effects are produced by
the transfer of potentials in the mesh when having
the presence of an underground metal perimeter fence,
and b) the effects are due to potential transfers caused
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gradient on surrounding metallic structures
by the presence of a metallic pipe buried under the
GS.
For the analysis, different configurations of the GS
and the underground pipeline.
Potentials are analyzed in an asymmetric mesh;
a case presented depending on the topology and the
facilities offered by its on-site construction.

2.1.3. Case Study 3
The mutual interference of nearby ground grids is analyzed to assess the potentially dangerous circumstances
in sites protected by the primary grid, including proximity to an adjoining one that dissipates the ground
fault current in the surrounding ground, mainly in
urban areas, a) mesh 1 Main and Mesh 2 Offline, b)
mesh one primary and mesh two connected, c) mesh
one primary and Mesh 2 are connected to other GS.
Two meshes of the grounding system are considered, with similar topology and technical parameters.
Adjacent edges of the meshes are spaced a distance d
meters apart.

Figure 6. Nearby grounding grids

Figure 4. Top view of asymmetrical L-type mesh

2.2. Interferences between GS and cathodic
protection.

The standards and recommended practices for the design of cathodic protection systems establish the need
2.1.2. Case Study 2
to interconnect metallic structures with each other.
In Figure 5, rails located at a distance "d" from the However, this equipotential bonding can compromise
mesh are added; for study case 2, the transfer of poten- cathodic protection and safety effectiveness. GS tratial is reflected in changes of touch, step, GPG, and Rg ditionally built with copper electrodes, due to their
voltages that occur in the directions will be analyzed stability characteristics over time, present problems
indicated.
concerning cathodic protection: a copper ground mesh
connected to the structure under cathodic protection
can drain a considerable amount of the protection
current. It may be impossible to polarize the steel
structure correctly in specific scenarios. If the cathodic
protection is no longer adequate, corrosion is at risk
due to a galvanic coupling between copper and steel.
2.3. Impact of ground faults on pipelines and
possible solutions.

Figure 5. Top view Mesh - Rails

Destructive electrical arcs can be prevented by bonding
the GS to the pipe. However, such a connection would
cause the cathodic protection system to drain; this is
solved by inserting an ISP or a polarization cell in said
connection. The fault current impressed on the pipe
must be safely dissipated to earth employing uncoupled intentional sacrificial anodes, e.g., magnesium or
zinc materials, connected and installed along the pipe
with a low resistivity. These sacrificial anodes would
also facilitate the dissipation to the ground of currents
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conducted to the pipeline from locations remote from
the substation area.
Instead of bonding conductors, installing decoupling devices, such as insulator surge protectors between grounding electrodes and pipelines, is the best
compromise to safeguard safety and functionality during ground faults. Decouplers minimize the impact of
ground faults on channels while preserving the effectiveness of the cathodic protection.
Human safety depends on the energy absorbed before the fault is cleared and the system is deactivated;
it is suggested to establish step voltage and touch voltage limits which are called thresholds, depending on
the material used as the surface layer and its reduction
factor, Dalziel and Lee set constants related to the
electrical discharge energy tolerated.

A summary of the simulations with the conditions
set out for study case 1, with surface layers of concrete,
gravel, and asphalt is presented.
At ρs = 200Ω − m concrete, the touch and
step threshold voltages correspond to 457.82 V and
730.83 V.

3. Results and discussion
3.1. Analysis of Results
Figure 8. Insulated mesh potential profile -ρs asphalt

3.1.1. Effects of perimeter mesh earth conductor
Table 4. Mesh and perimeter fence without connection

The underground metallic pipe is not considered; the
contour and profile graphs of the potential gradient of
the cases are made, considering the finished floor as
the asphalt ρs = 10000Ω − m.

ρs = 200Ω − m concrete
ρs = 5000Ω − m grave
ρs = 10000Ω − m asphalt
Cases
Insulated mesh IM
Profile address 1 PA1
Profile address 2 PA2
Mesh-Net without connection MNWC
Profile address 1 no connection PA1NC
Profile address 2 no connection PA2NC

M T Vmax

M SVmax

GPG

1951.02
1455.92
3599.08
1015.99
873.31
1392.32

190.26
119.73
35.53
89.43
57.63
92.61

5361.69
5361.69
5361.69
3932.32
3932.32
3932.32

Figure 7. Touch voltage, insulated mesh-ρs asphalt

The underground metallic pipe is not considered;
the contour and profile graphs of the potential gradient Figure 9. Touch voltage, mesh and fence without asphaltof the cases are made, considering the finished floor ρs connection
as the asphalt (Figure 7 and 8). Ground mesh and
perimeter fence without connection see (Figure 9 and
Changing for a finished gravel floor, ρs = 5000Ω −
10).
m, the threshold voltages of touch and step vary to
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gradient on surrounding metallic structures
2489.47 V and 8857.39 V, with the change to asphalt
ρs = 10000Ω − m, touch and step voltages thresholds
are 4605.76 V and 17322.6 V. The material used as
surface layer allows to have a mesh resistance Rg at
0.476 Ω and for an isolated mesh with near no connection at a value of 0.35 Ω. The maximum touch voltages
[MTV], maximum step voltage [MSV], and GPG see
the Table 4.

made to the architecture of the mesh to reduce the
MTV and MSV when there is a surface ρs =200 Ω-m,
suggest a) attach the mesh to the perimeter fence, b)
modify the mesh, increasing more loops on the outer
parts. See figure 11. In case 1, with the architecture
change, the TTV and TSV correspond to 457.82V and
730.83V, the Rg = 0.34Ω does not vary, and the MTV
and MSV, as well as the GS, are shown in Table 5.
Table 5. Mesh and Perimeter Mint
ρs = 200Ω − m [concrete]
Cases

MTV

MSV

GPG

Mesh and fence connected [MFC]
Modified mesh without connection [MMWC]

936,7
851,86

83,54
150,73

3858,7
3836,26

Mesh and Perimeter Mint
s

100

=200

-m [concrete]
MTV [V] [1:10]
MSV [V] [1:10]
GS [V] [1:50]

90
80
70
60
50
40
30
20

Figure 10. Potential mesh and fence profile without
asphalt-ρs connection

10
0
MFC

perimeter fence

mesh

perimeter fence

MMWC

Figure 12. Metric with mesh architecture change

mesh

3.1.2. Influence of the perimeter mesh

Case 1

Case 2

Figure 11. Modified mesh and mesh connected to fence

According to the simulations carried out with different values of the surface layer, the threshold touch
voltages [TTV] and threshold step voltage [TSV] are
directly related to the surface layer’s resistivity. The
change of material in the surface layer to gravel or
asphalt allows the touch voltages, step voltage, GS,
and Rg to vary in favor of the safety of the human
being when the perimeter fence is implanted. The surface layer of concrete allows the MTV to exceed the
values of TTV and TSV, which suggests improving
the architecture of the mesh. Based on the mesh and
perimeter fence indicated in figure 3, the modifications

The results allow us to observe the effects of the perimeter fence on the MTV, MSV, GPG, and Rg : If the
earth conductor of the perimeter fence encloses the
substation mesh, its effects on the MTV of the mesh
decrease up to 48%, and the GS and Rg decrease by
27%. The most typical configurations used to decrease
the touch voltage are observed in figure 11; in table
5, the MTV and MSV decrease in case 1. In case 2,
with the modified mesh, the MTV decreases, and MSV
increases concerning the values indicated in table 3
when there is a mesh and fence without a connection. If
the GS increases, the Rg increases; this is logical since
the GS is proportional to Rg , according to its formula,
GP G = Ig .Rg . When the GS increases, the peak touch
voltage decreases. In case 1, mesh and fence connected,
the maximum voltage value decreases by 8%, especially
where the mesh and rail are not connected. In case 2,
modified mesh, the maximum touch voltage decreases
by 16% for the case in which the mesh is present and
the fence is offline.
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3.1.3. The buried metal pipe effects
For the analysis of the effects of the pipe on the ground
grid, the fence indicated in figure 2 is not taken into
account; the touch, step, and GS voltage simulations
are carried out on the grid and direction 1. Metal pipe
of a fixed diameter, buried at different depths. See
Table 5. A metal pipe is buried at a fixed depth and
variable diameters. See Table 6. An example of item
a is simulated, with a surface layer of asphalt for the
case of a 400 mm ∅ pipe case and a depth of 2m, Table
6.
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layers of concrete, gravel, and asphalt are present.
ρs = 200Ω − m [concrete], constant diameter pipe, and
underground metallic line at depths of 2, 3, 4, and 5
m, TTV, and TSV correspond to 457.82 V and 730.83
V when changing the scenario For the surface layer
of gravel [ρs = 5000Ω − m], the TTV and TSV vary
between 2489.47 V and 8857.39 V, for the case of asphalt as a surface layer being its ρs = 10000Ω − m,
the TTV. TSV equal 4605.76 V and 17322.6 V, Rg
is set to 0.47 Ω. The maximum touch, step, and PG
voltages present a variation presented in Table.
Table 6. Constant pipe diameter and variable depth

Mesh and underground piping (diameter 400 mm)
ρs = 200Ω − m [concrete]
ρs = 5000Ω − m [gravel]
ρs = 10000Ω − m [asphalt]
Mesh - Pipe 2m [MP2]
Profile Address 11 [PD11]
Mesh - Pipe 3m [MP3]
Profile Address 12 [PD12]
Mesh - Pipe 4m [MP4]
Profile Address 13 [PD13]
Mesh - Pipe 5m [MP5]
Profile Address 14 [PD14]

Figure 13. Touch voltage, mesh and asphalt-ρs pipe

1924.62
1053.52
1911.75
1090.21
1897.24
1114.58
1881.5
1131.21

186
113.23
184.93
112.56
183.78
111.75
182.56
110.75

5288.62
5288.62
5263.10
5263.10
5235.02
5235.02
5204.92
5204.92

ρs = 200Ω − m [concrete], pipe diameter variation at 0.8, 0.6, 0.4, 0.2m at constant depth, TTV
and TSV at 457.82V and 730.83V, yes gravel with
ρs = 5000Ω − m is used as a surface layer, TTV and
TSV indicate values in 2489.47 V and 8857.39V. For
the scenario of using asphalt as the surface layer,
knowing that its ρs = 10000Ω − m, the result corresponds to 4505.76 V and 17322.6 V, indicating that
Rg = 0.47Ω. The MTV, MSV, and PG present a variation presented in Table 7.

Figure 14. Potential direction profile 1 - mesh and pipe ρs asphalt

A summary of the simulations carried out with
pipes of different diameters, depths, and surface

Figure 15. Metric mesh and underground metallic pipe
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gradient on surrounding metallic structures
Table 7. Variable diameter and constant depth pipe - ρ
concrete
Mesh and underground metal piping (2m)
ρs = 200Ω − m [concrete]
ρs = 5000Ω − m [gravel]
ρs = 10000Ω − m [asphalt]
Cases
Mesh - Pipe ∅ 0.8m [MP0.8]
Profile Address 11 [PD11]
Mesh - Pipe ∅ 0.6m [MP0.6]
Profile Address 12 [PD12]
Mesh - Pipe ∅ 0.4m [MP0.4]
Profile Address 13 [PD13]
Mesh - Pipe ∅ 0.2m [MP0.2]
Profile Address 14 [PD14]

MTV

MSV

GPG

1920.08
998.72
1922.13
1018.71
1924.62
1053.62
1927.98
1104.79

185.26
112.12
185.59
112.62
186
113.23
186.54
114.06

5276.08.62
5276.08
5261.76
5261.76
5288.62
5288.62
5297.97
5297.97

mesh, due to the increase in electromagnetic fields. Another way to reduce TTV and TSV is to make the pipe
cross diagonally as much as possible. An exhaustive
analysis suggests underground pipes leave an electrical substation area because voltage-transfer generates
GPG and TTV values higher than those admissible
for its configuration. In these cases, installing copper
weld rods attached to the beginning and end of the
pipe is recommended. According to the studies carried
out on the metallic pipe, it is possible to observe that
this affects the potential of the mesh.
When inside the grid area, the buried metal pipe
decreases the TTV and TSV; in real situations, this
does not happen because the pipes always enter and
leave the ground grid area. When a metal pipe leaves
or is outside the mesh area, it causes elevation of TTV
and GPG in regions outside the mesh; this is logical
since by increasing the length of the pipe, the increase
in potential will approach the rise in network potential. When a fault occurs in the electrical system, a
current is generated in the pipe; this increases when
the pipe is further away. The scenarios presented with
underground metallic pipes clearly show the danger
of transferred potentials. For GS designs in electrical
substations, corrective measures must be taken when
metallic structures are nearby; the designer must know
their influence with acceptable precision; otherwise,
they may apply erroneous or unjustified measures.

Figure 16. Display of values Table 8

In the presence of an underground metal pipe that
crosses under the mesh, with a constant diameter and
variable depth, the MTV and MSV decrease the deeper
it is, while the Rg and GS do so on a smaller scale.
If its diameter is variable and its depth constant, the
MTV and MSV increase when the pipe diameter decreases, and the Rg and GS increase to a lesser extent.
In figure 3, different scenarios are proposed, keeping
constant the parameters of the mesh, diameter, and
variable depth, the objective of these configurations
allows to determine which strategy is more favorable
for the decrease of TTV and TSV that can be generated on the surface area of the pipeline when a fault
Figure 17. Asymmetrical mesh touch voltage - ρs concrete
occurs in the electrical system.
According to sound engineering practices, correc3.1.4. Analysis of results of underground metaltive procedures are in place to minimize the transfer of
lic pipelines
potential when metallic structures are buried. Joining
The voltages MTV [457.82 V] and MSV [730.83 V] of the metallic structure to the main mesh, however, the
case 1 indicated in table 1 are taken as reference, where consequences of the said procedure is carefully veriit is recommended to install more ground mesh con- fied due to the possible transfer of the increase in the
ductors parallel to the underground pipe that passes potential of the networks [reverse situation]. Provide
below; this helps to decrease the TTV and TSV in the denser meshes for the grid over the buried pipe. These
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meshes can, in some cases, act as a protective mesh by
reducing the magnitude of the touch voltage. Install
insulating flanges on underground metal piping at suitable locations. The optimal solution in the corrective
methods to be used will depend on several factors, such
as the properties of the soil, the location of the metallic
structure, and the fault current, among others.
3.1.5. Mesh Type L

3.1.8. Case 2.2 Ground Grid considers rails
without connection to the grid
It is proposed to analyze the potential contour of the
ground grid considering the rails at a distance [d=30m]
without connection; this is a common situation in electrical substations and power plants, the simulation
of the rails is done through steel conductors 90 mm
diameter aluminum-clad separated at a distance of 1.5
m and a length of 50 m. Figure 19.

An GS study of an asymmetric mesh is presented, see
figure 4, for this case, a surface layer of resistivity 3.1.9. Case 2.3 Earth grid considering the rails
connected to the grid
ρs = 200Ω − m [concrete] is considered, obtaining the
values shown in Table 8.
Table 8. Asymmetric mesh type L
Asymmetric mesh type L
ρs = 200Ω − m [concrete]
Cases

MTV

MSV

TTV

TSV

Rg Ω

GPG [V]

Insulated mesh

457,82

2288,99

730,83

132,11

0,56

3168

In the exposed case, it is observed that with the
surface layer of concrete, the MTV exceeds the MSV;
in figure 16, the procedures to improve the TTV are
the same as those exposed in symmetric or asymmetric
meshes.

Figure 19. Mesh potential contour - with rails

Figure 18. Mesh potential contour - without rails

3.1.6. Analysis of results Scenario 2
A mesh and nearby rails are considered, the configuration of the mesh indicated in figure 3 is used, the
study is made based on what is shown in figure 5, and
a surface layer of asphalt is considered.
Figure 20. Touch voltage mesh and rails without connection

3.1.7. Case 2.1 Ground grid without considering nearby rails

The potential contour of the ground grid, considering the rails connected to the ground grid employing
An analysis of the potential contour of the ground grid 4/0 AWG copper cables at 5 points uniformly disis made without considering the rails; figure 18 shows tributed on the rails, is presented as a case study. See
the potential distribution on the ground surface when figure 20. Figures 17, 18, and 19 show the change in
a fault condition occurs.
potential curves when the rails are installed; the most
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gradient on surrounding metallic structures
important differences can be seen in the distribution
of potentials in the surroundings since high GS are
generated to be considered. Figures 19 and 20 show
that the TTV values increase in the area between the
rails and the mesh when they are not connected; they
are joined with the mesh to reduce these potentials.
Figures 21 and 22.

are connected to the mesh, they decrease, and the GP
and Rg values. Another way to reduce the potentials
in the rails when they are not connected to the mesh
is to insulate the union joints, see Table 9, item 8; in
the same way, the rails can be grounded using metal
rods or copper-weld.

Figure 21. Mesh potential contour with rail connection
Figure 23. Display of values table 6
Table 9. Variable diameter and constant depth pipe - ρ
concrete

3.1.10. Analysis of Results Scenario 3

Mesh and Rails (Rail Diameter 90mm, Depth 10mm)
ρs = 10000Ω − m [asphalt]
Idem

Cases

MTV

MSV

GPG

1
2
3
4
5
6
7
8

Insulated Mesh [IM]
Potential Rails [PR1]
Mesh and Rails without Connection 1 [MRWC1]
Rail Potentials [PR2]
Mesh - Pipe ∅ 0,4m [MP0,4]
Potential Rails [PR3]
Mesh and Rails without Connection 2 [MRWC2]
Isolated Potential Rails [PRA]

1951,02
3984,13
1651,47
1739,38
1924,62
717,73
1671,74
1606,9

190,26
9,57
152,99
576,69
186
227,69
155,12
756,61

5361,69
5361,69
4606,32
4606,32
5288,62
4201,47
4657,38
4657,38

Mesh 1 and mesh two are considered; Figure 6, the
mesh configuration indicated in figure 3 is used with
a surface layer of gravel and a short-circuit current of
10 kA.
3.1.11. Mesh 1 and Mesh 2 No Connection
When an electrical fault occurs in mesh 1, it affects
mesh two due to the difference between the potentials
of the ground surface and the potential in mesh 2; the
simulation for the two meshes is done by varying their
distance, starting from 10 up to 120 meters; obtaining
TTV= 2489.47 V and TSV=8857.39 V.

Figure 22. Voltage of touch screen and connected rails

If the rails are not connected to the mesh, the TTV Figure 24. Touch and step voltage on the measuring axis
and TSV values are high, see Table 9, item 2, if they of the meshes. Mesh 1 and Mesh 2 without connection
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Table 10. Voltages touch step Rg GPG − Insulated mesh

d(m)
10
20
30
40
50
60
70
80
90
100
110
120

Mesh 1
Maximum Voltage Rg Ω
Touch
Step
980.754
978.146
976.994
976.354
976.009
975.806
975.693
975.629
975.588
975.554
975.543
975.528

96.58
95.8
95.49
95.33
95.26
95.21
95.18
95.17
95.16
95.14
95.14
95.14

0.468
0.473
0.474
0.475
0.476
0.476
0.476
0.476
0.476
0.476
0.476
0.476

GPG
V
2636.63
2661.43
2670.57
2674.82
2677.06
2678.34
2679.11
2679.61
2679.94
2680.16
2680.32
2680.4

Mesh 2
Maximum Voltage Rg Ω
Touch
Step
2054.55
2165.5
2234.7
2284.7
2323.38
2354.56
2380.38
2420.21
2420.96
2437.25
2451.58
2464.27

22.64
14.71
10.86
8.44
6.77
5.56
5.64
3.93
3.41
3.99
2.65
2.36

0.468
0.473
0.474
0.475
0.476
0.476
0.476
0.476
0.476
0.476
0.476
0.476

TTV and TSV metrics at a distance d=30m are shown
in Figure 25.

GPG
V
734.951
607.649
522.136
409.968
409.968
370.686
382.68
311.425
288.475
268.717
251.521
236.414

The MTV generated by mesh 1 in mesh 2 grow
as they move away, reaching their maximum value of
2464.27 V at a distance of 120m; otherwise, the MSV
decreases as they move away. In meshes 1 and 2, the
Rg values are maintained at all separation distances,
Figure 25. Voltages touch and step - on the measuring
while in Mesh 2, the GPG decreases as they move away.
axis of mesh 1 and mesh 2 connected
On the line of the measurement axis, a graph of the
touch and step voltage is plotted for insulated grids 1
and 2, for a distance d=30m, Figure 24.
3.1.13. Mesh 1 and Mesh 2 without Connection
- Mesh 2 Underground.
3.1.12. Mesh 1 and Mesh 2 are Connected.
Distribution source transformer stations are often loIf meshes 1 and 2 are connected, the leak fault cur- cated close to surrounding buildings in urban areas.
rents are the same, and the potentially dangerous volt- On the other hand, GS’s are often intentionally or
ages are generated due to their geometric symmetry. unintentionally interconnected; therefore, they tend to
The meshes may be intentionally or unintentionally have a very low Rg . It is essential to assess potentially
attached through various metal installations such as dangerous voltages that may appear on the ground
cables, pipes, or metal rails.
grid of an adjacent building closest to the substation.
Table 11. Voltages touch, step, Rg , GPG.Mesh 1 and 2
joined

d(m)
10
20
30
40
50
60
70
80
90
100
110
120

Mesh 1
Maximum Voltage Rg Ω
Touch
Step
600.808
576.057
557.325
542.037
526.901
517.206
506.565
496.696
487.437
478.677
514.775
462.371

52.99
51.15
49.72
48.53
47.48
46.51
45.63
44.79
43.99
43.22
47.22
41.78

0.307
0.296
0.287
0.28
0.273
0.268
0.262
0.257
0.252
0.248
0.263
0.24

GPG
V
1731.01
1668.63
1619.07
1577.25
1540.53
1507.44
1477.04
1448.7
1422.2
1397.06
1481.65
1350.29

Mesh 2
Maximum Voltage Rg Ω
Touch
Step
600.808
576.057
557.325
542.037
526.901
517.206
506.565
496.696
487.437
478.677
514.775
462.371

54.4
53.41
51.84
50.55
49.42
48.38
47.44
46.54
45.7
44.89
48.88
43.37

0.307
0.296
0.287
0.28
0.273
0.268
0.262
0.257
0.252
0.248
0.263
0.24

GPG
V
1731.01
1668.63
1619.07
1577.25
1540.53
1507.44
1477.04
1448.7
1422.2
1397.06
1481.65
1350.29

The union of the two meshes is considered using an
isolated cable with the same characteristics as those
that make up the respective meshes, obtaining similarity between MTV and MSV in both meshes, see
table 10. In an electrical failure, the voltage values
are reflected in mesh 2. It indicates the need for an
exhaustive analysis; before intentionally connecting
mesh 1 with mesh 2, it is necessary to check if the
security measures applied in the Mesh 2 installations
can build up to dangerous voltages and ground currents. On the other hand, the parallel connection of
the grounding system meshes decreases the ground
currents and the TTV associated with mesh 1. The

Figure 26. Touch and step voltages on the measuring axis
- Mesh 1 and Mesh 2 isolated - Mesh 2 grounded

Table 12. Voltages touch, step, Rg , GPG Mesh 1 - Mesh
2 grounded

d(m)
10
20
30
40
50
60

Mesh 1
Maximum Voltage Rg Ω
Touch
Step
989.093
981.739
978.94
977.658
976.7981
976.309

98.77
96.67
95.97
95.68
95.47
95.36

0.46
0.46
0.474
0.474
0.474
0.474

GPG
V
2589.35
2638.14
2656
2663.49
2669.13
2672.6

Mesh 2
Maximum Voltage Rg Ω
Touch
Step
2101.29
2202.31
2268.01
2320.62
2355.08
2382.59

31.52
20.62
15.1
12.7
10.32
8.57

0.46
0.46
0.474
0.474
0.474
0.474

GPG
V
549.539
483.27
423.433
367.376
333.388
305.593

Chiliquinga and Robles / Considerations in the design of electrical substations, including the effect of potential

21

gradient on surrounding metallic structures
The potential distribution on the ground surface
of grid 1, where the source distribution substation is
located, and grid 2, which represents the ground grid
of the building closest to the substation, is calculated.
The calculations are made assuming that the ground
mesh of the building is connected to the ground meshes
of the surrounding buildings; it is assumed that the
meshes of the structures have the same characteristics
and technical parameters equal to mesh 1. The simulation for the two meshes is done by varying their
distance, starting from 10 to 60 meters, obtaining
TTV=2489.47 V and TSV=8857.39V. In the situation
in urban areas, the MTV in the neighboring building
for d = 30 presents high values; however, the stepped
voltages in the space between the substation and the
adjoining installation are higher voltages for the grids
connected. The transfer of dangerous potentials and
the technical parameters of the mesh and the ground
depend mainly on the value of the fault current. A
considerable distance between nearby meshes does not
guarantee a decrease in the transfer of dangerous potentials. In electrical substations, the resistivity value
of the surface layer is an important parameter to take
into account; its value directly influences the TTV
and TSV values of the substation and, therefore, the
transferred potential gradients.

4. Conclusions
Based on the scenarios presented in this study with
variables of resistivity of the surface layer and different configurations, the variation of the GPG has been
determined against several strategies. Technical parameters that appear in GS designs have been related and
evaluated, observing how these influence the GPG.
This article presents the simulation and analysis
of real potential transfer scenarios between electrical
substations and metallic structures. Based on them,
results have been obtained that reflect the values of
dangerous transfer voltages to metallic structures near
a substation, exceeding the TTV and TSV allowed in
a GS. Measures and procedures taken into account to
reduce transfer voltages in the design and construction
of GS are indicated.
The values of short-circuit currents, soil resistivity,
distances, and location between nearby metal structures, among other design parameters, influence the
transfers of electrical potentials between a substation
and adjoining metal structures. It is essential to consider the GPG generated in a GS outside the substation
area, the interference effects of potentials generated
by the existence of metal structures, and the GS close
to the substation.
In nearby grids, an analysis is made of the potentially dangerous situations that may appear when
transferring the potentials generated by the ground

fault currents to the grids and nearby ground equipment and the personnel protected by them. In designs
of cathodic protection systems for pipelines in oil stations, interferences between GS’s connected to the
substation grid with cathodic protection systems are
avoided as much as possible. Otherwise, the problem
should be deepened, proposing suitable solutions to
this interference, which would prevent compromising
the effectiveness of the cathodic protection system.
Detailed scenario analysis is performed when the
nearby grid is with other grounded objects; these circumstances are necessary for installing substations in
urban areas. The analysis carried out in the document
has shown that in case of ground faults in an unintentional connection of ground networks, it can cause high
TTV and TSV in nearby meshes, which can lead to
severe risks for the human being who transmits them.
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Abstract

Resumen

This research focuses on the georeferenced location
of distributed resources, specifically the injection of
active power through distributed generation. A ruralurban marginal feeder of a distribution company in
Ecuador with georeferenced information was taken as
a case study, which has a three-phase primary link at
a medium voltage and several single-phase branches
at a medium voltage of great length to supply users
who are far away from the local company’s network.
Consequently, to analyze the behavior of the electrical
network, the Cymdist software was used to perform
simulations in a steady state without and with the
insertion of distributed generation. For the location
of the distributed generation, the voltage collapse
prediction index was used as a technique for quantifying and identifying problems in the network nodes.
Moreover, based on the proposed methodology, the
suitable georeferencing of the sites where it is necessary to inject active power to improve the voltage
profiles and reduce the voltage collapse prediction
index was obtained.

Esta investigación se centra en la localización georreferenciada de los recursos distribuidos, concretamente
en la inyección de potencia activa a través de la generación distribuida. Se tomó como caso de estudio un
alimentador marginal rural-urbano de una empresa
distribuidora de Ecuador con información georreferenciada, que cuenta con un enlace primario trifásico a
media tensión y varios ramales monofásicos a media
tensión de gran longitud para abastecer a usuarios alejados de la red de la empresa local. En consecuencia,
para analizar el comportamiento de la red eléctrica,
se utilizó el software Cymdist para realizar simulaciones en estado estacionario sin y con la inserción
de generación distribuida. Para la ubicación de la generación distribuida, se utilizó el índice de predicción
de colapso de tensión como técnica para cuantificar e
identificar problemas en los nodos de la red. Además,
a partir de la metodología propuesta, se obtuvo la
georreferenciación idónea de los sitios donde es necesario inyectar potencia activa para mejorar los perfiles
de tensión y reducir el índice de predicción de colapso
de tensión.

Keywords: Distributed generation, Distributed generation, Voltage collapse prediction index, Distributed
resources, Electric power systems

Palabras clave: Generación distribuida, Índice de
predicción de colapso de voltaje, Recursos distribuidos, Sistemas eléctricos de potencia
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1. Introduction
Electric power systems (EPS) are currently seeking to
optimize non-conventional renewable resources, and
that is why many of them have begun to change their
energy matrix, betting on solar photovoltaic, low and
high enthalpy solar thermal, on-shore and off-shore
wind, and geothermal power plants. These generation
plants have incorporated new variables in the decision
and optimization processes in operation and dispatch
of energy [1, 2].
The advantage of this type of solution is that it is
possible to reduce the losses in the electric transmission systems, and therefore, it can be assured that the
power system is efficient. The presence of DG poses
new challenges in the management and operation of
electricity grids. To date, it represents about 20% of the
total generation of some power systems, and this figure
is gradually increasing based on the energy policies of
each region. An example of this change can be seen in
Europe, where an energy system with less dependence
on non-renewable resources, with the introduction of
emission reduction policies that significantly impact
electricity markets [3–6].
Another solution to this problem is the insertion of
distributed energy resources (DER), which have also
increased on the planet, thus seeking a sustainable
energy system with fewer environmental problems and
greater energy efficiency. Thus, DER management concepts have been generated, and virtual power plants
(VPP) have been created. A VPP is a single actor
in the electricity market and comprises several DERs.
Within this new concept, the owners of the VPPs can
access the electricity market while compensating for
the power deficit due to intermittency in the wind and
solar energy sources, accompanied by uncertainty in
the behavior of demand [7–9].
With the increased penetration of DER in the
electric grid, more flexibility is required on the consumption side. The flexibility in DER deployed on a
distribution grid can become an attractive asset for
trading in electricity markets. A VPP can provide a
demand response to an aggregator operating in the
market. However, this flexibility may be subject to
user behavior, and local regulations in the residential
sector [10].
Currently, the principle of operation of VPPs is
based on demand response (DR), the most widely used
and researched technique. Thus commercial and industrial load management and distributed generation are
the main focus of these studies. Several factors define
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the business models under which VPPs operate, such
as financing method (market or incentives), target market (system services, imbalance management, a day
ahead, during the day, balancing market), motivation
factor (pricing structure, environmental aspect, system aspect), customer type (residential, commercial,
industrial and street lighting), consumption characteristics (responsiveness, capacity, reliability, frequency,
duration), DG characteristics (primary resource, responsiveness, capacity, reliability, frequency, duration),
activation type (response time, duration, changes, capacity) and control mode (manual, semi-automatic or
automatic) [11, 12].
Generally speaking, VPPs can respond to two types
of markets: marginal markets where all generators receive the same price at the highest marginal dispatch
price and pay-per-bid markets where VPPs receive the
price bid by them. The operational management of the
EPS depends on power flow studies using optimization
and simulation techniques. The optimal DC (OPF-AC)
and AC (OPF-AC) flows are the most commonly used
techniques for power flow optimization. On the other
hand, specialized software such as Digsilent power
factory and Cymdist is used for simulation, which allows the implementation of georeferenced power flow
studies, from which the different electrical parameters
such as node voltage, angle, active and reactive power
flows, generation dispatch and power factor can be
obtained [13, 14].
Most studies have focused on studying DER in
urban distribution networks, where the load is concentrated, and the benefits are achieved by establishing
a technical-economic balance. However, the studies
are scarce for rural and marginal urban distribution
networks, so this research focuses on identifying the
DER connection point based on simulation techniques
in a rural georeferenced distribution system [15–17].
Through the results obtained from the simulation,
the voltage collapse prediction index is determined in
each node. In the nodes where the index is close to 1, it
becomes a candidate node to locate a DER so that the
DER connection points are determined later through
the proposed heuristic methodology. For this purpose,
the voltage profile, the loss reduction, and the power
factor improvement are verified. Figure 1 shows the
conceptualization of ideas raised in this research.
The article is organized as follows: section 2 refers
to the concepts related to distributed resources, section 3 defines the problem and the case studies, section
4 analyzes the results, and section 5 shows the main
conclusions.
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collapse prediction index

MOTIVATION

Improve energy quality in rural-urban
marginal distribution networks

METHOD

Renewable energies and
distributed generation
Improve voltage

Analyzes the current state of the
EPS; it is based on simulation in
Cymdist with the values of the
voltage phasor in each node
VCPI determined.
Reduce VCPI
Possible locations of the DG
when the VCPI ≥ 0.9

Greater load
capacity

Node with DG
Node candidate
Primary feeder
Secundary branch

ANALYSIS
Based on simulation of power
flows in Cymdist

Verify voltage collapse prediction
index

Location and sizing of
distributed generation

Figure 1. Research conceptualization

1.1. Related Works
One of the alternatives available in current EPS to alleviate congestion in the distribution and transmission
networks is distributed energy resources (DER), a set
of technologies that can be deployed in the electric grid.
Among these is distributed generation, which seeks
to generate electricity very close to the consumption
points. Other technologies used are the Battery Energy Storage Systems (BESS), which seek to store the
energy that is not used during low-demand hours so
that it can be used during peak hours, thus reducing
the demand for a centralized generation.
1.1.1. Distributed generation
Distributed generation has become one of the primary
sources of non-conventional natural resources for electricity generation at sites very close to the load. Thus,
DG is connected to distribution networks at medium
or low voltage levels, depending on the type of contract
and its power. The leading primary energy used for
electricity generation in DG is solar, specifically solar
photovoltaic, which can be implemented from small
plants located on the terraces of residences to generation complexes that can reach up to MW of installed
power [18–20].
The DG has made it necessary for distribution
systems to become bi-directional networks, thereby reducing congestion in transmission networks and losses
in power systems. Now users can be part of the electricity market, producing their energy and injecting
the surplus into the public grid, [21, 22]. The energy
management of the DG is carried out through the
VPPs that allow an optimal dispatch of resources

based on measurement and monitoring systems of the
DG, the BESS, and controllable load resources. The
control strategy of VPPs can be divided into three
different patterns: centralized control, distributed control, and fully distributed control; according to their
structure and information, depending on the roles and
responsibility, VPP is distinguished as commercial
VPP (CVPP), technical VPP (TVPP) and combined
VPP [7, 23].
Communications play a fundamental role in the
operation and management of the VPP. It is possible
to have an online measurement in time of the primary energy resources that are used for electricity
generation, the necessary demand in each time interval, imbalances in the networks, and uncovered energy
needs that must be imported from public networks for
adequate demand management [24, 25].
1.1.2. Voltage collapse prediction index
In the operation of power systems, many parameters
define the behavior of EPS, such as power quality
indexes, stability indexes, reliability indexes, voltage
profile, and line chargeability, among others. Power
flow studies allow quantifying each of the electrical
parameters in the EPS steady-state operation and are
the mathematical tool used by simulators to show the
behavior of power systems under different generation
and demand scenarios.
There are different reliability and stability indexes
to verify the state of power systems. For example, the
EPS are analyzed under the N-1 contingency state
to study reliability. For this purpose, the contingency
ranking index is used to determine the degree of contingency affectation, thus obtaining information that
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will help plan the expansion and improvement of the
EPS. On the other hand, different indexes have been
proposed to identify voltage, angle, frequency, chargeability, and load fluctuation failures [26–29].
The identification of the operative limits allows determining nodes with a deficiency in which the power
system must be improved so that through the VCPI, it
is possible to locate problem nodes in which, before any
change in the load the power system can collapse, the
VCPI is determined through (1) [30]. VCPI is based
on the electrical network’s voltage phasors and admittance characteristics and calculated for each node
of the EPS. The VCPI values are between 0 and 1,
and the closer it is to 1, the higher the probability of
voltage collapse at that node.

Pn
′
m = 1 Vm
m ̸= k
V CP Ik = 1 −
Vk

Ykm
Vm′ = Pn
Vm
j = 1 Ykj
j ̸= k

(2)

Where:
Vm is the voltage phasor at node m,
Vk is the voltage phasor at node k,
Ykm is the admittance between nodes k and m,
Ykj is the admittance between nodes k and j.

The VCPI is a global technique that considers the
effects of the loads in the other nodes on a particular
node, which can be linked to the voltage stability studies achieved by analyzing the P-V curves; therefore, it
can be said that the VCPI can predict a node in which
voltage instability may occur in power systems.
Table 1 shows significant contributions in planning
electrical distribution systems, which in recent years
have focused on topics such as renewable energies,
distributed resources, distributed generation, virtual
(1) power plants, and demand management. The principal
electrical parameters analyzing by other authors are
voltage, congestion, power factor, and Geo-referenced.

Table 1. Summary of related works
Author
Sena [20]
Heang [18]
Quinteros [13]
Carrión [28]
Aderibigbe [19]
Mosquera [3]
Valenzuela [23]
Valenzuela [25]
Danish [26]
Inga [22]
Present work

Year
2022
2022
2022
2021
2021
2020
2019
2019
2019
2018

Parameters considered

Objetives
Electrical network evaluation
Reduces active power losses
Power system restoration
Improve electrical power systems
Optimal placement of distributed generators
Optimal virtual power plant location
Management of electrical distribution networks
Planning underground distribution networks
Voltage stability index
Planning electrical distribution network
Planning and sizing of electrical distribution network

Voltage

Congestion

Stability

Geo-referenced

✓
✓
✓
✓
✓
✓
✓
✓
✓
✓

✓
✓
✓
✓
✓
✓
✓
✓

✓
✓
✓

✓
✓
✓
✓
✓
✓

Distributed
generation
✓
✓
✓

Thematic
Virtual power
plant
✓
✓
-

Planning
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓

2. Materials and methods
2.1. Problem and Methodology
Feeder 1500090T01 of the Riobamba electric company
(EERSA S.A.) has been taken as a case of analysis
since the concession area of the distribution company
corresponds to rural and marginal urban networks in
its more significant percentage. Feeder 1500090T01
is shown in figure 2, in which it can be seen that it
has two (2) links to the sub-transmission ring and
two single-phase derivations to the users; as can be
seen, the coverage of this feeder is 100% rural, where
its users are far away from each other, and there are
service quality problems. As it is a marginal urban,
rural network, only the primary link is three-phase,
and all the branches are single-phase, which generates
an additional problem about the power balance, so it
is assumed that the location of the proposed DG will Figure 2. Feeder 1500090T01 of EERSA S.A. Source:
be adapted to the voltage profiles and several phases Cymdist
existing at the connection point.
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Figure 3 shows the equivalent single-line diagram of Algorithm 1 DG location based on VCPI
the power system considered for the analysis, in which
the two secondary branches can be distinguished. The Step: 1 Input data
Electrical Power System Parameterization
nodes of the secondary branches are identified by the
Generators, lines, transformers, loads, connectivletter U for the upper branch. And by the letter D
ity matrix
for the lower branch. The upper branch comprises
Steady state simulation by Cymdist
20 nodes connected by the end-users, and the lower
Save [Vi , Pi,j , Qi,j ,P di , Qdi ].
branch has 26 nodes.

1

U20

U15

U19

U14

2

U18

U13

3

U17

U12

4

U16

U11

5

U10

6

U8

7

U7

8

U6

Step: 2 VCPI determination
for i = 1 : n
V CP Ii = V CP Ik
end for

U9

Primary feeder
Upper secundary branch
Lower secundary branch

9

U5

D15

D16

10

U4

D14

D17

11

U3

D13

Step: 3 Possible nodes for DG
Sort VCPI
for i = 1 : n
V CP Ii ≥ 0.9
Select node candi = i
end for

D18

Step: 4 DG location and sizing
Locate DG in nodei
D24
D20
P otDG = 1
14
D10
D25
D21
15
If V CP I ≥ 0.9
D9
D26
D22
16
D8
D1
Discarf node
17
D2
else
18
D3
for i = 1 : length(cand)
19
D4
D6
while V CP Ii ≥ 0.9
20
D7
D5
P otDGi = P otDGi + 1
end while
Figure 3. Feeder 1500090T01 of EERSA S.A. Source:
end for
Cymdist
end if
12

U2

D12

13

U1

D11

D19

D23

The analysis of the power flows performed through
simulation in Cymdist, with which the current state
of the network is obtained, data that are the starting
point for the location of distributed resources in the
network; with these values, we proceed to determine
the VCPI. Since there are different voltage profiles,
the studies will be carried out in p.u., values whose
base is referred to as the main three-phase link, in such
a way that the different electrical variables are unified.
Algorithm 1 defines the methodology for DG insertion in the nodes that present a VCPI very close to 1,
assuming the existence of the primary resource, physical space, and without generating a more significant
environmental impact.
Table 2. Variables related to the mathematical model
Symbol
Vi
Pi,j
Qi,j
P di
Qdi
n
P otDGi

Description
Voltage at node i.
Active power flow between nodes i and j.
Reactive power flow between nodes i and j.
Active power demand at node i.
Reactive power demand at node i.
Number of EPS nodes.
DG active power.

Step: 5 Show results
candi , P otDGi , Pi,j , Qi,j , Vi

The methodology to ideal deploy DG in power
systems is shown in Algorithm 1, in which VCPI is
considered the primary constraint; in Step 1, the EPS
steady-state simulation in Cymdist is considered, and
the different electrical parameters are stored. In Step 2,
the steady-state of the power system is analyzed, and
the VCPI at each node is determined. In Step 3, the
VCPI comparison is performed, and the highest VCPI
values are taken as possible DG locations. In Step
4, the location and sizing of the DG are performed.
Finally, in Step 5, the results of the proposed methodology applied in the simulation in Cymdist are shown.
For the sizing of the DG, 1 kW steps were considered,
comparing the previous VCPI with the new one, as
well as voltage profiles and line congestion. Table 2
shows the notation of variables used in Algorithm 1.
The proposed methodology analyzes the current
state of the EPS; it is based on simulation in Cymdist,
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with the values of the voltage phasor in each node
VCPI determined. This index is the decision parameter for the possible locations of the DG when the
VCPI ≥ 0.9, each node which, after implementing DG,
reduces its VCPI ≤ 0.9 is considered like nodes in
which DG should be implemented. In this way, once
it has the possible locations, place the DG in those
nodes, and if it does not reduce the VCPI, the node
is discarded. For DG sizing, incremental steps of 1kW
were performed until the EPS obtains a VCPI value of
≤ 0.9 at all nodes. Once the nodes in which DG should
be implemented and its power capacity are determined,
the current state is analyzed, and it is verified if it
improved the voltage profile and stability by analyzing
the P-V crossovers.

that branch. On the other hand, in the lower branch,
the DG power was 32 kW at node D12, whose coordinates are Lat.: -2.2292529, Long.: -78.8900419, which,
as in the lower branch, improves the VCPI of the entire
branch.
The voltage profile in the main feeder can be seen
in Figure 5 (a) and in the upper branch Figure 5 (b)
and lower Figure 5 (c); in the three cases, it can be
seen how the voltage improves after the DG enters
the points selected by the proposed methodology. On
the other hand, Figure 6 shows the comparison of the
VCPI before and after DG insertion, both for the main
feeder (a) and the upper (b) and lower (c) branches.

3. Results and discussions
3.1. Analysis of Results
This index identified the possible nodes where DG
can be located to improve the indicator above without affecting the other electrical parameters. Based
on the simulation in the Cymdist software, the EPS
steady-state power flows were obtained, and with this,
applying algorithm one and based on the voltage phasors, the VCPI at each node was determined. The
location of the possible nodes and the final location of
the DG can be seen in Figure 2.

Node with DG
Node candidate
Primary feeder
Secundary branch

Figure 4. DG georeferenced location

As shown in Figure 4, the location of the DG is not
in the three-phase network but in two of the singlephase branches, which is why the DG systems must also
be single-phase. The DG system in the upper branch
is sized with a value of 17 kW at node U8, whose coordinates are Lat.: -2.1669009, Long.: -78.8633971. The
value includes the VCPI improved in all the nodes of

Figure 5. Voltage profile at nodes

VCPI try to reduce their original values, so it can
be asserted that the quality of electrical service improves in these branches, which is undoubtedly one of
the electrical parameters that power system planners
are looking for nowadays.
Considering that modifications have been made to
the EPS compared to its initial state, it is necessary to
verify the overall operation of the distribution network,
and one way to do this is to analyze the system’s stability. For the proposed case based on the VCPI, it is
necessary to study the voltage stability, which is done
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through the P - V curves. Consequently, the nodes
of the main feeder where the secondary branches are
connected, nodes 14 and 15, have been considered.

1.1
Base case
With DG

Voltaje [pu]

1
0.9
0.8
0.7
0.6

0

100

200
300
Active power [kW]

400

(b) P-V curve in node 15
Figure 7. P - V curves (a) Node 14. (b) Node 15

4. Conclusions
The different studies that can be achieved through
simulation techniques are innumerable. They are often
despised due to the lack of interface or knowledge to
extract their parameters and use them in modeling
programs such as Matlab or Phyton. For the case study
presented, the databases of the results were extracted.
Through Matlab, the proposed methodology was implemented based on the results, thus ideal locating the
possible points at which power can be injected from a
DG. The location and sizing of the DG improved the
voltage
profiles of the entire EPS, contrary to what
Figure 6. VCPI at nodes
happens when reactive compensation is performed,
Figure 7 (a) shows the P-V curve for node 14. It can which only improves the voltage profile in the vicinity
be seen how the voltage increases with the fluctuation of the reactive injection point.
of the total load of the upper branch, similar to the
It was possible to demonstrate that through the
Hopf bifurcation shifts to the right. A similar situation VCPI, it is possible to detect nodes with weaknesses
can be seen in Figure 7 (b), showing the results at in the power system, and this can be used for different
node 15, which feeds the lower branch.
studies; for the case proposed through the analysis of
this parameter, it was possible to locate and dimen1.2
sion two active power injection points in a distribution
Base Case
network.
With DG

Voltaje [pu]

1.1
1
0.9
0.8
0.7
0.6

0

50

100
Active power [kW]

(a) P-V curve in node 14

150

It is possible to analyze georeferenced power systems with georeferenced data and not only have the examples stipulated in the literature, such as the CIGRÉ
and IEEE models. It is now possible to access the
databases of distribution companies and provide real
solutions to their problems. It is essential to highlight
that through Cymdist.
The georeferencing of the active power injection
point is very useful to contrast with the existing primary resources at the site and determine what type of
primary energy can be used to solve the drawbacks of
the power grid.
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Abstract

Resumen

For this research, a passive fault tolerant control system is developed for a static reactive compensator
coupled to a microgrid in connected mode, oriented
to those faults that result as a consequence of common damages in their sensing systems. The proposed
method uses a robust optimal controller by H∞ and
artificial neural networks as a nonlinear estimation
method. Simulations, validation, plant identification
and controller design are carried out using a microgrid
Benchmark system, programmed in Matlab/Simulink.
The research shows valuable results such as: the improvement in the reliability and resilience of static
compensators against sensing failures, improvements
in the behavior of the output signal of the static compensator controller exposed to sensing failures and
the decrease in error with respect to classic controller.

Para esta investigación se desarrolla un sistema de
control tolerante a fallos pasivos para un compensador
reactivo estático acoplado a una micro-red en modo
conectado, orientado a aquellos fallos que resultan
como consecuencia de daños comunes en sus sistemas
de sensado. El método planteado utiliza un controlador óptimo robusto por H∞ y redes neuronales
artificiales como método de estimación no lineal. Las
simulaciones, la validación, la identificación de la
planta y el diseño del controlador se llevan a cabo por
medio de un sistema Benchmark de una micro-red,
programado en Matlab/Simulink. La investigación
muestra valiosos resultados como: el mejoramiento
en la confiabilidad y resiliencia de los compensadores
estáticos ante fallas de sensad, mejoras en el comportamiento de la señal de salida del controlador del
compensador estático expuesto a los fallos de sensado, disminución el error con respecto al controlador
clásico.
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1. Introduction
The energy needs in the earth continue to increase
especially due to the rise of industries and the needs related to transportation. In this way, such requirements
have led to the emergence of new forms of electricity
generation through renewable energy resources and
the use of networks smaller than the traditional ones
called Microgrids (MG) [1–3] . MG can be understood
as an small-scale electrical systems containing several
distributed generators, loads, and energy storage systems [1, 4–6].
Due to the emergence of new types of loads such
as electric vehicles and storage systems that work with
direct current, which are connected together with alternating current loads that are the most recurrent in
home networks [4]. Mixed or hybrid AC/DC type MGs
have taken on special relevance for researchers, due to
the feasibility offered by each type of MG, with the
only need to include energy conversion devices that
work with power electronics elements [7–13].
Due to their characteristics, MGs must be able to
function both in connected network mode and independently, and for each mode there must be a correct
operation and control, which should even be able to
withstand certain problems and failures [1, 4, 13, 14].
The operations control should also consider characteristic features of certain type of generation such as
wind and solar, where variability and intermittency are
common; and they are aspects that should consider for
an continuous, stable, safe and resilient operation of
the Hybrid MR. There are differences and significant
changes to a traditional electrical network, compared
to features offered by MG, in especially those that
operate in AC and DC. In matters related to control
and the problems that could occur in the operation,
such changes are directly related to the existence of
distributed control operations and the existence of
power flows that they are bidirectional [15, 16].
As previously indicated, one of the most relevant
aspects of proper functioning of the MG is the presence
of robust control; the same that should be able to withstand the existence of failures in various components
of the control system and the MG.
During fault events and sensor and actuators malfunction of the various subsystems of the MG, the control
systems with more traditional feedback may not be
able to guarantee the system stability or performance
of all components.
Therefore, there are new strategies for the management
of this type of network as we can mention the fault
tolerant controls (FTC) [1, 13, 14, 17]. Such strategies
allow the emergence of fault-tolerant control systems
(FTCS), which can overcome the aforementioned deficiencies. [18].
Fault-tolerant controls can be divided into two
groups: active controls (AFTCS), which are those that

contain diagnostic strategies and fault detection in real
time through the use of information. Active control
systems also contain reconfiguration mechanisms that
allow the MG to be maintained stable and with acceptable performance even when there are failures in
various system components. [1, 18, 19].
Fault-tolerant controls that are passive are instead
designed to have a single robust structure, that is,
they have no way of being automatically reconfigured
during fault events. Another difference is that they
do not consider the information that a fault detection
and diagnosis system (FDD) may have. [1, 18].
Fault tolerant control systems have been studied
extensively and there are several proposals that work in
connected network mode and also when MG operates
independently. The operation in connected mode to the
conventional network is supported in the parameters of
the main network and most of the proposals that have
been previously established are related to the use of
capacitor banks and flexible AC transmission systems
(FACTS). In the case of advanced control strategies,
voltage regulations are also used in the generation
zones, although the controllers can be directly in the
element to be controlled, as shown in Figure 1. [1], [20].

Figure 1. Fault tolerant control

On the other hand, in isolated operation, the researchers have determined that there are other needs,
such as the correct choice of the generator system that
becomes the frequency leader. [20].
Mainly when there is a high penetration of generation
sources with renewable energies in which the inherent
characteristics of intermittence and discontinuity and
complicate the use of traditional MG control strategies [20].
In [20] an FTC system is presented that allows
fault tolerance based on an adaptive controller based
on the model through a PID control tuned by genetic
algorithm and a structure with intelligence, it is stated
that this structure guarantees monitoring of the conditions of the MR, which allows regulation of frequency,
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voltage amplitude. The existence of fault scenarios
including actuator failures, sudden load connection, as
well as short duration faults is proposed; which allows
testing the performance of the proposed method.
In [21] an FTC strategy is presented to deal with
loss of effectiveness and lock-in-place faults that occur
con an SVC, the strategy used in that document use
an adaptive backstepping technique with a dynamic
surface control (DSC). The results of the investigation
shows that the strategy can produce a good performance over signals in the closed-loop system under the
occurrence of the described faults.
Other investigations center their attention on faulttolerant controllers for a wide area control systems but
doesn’t center on an SVC. The controller generally
finds a way to deal with faults over communications of
signals to control de whole system while other investigations use static or dynamic compensations systems
to control the angle of synchronous machines where
robust control try to maintain the machine in good
operational conditions [22].
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Figure 2. Artificial neuron

The artificial neuron is composed of a set of weights
represented in the values W1 , W2 , Wm and that represents the synaptic connections of a real neuron, a
vector x that composes the inputs and finally an output of the unit represented by y which is the result of
an activation function.
An artificial neural network is the computational
composition of multiple elementary processors composed of an adaptive system that, through an algorithm, is capable of adjusting its weights in order to
improve performance with the use of samples. One
of the main advantages of the use of artificial neural
networks is the ease of use of training data through
2. Materials and methods
supervised or unsupervised processes. The supervised
process occurs by making use of well-known input and
output data, expecting that the output data of the
2.1. Microgrids
neural network is as similar as possible to the output
MGs are in general a revolutionary set of elements that data that is available. Unsupervised learning makes
work together to generate, transport and supply power use of a set of patterns that are valid to find structures
to a set of loads in a certain geographical area that or configurations that are present in the data [28].
can operate in isolated or with an interconnection link
with a conventional network. This implies that a MG 2.3. Static VAR compensator (SVC)
must have generation elements and loads that seek a
constant balance based on the available resources at a Within the FACT type devices, the static reactive
technological and environmental level. In general, MGs compensator falls into the category of those that have
make use of generation systems that take advantage a bypass connection. The device in question consists
of renewable resources such as water, wind, heat or of an inductor controlled by means of power electronics called thyristors and which receives the name of
radiation from the sun. [23, 24].
TCR [29]. Through the correct control of the TCR
Generation systems and consumption points are tripping, a variation of the reactance is achieved which,
linked by distribution systems that can be AC or DC, in the long term, implies a change in the consumpas shown in figure 1, with the corresponding need to tion of reactive power at the connection point of the
have AC/DC or DC/AC conversion elements. On the compensator, then it is possible to improve the power
other hand, and due to the need to cover deficiencies factor at said point. In this point the bus voltage is
that could arise from the implications of a complete also checked [29–32].
system but with limited resources, reactive compensaThe device is controlled by modifying the firing antion systems and even storage systems can be made gle of the power elements that make up the SVC. This
available, which in the long term can improve the logic control is issued by control loops that may conquality of service. [25–27].
tain PI, PID controllers or even more robust options
such as the one that will be implemented in the present
investigation. [33–37]. The reactive compensation devices are used in the MR in order to compensate the
2.2. Neuronal network
power factor that is outside normal parameters [29–37].
A fairly simple abstract model of the functioning of an Due to the effects of the loads connected to the system,
artificial neuron can be conceived, which can be seen an alteration in the power factor results in the affectain Figure 2.
tion of the system voltage in the system bars [29–37].
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On the other hand, it is usual that in the MG the generation systems require consumption or due to their
own generation principles cause modifications in the
reactive values which can cause a drop in the output
voltage of the units and therefore a drop in power.
The problem can be solved with the installation of an
SVC [29–37].
2.4. H-infinite (H∞)
It is used to achieve controllers with guaranteed performance and that are stable, the use of these models is
presented as an optimization problem through which
a model that meets the objective is found. One of the
main advantages of the method is that it is widely
applicable in multivariable systems, while part of the
disadvantages include a high level of mathematical
knowledge and an understanding of the system to be
controlled.
The name of the method is based on the fact that
the optimization is carried out on the so-called Hardy
space in the positive half of the complex plane and
represents the maximum value on the mentioned space,
being understood as the maximum gain in any direction and at any frequency for a SISO system. It is
the maximum magnitude of the frequency response.
Among its uses is the reduction of the impact of a
disturbance in a closed loop that can be observed as
stability or performance.
The plant has inputs composed of an exogenous
input that includes a reference signal, disturbances and
manipulated signals. On the other hand, there are outputs between which there is an error signal that must
be minimized and the measured variables that will be
used as control signals in the system. By means of the
measured signals and the value of K, the manipulated
variables can be calculated. Expression (1) is used to
formulate the problem in matrix form [17, 38, 39].
 
  
  
z
w
P11 (s) P12 (s)
w
= P (s) ×
=
×
v
u
P11 (s) P12 (s)
u

(1)

It is possible to calculate the dependence of z on w
by means of the lower linear fractional transformation (LFT) which is shown in expression (2), where
Fl × (P, K) represents the result of the LFT that can
be used to find the relation between z and w.

z = Fl × (P, K) × w
Fl × (P, K) = P11 + P12 × K×
(I − P22 × K)

−1

a controller K such that Fl × (P, K) is minimized according to the norm H∞ being the same applicable to
the design carried out by means of H2. There are some
techniques to achieve the objective, among which the
Youla-Kucera parameterization that leads to very high
order controllers, methods based on the resolution of 2
Riccati equations requiring many simplifications and
finally the method based on optimization with a reformulation of Riccati using linear matrices of inequalities,
a method that requires few assumptions [17].
2.5. Fault tolerant controller design
The control signal is manipulated directly by the controller, which replaces a traditional PI type controller
that was part of the control system and whose performance will be compared with the H∞ controller.

Figure 3. Controller zone

Figure 3 illustrates the area of the controller into
which the robust controller is inserted. It can be seen
that the variables that are measured are those that
correspond to voltage signals in addition to having values that correspond to references necessary to generate
adequate control signals.
On the other hand, figure 4 shows the way in which
the designed controller is placed inside the voltage regulator considering the need to reduce the error to 0.
The error corresponds to those values that result from
the difference between the voltage measured and the
reference voltage in addition to subtracting the value
corresponding to the control signal in this case represented by the Bsvc. It is understood that the controller
acts directly on the control signal.

(2)

× P21

According to the aforementioned, it is known that
the objective of the method in question requires finding

Figure 4. Voltage regulator design
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2.6. Problem formulation

14 bars composed of 2 energy storage systems, 2 photovoltaic generation plants, 1 diesel generator, an one
A controller is said to be fault tolerant when this coninterconnection point with a conventional network. In
troller is capable of maintaining the control objectives
addition to linear and non-linear loads and finally an
despite the fact that it is subject to the occurrence of
SVC, the mentioned model can be seen in Figure 5 [3].
faults, the faults in question can be additive or nonThe controller is subjected to simulations to obtain
additive faults depending on the alteration that they
cause. These alterations to the measurements that in a detailed model of the plant through the use of state
the long term create modifications in the equations spaces, the simulation process yields a plant of the
of the space of states. While non-additive or multi- SVC controller. The proposed method is tested with
plicative faults cause changes in the terms of the state the occurrence of non-malicious sensing failures of incipient and abrupt type in the primary of the control
space.
Fault tolerance can be achieved by passive or ac- system, the fault tolerant controller designed by means
tive strategies, in some cases being able to maintain of the H∞ methodology is implemented within of the
the controller with changes in its parameters, while in SVC.
other cases the control laws can be reconfigured [1, 13].

3. Results and Discussion
3.2. Results
The controller that is obtained through the design
process proposed in this document yields the parameters for the controller according to what is shown by
expression (3), where A, B, C and D represent the
arrays that form the state space that describes the
voltage controller region of the SVC.


−2.85e−3
A =  −189.32
−31.96


C = −2.68e−17


−437.52 −200.38
−108.03 −119.03
10.56
−21.65


−2.25e+3
B = −9.54e+3 
−2.56e+3

−6.32e−17 3.62e−19

(3)

D=0

On the other hand, the implemented neural network is designed to work with 2 inputs, each layer has
a total of 10 neurons in its hidden layer while each
one has 3 output neurons. There are 2 NARX type
systems available and each one is used independently
to work with the primary and secondary signals. Based
on what was stated in the previous chapters, the simulations corresponding to the faults are developed. The
occurrence of the fault is planned with an occurrence
time of 0.4 seconds of the simulation. Once the MR
Figure 5. Microgrid Diagram
has already found stability at its point of operation.
The faults occur according to what is explained by
different factors that trigger alterations in the signals
3.1. Study case
acquired from the primary, the faults tested are inFor the present study, the use of a benchmark-type cipient according to what is shown in figure 6 and 9,
test system is proposed, which represents an MG of another of an abrupt type that is displayed in figure 7.
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Figure 6. Incipient failure in primary

It can be seen that the abrupt failure that occurs
at 0.4 seconds of simulation causes an output with
a value of 0, which suggests a disconnection of the
voltage sensor involved.

Figure 8. Control action: incipient failure

It can be seen that the control action resulting
from both methods is completely different in form and
magnitude.The control action resulting from the PI
controller has a magnitude that varies between 0 and
-1.2 approximately, while the control action resulting
from the designed controller with H∞ varying between
0 and 4x10−15 . These magnitudes are altered by the
reference points to which the system is subject prior to
0.4 seconds of occurrence of the fault and once the fault
occurs immediately the control action is modified.
For a better understanding of the behavior, Figure 9 is presented, which illustrates the error value
that occurs with each control action, which should be
minimized. It is observed that when the fault occurs,
the behavior of the control action of the controller PI
tends to a constantly growing divergence, while in the
case of the controller built in the present investigation,
the error tends to change but the change is minimal
compared to the more traditional control action.

Figure 7. Abrupt failure in primary

The signals shown above were tested in order to verify how a sensing failure can cause undesired changes
in the control signals of devices linked to said signals.
In this specific case the control signal that triggers the
triggering of the detection devices power involved in
the operation of SVCs. The signals were introduced
in the controller with a PI method and also with the
robust controller.

3.3. Incipient failure

Figure 9. Error: incipient failure

Figure 8 shows a comparison of the performance of
Figure 10 shows the behavior of the output voltage
both control methods and how they develop before the (p.u) in phase A after the signal is processed by the
occurrence of the incipient failure.
controller H∞ and a stage composed of an artificial
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neural network. Once the fault occurs, the voltage
tends to have a fluctuation as an expected effect without this modification being significant, since it has a
variation of 0.02 units with respect to the pre-fault
condition.

Figure 12 corresponding to the error produced as
an effect of the control action with both controllers is
also presented. Once again it is evident that the error
caused by the controller H∞ is much lower than that
produced by the PI controller after the occurrence of
the fault, the PI controller again causes a divergence
in the error, although in this case the error stabilizes
in a short period of time.

Figure 10. Voltage RMS (p.u), phase A: incipient fault

3.4. Abrupt failure

Figure 12. Error: abrupt failure

In a similar way to what was reviewed with the incipiAs previously reviewed, the RMS voltage value in
ent failure, the results obtained are presented for the
phase
A is plotted as an effect of the implementation
case in which the failure is of the abrupt type, Figure
of
the
robust controller, the result is shown in Figure
11 shows the behavior of the control action subject to
13.
the abrupt failure.

Figure 11. Control action: abrupt failure

It can be visualized again that the control action
with a traditional controller has a variation between
-1.2 and 3.5 units, having a sudden change at 0.4 seconds in the occurrence of a fault. On the other hand,
the control action with the use of the H∞ system
is maintained in the interval between 0 and 4x10-15
with a behavior similar to that obtained in the previous fault studied, the controller even shows a lower
fluctuation after 0.4 seconds from incipient failure.

Figure 13. Voltage RMS (p.u), phase A: abrupt failure

Since the error produced by the control action is
small the variation that occurs in the voltage is also
small which validates the robustness of the controller
in the event of sensing failures.

4. Conclusions
It is verified that implementing a fault tolerant controller designed by means of H∞ improves the capacity

Ramírez et al. / Passive Control Tolerant to Sensing Faults in dynamic compensation devices - SVC through a
hybrid strategy
of the controllers to support alterations produced by
failure events in the controller input, the performance
is much better than a conventional PI type controller.
The new controller strategy is effective to maintain
the stability action without significant changes.
The operation of the controller designed by means
of simulation in software specialized in simulation of dynamic systems Simulink/Matlab is successfully tested.
The software allowed to carry out simulations in order to carry out the identification of the system in
addition to the controller design and its validation in
a Microgrids implemented by means of a Benchmark
system.
The designed passive sensing fault-tolerant control
system shows better performance in the event of an
abrupt fault compared to an incipient fault, the designed parameters of the controller were successfully
calculated, although in both cases it is significantly
better than a traditional controller.
The correct performance of an artificial neural network is achieved as a previous step to the introduction
of a measured signal in the controller involved, the
signal that is produced by a sensing error is processed
by an artificial neural network to later introduce the
signal in the controller.
It is proposed to introduce the methodology of
this academic article for the development of robust
controllers that can withstand malicious failures and
the occurrence of other types of failures as well as in
different types of devices that require a robust control
action. On the other hand, it is proposed to carry out
comparative research with selection algorithms that
allow selecting the best control action that is the result
of different methodologies to improve its performance.
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Abstract

Resumen

Use photovoltaic (PV) systems for electricity gen- El uso de sistemas fotovoltaicos (FV) para la generaeration is constantly growing in Brazil. With the ción de electricidad está en constante crecimiento en
reduction in the price of PV modules and the imple- Brasil. Con la reducción del precio de los módulos FV
mentation of the electric power compensation system la implementación del sistema de compensación de
by the power distributor, the consumer is investing energía eléctrica por parte del distribuidor de energía,
in PV microgeneration to reduce the power bill. This el consumidor está invirtiendo en microgeneración
article aims to develop an embedded system in the FV para reducir la factura de energía. El objetivo del
context of the Internet of Things (IoT). Having an presente artículo es desarrollar un sistema embebido
IoT monitoring system applied to a grid-connected en el contexto de Internet de las cosas (IoT). Tener
PV system in an educational institution helps teach un sistema de monitoreo IoT aplicado a un sistema
IoT and PV generation concepts. The system is based FV conectado a la red en una institución educativa
on the ESP32 development board for acquiring DC ayuda a enseñar conceptos tanto de IoT como de
voltage and current generated by a 1.35 kWp photo- generación FV. El sistema se basa en la placa de
voltaic system connected to the grid and installed at desarrollo ESP32 para la adquisición de tensión y
the IFCE. This proposal offers a low-cost educational corriente continua generada por un sistema FV de
solution using open source and programmable hard- 1,35 kWp conectado a la red e instalado en el IFCE.
ware, which sends the data to a database in the cloud, Esta propuesta ofrece una solución educativa de bajo
allowing remote access worldwide. Then, using the costo, utilizando código abierto y hardware programdata analysis methodology, it was possible to validate able, que envían los datos a una base de datos en
the values measured with the inverter installed with la nube, lo que permite el acceso remoto en todo el
an error of less than 1% for the voltage and current mundo. Utilizando metodología de análisis de datos,
acquired during one day. With this result, it is con- fue posible validar los valores medidos con el inversor
cluded that the designed IoT system can be used for instalado con un error inferior al 1% para la tensión
measurement in PV systems.
y la corriente adquiridas durante un día. Con este
resultado se concluye que el sistema IoT diseñado
puede ser utilizado para la medición en sistemas FV.
Keywords: ESP32, IoT, measurement, photovoltaic,
energy, generation

Palabras clave: ESP32, IoT, medida, fotovoltaica,
energía, generación
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1. Introduction
The first modern solar cell, measuring just two square
centimeters in area, was introduced in 1954 with 6%
efficiency and five mW of power, as described in [1]. A
significant advance in the development of the PV market, identified in [2], was observed from the increase in
Chinese production. For the eighth consecutive year,
Asia eclipsed all other regions for new installations,
accounting for nearly 58% of global additions; even
excluding China, Asia was responsible for around 23%
of new capacity in 2020. Asia was followed by the
Americas (18%), which moved ahead of Europe (16%).
China continued to dominate the global market (and
solar PV manufacturing), with a share of nearly 35%
(up from 27% in 2019). In 2021 the estimated global
capacity was 760 Gigawatts, as shown in [3].
In addition to reducing the cost of PV modules, distributed generation in Brazil has become an attractive
investment in solar energy. Currently, the consumer
can generate electricity and use the compensation system to reduce the cost of energy consumed directly
on the bill. Compensation allows the energy exceeding
consumption for that month to be used within a maximum period of up to five years. The conditions for
connection to the conventional electricity distribution
structure were established on April 17, 2012, by the
National Electric Energy Agency [4].
Knowing how much the PV system will generate
per month is one of the first concerns of the final
consumer. The engineer designs the system, but external factors such as dirt, system failures, material wear,
and weather conditions can alter the energy generation
estimated in the original design. With a monitoring
system applied to the PV generation system, it can
monitor the production and consumption of electricity.
This way, it is possible to identify non-standard behaviors for that system: the faster this identification, the
minor damage to the final consumer.
Regarding data monitoring via the Internet, the
number of devices connected to the cloud is increasing,
and, consequently, the volume of data has grown substantially. Our daily lives are surrounded by constantly
updated information. When a status on a social network is changed, there is an information feed, which
generates updates to the user’s database. This dynamic
way to get information quickly, accessible, and up-todate does not just apply to social media or journalism.
Considered the fourth industrial revolution, Industry
4.0 has been gaining prominence and promises to have
a more profound and exponential impact than previous
industrial revolutions. One of the industry’s pillars 4.0,
according to Vitalli [5] is the Internet of Things (IoT,
English Internet of Things). Among the devices available on the market for IoT applications are the ESP32
and ESP-WROOM (model used in this work), which
are constantly used in academic research because of
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their easy programming.
IoT systems are applied to facilitate communication between equipment and human beings in various
areas, such as hospitals [6], manufacturing processes [7],
waste management [8], as well as renewable energies [9]
- [10].
The ESP32 development platform has been used
in IoT projects around the world. Then, to enable
multimedia data transmission via Wi-Fi, this device
was used to compose a hybrid communication system
and data transmission system in IoT networks [11].
In addition to Wi-Fi communication, the ESP32 also
features Bluetooth communication. A vehicle window
control system was developed in [12] using Bluetooth
communication.
ESP32 was also used in a data center’s temperature, humidity, and air quality monitoring network
to automate the activation and deactivation of the
cooling, ventilation, and air filtration system [13].
1.1. Related Works
The ESP32 and ESP8266 were used to build an IoT
network to measure weather data and the temperature of PV modules in [14]. The communication used
between the ESP32 and the ESP8266 was Wi-Fi.
A comparative analysis and practical application
of the ESP32 microcontroller module for IoT was illustrated in [15]. The article demonstrated that ESP32
is an excellent option for IoT systems, as it presents
advantages in performance and price compared to the
others analyzed. Its performance reflects its reliability,
ensuring the system is always up and running. Thus,
they can be used in critical systems such as the one
proposed in [16] for monitoring liquefied petroleum
gas (LPG) leakage.
In PV systems, ESP32 was used in a water pumping control system powered by a solar generator [17].
A web server using ESP32 was developed in [18] to
monitor and collect data from a PV system. Data was
stored in a text file and saved directly to the SD memory card. The data can be retrieved, and the text file
downloaded onto a web page.
It was possible to verify the real behavior of the
PV modules using low-cost components, as can be
seen in the tracking system of IV (Current-Voltage)
and PV (Power-Voltage) curves built-in [19]. It is
also possible to monitor the PV system using lowcost equipment [20] - [21]. This work proposed the
development and validation of IoT system didactic
with programmable and open-source hardware, aiming
at greater flexibility in data collection and submission
to a database. Validation was done from a commercial
inverter with IoT technology. Just as the software was
used in [22] to support teaching, the system designed
in this research can be used in the classroom to teach
embedded systems, the internet of things, or renewable
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energy as an example of a didactic monitoring system.
Some articles that used monitoring systems, applied or not to PV generation, were gathered in Table
1. The use of internet connection through different
devices for data communication, processing, and sending was observed. Most of the articles presented (67%)
did not use a validation system for the data collected,
especially in systems for measuring electrical variables
(voltage and current, for example), as in the case of
this work, showing the contribution of this paper in
this area.
Table 1. Comparison of monitoring articles similar to this
Article

Device

Validation method

[23]
[24]
[25]
[26]
[20]
[21]

SamD21G
Arduino Mega 2560 + ESP8266
ESP32
34970A
Raspberry Pi
SanUSB + Wi-Fi modem

Not applicable
Not applicable
By commercial equipment
Not applicable
Not applicable
VA6510 temperature sensor

Alves et al. [27] analyzed a situation using Didactic
Training Engineering (DTE) and found that this structure facilitates didactic mediation and learning. The
proposal system can be used for DTE in renewable
energy, programming, or embedded system. Another
application for this project is in Professional Didactics
(PD). Alves [28] accentuated the use of technology to
provide an understanding of the notions discussed in
the class. Similarly, the teachers could iterate with the
students using the proposed system in this work.
This research aims to design, develop and validate
a didactic IoT system for monitoring the voltage and
current generated by the PV modules. The focus of
this research is to develop a didactic system, easy to
reproduce to disseminate knowledge in this area of
research, facilitating the acquisition of data in photovoltaic solar generation plants. Low-cost sensors for
measuring PV system current and voltage are applied.
The data obtained were compared with the data collected by the installed PV inverter, checking the error
between the systems to validate the developed system.
The system developed in this research can be applied to verify the real power generated for PV plants
in [29], for example.

2. Materials and methods
2.1. Problem and Methodology
This section presents the project development stages,
exposing the materials and methods used. The proposed system can be divided into 5 (five) parts:
1. Embedded system with Wi-Fi connection
2. Cloud data storage
3. Sensing

4. Data provided by the inverter
5. Embedded system programming.

2.1.1. Embedded system with Wi-Fi connection
Several low-cost devices can provide internet connection and perform pre-programmed actions. With these
devices, it is possible to transform a local data acquisition system into an IoT system that constantly feeds
a cloud database.
The Raspberry Pi family of devices, developed in
the UK by the Raspberry Pi Foundation, has hardware
built into a single card and card slot memory, USB
interface, HDMI, input/output pins, serial interface,
and built-in Wi-Fi modem [30]. These devices can be
easily integrated into an IoT network. A Raspberry
was used in [31] to monitor current and voltage in a
PV pumping plant.
Some devices from the Arduino platform [32], such
as the ARDUINO UNO Wi-Fi REV2, are specially
designed for IoT applications. These devices have a
user-friendly programming platform (Arduino IDE) in
C ++ with minor modifications.
Other devices widely used due to their low cost are
the microcontrollers manufactured by Espressif [33].
These controllers, like the ESP32, allow microcontrollers to connect to a wireless network. The manufacturer provides some hardware versions for use as
needed.
A comparison between ESP32 and a previous version of Espressif IoT modules (2014) ESP8266 is shown
in Table 2.

Table 2. Comparison between ESP32 and ESP8266

ITEM

ESP32

ESP8266

Clock
160 MHz
80 MHz
Wi-Fi
Yes
Yes
Bluetooth
Yes
No
RAM
512 KB
160 KB
FLASH
16 Mb
16 Mb
ADC
18
1
DAC
2
0
ADC – Analog/Digital
DAC – Digital/Analog Converter

Note that ESP32 has more excellent processing
and storage power compared to ESP8266. So, in this
research, ESP32 was used for the proposed monitoring
system in order to connect the monitoring system the
Internet.
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2.1.2. Cloud data storage
Some solutions available on the market are AWS IoT
Services (Amazon Web Services), CloudMQTT, and
Ubidots. AWS IoT is a specialized service, from the
edge to the cloud, in IoT technology offered by the
company Amazon [34].
CloudMQTT is a service that aims to facilitate
sending messages through the MQTT protocol between
devices in an IoT system. 24/7 support offers free connection for five users at a speed of 10 Kbit/s [35].
Ubidots is a platform that allows it to connect hardware and/or digital data services to the cloud with its
easy-to-integrate API. It has an editable platform for
the project’s needs and a free mobile application. It
has an educational license with the right to connect
up to twenty devices with up to ten sensors each [36].
This work, however, proposes the creation of a
system like the one used in [7]. But without the use
of local storage on an SD card. All data is sent to a
cloud server for comparison with data provided by the
inverter installed in the PV system.
ThingSpeak™ [37] is a free and configurable analytics platform service often used for prototyping
IoT systems that allow you to aggregate, visualize
and analyze real-time data streams with cloud storage.
ThingSpeak provides instant views of data posted by
its devices in ThingSpeak’s database through a web
platform made available to users. Therefore, this work
used the ThingSpeak platform for data storage in the
cloud.
2.1.3. Sensing
For power analysis, two variables are essential: voltage and current. The PV system used in this work
comprises a set (string) of five PV modules in series,
totaling 1.35 kWp. Some technical characteristics of
the Jinkosolar PV modules (2019) used can be seen in
Table 3.
Table 3. Electrical characteristics of the PV module used
in this work

ITEM

STC

VOU T P U T (max) = 5 ∗ 38.8 = 194V

(1)

The voltage difference generated by the string in
the PV panel (VF V ) is measured by the voltage divider. Knowing that the analog input ESP32 is up to
3.3 V (VOU T ), we can calculate the resistors for voltage
divider using Equation (2):
R1 =

(VF V VOU T )
R2
VOU T P U T (max)

(2)

For this case, R1 = 57.78 ∗ R2 . R1 and R2 are
resistors for the voltage divider shown in Figure 1.

Figure 1. Schematic of the voltage divider used in the
system for reading PV voltage

The Vout is connected directly to the ESP32 pin
to measure a voltage proportional to the voltage of
the PV module’s string. The ratio between them is
VP V = 58.79 ∗ Vout .
The current measurement is made with the 20A
ACS712 current sensor module. This module is shown
in Figure 2, highlighting the pin connections. The
arrangement chosen for the sensor is between the inverter’s DC input and the circuit-breaker box so that
the measurement is made parallel to the inverter and
as close as possible. Therefore, the proposed project’s
sensing system measures the power that the PV string
provides, comparing it with that registered by the
inverter for system validation.

NOCT

Maximum Power ()
270 Wp 200 Wp
Maximum power voltage (Vmp) 31.7 V
29.4 V
Maximum power current
8.52 A
6.80 A
Open circuit voltage (Voc )
38.8 V
35.4 V
Current short circuit current
9.09 A
7.38 A
Maximum Series Fuse Rating
15 A
15 A
STC - Standard Test Conditions
NOCT - Nominal Operating Cell Temperature

The voltage measurement of the modules was made
at the DC input of the inverter. The open-circuit voltage, the highest voltage supplied by the system, can Figure 2. Installation schematic of the 20 A ACS712 curbe calculated by Equation (1):
rent sensor module
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This sensor has a 66 mV/A proportional analog
output that can be read from the module output pin indicated by number four (4) in Figure 2. The operating
voltage of the module is 5VDC (5). Pins one (1) and
two (2) correspond to the inverter’s DC input and the
string box circuit breaker. Pin three (3) corresponds
to the source’s zero references (gnd) that supply the
sensor.

average value of the measurements to a server in the
cloud, which in this case is the Thing Speak, every one
minute.
The use of ESP32 also makes it possible to report
information about the generation and eventual failures
in real-time in a customized way. However, this work
focuses on validating the system through comparison
with the inverter data, leaving this functionality for
future work.

2.1.4. Data provided by the inverter
The inverter used for comparing and validating the system with hardware in this work is model PHB1500-NS
from the manufacturer PHB (2020). This equipment
has a Wi-Fi monitoring system with real-time data
available to users on the manufacturer’s page via login
and password. Some characteristics of this inverter
grid-tie are shown in Table 4.
Table 4. PHB1500-NS inversor characteristics
DESCRIPTION

VALUE

Maximum Power
Maximum Voltage
Generation Start Voltage (DC)
Current (DC) maximum
MPPT
AC power
AC output voltage
interface

1950 W
450 V
80 V
10 A
1/1
1500 W
60 Hz; 220 V
Wi-Fi, USB and RS485

Star t
Initialize
var iables and
W ifi
connection
Send aver age
m easur em ent
value to
ThingSpeak

Connect to
NTP ser ver to
tim e access

Yes

- Per for m s analog r eadings
pr opor tional to the voltage
and cur r ent in the PV Str ing
- Calculate aver age r eadings

Has a
m inute
passed?

No

Note that this model has, in addition to interfaces
for operation configuration, a Wi-Fi interface used
in the monitoring system, which sends the collected
data to the manufacturer’s server. The manufacturer
provides a page web for accessing the generation data
collected by the inverter.
With the system proposed in this work, it is possible to program the protocol of how data is collected
and sent to the cloud, enabling integration of this data
with the user’s preferred server. In this way, the user
can program the time interval he/she wants and send
this data to any server, for example, to research fault
detection with intelligent algorithms or any research
where data acquisition is necessary.
2.1.5. Embedded system programming
The use of programmable hardware (ESP32) allows
the choice of this time according to the user’s need
and the server for sending the data, enabling future research. The firmware developed and recorded in ESP32
consists of a routine to send the average of the measurements every minute. It is shown in the diagram in
Figure 3.
It can be seen from the flowchart in Figure 3 that
the program starts by connecting the device to the
internet via Wi-Fi to access the NTP server where
they have access to local time and later sends the

Figure 3. Flowchart of source code (firmware)

3. Results and discussion
In order to ensure the correct measurement of electrical variables, voltage, and current, tests were carried
out to calibrate the sensors with the ESP32 with a
digital multimeter, as seen in Figure 4.
The current sensor and the divider voltages generate voltages proportional to the current and voltage
value of the string PV, respectively. The tests aim to
calibrate the current sensor and voltage divider with
resistors to ensure the correct proportionality between
the value sent to the ESP32 and the value of current
and voltage generated by the string PV. Once calibrated, this data is compared with the voltage and
current values read and stored by the commercial Inverter of the PV system.
The assembly recorded in Figure 4 shows the current sensor (3) in series with a multimeter (5) between the DC input (2) of the Inverter (1) and the
protection box (4), containing circuit breakers and
main switch. The current, generated by the string PV,
passes through the protective box and is read by the
sensor, which, in turn, sends a voltage proportional
to the current to one of the analog input ports of the
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ESP-WROOM-32 development board (6). It will be graph between the current values acquired by the Ininstalled in a protection frame fixed to the wall (7) verter and the IoT system developed in this work can
to house the system developed in this work. This as- be seen in Figure 6.
sembly consists of an initial prototype for laboratory
testing. Subsequently, a plate was assembled to extend the ESP-WROOM-32 connections to the voltage
divider and current sensor, as seen in Figure 5.

Figure 5. ESP32 and extender plate

Figure 6. Comparison of current between the inverter and
the proposed system

Similarly to the current, the voltage comparison
can be seen in Figure 7.
Figure 4. Installation schematic of the 20 A ACS712 current sensor module

This extension board (Figure 5 (b)) was developed
to connect the voltage divider to acquire the voltage
string PV and the current sensor to acquire the current generated by the string PV to the ESP32. The
power to the board comes from an external 5V source
(Figure 5 (a)) connected to the ESP-WROOM-32 development board. The voltage divider and the current
sensor were installed inside the protection box and
the main switch presented in item 4 of Figure 4 and
connected to the connection board with ESP32 via
network cable (Figure 5 (b)).
With the low-cost IoT system developed in this
work, it is possible to obtain current and voltage data
generated by the string of five PV modules in series
for comparison with the data sent to the cloud by the
Inverter installed in the PV plant. The comparative

Figure 7. Comparison of voltage between the inverter and
the proposed system

From the data collection by the Inverter and the
low-cost system, in addition to generating the graphs
shown in Figure 6 and Figure 7, the error was calculated by the sum of a defined amount of data collected
by each system in the same time interval. A percent
error throughout the day of less than 1% for current
and voltage was obtained. On the day shown in the
graphs in Figure 6 and Figure 7, an error of 0.26% for
voltage and 0.56% for the current was observed.
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4. Conclusions

[4] B. Rubim, “Tudo o que você precisa saber
sobre a revisão da ren 482,” Ecori Energia
Solar, vol. 20, p. 12, 2018. [Online]. Available:
https://bit.ly/3btlyTZ

IoT monitoring systems applied to PV microgeneration are being increasingly researched and applied, and their development is needed as PV systems
continue to become a viable form of electricity genera- [5]
tion. Modern PV inverters have IoT technology to send
generation data to the manufacturer’s server. However,
with the system proposed in this work, it is possible to
configure how this information is collected and where [6]
it is published in the cloud, generating flexibility in
data collection for future research.
A low-cost didactic system using the ESP32 microcontroller development board, the ACS712 20A
current sensor, and the voltage divider resistors was
implemented in this work. With the system in operation, the collected data were compared with the data [7]
provided by the PV inverter, enabling the validation
of the proposed system.
From the results obtained, considering that the
validation showed an error was less than 1%, it can
be concluded that the low-cost didactic system using
ESP32 can be used to measure PV plants similar to
this one. This proposed system helps teach concepts [8]
of both IoT and PV generation and encourages the
academic community to research renewable energies
in technical and university courses.
For future works, artificial intelligence can be applied to the data to detect failures. In addition, the
proposed project can help measure and report to users
and maintainers, in real-time and customized ways, [9]
the performance and any failures in the electrical generation of the analyzed PV systems.
Finally, it can be concluded that it is possible to
develop and apply a didactic monitoring system with
proper calibration and validation to assist academic
research and teaching purposes related to IoT moni[10]
toring systems applied to installed PV plants.
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Abstract

Resumen

Due to the increasing technological development in
embedded systems and the Internet of Things (IoT),
devices based on microcontrollers are increasingly
applied in various areas of knowledge. In this context, online educational platforms and products are
considered virtual remote laboratories because students can access the physical devices anywhere as
long as they have an Internet-connected computer
system. In this sense, this work describes the design and development of a platform with four online
educational products for teaching microcontrollers
and IoT. These educational products are based on
open-source software, allowing their free online distribution and can be accessed from a cloud server. The
open-source and multiplatform (Linux, Windows®,
and Mac OSX) approach allows more significant user
interaction and accessibility. The online educational
products make possible the programming of ESP32
firmware remotely via OTA (over the air) and Linux
embedded systems based on Raspberry Pi (Rpi), enabling virtual microcontroller laboratory applications.
In addition, online educational products allow the
manipulation of GPIO pins via the Internet through a
graphical interface of the ESP32 and ESP8266 microcontrollers and the Rpi. In this context, the proposed
online platform, running on a cloud server, was tested,
and the four online educational products of distance
learning and actual application of microcontrollers
and the Internet of Things have been validated and
worked as designed.

Debido al creciente desarrollo tecnológico de los sistemas embebidos y el internet de las cosas (IoT), los
dispositivos basados en microcontroladores se aplican cada vez más en diversas áreas del conocimiento.
En este contexto, las plataformas y productos educativos online se consideran laboratorios virtuales
remotos, ya que los estudiantes pueden acceder a los
dispositivos físicos en cualquier lugar siempre que
dispongan de un sistema informático conectado a internet. En este sentido, este trabajo describe el diseño
y desarrollo de una plataforma con cuatro productos
educativos online para la enseñanza de microcontroladores y IoT. Estos productos educativos están
basados en software de código abierto, lo que permite
su distribución gratuita en línea y se puede acceder
a ellos desde un servidor en la nube. El enfoque de
código abierto y multiplataforma (Linux, Windows®
y Mac OSX) permite una mayor interacción y accesibilidad del usuario. Los productos educativos en
línea hacen posible la programación del firmware de
ESP32 de forma remota a través de OTA (over the
air) y de sistemas embebidos Linux basados en Raspberry Pi (Rpi). Además, los productos educativos
en línea permiten manipular los pines a través de
la interfaz gráfica de los microcontroladores ESP32
y ESP8266, así como del Rpi. Como resultado, se
prueba la plataforma en línea propuesta, ejecutada
en un servidor en la nube, y se validaron los cuatro productos educativos de aprendizaje a distancia
y la aplicación real de microcontroladores e IoT se
encuentran operativos tal como fueron diseñados.

Keywords: platform, distance learning, microcontroller, Internet of Ihings, embedded systems, virtual
laboratory

Palabras clave: plataforma, educación a distancia,
microcontrolador, internet de las cosas, sistemas embebidos, laboratorio virtual
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1. Introduction
The COVID-19 pandemic demonstrated that the
teaching-learning process in educational institutions
was hampered by the lack of and need for face-toface classes. Several strategies are implemented for
schools and universities to reduce the negative impact
on students’ learning and continuity of education [1, 2].
Adopting distance practices has become a crucial part
of teaching, especially in Engineering, Science, and
Technology courses [3]. Thus, this paper describes a
didactic tool that allows the implementation of online
practices of microcontrollers and the Internet of things.
Due to the increasing technological development
in the areas of embedded systems and the Internet
of things (IoT), microcontroller-based devices are increasingly applied in various areas of knowledge such
as motor control, security systems, elevator control
systems [4], power generation monitoring [5] and in applied scientific research [6]. Therefore, teaching embedded systems, microcontrollers, and IoT topics becomes
more and more relevant in Science and Engineering
courses. Since online educational products based on
microcontrollers and IoT are used over the Internet,
remote teaching practices of these teaching resources
are possible. In this way, online educational platforms
and products are considered remote laboratories since
students can access physical devices from anywhere
as long as they have a computer system with Internet
access [7, 8].
1.1. Related Works
The single-board computer, called Raspberry Pi (Rpi),
used in the distance education teaching platform proposed in this work, was developed by the Raspberry
Pi Foundation to help children and adults learn in
the computational area. It is a low-cost portable computer based on free software and interfaces for various
peripherals. Other features are 1 GB RAM shared
with a GPU (Graphics Processing Unit), VideoCore
IV 3D graphics core, 40 general-purpose input/output
(GPIO) pins, four ports with USB 2.0 interface for
connecting keyboard and mouse used in desktop computers, HDMI (High Definition Multimedia Interface)
port, Ethernet port with RJ-45 interface, 56 micro
SD (Secure Digital) card interface, camera and monitor interface, as well as 5V power supply and audio
output [9].
For developing online educational products based
on RPi, a set of libraries and packages are used to
ensure communication between all system components.
Then, to access Rpi, SSH (Secure Shell) and VNC (Virtual Network Computing) protocols are tested to allow
console and graphical environment access, respectively.
SSH is a protocol that enables secure communication
between two systems using a client/server architecture
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and allows users to connect to a remote host. Unlike
other remote protocols such as FTP (File Transfer
Protocol) or Telnet, SSH encrypts the login session,
making it virtually impossible for intruders to collect
unencrypted passwords [10].
To ensure interconnection between computers running Microsoft Windows and Linux operating systems
and to share files and folders, the Samba package, an
open-source implementation of the SMB (Server Message Block) protocol, was installed and configured [11].
For Rpi’s C language programs, the WiringPi C
library was used, which can be used to program and
configure the GPIO pins [12]. Thus, to compile language programs written in C, the GCC (GNU Compiler
Collection) compiler is used, accessible, integrated distribution of compilers for programming languages such
as C, C++, C#, and Java [13]. The CURL library
was also used as an open-source command-line tool
for URL syntax construction and data transfer to the
cloud [14].
The ESP32 IoT microcontroller was released by the
Chinese company Espressif Systems, a manufacturer
of embedded wifi antennas and IoT modules with free
software and hardware [15]. ESP32 is a low-power,
dual-core, dual-mode 32-bit wifi/Bluetooth microcontroller (MCU). The ESP32 MCU has a frequency of
240 MHz and a processing power of 600 DMIPS (Dhrystone million instructions per second).
On the other hand, compared to the latest model,
the 32-bit ESP8266 NodeMCU IoT microcontroller
with wifi antenna is an earlier and more simplified
version, also released by Espressif [16].
The PIC microcontroller (PIC - Peripheral Interface Controller) is an integrated circuit that contains
all the circuitry necessary to realize a complete programmable digital system in a single device. This teaching platform also uses the 8-bit PIC18F2550 microcontroller produced by Microchip Technology. The analogto-digital converter (ADC) module of the PIC18F2550
has ten inputs and is capable of measuring the analog voltage on each channel and converting the measured voltage into a 10-bit digital value [17]. In this
context, IoT technology enables the communication
between devices without human intervention [18, 19]
and understands that each device is an autonomous
device connected to the Internet. Such devices can
interact and communicate automatically, maximizing
modularization, comfort, convenience, security, and
energy savings, [20]. A database is typically used to
store data in the cloud to implement IoT systems. For
this purpose, Cloud Computing provides access to a
shared pool of configurable computing resources, such
as non-relational databases, without needing in-depth
knowledge of management technologies [21, 22]. The
cloud model simplifies the installation, operation, and
maintenance of information systems, increasing system
efficiency and reliability and reducing costs.
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Cloud systems can be classified according to the
development or service model. Cloud development models are: public, private, community, or hybrid; Cloud
service models are: Platform as a Service (PaaS), software as a Service (SaaS), or Infrastructure as a Service
(IaaS). In this work, PaaS is used, which consists of
the use of tools and resources to provide services to
end-users who are students. Since end-users share information on the same server in the cloud, data privacy
and confidentiality are the primary concerns. Thus, the
educational products of the learning platform make it
possible for the stored data to be secure and encrypted,
allowing only the student owner to manage it.
Thus, to write and read variable data in the cloud,
the proposed distance learning platform uses Firebase
Realtime Database, which is a NoSQL database, i.e.,
it does not have as standard the system of tables and
relationships between data and where data are stored
as JSON objects, [23]. In addition, the online didactic platform for distance learning of microcontrollers
allows real-time remote use by multiple users.

2. Materials and methods
2.1. Problem and Methodology
IoT devices increasingly require rapid intervention to
update libraries and functionality and maintain the
security of online environments. To this end, quickly
updating the firmware of these IoT devices is an effective way to ensure data security. Thus, the proposed distance learning instructional platform uses
IoT firmware updates via Over-The-Air (OTA). The
OTA firmware update is performed via HTTP, which
allows downloading a binary file from a cloud server to
update the firmware of the microcontrollers remotely.
OTA update over the Internet is typically implemented
in two ways: (i) If a newer firmware version is available,
the device periodically queries the server containing
the compiled binary file (pull) or another online activation service, such as Firebase. ii) the device receives
a notification of a new firmware version via the cloud
(push), e.g., via MQTT, and performs the update. The
server stores the latest firmware version in binary, and
then the time-varying URL of the binary file, which
is more secure and flexible than a predefined fixed address, is sent to the microcontroller for download [24].
In this topic, the online educational products of the microcontroller and Internet of things distance learning
didactic platform are presented.

3. Results and discussion
The paper demonstrates an educational product to update ESP32 and ESP266 microcontroller codes with the same generic firmware using
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http://sanusb.org/espupdate. The free version of Firebase (Google’s JSON object database) has been implemented to generate an asynchronous update trigger in
the cloud for .bin files, as illustrated in Figure 1.

Figure 1. Illustration of the operation of the Espupdate
environment

The update (OTA) transmits the compiled binary
.bin files to a remote computer over the Internet, enabling microcontroller virtual lab applications. To perform this firmware update in the cloud, users must
type in the firmware only the SSID, password, and
the same name as the profile entered on the website
http://sanusb.org/espupdate and by uploading the
.bin to the website, the firmware of the ESP microcontrollers is updated remotely over the Internet. The
user profile name entered at sanusb.org/spupdate can
be alphanumeric.
It is possible to test this webcast educational product on different networks by accessing the website
http://sanusb.org/espupdate/ through the lab or home
network and the ESP32 or ESP8266 microcontroller attached to the smartphone connected to the 4G mobile
network, or vice versa.
It is worth considering that, through tests performed, .bin files compiled with the same name and
sequential downloads for the update in the cloud, it
may happen that the last .bin file sent for the update
is not downloaded by the ESP microcontroller but
a previously uploaded .bin File, since they have the
same name and download URL. For this reason, in
this project, the name of the .bin files uploaded to the
site have names based on the time of upload, consequently, the download URL as well; this prevents a
previously uploaded file or another file with the same
name from being downloaded, generating a unique and
unmatched URL. In this case, for the version of the
.bin file name and download URL, the following are
used: year, month, day, time, and the cyclic order of
upload [25].
Once
the
.bin
file
update
is
completed and the microcontroller automatically
restarts, the new verification code is sent to
http://sanusb.org/espupdate/*Profile*/ to confirm
the update on the website. It is important to note that
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to use EspUpdate, it is not necessary to open ports
on the router or enable firewall permissions.
3.1. ESPGpio Educational Product
The educational product, called ESPGpio, allows
changing the logic level of the ESP32 and ESP266 microcontroller pins that can be programmed with open
source firmware [26], illustrated in Figure 2 through
the graphical access available at sanusb.org/esp. The
user profile name entered at sanusb.org/espgpio can
be alphanumeric.

Figure 4. Illustration of the graphical environment of the
ESP32 and ESP8266 GPIO pins

It is important to note that it is recommended to
avoid using Gpio pin one on the ESP8266 Nodemcu,
Figure 2. Illustration of ESP32 and ESP8266 GPIO pins
which is the Tx pin, as it prevents serial communication of program debugging by the serial monitor, and
Figure 3 shows an illustration of the automatic
Gpio pins 06 to 11 on the ESP32 Devkit, as they are
operation of the ESPGPIO environment. In this case,
used for flash recording.
a firebase cell is used to share between the microcontroller and the user’s graphical environment. An even
integer is represented by the sum of 2. It is raised to
3.2. Educational product RPI GPIO
the power of the number of activated pins.
The educational product RPI GPIO is similar to ESPGpio but is used to change the state of the logic pins on
the Raspberry Pi board. Figure 5 shows the illustration
of the staples of a RaspberryPi.

Figure 3. Illustration of the GPIO pins of an ESP32 or
ESP8266

The graphical environment generated at
sanusb.org/espgpio, illustrated in Figure 4, has 30
GPIO pins that the user must select to load switching
through relays or electronic devices such as LEDs. It
is important to note that if there is a power failure
or voltage drop, the state of the last pins when the
voltage drop is restored returns to normal, as the state
of the pins is updated and queried in Firebase, which
is a persistent database.
After completing the change of the pin states, the
new pin state is indicated with green color in the graphical environment http://sanusb.org/espgpio/*Profile*/,
if it is at a high logic level, as illustrated in Figure 4,
where *Profile* is the profile given by the user.

Figure 5. Illustration of the GPIO pins of a Raspberry Pi

After creating the profile at sanusb.org/gpio, a page
is generated with links to pages to access the Rpi pins
and firmware buttons for the extraction application
and the insertion application in bash Shell language,
as illustrated in Figure 6.
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necessary to create a profile initially. After completing
the profile, a link is generated to access a page with
buttons, and each button corresponds to a pin of the
Raspberry Pi IoT device [27].

Figure 6. Link to pages with pin buttons and programs
for Rpi

For both the complete application and the push
application, it is necessary, after downloading the programs, to grant permission in the terminal as superuser
(sudo su) and execute permission with the commands
chmod 755 SgpioInstall.sh, for the pull application
and chmod 755 Sgpiopushmqtt .sh, for push application [27]. Clicking on the profile link generates a page
with buttons representing each of the I/O pins of a
Rpi, as illustrated in Figure 7.
In the pull case, clicking on the button for a given
physical pin sends a command to a file contained in
the online profile periodically queried by the Sgpiointall.sh script that is operating on the Rpi. In the case
of push MQTT, clicking the button sends a publish
command to the broker mqtt.eclipse.org on the topic
with the same name as the user’s profile; in the case
of the example, lease and downloads this command to
the Rpi that is operating the Sgiopushmqtt.sh script
with subscription (subscribe) to the same topic.

Figure 8. Illustration of a circuit for IoT operation of a
fan with Raspberry Pi

3.3. IOTUS educational product
The educational product IOTUS (IoT update system)
is a PaaS, i.e., a platform as a service in which the user
can create a profile and update scripts in C, python,
or shell language on the Rpi-based Linux embedded
system and also update the firmware in hexadecimal
of the PIC family microcontroller through the USB
port of the RPI [28], as illustrated in Figure 9.
Thus, IOTUS consists of three main parts, namely:
1) Raspberry Pi-based Linux embedded system (ELS),
2) Analog-to-digital converter embedded system (ADCES), which uses a SanUSB microcontroller, based
on a free software and hardware tool with the
PIC18Fxx5X family, including the native USB interface; and 3) WEB page for automatic real-time update
(upload) of scripts.

Figure 7. Illustration of the graphical environment of
Raspberry Pi GPIO pins

With the RPI GPIO environment, it is possible to
Figure 9. Remote firmware and script upgrade
create an IoT application using a laptop or smartphone
to, for example, control the activation of household
appliances via the Internet, such as a fan via a relay,
ADCES consists of the open-source development
as illustrated in Figure 8. In this case, a Raspberry Pi tool SanUSB illustrated in Figure 9. SanUSB is comZero, also accessible via the Internet, is used. As can posed of open-source software and hardware of the
be seen, to use the sanusb.org/gpio environment, it is PIC18Fxx5x family with a native USB interface. This

58
free tool is efficient in project development because
removing the microcontroller to update the firmware
is unnecessary, unlike other development systems that
typically use specific recording hardware and require
a wired connection. In addition, the SanUSB tool is
cross-platform, i.e., it can be used on Windows®, Mac
OSX, and Linux, as well as being plug and play, i.e., it
is automatically recognized by the operating systems
without the need to install any driver [29].
Thus, this tool allows the compilation, recording,
and emulation of a program to be performed quickly
and efficiently by connecting the microcontroller to a
computer system via USB. Its application is an RPi.
The ELS RPi-based computer system can directly implement electronic designs, mainly due to its generalpurpose input/output (I/O) pins (GPIO) with support
for digital sensors, actuators, and I2C and SPI protocols to perform communications with peripherals [30].
The communication variety allows the RPi to communicate with a broader range of peripherals, and the
Wiring Pi pin access library, written in C, facilitates
programming and configuring the GPIO pins through
a command-line utility "gpio." This work has two ways
of communication between ADCES and RPi: serial
communication and USB interface. To realize serial
communication between a PIC microcontroller and
the RPi pins of the ELS, the ground (GND), GPIO
14 (TX), and GPIO 15 (RX) pins are used. In this
work, the computer system used to register the PIC
microcontroller (ADCES) is the RPi (ELS), whose
connection pins for USB and serial communication are
shown in Figure 10.
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using the Human Interface Device (HID) communication protocol through the USB port. The proposed
ADCES is an embedded RISC system and allows online firmware updates from the cloud. Files can be
uploaded remotely to update ADCES firmware (.hex
files) and update RPi scripts (.c, .py or .sh files). A
physical connection between pin 11 of the RPi and
pin 1 of the ADCES is required to update ADCES.
The PaaS profiles (PaaS A, B, or N) illustrated in
Figure 11 are free and automatically generated by the
online server after registering the user profile, where
it is possible to debug and/or test an IoT application.
Thus, any user (A, B, or N) can create and configure
an IoT profile in the cloud in real-time and update
firmware and scripts over the Internet.

Figure 11. Proposed PaaS profile of IOTUS

Accessing the web page at
http://sanusb.org/iotus/sanusb.php, illustrated in Figure 12, allows sending and updating scripts in ELS
with language extensions in C (.c), Python (.py),
Shell scripts (.sh), and hexadecimal (.hex) in ADCES
through the server. Due to network latency, the address of the files uploaded to ELS and ADCES are
variable and are renamed with the user’s profile along
with the updated version, which starts with "0" and
at each upload is incremented. Considering the shape
"ingenious," if the first file is Python, it will be automatically renamed to "ingenius0.py" and "ingenius1.py"
will be the name of the script and, consequently, of
the new URL that is used to download by ELS.

Figure 10. Serial connection between ADCES (SanUSB
board) (a) and RPi (b)

Therefore, a graphical interface and recording software was developed to directly transfer the embedded
Linux system interface firmware to the ADCES PIC

Figure 12. IoT scripts update the WEB page
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IOTUS has been programmed to upload files to the
server through the http://sanusb.org/iot/sanusb.php
page by following these steps: 1. Insertion of the profile used by the student and by ELS to download the
file; 2. Browse for the firmware (.c, .py, .sh or .hex)
that will be sent for automatic update. Sample scripts
are downloaded from sanusb.org/iotus/examples.zip.
3. The ’Submit’ button executes the file transfer to
the server, which is then renamed and automatically
transferred to the ELS. IOTUS is programmed to operate decentralized and distributed, allowing multiple
users and multiple simultaneous communications using
the same cloud server. After entering a profile name
and submitting any firmware, as illustrated in Figure
13, SloaderInstall.sh is automatically generated and
available for download.

Local meteorological conditions allow stable solar irradiance from 8 am to 2 pm (between 800 and 1250
W/m2). However, in this period high PV module temperatures are measured, which reduces the PV module
efficiency. Using data from January as an example,
Figure 15 shows that PV module temperature can
reach values from 49 °C at 8 am to 62 °C at noon [31].

Figure 13. The website with a link to download the SloaderInstall.sh script

Figure 14. SloaderInstall.sh operation flowchart

Therefore, to update the firmware (.c, .py, .sh, or
.hex) via the cloud, it is necessary to previously run
the SloaderInstall.sh script in ELS to check for new
firmware updates at user-defined time intervals, download the updated firmware and perform a specific task
according to the file extension. The SloaderInstall.sh
script checks at startup whether the libraries required
for this educational product are installed and, if not,
install them in Rpi. If a "hexadecimal" file is sent, ELS
writes the file to ADCES over the cable connection
between RPi pin 11 and ADCES pin 1. If a ".c" file
is sent, ELS compiles the script and then executes
the compiled file. In the case of a shell script or a file
created in Python, ELS directly runs the file in the
background. Figure 14 illustrates the flowchart of the
SloaderInstall.sh verification operation.
Another feature of the proposed IOTUS PaaS is
that when using this online educational product, there
is no need to unblock router and/or firewall ports.
As an application for the developed IOTUS, a Photovoltaic (PV) module supplying a 50 W load is used,
with the following specifications: Model YL95P-17b
2/3, Maximum Power 95 WP, Efficiency 14.3%, open
circuit voltage (Voc) 22.5 V and short circuit current
(Isc) 5.59 A.
The sunshine hours for Fortaleza, in Brazil, where
the system was implemented, are from 6 am to 4 pm.

Figure 15. PV Temperature on January in Fortaleza-BR

As a second application, IOTUS ESP32 system
is validated using a Programmable Logic Controller
(PLC) with 12-bit resolution AD channel [32]. Figure
16 shows the monthly average curve of the PV module
temperature measured. For temperature values above
52 ºC, the error between the proposed IoT monitoring
using ESP32 and the PLC increases, about 2 ºC; for
lower temperature values, the measurement follows
the reference value. Figure 17 shows the correlation
between the PV module temperature measured by
the proposed IoT monitoring and PLC reference value
for the average measurements. Using the Root Mean
Square Error (RMSE), the correlation is about 0.9989.
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Finally, this paper also presented the main features
and advantages of the microcontrollers used in the
online platform: low cost and the use of accessible
hardware and software. The use of Rpi simplified the
processing and provided a portable size circuit using
Linux as the operating system and C as a programming
language. The development of programs for the various
functionalities demonstrated the possibility of building
an effective and low-cost solution where the user can
add functionalities and configurations according to his
Figure 16. PV module temperature measured by the pro- needs. In addition, the proposed educational products
eliminate the need to install software on the computer
posed IoT monitoring and PLC
that will access the distance education platform server.
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Abstract

Resumen

This study presents an analysis of frontal impact and Este estudio presenta un análisis de colisiones de
lateral overturn collisions of a double-decker bus, car- impacto frontal y volcamiento lateral de un autoried out in accordance with Regulations 66 and 29 of bús de dos pisos, conforme al Reglamento 66 y 29
the United Nations Economic Commission of Europe de la Comisión Económica de las Naciones Unidas
(UN/ECE), and the Ecuadorian Standardization Ser- para Europa (UN/ECE), y el Servicio Ecuatoriano de
vice Institute (INEN) with its regulation 1323:2009. Normalización (INEN) con su normativa 1323:2009,
The INEN is on charge of regulating the buses for encargado de regular los autobuses para el transporte
transportation of Ecuadorian passengers. The con- de pasajeros en el Ecuador. En la actualidad la mejora
tinuous improvement of active and passive safety of constante de la seguridad activa y pasiva de los autobuses with respect to accidents, is currently a topic buses con respecto a los accidentes es un tema de gran
with great social impact. In this context, the present impacto social. En este contexto se analiza la colisión
paper applies the finite element method (FEM) to de un autobús de dos pisos aplicando el método de eleanalyze the behavior of a double-decker bus subject mentos finitos (MEF), el cual es sometido a diferentes
to different collision scenarios, such as frontal impact escenarios de colisión como es de un impacto frontal
and lateral overturn, with the purpose of studying y un volcamiento lateral, con la finalidad de estudiar
the effects of an accident of this type of structure, los efectos de un accidente de este tipo de estructuras
considering that the existing regulations are not spe- donde la normativa no es específica para esta clase
cific for this kind of vehicles. The obtained results de vehículos. Los resultados obtenidos permiten tener
enable taking into account different considerations en cuenta consideraciones importantes al momento
when designing these elements.
del diseño de estos elementos.
Keywords: Collisions, rollover, frontal impact, regulation, energy, bus
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1. Introduction
The bus is one of the main transportation means in
Ecuador, due to its efficiency, flexibility in service
routes and costs for the user; however; in 2018 this
transportation mean was responsible for 8 % of the
road crashes, significantly contributing to the accident
rate and to the number of victims [1]; therefore, there
is a great interest in improving both active and passive
safety of passengers since the most frequent accidents
are frontal impacts and overturns, which are considered
the most serious and generate a great social impact
due to both human and economic losses.
In 2015, the States Members of the United Nations adopted the 2030 Agenda, which states different
sustainable objectives; it is intended to «make cities
and human settlements inclusive, safe, resilient and
sustainable» [2], and with the goal for 2030 of «providing access to transportation systems that are safe,
affordable, accessible and sustainable for all and improving road safety, particularly through the expansion
of public transportation, paying special attention to
the needs of vulnerable people, women, children, people
with disabilities and older people» [2].
International initiatives and regulations developed
by government organizations that are sustained on
the safety of human beings and which guarantee their
integrity, should be considered when generating new
public transportation systems and optimizing the existing ones. For example, double-decker buses have a
large mass and their center of gravity is located at a
point very high with respect to the floor, which significantly reduces its stability and resistance to a collision
or to an overturn. If it is taken into account that these
passenger transportation units travel long distances, it
is relevant to consider all aspects related to the safety
in the event of a collision [3].
Among the different types of accidents in which
buses may be directly involved, frontal impacts and
lateral overturns are deadliest. A study conducted by
Transport Canada shows that frontal impacts represent
70 % of all bus accidents. In addition, it is considered
one of the collisions that produce more deaths and
serious injuries than any other accident. In general,
when two vehicles that approximate at a high speed
are involved in these impacts, the front structure of
the vehicle is involved [4].
A study presented by Ramírez et al. [1] also indicate that traffic accidents that occur in roads involving
public passenger transportation systems are mainly
frontal collisions. Similarly, they state that the difference between the masses and configurations of the
vehicles during the impact, generate critical material
damages and serious injuries or even loss of life of the
occupants.
The resistance to collisions is the capability of the
structure to absorb the kinetic energy of the overturn
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or frontal impact, which should provide an appropriate
protection to the vehicle occupants during the traffic accident. This criterion is especially important in
passenger transportation vehicles such as buses [5].
This is the reason why, the purpose of the simulations
performed in the bus superstructure is to analyze the
amount of energy absorbed during a frontal impact or
lateral overturn collision in a double-decker bus. Such
structure should be deformed as little as possible and
should avoid any element to get into the bus survival
space [6], according to regulations 29 [7] and 66 of the
UN/ECE [8] and regulation NTE INEN 1323:2009 [9].

2. Materials y methods
The study of interest starts with a 3D modeling considering all the details and dimensions of the structure of
the double-decker bus. CAD tools were used with the
purpose of obtaining the final model for the simulation
stages using the FEM; Solidworks was used for the
preprocessing stage, while Ansys – LS DYNA [10] was
used for the processing and post-processing stages.
The overturn study of the bus structure using
the FEM was based on the NTE INEN 1323:2009
regulation [9] and on regulations 29 and 66 of the
UN/ECE [7, 8]. The latter is pioneer in increasing the
safety of public transportation year after year, implementing regulations that enable guaranteeing the
safety of the occupants when a bus experiences a collision and no invasion of the structure to the passenger
survival space occurs during an overturn.
In the application domain, regulation 66 of the
UN/ECE states that it only applies to single deck vehicles, rigid or articulated, belonging to categories M2
or M3; according to regulations NTE INEN 1323 [9]
and 2656 [11], double-decker buses belong to category
M3; for these reasons, the overturn test of a doubledecker bus may be carried out according to regulation
66, which supports the application of the regulation
indicated in this study [8].
Once the overturn analysis was carried out, it was
studied a frontal collision of the structure, which enabled visualizing the effect of this type of collision on
structure deformation and how it invades the survival
space [12].
2.1. Delimitation of the survival space
The survival space shows the geometrical features
stated in regulation 66 of the UN/ECE considering
the bus dimensions, and it should be located along
its entire length as observed in Figure 1. Passengers
and operators are in this space; during a collision, this
space must not be invaded by the bodywork structure
or any accessory that may affect the physical integrity
of the occupants [8].
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The location of the center of gravity of the
bus structure must be clearly defined, as shown in
Figure 2.

Figure 1. 3D modeling of the survival space within the
bus passenger compartment

Figure 2. Location of the center of gravity of the bus
structure

2.2. Conditions of the bus superstructure
Annex 4 of regulation 66 of the UN/ECE presents
the perspectives of the structural description of the
bus superstructure; the profiles and structural materials should comply with national and international
standards [8].
The structural profiles used in the bus bodywork
are shown in Table 1.

2.3. Analysis using finite elements
The accuracy of finite elements models depends on the
number of nodes and elements, as observed in Figure 3,
which depends on the size and the types of components
of the mesh; hence, the smaller the size and the larger
the number of elements in a mesh, more precise will
be the results of the analysis [13].

Table 1. Bus structural profiles
Quality

Profile
R
R
R
R
C

80
60
60
40
50

×
×
×
×
×

40
40
40
20
50

×
×
×
×
×

2
3
3
2
3

mm
mm
mm
mm
mm

ASTM
ASTM
ASTM
ASTM
ASTM

Regulation

A-500
A-500
A-500
A-500
A-500

NTE
NTE
NTE
NTE
NTE

INEN
INEN
INEN
INEN
INEN

1623
1623
1623
1623
1623

Paragraph 1.3 of annex 9 of regulation 66 of the
UN/ECE [8] indicates that the data necessary to carry
out the test must be met, where the values of mass,
center of gravity and moments of inertia of the bus
Figure 3. Nodes and elements of a mesh
structure must be obtained in advance.
The values of mass, moments of inertia and center
of gravity of the bus structure are shown in Table 2,
Important aspects, such as the quality and type,
and were obtained during the modeling process.
should be taken into account to generate the mesh of
the bus structure; these aspects are related with the
Table 2. Data sheet of the bus structure
density and type of the mesh used, which for this case
study is a 20 mm hexahedral mesh [14, 15].
Parameter

Value

Mass
Longitudinal position of the COG
Transverse position of the COG
Transverse height of the COG
Ixx
Ixy
Ixz
Iyy
Iyz
Izz
I11
I22
I33

3632,73 kg
6,78 m
1,30 m
1,48 m
7, 30179 × 107 mm4
−7221, 14 mm4
48267, 2 mm4
7, 09992 × 107 mm4
−1, 68985 × 106 mm4
7, 86809 × 106 mm4
7, 3018 × 107 mm4
7, 10443 × 107 mm4
7, 82286 × 106 mm4

2.4. Computer simulation of the overturn test
of a vehicle as equivalent homologation
method
The bus overturn test is a quite fast and dynamic
process with well differentiated stages; this should be
considered when planning the test. The bus will tilt
without balancing and without dynamic effects until it
reaches an unstable equilibrium and starts to overturn,
as specified in Figure 4 [8].
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of them show a coverage between 30 and 50 % of the
front surface [16]. Computer simulation tests are conducted according to regulation 29 of the UN/ECE [8],
to assess the effects of this type of collision.
Computer simulation tests of frontal impacts
against stationary objects, enable observing the behavior of the vehicle during a collision; it is also
an inexpensive method, compared to a real Crash
Test [10], [17, 18].
The frontal impact is analyzed at 64 km/h, considering that the bus has a frontal impact against a
centered stationary barrier (Figure 6). This impact
Figure 4. Specification of the overturn test of a vehicle at
intends to simulate the most frequent type of collisions
initial position in the platform
in roads that result in serious or deadly injuries, since
Annex 9 of regulation 66 of the UN/ECE, is ap- most frontal crashes in double-decker buses directly
plied through the finite element method for computer involve the operators’ cabin [19].
simulation of the overturn test of a double-decker bus
structure. The mathematical values entered in the software to simulate the overturn correspond to the bus
turning speed with respect to an axis located in the
tilting platform and the gravity, in order to simulate
the movement of the structure with respect to the
platform.
Equation (1) gives the value of angular speed to
be applied.
r
Figure 6. Specifications for simulating the bus frontal
2 · m · g · ∆h
ω=
= 3, 3953 rad/s2
(1) impact
I
Where:
It is important to indicate that the speed limit
m = mass (kg)
for
this type of vehicles in straight roads is 90 km/h,
2
g = gravitational constant (m⁄s )
according
to the Ecuadorian National Transportation
∆h = height variation (m)
Agency,
situation
which is considered in other research
I = rotational inertia (kg·m2 )
works
that
analyze
the frontal impact of a single-deck
The contacts between the master surface and a
bus
[20].
set of slave nodes are defined for the simulation. The
master surface is defined through the rigid elements
used to establish the surface on which the structure of
3. Results and discussion
the bus impacts, as seen in Figure 5.
3.1. Bus overturn
The application of the overturn test of the doubledecker bus structure using the finite element method,
works well until the structure reaches its maximum
deformation at time instant t = 0.621s after impacting
the rigid surface.
Figure 5. Bus in position of first contact with the rigid
impact surface

3.1.1. Energies

The values of height obtained for the centers of gravity
during the overturn, shown in Table 3, are used to find
the difference between the heights (∆h) of the center
2.5. Computer simulation of the frontal colliof gravity, equation 3, which is a variable required in
sion
equation 2 that gives the total energy (ET ) that will
Recent statistics of traffic accidents demonstrate that be absorbed by the bus superstructure in the overturn
almost two thirds of the collisions are frontal, and half test.
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Table 3. Centers of gravity

Parameter

Value

Point of instability (H)
Point of contact (HC)

2284,8 mm
632 mm

ET = 0, 75 · m · g · ∆h
∆h = H − HC
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Figure 8 shows the displacement of the structure
with respect to the survival space. The lower deck of
the bus is not affected by the structure deformation
since it is rigid enough to withstand an overturn collision; however, the survival space of the upper deck
is invaded by the structure in 48 mm when reaching
the maximum deformation during the overturn; thus,
(2) it does not fulfill the requirement of regulation 66 of
the UN/ECE.
(3)

ET = 4, 42 × 107 J
According to the equations of regulation 66, the
total energy absorbed by the bus is 4, 42 × 107 J, and
the maximum value of total energy absorbed obtained
in the simulation (Figure 7) is 4, 56 × 107 J. When
comparing the total energy calculated and the one
obtained in the simulation there is a difference of 3.32
%, which is due to the fact that the center of gravity
is not exact because not all mechanical and finishing
components, such as glasses, seats, etc., are considered
in the modeling process. Although this difference ex- Figure 8. Displacement of the double-decker bus structure
ists between the values obtained in the calculation and with respect to the structure
in the simulation, it may be considered that they are
coherent and acceptable.
3.1.3. Speed
The bus speed is high until it impacts on the rigid
surface, and after this instant the speed decreases progressively (Figure 9); however, the most important
time interval is when the bus impacts on the surface,
since our interest is the contact between the two surfaces during the overturn test; the speed value does
not decrease to zero, because the overturn simulation
is carried out until the maximum deformation of the
bus structure according to the regulation.
Figure 7. Energies obtained from the simulation of the
bus overturn test

The maximum value of Hourglass energy during
the overturn test is 0, 0966 × 107 J, which represents
2 % of the total energy. According to annex 9 of regulation 66, this value should not exceed 5 % for the
simulation to be accepted; therefore, this requirement
is fulfilled.
3.1.2. Survival spaces
Considering that regulation 66 states that the structure should never invade the survival space or vice Figure 9. Behavior of the speed during the bus overturn
versa during the overturn, when the bus structure test
reaches maximum deformation, it does not fulfill such
regulation.
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3.2. Frontal impact
The bus speed prior to the collision is given by the
speed change (∆V ) that the vehicle experiences and
by the deceleration, which is a function of the mass
and the rigidity of the objects that collide.
The impact zone of the bus with the barrier covers
the entire vehicle width; therefore, the bus frame absorbs most of the kinetic energy during the collision,
and moreover, the mathematical model was adjusted
to obtain the same conditions of a real physical test.
3.2.1. Energies

Figure 11. Bus deformation during the frontal impact on
the stationary surface

The maximum total energy generated in the simulation of the bus frontal impact is 4, 56 × 108 J, which
remains constant, i.e., is the same before and after 3.2.3. Speed
the collision; this indicates that the energy produced
The bus starts with a speed of 17 800 mm/s (64 km⁄h),
in the collision is dissipated through the deformation,
which then decreases continuously due to the impact
better known as internal energy (Figure 10).
on the stationary barrier; thus, the cabin of the driver
is deformed in a short time interval until reaching a
standstill, and the most affected parts are the ones
that impact directly on the surface (Figure 12).

Figure 10. Energies obtained from the simulation of the
bus frontal impact
Figure 12. Behavior of the speed during the simulation

During the bus impact, the maximum value reached of the bus frontal impact
by the Hourglass energy is 0, 106 × 108 J (Figure 11),
which represents 2.3 % of the total energy; thus, it
fulfills the regulation which indicates that this value
4. Conclusions
should not exceed 5 % of the total energy.
3.2.2. Deformation
The cabin of the driver reaches a deformation of 250
mm, as can be observed in Figure 11, due to the impact with the wall. The structure profiles with greater
deformation are those that impact directly with the
surface; moreover, the chassis wings behave as an underrun bar, which prevents the cabin of the driver
from experiencing an excessive deformation, but this
does not prevent that structure debris may damage
the integrity of the controllers of the transportation
unit.

This study set up two computer simulation processes,
namely lateral overturn and frontal impact, of a doubledecker bus, according to regulations R66 and R29 of the
UN/ECE [8] and regulation NTE INEN 1323:2009 [9].
This enabled to estimate the resistance of the vehicle
superstructure during a collision, and also to observe
the behavior of the structure with respect to the survival space and the deformation modes of the vehicle.
The collision analysis enables to evaluate the elastoplastic behavior of the steel that makes up the structure of the double-decker buses used in interprovincial
transportation, through the computer simulation based
on explicit dynamics.
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The upper part of the structure was affected during the overturn, since there was a deformation that
generated an invasion of 48 mm of the survival space;
this can be observed in Figure 8.
Since the center of gravity is not exact, there is a
percentage error of 3.32 % between the value of total
energy obtained in the overturn simulation and the one
calculated using the formulas suggested by regulation
66 of the UN/ECE [8]. It is important to indicate that
this numerical error is considered small, and therefore
the results obtained for the bus overturn are valid.
The forces generated by the frontal impact of the
bus structure on a stationary surface produce high deformation, especially in the cabin of the driver where it
reaches values of 250 mm in a very short period of time.
This is because the most critical parts are the profiles
that receive the impact directly. The bus superstructure is one of the main passive safety components in
these vehicles, and therefore design optimization is essential for minimizing the damages that may be caused
to passengers and operators of the transportation unit.
In general, the frontal part of the bus structures
does not have any protection system to safeguard the
life of the cabin occupants during a frontal impact.
These elements of the bodywork structure are not capable of totally dissipating the kinetic energy, which
should be considered in the design of these elements.
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Abstract

Resumen

This research presents results obtained after the im- Esta investigación presenta resultados obtenidos luego
plementation of an improvement in the lactose grind- de haber implementado una mejora en el proceso de
ing process of a company which manufactures dairy molienda de lactosa de una empresa fabricante de proproducts. The current situation of the process was ductos lácteos. Se determinó la situación actual del
determined identifying that a lactose particle size of proceso, identificando que, en un tiempo de molido de
40.23 µm is obtained in a grinding time of 48 con- 48 horas continuas, se obtiene un tamaño de partícula
tinuous hours. After theoretical and experimental de lactosa de 40,23 µm. Posterior a los procesos de
research processes, it was obtained as the best option investigación teórica y experimental se estableció que
a fine grinding with an average particle size of 22 µm con el uso de un molino de tambor con un volumen
in a grinding time of 5 continuous hours, using a drum de elementos molientes del 25 %, una velocidad de
mill with a volume of grinding elements of 25% and operación de 61 rpm y el uso de cylpebs especificados
an operating velocity of 61 rpm, and the Cylpebs as en este trabajo, representan la mejor opción para obspecified in this research work; this generates savings tener una molienda fina con un tamaño promedio de
in raw material (lactose), energy consumption and partículas de 22 µm en un tiempo de molido de 5 hooperation time of the grinding process.
ras continuas, lo que genera principalmente un ahorro
por materia prima (lactosa), consumo energético y
tiempo de operación del proceso de molido.
Keywords: Lactose, particle size, granulometric analysis, cylpebs distribution
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1. Introduction

1.1.1. The critical velocity

The quality policies and the global market in general
demand industries that they produce better quality
products, i.e., the market becomes more competitive,
making the task more difficult for many industries that
want to remain in the market and, especially, open
new niches.
This project develops a proposal for improving
the lactose grinding process, used as raw material for
producing condensed milk; in this sense, it has been
sought to purely achieve the reduction of the particle
size, with the purpose of obtaining a better consistency
in the final product.
At the initial stage, it is determined the results
of the current situation of the grinding process parameters such as, operating time, grinding velocity,
volume of raw material (lactose) and particle size. The
aim of this is to set the goals necessary to fulfill the
attainment of an average size of the particle of 25µm,
feature required to manufacture condensed milk in the
company. Afterwards, an experimental analysis was
carried out to determine the best type of mill that
enables to reduce the size of the particles and the
grinding time.
The improved particle size is determined by means
of the macroscopic measuring process.
The results obtained prove that the size of the lactose particle as raw material significantly improves the
quality of the condensed milk texture, as one of the
dairy products that employs this raw material.
The work of analysis, proposals for improvement,
experimental development and measurements is found
in a comprehensive manner in the final report of the
work by Lojano Pillco et al. [1].

Is the one that occurs when the centrifugal force cancels the influence of gravity on the balls. The following
equation (1) determines this critical velocity [3].

1.1. Parameters that influence the grinding process

42, 3
Vc = √
M etric system
D

(1)

Where:
Vc = Critical velocity in rpm
D = Mill diameter [m]

1.1.2. The mill operating velocity
Should be smaller than the critical velocity; the operating range of the ball mills or cylpebs is chosen
between 65% and 80% of Vc [4]. Figure 1 shows the
movement of the mill with its cascade and waterfall
effects, respectively.

Figure 1. Movement of the load in a ball mill [5]

There is a series of parameters that influence the lacEquation (2) is presented for calculating the opertose grinding process [2], some of which are presented ating velocity [5].
below:
Vop = Vc × %Vc

- Critical velocity
- Mill operating velocity
- Relationship between the variable elements of
the mills
- Size of the grinding elements

(2)

Where:
Vop = Operating velocity
Vc = Critical velocity in rpm
%Vc = Percentage of critical velocity

- Load volume
- Distribution of the material to be grinded
- Power
- Mill types

1.1.3. The relationship between the variable
elements of the mills
Considers mill variables such as critical velocity, mill
internal diameter and grinding bodies [2].
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1.1.4. Maximum size of the grinding elements
Should not present a unique uniform size, but a distribution of the grinding elements is made from the
maximum diameter, but at lower sizes. The maximum
size of the grinding elements is obtained from the percentage distribution and the corresponding dimensions
of the components to obtain an effective grinding.
1.1.5. The load of the grinding bodies
Makes reference to the fact that the mills do not operate totally full. The volume occupied by the grinding
elements and the material to be grinded referred to
the total volume of the mill cylinder is known as the
load of the grinding bodies, which is calculated using
equation (3) [2].
B = Vm × b × 0, 6 × δb

Regarding the percentage distribution of the grinding means as a function of the diameter, it is applied
Bond formula given by equation (4) [6].
 x m
y = 100
(4)
B
Where:
y = % weight of grinding means with diameter
below x
B = aximum ball diameter [in] or [mm]
x = diameter of the ball to be distributed [in] or
[mm]
m = constant, its values are:
(3,2 for rod mills or cylpebs)
(3,84 for ball mills)

(3) 1.2. Lactose

Where:
B = Weight of the grinding bodies [kg]
b = constant (0,2 – 0,4)
Vm = Volume of the material in dm3
δb = density of the cylpebs 7,8 kg/dm3
D = nternal diameter of the mill cylinder
L = nternal length of the mill
The degree of filling in the lactose grinding using
cylpebs typically comprises a load between 25 and 33%
of the total volume, and is constituted by the grinding
bodies and the material to be grinded [3].
1.1.6. The distribution of size of the grinding
material, balls or cylpebs

The lactose appears as white crystalline particles or
powder. They are traditionally used in manufacturing
pills, and it is considered a sugar of great importance
in the food processing industries. It is an excellent
excipient of tablets and pills, among many other applications.
The solubility of lactose is ten times smaller than
that of sucrose, if sugars added are summed, the immediate problem will be to avoid the saturation of the
solution, since when the saturation limit is reached
the excess of sugars will precipitate as crystals forming lumps, physical defect that commonly appears in
commercial sweets [7]. In this sense, using a lactose
with a particle size around 30 µm results very convenient to improve the quality of dairy products such as
condensed milk.

It may be determined through various methods, of 1.3. Methods for measuring the particle size
which two were used in this research:
The methods of granulometric analysis by sieving and
microscopic visualization were used in this project.
Method 1. According to the diameter. Once
the initial load of the grinding material is known, the
1.3.1. Granulometric analysis by sieving
diameters of the balls that are planned to be used are
added. The sum corresponds to 100%. Afterwards, the It is one of the most ancient techniques for classifying
percentage corresponding to the value of each diam- powders through sieving. It is among the most cometer is determined. The result obtained corresponds monly used and less costly techniques for determining
to the percentage in weight of the initial load, which the particle size distribution in a wide range of sizes,
corresponds to each size of cylpebs.
from little more than 100 mm to approximately 20 0
µm [8] (Figure 2).
Method 2. According to the diameter with
Bond formula. Once the initial load of the grinding material and their maximum size is known, the
distribution percentage corresponding to each ball size
is determined using: Y = 100(X/B)3/2 ; this is taken
to the graph to determine the percentage in weight
corresponding to each commercial size of cylpebs that
should be fed.

Figure 2. Sieve and sieving process
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A complete granulometric analysis consists in passing a material, in general 100 grams representative of
the original sample, through a series of sieves, starting
with a lower number of meshes and ending with the
one with the higher number.
Table 1 presents the sieve designation according to
what is established in the ASTM E-11 standard.

size of the particle and, based on this information, a
proposal was made for improving the lactose grinding
process with the optimal operating parameters.
2.1. Description of the current lactose grinding
equipment
It is used a horizontal rotating mill with a diameter of

Table 1. ASTM sieve designation and corresponding aper- 20 cm and a length of 30 cm, capacity of 2 kg, power
ture openings [9]
of 1 hp and a rotating velocity of 61.7 rpm; it employs
ASTM Sieve Designation
Aperture
Opening

Designation

125 mm
106 mm
100 mm
90 mm
75 mm
63 mm
53 mm
50 mm
45 mm
37 mm
31.5 mm
26.5 mm
25. mm
22 mm
19 mm
16 mm
13.2 mm
12.5 mm
11.2 mm

5.00 in.
4.24 in.
4 in.
3 ½ in.
3 in.
2 ½ in.
2.12 in.
2 in.
1 ¾ in.
1 ½ in.
1 ¼ in.
1.06 in.
1 in.
7/8 in.
¾
5/8 in.
0.53 in.
½ in.
7/16 in.

Aperture
Opening
9.50
8.00
6.70
6.30
5.60
4.75
4.00
3.35
2.80
2.36
2.00
1.70
1.40
1.18
1.00
850
710
600
500

mm
mm
mm
mm
mm
mm
mm
mm
mm
mm
mm
mm
mm
mm
mm
µm
µm
µm
µm

Designation
3/8 in.
5/16 in.
0.265 in.
¼ in.
No. 3 ½
No. 4
No. 5
No. 6
No. 7
No. 8
No. 10
No. 12
No. 14
No. 16
No. 18
No. 20
No. 25
No. 30
No. 35

Aperture
Opening

Designation

425 µm
355 µm
300 µm
250 µm
212 µm
180 µm
150 µm
125 µm
106 µm
90 µm
75 µm
63 µm
53 µm
45 µm
38 µm
32 µm
25 µm
20 µm

No. 40
No. 45
No. 50
No. 60
No. 70
No. 80
No. 100
No. 120
No. 140
No. 170
No. 200
No. 230
No. 270
No. 325
No. 400
No. 450
No. 500
No. 635

stainless steel washers as grinding elements (see Figure
4).

Figure 4. Horizontal rotating mill

1.3.2. Microscopy analysis

3. Operating parameters

It is a technique that enables quickly visualizing the
size and nominal shapes of the particles in a sample,
Table 2 presents the parameters used for the lactose
and obtain a representative micrography of the region
grinding process.
analyzed; in addition, it enables enlarging details of
the shape and surface of the particles [1] (Figure 3).
Table 2. Operating conditions

Operating conditions
Grinding time [h]
Lactose weight [kg]
Tricalcium Phosphate weight [g]
Velocity [rpm]
Grinding material

Figure 3. OLYMPUS BX43 Microscope

48
2,5
100
61
washers

Regarding the washers used for the grinding process, these are placed in a volume of approximately
12%, in a number of 40 units, whose distribution is
made according to their internal and external diameter
(see Table 3 and Figure 5).

2. Materials and methods
For the research, it was carried out at first instance an
evaluation of the current situation of the lactose grinding process carried out at the company manufacturer
of dairy products, establishing the fundamental variables of the process such as velocity, distribution of the
grinding material and grinding time. The samples were
subject to sieves and microscopy to know the current

Figure 5. Grinding material – Stainless steel washers
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Table 3. Distribution of sizes of washers

Int. Diam.
(mm)

Ext.m Diam.
(mm)

Weight
(kg)

Number

42
22
13
TOTAL

75
50
38

2,9322
0,1585
0,07925
3,17

37
2
1
40

As it has been mentioned, the material to be
grinded is lactose, which provides sweetness to the
milk. This product is commercialized in sacks of 50 kg
(see Figure 6), generally with an initial granulometry
of 150 µm, value determined by the manufacturer.

of the distribution of lactose grain sizes as 241 µm
(Table 4). This value differs from the certified size of
the lactose particle size, which is 150 µm, setting the
need of choosing another procedure for measuring the
particle size.
The microscopic analysis enabled to quickly visualize the nominal size and shape of the particles of a
sample, and obtain a representative micrography of
the region analyzed; in addition, details of the shape
and surface of the particles are obtained through enlargement [1].
According to the aforementioned procedure and an
augmentation factor of 4x, it may be observed that
the lactose particles have heterogeneous and random
shapes, with different dimensions (Figure 8).

Figure 6. Lactose: sack and sample

With the purpose of verifying the particle size set in
the raw material, it was determined the distribution of
the particle size using the sieving method, considering
a sample of 100 g and a stirring time of 30 min [10].
Figure 8. Lactose particles before grinding
Once such procedure has been carried out [11], the
previous results of the sieving process are seen in Figure 7, where the curve of % of passing accumulated 3.1. Particle size obtained – current lactose
represents the percentage of sample with its equivalent
grinding process
size, and the curve of % of retained accumulated represents the percentage of material with a larger size Once the lactose has been subject to the current grinding process, it is obtained the microphotograph of a
(x).
sample, in order to determine the average size and
shape of the resulting particle (see Figure 9).

Figure 7. Percentage of passing accumulated and retained
accumulated vs. particle size

With what has been determined and making avFigure 9. Lactose particles after 48 h of grinding
erage estimations of the particle sizes, based on the
sieve distribution and relating it to the mesh size in
After 30 measurements were performed, it was
µm and the weight of the retained fraction, values obtained a minimum particle size of 19.99 µm, a maxare presented to estimate the characteristic average imum size of 108.67 µm, which resulted in an average
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of 40.23 µm and a standard deviation of 17.24 µm. In
the sense, it has been possible to determine that the
current process reduces the size of the particle, but,
due to the heterogeneity of the particle sizes and to
the larger number of grinding hours (which causes that
the lactose sticks on the grinding elements), this raw
material results inadequate to obtain condensed milk
with the consistency required by the company.

h = distance from the central axis of the drum
D = drum internal diameter

3.2. Improvement alternatives
According to the research works, the following parameters are considered for selecting the mill type:
- Grain size to be obtained

Figure 10. Filling of grinding material [1]

Critical velocity. After performing the corresponding calculations, it is determined a critical velocity of
94.5 rpm; thus, the operating velocity should be in a
range from 65 to 80%, which corresponds to values
between 61.425 rpm and 75.6 rpm.

- Grinding time
- Grinding type
- Required power
- Cost
After analyzing the weighting of the parameters
applied to the four types of mills that may be employed
for the lactose grinding process, namely planetary mill,
attritor mill, drum mill and high energy mill, the drum
mill resulted the best option, achieving the highest
weighting value (see Table 4). Therefore, for the development of the present improvement project, the
horizontal rotating drum mill was used, to mainly determine the optimal time, velocity and size distribution
of the grinding material.

Grinding material. Two types of grinding materials, balls and cylpebs, were used for the tests, with
dimensional, weight and size distribution features as
specified in Tables 5 and 6; for both cases it was kept
constant a filling degree of 25% and a velocity of 61.4
rpm.
Table 5. Size distribution of balls
Diameters
(in)

% Weight

Weight
(kg)

Unit weight
(kg)

Number
of balls

1¼
1
2¼

55,55
44,44
100%

3,57
2,85
6,43

0,132
0,0671

27
42
69

Table 4. Weighting of results – selection of the best alternative
Weighting
Mill
type
Planetary
Attritor
Drum
High energy

Cost

Power
required

Grinding
time

Grain
size

Type
type

Total

3
3
5
1

3
3
3
1

5
3
3
5

5
3
3
5

1
5
5
1

17
17
19
13

Table 6. Size distribution of cylpebs
Diam.
(mm)

Length
(mm)

% Of
weight

Weight
(kg)

Unit
weight (kg)

1½
1¼
1
¾
05-ago
½
45/8

29,28
29,19
22,44
23,01
18,18
19,15

26,66
22,22
17,77
13,33
11,11
8,88
100%

1,82
1,52
1,21
0,91
0,76
0,6
6,85

0,262
0,183
0,089
0,051
0,028
0,02

Number
7
8
14
18
27
30
104

3.3. Experimental grinding tests
Three grinding parameters were taken into account
for the improvement process: size distribution of the 4. Results and discussion
grinding material, grinding time and velocity; for this
purpose, preliminary tests were carried out with dif- Table 7 shows the results of the five tests with different grinding times using balls as griding elements;
ferent types of grinding material: balls and cylpebs.
the particle sizes were measured using the microscopy
technique, in which three samples of each test perFilling. The optimal filling of the mills is determined
formed were taken and, similarly, thirty measurements
according to equation (5) and Figure 10 [1].
for each sample were performed, giving as result the
maximum and minimum sizes of the lactose particles.
h = 0, 16D
(5)
In the different tests performed, it was also obWhere:
served that a larger grinding time implies larger product losses, mainly due to the agglomeration of the
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lactose in the mill walls and in the grinding bodies,
Table 8 presents the results of the five tests peras a result of the increment in the operating tempera- formed at different grinding times, similarly using 1050
ture [1].
grams of lactose and 100 grams of tricalcium phosphate;
the measurement of the particle sizes is carried out
Table 7. Results obtained with balls as grinding material using the microscopy technique, in which 30 measurements of each sample are carried out.
Losses Time
Particle size (um)
(g)
(h)
Maximum Minimum
100
110
119
150
200

1
2
3
4
5

102,6
96,89
85,42
60,07
59,04

26,45
19,85
17,25
12,08
6,82

The test was performed with 1050 grams of lactose and 100 grams of tricalcium phosphate, with a
minimum grinding time of one hour, because at that
time the reduction in the particle size of the product
begins to be noted, and a maximum grinding time
established at five hours, because at that time a larger
agglomeration of the product in the mill walls and in
the grinding bodies begins to be noted. In this way, a
good reduction in particle size was obtained according
to the microscopy images (see Figures 11 and 12).

Table 8. Results obtained with cylpebs as grinding material

Losses

Time

Particle size (um)

(g)

(h)

Maximum

Minimum

80
120
132
290
359

1
2
3
4
5

100,85
92,62
78,45
65,48
54,29

15,56
12,23
10,81
9,89
5,78

Figures 13 and 14 display a difference in the sizes
of the lactose particles, for grinding times of one and
five hours, where the sizes of the lactose particle may
be appreciated.
One of the factors that are established for improving the lactose grinding process is the grinding material; in this case it is proposed to use cylpebs (stainless
steel cylinders), because this shape has a larger surface
area to reduce the size of the lactose particle through
impact, enabling to obtain a larger number of fine
particles in less time.
Figure 11. Lactose particles grinded for 1 h – Scale 100
µm

Figure 12. Lactose particles grinded for 5 h – Scale 50
µm

Figure 13. Lactose particles grinded for 1 h – Scale 100
µm
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for the company an improvement in the product quality.
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Abstract

Resumen

A mathematical model of a resistive oven for the production of thermoformed sheets is developed in this
paper; such oven is located in a production plant in
the city of Riobamba. The objective of the research is
to achieve temperature stability and that the plates
have a homogeneous dimension when going through
the thermoforming process, to guarantee customer
satisfaction. For this purpose, the physical variables
that govern the heat transfer phenomena, namely
radiation, convection and conduction, are analyzed,
to obtain a mathematical model that predicts the
temperature profile of the oven in the thermoforming
process, from which a controller is designed using
various control techniques that are efficiently coupled
to the system. A theoretical study of the physical
phenomena and of the mathematical equations that
represent them is proposed in the first stage of the research. Then, they are solved through computational
techniques using Simulink to obtain the temperature
profile. Finally, this model is validated by comparing it with those obtained in previous works through
statistical techniques, and a new controller that guarantees minimum temperature variability is proposed.
As a result of the simulation, a variation of ±1 mm
in the width of the plate is achieved.

En el presente trabajo se desarrolla un modelo
matemático de un horno resistivo para la producción de planchas termoformadas, localizado en una
planta de producción de la ciudad de Riobamba. El
objetivo de la investigación es conseguir la estabilidad
de la temperatura y que, al pasar por el proceso de
termoformado, las planchas tengan una dimensión
homogénea que garantice la satisfacción del cliente.
Para ello se analizan las variables físicas que rigen
los fenómenos de transferencia de calor; radiación,
convención y conducción, y así obtener un modelo
matemático que prediga el perfil de temperatura del
horno en el proceso de termoformado, a partir del cual
se diseña un controlador utilizando varias técnicas de
control que se acoplen al sistema de forma eficiente.
En la primera etapa de la investigación se plantea un
estudio teórico de los fenómenos físicos y las ecuaciones matemáticas que los representan. Luego son
resueltas a través de técnicas computacionales usando
Simulink para conseguir el perfil de temperatura. Por
último, se valida este modelo comparándolo con aquellos ya obtenidos en trabajos anteriores a través de
técnicas estadísticas; finalmente, se propone un nuevo
controlador que garantice la variabilidad mínima de
la temperatura. Como resultado de la simulación se
consigue una variación de ±1 mm del ancho de la
plancha.

Keywords: heat transfer, modelling, polypropylene,
temperature, thermoforming
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The first work consisted in setting up a SCADA
system for temperature control. It was based on a
hysteresis control system, where the resistances of the
machine were turned on and then turned off when
they reached the desired value of temperature [3]. At
present, the described system is being used in the area
of extrusion, distribution and output ovens. Figure
2 shows the architecture of the network used in the
SCADA system.

The worldwide plastics industry has grown in recent
years. Besides the virgin raw material production data,
this is also evidenced in the percentage of plastic that
is currently recycled in the countries of the world. Regarding recycling, the plastic had an increase of 80 %
in 10 years in European countries [1].
In Ecuador, the plastic is used in various production fields, such as: food industry (drinks packages,
snacks, etc.), construction industry (translucent roofs,
plastic tiles, curtains, etc.), kitchen utensils in general [2]. Specifically, there is an industry in the city
of Riobamba devoted to manufacturing translucent
polypropylene sheets that are used as a complement
of fiber cement roofs.
The plant has three production lines that have
been assembled with recycled technology, coming from
countries such as Spain; they are acquired at lower
prices for reuse after they have completed their useful life cycle. Then, it is repowered in local industries
making some adjustments and even mechanizing parts
and pieces that are coupled to the system so that they Figure 2. Architecture of the local area network of the
operate with the greatest possible efficiency. The pro- machines [3]
cess for transforming the polypropylene is summarized
The second work consisted in the design of a conin Figure 1.
troller for the input oven, based on system identification. This enabled obtaining the transfer function of
the oven. Once such function was identified, a PI controller was calculated for its control [4]. This system is
being currently used in the production plant to control
the input oven.
Up to this moment, the system has not been modeled mathematically, and thus the real behavior of its
variables is unknown. Therefore, it has been considered
necessary to find this mathematical model, which will
be compared with the existing models. Based on them,
modifications that improve the product quality will be
suggested in the controllers. At present, the product
meets the current regulations of the country, but it
is observed that its width is not completely uniform.
When it is stacked for distribution and sale, the customer has the sensation and perception that the plates
do not meet the regulation, due to the variability of
their dimensions. Therefore, the main problem of this
oven is that it produces plates with a very variable
width that causes that some clients do not accept the
product.
Among the research works analyzed, [5–8], Neacă
and others use the heat transfer phenomena to quantify the temperature through the mathematical model
Figure 1. Process for transforming the polypropylene
found, which is similar for this case study. However,
The main machine of this line is a thermoforming each publication is distinguished because its entire
machine that produces type P7 polypropylene sheets. system is in accordance with the particular features of
This research work has been carried out on the input each oven. In contrast, the study by Throne [9], [10] is
oven of such plastic thermoforming machine. Previ- based on two variables, namely the molar absorptivity
ous works were conducted to control and improve the and the emissivity, emphasizing that they are fundaproduction of the thermoforming oven.
mental in the development of the model. Following
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the recommendation of this author, the appropriate
data will be used in the radiation analysis, which are
detailed in the solution statement.
Meanwhile, Khan [11], Erdogan [12] and Chy [13]
include in their research work specific properties such
as density, thermal diffusivity, thickness, specific heat
and thermal conductivity, data that are also considered in the development of this research work, for the
conduction and convection analysis, considering the
accessibility to the equipment and the features detailed
in the description of the oven structure.
On the other hand, Schmidt [14] and Ajersch [15]
use infrared sensors and thus their study is aimed at
radiation analysis; these publications reach results that
fit the reality, but due to the experimental conditions
of the oven under study it is not possible to replicate
this technique. However, it will be useful to compare
and discuss the results at the end of this research. This
is similar to Chy and Boulet [16], who divide in layers
the material to be heated, and then interpret the results as a single element through numerical techniques;
it is not possible to carry out this condition in this
study, but it will be useful to contrast such results
when formulating the conclusions.
Even though all these researchers developed acceptable mathematical models of the oven, especially for
the heating phase, there are still some discrepancies
between the simulation, the experimental results and
the variables used by each author in his/her research
work; in addition, such mathematical models fit the
particular features of each oven.
Therefore, this research is intended to develop an
improved model for the oven under study that fits
its features. It is taken into account that the process
is mainly executed through trial and error, based on
the intuition and experience of the machine operator.
Consequently, it arises the initiative of understanding
the oven heating process, specially emphasizing on the
features typical of its construction knowing that it is
an oven manufactured empirically. With this mathematical model it is sought to establish a more precise
way to predict the temperature profile inside the oven,
in order to use it in the future for a better control of
the process.
There is a study carried out previously about the
oven under analysis. In 2017, Cortés implemented a
temperature control system for the thermoforming
oven of the machine known as P7. It briefly describes
the oven, stating that «it consists of metallic plates,
that constitute a chamber. Such chamber has a glass
wool insulation to reduce heat irradiation to the outside. S-type and U-type resistances (known as such due
to their shape) of different electric power are located
inside» [3]. The author obtains a model of the oven
through system identification graphical techniques, as
a step prior to the design of the corresponding controller. Various techniques are applied, and compared
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with each other. At the end of the corresponding validation, it is chosen the Analytical without Delay graphical method, which yielded the highest percentage of
90.95%.
Regarding the model obtained by means of system
identification, Cortés [4] performed the associated calculations to obtain a system controller, which yielded
acceptable results with respect to the temperature
variability. Nevertheless, there is still the issue of the
width of the plates. The purpose of obtaining the mathematical model of the oven of interest seems simple,
but putting it into practice is much more complex,
since it largely depends on the data available. The aim
is to provide a system model that shows the real dynamic behavior of the oven, thus enabling to calculate
different controllers that finally optimize its operation.

2. Materials and methods
The methodology to develop this research work is summarized in the diagram of Figure 3.

Figure 3. Working methodology

2.1. Description of the oven structure
The oven under study, which is shown in Figure 4,
was constructed locally, with ohmic electric resistances
that heat up by Joule effect and release their heat. The
oven has been constructed with recycled elements, machine pieces and equipment, which are coupled to each
other to fulfill the requirements of the production process. For this specific case, the industrial production
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of thermoformed plates is used nationally in different
Table 1 shows the nomenclatures to be used in the
applications. The oven is constituted by metallic plates. different sections of the present paper.
It is parallelepiped-shaped, constituted by two boxes,
one inside and another outside made up of 2 mm gal- Table 1. Nomenclature used in the different equations
vanized steel sheets. Such boxes are separated 5 cm
Abreviatura
Significado
with respect to each other, and insulation is placed
Electric
current
that
circulates through the conducbetween plates. For this design it was used fiberglass
i(t)
tor.
manufactured from a mixture of sands, borates and
u(t)
Voltage to which the electrical resistance is connected.
Resistance of the conducting cable as a function of
silicates, thus fulfilling the parameters recommended
R(T)
the temperature.
by various authors mentioned in the state of the art.
Resistivity of the resistance as a function of temperaρ
For this reason, from this point on it will be supposed
ture.
L
Length of the resistance cable.
that the oven has the insulation necessary to avoid
A
Area of the conductor cross section.
significant losses that modify the temperature profile
p(t)
Electric power.
of this oven.
Thermal flow stored in the resistance.
Q̇sto
Q̇rad
Q̇conv
m
Cc (T )
△Tw
T0
ε
Cn
Sw
T1
Tw
α
Ta
Q̇conv t−a

Figure 4. Thermoforming oven of machine P7

Q̇conv a−p
Q̇sto a
ap (T )

2.2. Description of the oven physical phenomena

Sp
ma1
ca (T )
Ta
Q̇out cond

Heat thermal flow by radiation.
Heat thermal flow by convection.
Mass.
Specific heat of the conductor as a function of temperature.
Heating of the resistance (temperature difference).
Initial temperature (Ambient temperature of the
place, initially Tw = T0 ).
Emissivity constant.
Stefan-Boltzmann constant.
Surface of the resistance cable.
Temperature inside the oven surface.
Temperature of the cable.
Convection coefficient of the air inside the resistance.
Temperature of the air inside the oven.
Total thermal flow produced by the resistances in the
air.
Thermal flow produced by the air on the wall.
Thermal flow stored in the air.
Convection coefficient of the air and the oven wall as
a function of the temperature.
Internal surface of the oven walls.
Mass of the air inside the oven.
Specific heat of the air as a function of temperature.
Temperature of the air inside the oven with no load.
Thermal flow transferred to the outside by conduction.
Thermal flow stored in the insulation.
Thermal conductivity of the material.
Area through which the heat flows.
Insulation thickness.
Temperature difference.
Density.
Volume.
Values obtained from the model.
Values observed in the experiments.
Number of data.

To take measurements about the real operation of
Q̇sto insul
the oven under study, two J type thermocouples were
k
A
placed with the purpose of measuring the temperature
△X
at the center of the oven and in a lateral wall every
△T
second, during the time necessary to reach stability,
P
V
approximately 5000 seconds. The oven has a built-in
ymodel
data acquisition system, and these data were stored
yobserved
in a computer connected to the equipment, and will
N
be used to obtain the mathematical model. To make
the oven study simpler and more practical, the oven
operation has been divided into the three stages that
2.2.1. Calculation of heat flow in the resistance
are detailed in Figure 5.
It starts with the transformation of electric energy into
thermal energy in the resistance. It is fundamentally
based on the basic Ohm’s law given by equation (1).
u (t) = i (t) ∗ R(T )

Figure 5. Oven operation diagram

(1)

The only element in the oven that takes part in
this energy transformation is the resistance, whose calculation is fundamental because it is unknown when
constructed manually. Equation (2) is used for this
purpose, which involves the resistivity, a function of
temperature, the length and the cross section of the
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resistance, data that can be easily obtained through
The oven has an insulating wall made of fiberglass,
measurements, tables and knowing the material of and hence it is necessary to quantify it, and the therwhich it is made of.
mal conduction phenomenon is used for this purpose.
The mathematical expressions and definitions that will
L
R=ρ∗
(2) be used in the solution of the mathematical model has
A
been explained in a general manner, and the following
Then, it is applied the energy conservation law in section details the most important calculations that
thermodynamics, which states that the amount of heat will be fed to the system.
received by the system is transformed and performs
work against external forces, as shown in equation (3). 2.3. Solution statement
(3) After presenting in detail the physical phenomena supported on classical theory that appear during the heatThe thermal flow stored in the resistance is ex- ing of the oven for the thermoforming production propressed through equation (4).
cess, it is proceeded with the mathematical calculation
with the purpose of obtaining the differential equations that will enable finding the desired mathematical
d (Qsto )
d (m ∗ CC (T ) ∗ ∆Tw )
Q̇sto =
=
(4) model. The Simulink mathematical tool was used with
dt
dt
the aim of implementing computationally the soluThe heating by radiation is verified in equation 5. tion to the problem, since it is visual programming
environment that operates on Matlab.
The data in the technical sheet of the material is


Q̇rad = ε ∗ Cn ∗ Sw ∗ Tw4 − T14 = K1 ∗ Tw4 − T14 (5) used to start with the calculations of resistance. These
data were found in the company catalogs to specifically verify that the correct information supplied by
2.2.2. Calculation of thermal flow in the air
the provider is used. The conductor used in this case is
After carrying out the corresponding calculation of Nikrothal 70 [17]. Appropriate calculations are carried
resistance, it is continued with the equations for the out that lead to equation (9).
air inside the oven, with the purpose of relating the

heat transfer phenomena and developed the desired
 2

u (t)
4 − T 4 − α ∗ S ∗ (T − T )
Z
− K1 ∗ T w
w
w
a
mathematical model. The total thermal flow, presented
1
R

 dt + T0
in equation (6), is obtained from the equation that Tw =
m ∗ Cc
relates the thermal flow produced by the resistance
(9)
and the thermal flow by the air on the wall.
This equation is implemented in Simulink, and the
scheme of inputs and outputs may be visualized in
Q̇conv t−a = Q̇conv a−p + Q̇sto a
(6) Figure 6.
The thermal flow produced by the air on the wall
is expressed using again the convection phenomenon.
Afterwards it is calculated the thermal flow stored in
the air, which is expressed in (7).
p (t) = Q̇sto + Q̇rad + Q̇conv

Q̇sto

a

=

d
d
(Qsto a ) = (ma1 ca (T )(Ta − T0 )) (7)
dt
dt

2.2.3. Calculation of thermal flow in the insulator
After the study of heat transfer in air has been completed, it is carried out the insulation analysis. Equation (8) is used for this purpose, which defines the heat
flow on the wall due to the air movement, which is
equal to the sum of the thermal flow transferred to
the outside by conduction and the heat stored in the Figure 6. Scheme of inputs and outputs for calculating
insulator itself.
the temperature of the resistance
Q̇conv

a−p

= Qconduction ext + Qsto insul

Then, the behavior of the resistance as a function of
(8) the temperature is obtained, and with it the heat that
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transforms through the physical phenomena already
described. Such implementation may be observed in
detail in Figure 7, which corresponds to equation (9).

Figure 9. Scheme of inputs and outputs for calculating
the temperature of the air inside the oven

Figure 7. Implementation of equation (9)

The calculation of the temperature of the air inside
the oven, equations and data obtained through tables
and calculations are implemented in Simulink. Such
implementation may be observed in detail in Figure
10, which corresponds to equation (10).

Figure 8 shows the response of the resistance temperature as a function of time when it is connected to
a voltage of 440 VCA; such temperature profile will
be used in the model of the thermoforming oven.

Figure 10. Implementation of equation (10)
Figure 8. Resistance temperature along time

After the calculation of the thermal flow of the
resistance and the air of the oven is available, the subsequent step is to calculate the temperature lost in the
insulation to obtain the temperature of the oven wall.
The temperature of the air can be obtained relating
all these calculations, data that should be known for
its further processing in the calculation of the control
R
(Q̇conv t− a − ap (T ) Sp (Ta − T1 )) dt
systems. The data obtained through the oven data
Ta =
+ T0 ma1 ca (T )
(10)
ma1 ca (T )
acquisition system is used in the case of the wall temperature. Figure 11 shows the total implementation
Figure 9 shows the basic scheme that describes the for calculating the temperature of the air inside the
inputs and outputs of the Simulink implementation of oven. The blocks defined in previous steps have been
equation (10).
used for this purpose.
Finally, the temperature of the oven is calculated,
resulting in equation (10) that is implemented in
Simulink. Such equation is the result of the mathematical calculations of the fundamental equations of
thermodynamics.
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section considers various points of view, as explained
below.
3.1.1. Comparison of the root mean square error of the mathematical model vs the
current model

Figure 11. Total implementation of temperature calculation in the air of the oven

Figure 12 shows the response of the mathematical
model comparing it with the response of the oven obtained through data acquisition. As it is observed, the
model fits very well the real performance curve. This
enables to predict that the validation of the mathematical model will be better than the validation of the
model obtained by means of graphical identification
techniques published by Cortés [4].
A step input has been applied to both the real system and the mathematical model for obtaining Figure
12. For the real system, a voltage of 440 VCA has been
applied to the resistances. A similar value of voltage
has been applied to the mathematical model. The data
acquisition in the oven is carried out reading the type
J thermocouple, which is sampled at a period of 1
second.

Figure 13 is similar to Figure 12. All the curves shown
are the responses to a step input of 440 VCA. The behavior of the real system is shown in blue, whose data
were taken experimentally through the data acquisition system and processed in MATLAB. The response
of the mathematical model obtained through the calculations described in previous sections is shown in red.
The difference is in the green curve, which corresponds
to the response of the model obtained by graphical
identification to a step input of 440 VCA; this response
is currently used in the plant for calculating the controller. It may be visually inferred in this plot that the
mathematical model is similar to the profile of real
temperatures, and so it is expected that this error is
smaller when it is quantified.

Figure 13. Comparison of the responses of the mathematical model vs the model calculated by graphical identification

The root mean square error (RMSE) [18], whose
mathematical expression is represented by equation
(11), is calculated for the first validation.

Figure 12. Comparison of the response of the mathematical model vs the real response

3. Results and discussion
3.1. Validation of the model obtained
The mathematical obtained is validated using mathematical techniques that enable quantifying it. This

v
uN
uX (ymodel − yobservated )2
RM SE = t
N

(11)

I=1

The values of 2 RMSEs of the responses to a step
input of 440 VCA were calculated:
• RMSE between the model obtained by graphical
system identification, which is currently used for
calculating the controller, and the real system,
whose result is represented in equation (12).
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• RMSE between the mathematical model found
in this research work and the real system, whose
result is represented in equation (13).
In the statement of the solution, it has been obtained the curve the represents the real mathematical
model, but it is necessary to compare it with the experimental data, and at the same time with the model
currently used for controlling the thermoforming machine.
RM SEcurrent−model = 4, 3354 ◦ C

◦

RM SEmathematical−model = 2, 3395 C

(12)

(13)

Figure 15. Comparison of the responses of the control
systems

From the comparison of the errors calculated it is
evident that the error of the mathematical model is 3.1.3. Calculation of a new controller that fits
to the conditions of the mathematical
smaller than the error of the current model; therefore,
model, to simulate and verify its response
the mathematical model found in this research work
fits the real curve of the thermoforming oven with The classical Ziegler-Nichols control method is apgreater precision.
plied to calculate the new controller and simulate the
response of the system. This is one of the most wellknown methods for tuning the parameters of PID
3.1.2. Comparison of control responses to a
controllers, and its rules come from an experimental
step input
response according to the dynamics of the process and
without
assuming any previous knowledge of the plant
Starting from the original control system shown in
to
be
controlled
[19–21].
Figure 14, the mathematical model is inserted in the
current control system with the purpose of analyzing
its response to a step value (input signal) of 140 °C.

Figure 14. Temperature control system using the identification model

Figure 15 shows the comparison of the response of
the control system with the identification model (blue
line) versus the response of the control system with
the mathematical model (red line), and the step of 140
°C (black line). It is observed that the responses are
different despite using the same controller, and thus
it is interpreted that it is not the appropriate one for
the mathematical model and, therefore, it becomes
necessary to find one that fits better to the features
typical of the mathematical model; in this way, it is
expected that there is a greater stability in the temperature and this implicitly leads to improve the final
product avoiding the mismatches in the width of the
thermoformed plates.

Figure 16. Calculation of the PID parameters by means
of the open-loop Z-N for the mathematical model

Figure 16 shows the limits used to obtain the data
required, and thus apply the open-loop Ziegler-Nichols
method.
As it is observed in Figure 17, the response of
the PID controller using the Ziegler-Nichols method
does not show improvements compared to the current
system. This is because the stabilizing time (time to
reach the set-point value) is high and the temperature
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variation does not decrease. Due to this it is necessary be produced if this controller is applied in the proto calculate the PID controller through using method. duction process. The mean temperature of the current
controller is 140.62 oC, whereas the mean temperature
with the controller proposed in this work is 140.35 oC,
so it is evidenced quantitatively that there is a greater
temperature stability applying this controller that uses
the mathematical model developed. In addition, this is
reflected in the error of the standard deviation, which
is smaller for the new controller. The 72.81% of the
data simulated with the new controller are normal
with respect to their mean, whereas only 65.55% of
the data of the current controller are normal with
respect to their mean, but if the data of the current
controller are compared with respect to the standard
deviation of the new controller, only 54.41% of the
data are normal. Hence, it is identified that the new
controller provides better results to the system, which
Figure 17. Comparison of the response of the PID con- guarantees a greater stability of the temperature if it
troller applying Ziegler-Nichols vs the current PI controller is implemented.
It is conducted a linear regression analysis with
The Simulink PID Tuner tool provides a single-loop data provided by the quality department, with meaPID tuning method of fast and wide application for surements of the temperature and the width of the
the PID controller blocks. The parameters of the PID thermoformed plates, with the purpose of obtaining
controller may be tuned with this method to achieve an equation and verifying the correlation between temperature and width, where A represents the width and
a robust design with the desired response time.
Figure 18 shows the responses of the control system, T the temperature of the oven, as shown in equation
comparing the one obtained through the Simulink PID (14). With this mathematical model it is calculated the
Tuner tool (shown in blue), with the response of the width of the plates with the temperatures obtained
current controller (shown in red). It is verified that this in the system with the current controller, and the
controller generates a better system response reaching corresponding statistical analysis is conducted.
temperature stability in the smallest time possible, it
A = −1, 20 + T + 1088, 62
(14)
adjusts much better resulting in a smaller temperature
variability. It should be taken into account that the
Figure 19 shows the histogram of the plates meadata used for the subsequent analysis are the data sured, and there is a variation of ± 2 mm; in addiobtained after 4000 seconds, since it is there when the tion, it is clearly seen that the data are quite disperse.
system remains stable.
Hence, the plates are heterogeneous with respect to
their width, and when stacked it gives the sensation
that the regulation is not met.

Figure 18. Detailed visualization of the responses of the
control systems vs controllers tuned

Figure 19. Histogram of the measured width of the thermoformed plates

The behavior of the data is verified through staOn the other hand, Figure 20 shows the histogram
tistical analysis techniques to compare them with the of the plates calculated with the linear regression model
current ones, to quantify the improvement that would using the system with the proposed controller, and it
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is clearly observed that there is smaller dispersion of
the data and there is a variation of ± 1 mm; thus, it is
assumed that they will look more homogeneous when
stacked, providing security to the client regarding the
product quality. Although it would be important to
have experimental data to verify the data obtained in
this research work.

Figure 20. Histogram of the calculated width of the thermoformed plates

In this way, it is validated the mathematical model
and in turn the new proposed controller, which is expected to be applied in the production plant to have
access to these data; this confirms the effectiveness of
what has been detailed in this document.

4. Conclusions
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this work has a better validation than the one obtained
with the current control system.
It was simulated a system that uses the current
oven controller coupled to the mathematical model
found. It was evident that the operation dynamics of
the oven is slower with respect to the simulation of
the current control system. This is due to the fact that
the mathematical model takes into account different
phenomena that occur, such as the loss of heat in the
oven walls. For this reason, it was necessary to calculate a new controller that fits the mathematical model
in a better way.
Another controller was calculated that improved
the final behavior of the system. However, it was not
obtained by means of traditional calculations of PID
controllers. Instead, automatic tuning techniques available in Simulink (PID tuner tool) were used. The main
difference is that the controller is not calculated in
terms of the initial behavior desired by the user (2%
overshoot, stabilization time of 3600 seconds).
In this case, the overshoot is approximately 3.5%
and the stabilization time is 4000 seconds. The mathematical model obtained analyzing the data of the
polypropylene plates’ width was validated. For this
purpose, it was necessary to calculate a function that
relates the temperature with the width of such plates.
After comparing the results of the two systems (current
and new), it is concluded that the new control system
has a variation of ± 1 mm, whereas the current control
system has a variation of ± 2 mm.
To obtain a better validation of the systems with
respect to the width of the plates, it is necessary to
design better methods for recording information, that
store the temperature together with the specific dimension features in real time. In other words, knowing the
width of the plate at the instant at which the oven has
a particular value of temperature. For this purpose, it
would be necessary to implement a more complex data
acquisition system that would have direct incidence
on the production costs, which for the moment is not
feasible in the production plant.

It was obtained the mathematical model of the resistive
oven for producing thermoformed sheets, from which
it was calculated a new controller for the system. Its
behavior was simulated and the variability of the plate
width was projected as ± 1 mm, as opposed to the
variation of ± 2 mm with the current controller. Such
results show the effectiveness of the new controller.
It was found the mathematical model of the oven.
For this purpose, its operation was divided in three
parts. First, the equations that have influence on resistance heating were formulated. Then, the equations
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Abstract

Resumen

In Perú the need for utility projects such as gas network installation for residents has increased the demand for the use of Hydraulic Hammers (HH) with
mini-loaders, due to the low investment required compared to other machinery equipment and to the versatility. The easiness to interchange hydraulic hammers
with buckets to complete the demolition and cleaning stages offers for contractors a higher productivity
than manual operations. For that reason, the virtual
design software Inventor Professional was used to design a suitable adapter plate with adequate resistance
and durability, which has a direct impact on the structure of the hydraulic hammer and the hydraulic arm
of the skid steers. Simultaneously, a basic animation
was developed to explain the effect of the operation
style over the hydraulic hammers and the adapter
plates. Finally, for this development, it was considered the construction of an adapter plate as a fuse in
the system, in case operators exceed the resistance
capacity of the hydraulic hammer structure.

En Perú, la necesidad de proyectos de servicios como
la instalación de redes de gas para los residentes,
ha incrementado la demanda del uso de martillos
hidráulicos (HH) con cargadores compactos debido a
la baja inversión en comparación con otros equipos
de maquinaria y la versatilidad. La facilidad para intercambiar martillos hidráulicos con cucharones para
completar las etapas de demolición y limpieza ofrecen
para los contratistas una alta productividad en comparación con una operación manual. Por esa razón,
el software de diseño virtual Inventor Professional
fue usado para diseñar una placa de adaptación con
la resistencia y durabilidad adecuadas, lo cual tiene
un impacto directo sobre la estructura del martillo
hidráulico y el brazo hidráulico del cargador compacto.
Simultáneamente, se desarrolló una animación básica
para explicar el efecto del estilo de operación sobre
los martillos hidráulicos y las placas de adaptación.
Finalmente, para este desarrollo, se consideró la construcción de la placa de adaptación como un fusible en
el sistema, en caso de que los operadores excedan la
capacidad de resistencia de la estructura del martillo
hidráulico.

Keywords: Design, hydraulic hammer, skid steer,
adapter plate, Inventor Professional, Ansys

Palabras clave: diseño, martillo hidraulico, minicargadores, platos adaptadores, Inventor Profesional,
Ansys
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Under Real Work Condition

1. Introduction

2. Materials and Methods

In South America, it is common to build roads without service nets installed because the executed facility
projects are limited by investment capital. The necessity to improve the quality of life and to expand
services for residents opened a huge market for demolition products such as hydraulic hammers [1].
Projects such as gas pipe installations require building trenches, beginning with the cutting of hard surface
concrete pavement or asphalt to create, on average, 20
cm wide openings. For demolition, hydraulic hammers
mounted on a compact skid steer are used, which can
also be utilized to clean the removed waste material
and for restoration [2].
In Peru, for natural gas massification construction
projects, a Case Skid Steer model SR220 and Hydraulic
Hammer SB202 were used. The hammer has special features such as a solid body structure, a grease refilling
valve located on the top of the body, and the narrowest
box section width of 17 cm, which reduces the energy
invested over kilometers of gas pipe installation [3].
At the same time, the demand for new operators
and contractors to install gas pipes boosted the demand for systems of skid steer- adapter plate- hydraulic hammer. Due to dealer´s market strategies,
the focus on the importance of the adapter plate and
their potential impact on the performance and useful
time of hydraulic hammers were lost. The demand for
training, new strategies and different solving proposals
increased when the rate of claims rose from 5% to
35%, particularly for irreparable damages in hydraulic
hammers [4].
Independent research using advanced virtual analysis was made by the major local adapter plate manufacturer “Soluciones Barrera EIRL”, which had a
participation of 60% of products in the closed market
of Atlas Copco SB202 and Case SR202. This company
is one of the most innovative ones in the Peruvian
market.
After evaluation of the nature of the failure and the
recurrence, a relation was detected between poor operation skills, the extreme resistance and hardness of the
adapter plate, and the presence of other manufacturers
of adapter plates without adhering to engineering standards. Similarly, the focus was not on the evaluation
and the control of damaging effects [5].
As a result, an objective was set to build the
adapter plate as a fuse in the system. Static and dynamic virtual simulation were used to design a new
adapter plate with Inventor Professional. Afterward,
Ansys analysis confirmed the behavior. Complimentary with the registration of performance and claim
records, a group of adapter plates was made to improve
the building process, product quality, and finally cost
reduction.

2.1. General overview
In 2004 the Camisea Gas project, which cost 3.9 billion dollars (USD), began a gas massification process
in Peru. Due to the intensiveness of this activity, a
method was set to install pipelines in the soil in a
depth of 30 cm, This depth created the technical recommendation to build trenches with a depth of 70
cm. Some work was in streets paved with concrete
or asphalt and for that reason, it was necessary to
demolish the hard road surfaces that were previously
cut in widths of 20 cm [6, 7] (Fig 1).

Figure 1. Trench building, demolition and excavation [8]

Historical reference sales from 2014 for a group of
15 new skid steer, adapter plate, and hydraulic hammer systems showed a high number of warranty claims
resulting from failures on the solid body of the hydraulic hammers. After a thorough evaluation using a
penetrant liquid, the formation of cracks on hydraulic
hammers was detected.
An investigation was performed to understand the
failure origin, which was related to the overload on
the hammer. A possible explanation was extrapolated
due to other failures in moil points, bushings, and
pistons. At the same time, 4 skid steers showed initial
microcrack formation in their arms. Consequently, a
hypothesis was established considering the system of
skid steer - adapter plate - hydraulic hammer as a
single unit where vibration and resonance generated
during the demolition process traveled through the
system and produced cracks in the least tough part
of the system. As a second part of the method, a new
prototype considering the adapter plate as a fuse was
established and is explained in this research [9].
2.2. Skid-steers a multipurpose machine
Skid-steers are used in different industries as multipurpose compact carriers for construction, handling
materials vehicles, and agriculture equipment [10]. In
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combination with hydraulic hammers, some methods
of demolition can be made, using as a recommendation
the specification of hydraulic flow rate, static pressure, and the hammer weight resistance detailed as a
reference [11].
Additionally, the decision of the size of the bucket
was in relation to the density of material handled, in
this case, old concrete or asphalt 5-20 cm thick and
compacted soil was lifted from the surface into trucks
as waste material. In this experience, the model SR220
from Case was mounted with 240 kg heavy-duty buckets with a capacity of 0.44 m3 reported by customers
and supported by the brochure [12].
2.3. Selection of hydraulic hammer for operation condition
Boundary conditions were the minimum width of the
trench, the depth of 70 cm and, as operations were inside the trench, the hammer lubricator nipple located
by its design on the top of the hammer. A hammer with
higher resistance for overload and built with minimum
internal parts were used under endurance conditions.
For that reason a Case Skid Steer model SR220, equivalent to Caterpillar model 236B was selected with
a hydraulic breaker Atlas Copco SB202 with a solid
body [13] (Fig. 2).
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Contractors reported an operative availability between
61% and 81% after a strategic plan was applied to
improve it [14].
The standard configuration was the use of SB202
due to its special features its patent design, resistance
for overloads and higher location of the lubrication
valve. The reliability of the hammer was not measured
but was reported by contractors as higher than other
products that they used.
2.5. Real work conditions
Crack formation as a result of the use of the hydraulic
hammer was reported by Li et al. (2019) [15] using Ansys Workbench which showed the behavior in the arm
structure in an articulate system, when a hydraulic
hammer is used. Fundamental parameters about the
potential impact and crack formation were taken referentially from the registered real operations. The
hypothesis was to test the adapter plate as a fuse to
protect the hammer and skid steer integrity, considering the maximum overload condition when operators
use excessive hydraulic pressure with the arms-hammer
over the surface for demolition, and in a non-aligned
90° angle of operation (between the hammer and the
surface). This can be considered the most extreme
operation condition and, for that reason, a line of research was open to optimize the adapter plate (Fig.
3).

Figure 3. Skid Steer working with Hydraulic Hammer
SB202 [16]
Figure 2. Hydraulic Hammer SB202 Atlas Copco [3]

2.6. Fabrication of adapter plate
Physical measurements were taken from the hydraulic
2.4. Impact on the skid steer and hydraulic
hammer Atlas Copco SB202 and the top mounting rebreaker durability
gion of the arm, taking into consideration the tridimenGood maintenance and adequate design of the adapter sional measurements to connect both machines and,
plate for Hydraulic hammer allows to obtain the max- afterwards a tridimensional drawing was developed
imum result. Diagnostic tests were made to detect using the software Inventor Professional and Ansys to
minor failures in order to fix them, which is an im- analyze the static structural and dynamic behavior
portant part of a preventive maintenance program. under maximum impact frequency of 1800 blows per
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minute (BPM). For the analysis, the adapter plate was
made independent from the system of the skid steer
arm and the hydraulic hammer. Boundary conditions
such as gravity, the weight of 16,750 N applied to the
adapter plate and hydraulic force in contact regions
with the hammer and the skid steer arm were applied.

2.7. Criteria for adapter plate redesign
The redesign of the adapter plate was made considering a soft material in the first stage of analysis, and
following the results of the first six months, those were
redesigned using a reinforcement which increased the
lifetime to over one year of standard operation. The
system skid steer-adapter plate-hammer was used for
the demolition of road hard cover (old asphalt, concrete) and to break the compacted soil structure (Table
1).

Figure 4. Adapter Plate built in Inventor

For the meshing analysis in Autodesk Inventor 2020
(Fig. 5), the average size element used was 0.05, the
minimum size element 0.1, the grading factor 1.5 and
the maximum turn angle 30 deg. Geometrically the
adapter plate was designed considering flat shapes
reducing the presence of curvatures. Referential recommendations are detailed in Table 2.

Table 1. Boundary operational conditions for the system
Skid steer-adapter plate – hydraulic hammer

Boundary conditions (Used
for Inventor and Ansys simulation)
Operation
Machine weight Skid steer
Case model SR220
Coupling system
Material use for adapter
plate
A shift in a common
Labor Day
Effective percussion time
per shift
Total time used by month

Demolition
33752 N
Mechanical
Carbon Steel
ASTM A-36
12 h

Figure 5. Adapter Plate Meshing

1-3 h
30-90 h
Table 2. Boundary operational conditions for the system
Skid steer-adapter plate – hydraulic hammer

Parameters

3. Results and discussion
3.1. Static Analysis
Loaded static analysis was performed using Autodesk
2020 Inventor Professional, considering the weight of
Skid Steer with attachments of 33,752 N (Table 1); as
a result of the operation observed a weight of 16,750N
was considered (Fig. 2). Due to the two contact regions between the arm and the adapter plate, a force
of 8,375 N was applied to each contact area and a force
of 16,750 N was applied to the contact surface between
the adapter plate and the hydraulic hammer. (Fig. 4).

Element Average Size
Element Minimum Size
Grading Factor
Maximum Turn Angle degrees

0.1 - 0.05
0.1 - 0.2
1.5 - 3.0
30 - 60

For the static analysis, the tensile yield stress of
carbon steel ASTM A36 (Table 3) used is 250 MPa.,
with Young’s modulus = 199.959 GPa, and Poisson
ratio = 0.3. (Fig. 6). Assuming a maximum Von Mises
Stress of 31.33 MPa (Fig. 6) and a deflection limitation of 0.25 mm, a maximum result of displacement of
0.09856 mm (Fig. 7) was obtained.
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Table 3. Carbon Steel ASTM A36 Properties [17]

Material
Name

General

Stress

Steel ASTM 36
Mass Density
Compressive Yield Strengh
Yield Strength
Ultimate Tensile Strength
Young´s Modulus
Poisson´s Ratio
Shear Modulus

7.85 g/cm3
250 Mpa
152 Mpa
400 Mpa
19.959 Gpa
0.3 ul
76.9073 Gpa

Figure 9. Maximum Compressive Stress Static Analysis

Figure 6. Von Mises Stress Static Analysis in Inventor

Figure 10. Safety factor Static Analysis

Figure 7. Displacement Static Analysis in Inventor

The maximum tensile stress of 11.58 MPa (Fig.8)
is below the Von-Mises condition (32.38 MPa) (Fig.
7), because the stress was distributed throughout the
whole structure. The maximum compressive stress was
3.32 MPa (Fig. 9), which was observed in the support structure interfaces between the hammer base
plate and the skid-steer base plate. The maximum
compressive stress of ASTM A36 carbon steel used is
152 MPa [18]. The minimum safety factor was 7.92
(Fig. 7) which means that we achieve a high factor of
safety with this design [19] Table 4.
Table 4. Comparison Static and Dynamic Analysis
Static
Stress
(Mpa)

Dynamic
Excluding
Prestress
(Mpa)

Dynamic
Including
Prestress
(Mpa)

Percentage
Difference

Max.
Principle
Stress

11.58

12.37

23.95

48.34%

Min.
Principle
Stress

3.32

4.55

7.87

42.19%

Type

Figure 8. Maximum Tensile Stress Static Analysis
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3.2. Modal Analysis

and 1800 BPM and correlating with the operational
hours per day, which results in a range of 308.64 to
The impact frequency of using one SB202 was in a
925.93 days of operation before failure.
range of 850-1800 blows/min (max 30 Hz). The total
maximum deformation was 3.0405 × 10−6 mm in the
Table 5. Fatigue analysis per operation cycles
contact region between the adapter plate and hammer
and in the central region of the adapter plate areas
Item
Value
Units Value
Units
with 0.098 mm (Fig. 7).
Cycles before fatigue
1.00E+08
1.00E+08
(one blow= one cycle)
A stress drop for harmonic analysis was performed
Hammers Blows Per
1800
BPM
600
BPM
in Ansys Modal and Harmonic Response. As a first
Minute
Considering one
60
min
60
min
analysis, it is usual to evaluate where the stress relaxhour
ations and prestress removal took place in the adapter
Operational effective hours
3
hours
3
hours
per day
plate. Static stress was 11.58 MPa (Table 4) in the
Number of days
308.64
days
925.93
days
initial stage. As dynamic action starts, this situation
gets relaxed first. Dynamic stress analysis was used
to compensate for the static compression and to bring
down the static effect to zero in order to reverse the
resistance developed inside the material.
The Dynamic stress excluding prestress was 12.37
MPa (Fig. 11) and the total dynamic stress was 23.95
MPa (Table 4). Maximum principal stress and minimum principal stress percentage difference values of
the static and dynamic results are 48.34% and 42.19%
which is less than 50% (Fig. 12).

Figure 13. Fatigue Life Analysis in cycles

Similarly, the safety factor resulting from the fatigue
analysis reported a minimum number of 4.3599
Figure 11. Harmonic Analysis in Ansys Max Frequency
(Fig.
14)
which is over 1 and we can consider this a
of 30Hz
reliable design.

Figure 12. Maximum Principal Stress in Harmonic Analysis

3.3. Fatigue Analysis

Figure 14. Fatigue Analysis – Safety factor

Table 5 shows the resulting fatigue life analysis reported by Ansys, we had 1.00 × 108 cycles up to strucDue to the maximum stress of 31.33 Mpa (Fig. 6)
tural failure (Fig. 13). For that reason, using the hy- with a safety factor of 7.92 (Fig. 10), this sustains up
draulic hammer and its operational performance of 600 to 1.00 × 108 cycles (Fig. 13) before structural failure.
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This performance supports the goal of this design attaining the maximum durability while also acting as a
fuse protecting the hammer and skid steer structure if
an overload happens. With the stress load reported it
is still under the endurance limit, because despite the
1.00×108 cycles before fatigue, the safety factor is over
1 which means we have space for future optimization.
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hammers and the serial production surpasses 500 units
up to date with reliable performance and having, as
a result, lower warranty claims and side effects over
hydraulic hammers.

3.4. Building and welding process
The adapter plate was built using carbon steel ASTMA36, with welding 6011 and 7018 with 5/32” size and
for the final product an electrostatic paint RAL9005
was used, and each final product was registered with a
progressive registration number for the product quality
control and warranty management (Fig. 15).
3.5. Standard product for the market

Figure 15. Adapter plate as final product

As a marketing strategy, the supplier offered six months
as a standard warranty and included a constantly updated optimization for final users with high reliability
using new adapter plates as a backup in case of quality
problems with the presence of cracks in the structure 4. Conclusions
(Table 2).
Stress applied during the demolition of hard road covTable 6. Record of adapter plates and qualitative perfor- ers, pavement and asphalt, across the system including
mance
skid steer-adapter plate-hydraulic hammer was identified as the main concern of this study and the style
Time use Warranty
Plate Fabrication
Observation
of operation. For that reason, as part of an optimized
(month)
(month)
product development, training videos were developed
15-Jan-15
6
12
Normal Wear
1
2
15-Jan-15
4
12
Normal Wear
to improve operational skills.
3
15-Jan-15
8
12
Normal Wear
Complementary to that, a warranty claim strategy
4
15-Jan-15
7
12
Normal Wear
5
15-Jan-15
12
12
Normal Wear
was established to reestablish confidence in the prod6
15-Jan-15
16
12
Small cracks
ucts and an exclusive supplier was appointed including
7
15-Jan-15
6
12
Normal Wear
8
15-Jan-15
8
12
Normal Wear
a reliable warranty response, which contributed to rein9
15-Jan-15
12
12
Normal Wear
troducing the product reducing the warranty claims
10
15-Jan-15
14
12
Small cracks
of failures in hydraulic hammers to a 99% during the
After 14 months of use, a group of 10 adapter plates following 12 months.
There is space for the optimization process because
built simultaneously were physically evaluated along
the
safety factor obtained is higher than 7.95 and
with their warranty claims. The results confirmed northe
difference
percentage between static and dynamic
mal wear during operation and the presence of cracks
results
are
lower
than 50%, and in the industry, a referafter the warranty period of 12 months. (Table 6) At
ence
of
20%
is
used
to obtain the maximum resistance.
the same time, no cracks were observed in the solid
However,
the
peaks
of stress do not exceed the maxstructure of hammers or skid steer boom structure, and
imum
tensile
yield
stress
of ASTM A36 carbon steel
complementary animation and training videos were
which
was
250
MPa,
and
the maximum compressive
developed to explain the effect of inappropriate operastress
of
ASTM
A36
carbon
steel was 152 MPa. The
tion to customers [16]. Proper training and operation
strategy
confirmed
the
use
of
the adapter plate as an
contributed to reducing damage to hydraulic hammers.
element
to
protect
the
hammer
and skid-steer from
Finally, this product has been a probed solution
deformation.
from 2015 up to current date for skid-steers-hammers
system for demolition application in Peruvian marThe adapter plate was demonstrated to act as a fuse
ket; however, its price represents 20% of acquisition protecting the hammer and skid steer arm, confirming
price, for that reason, it is recommendable to start our hypothesis. Continual innovation is recommended
an optimization research to reduce production costs. to improve the adaptor reliability and performance on
This adapter plate was standardized to be used by job sites which will increase the product’s reputation
the majority of brands which work with Atlas Copco in the marketplace.
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Abstract

Resumen

Residential construction in Ecuador has recently La construcción residencial en Ecuador ha crecido un
grown a 35.6%. The typical construction system for 35,6 %. El sistema constructivo típico para envolvente
housing envelopes is concrete block or brick; construc- de viviendas es de bloque de concreto o de ladrillo, la
tion in Light Steel Framing (LSF) or galvanized steel construcción en LSF (Light Steel Framing) o marcos
frames is emerging. To solve the housing demand, the de acero galvanizado (LSF) está en surgimiento. Para
thermal comfort inside a two-story one-family home solucionar la demanda habitacional se evalúa el conin the city of Cuenca is evaluated considering both fort interior térmico de una de vivienda unifamiliar
construction systems, to know the comfort standards de dos plantas en la ciudad de Cuenca con ambos
offered by homes in accordance with the Ecuadorian sistemas constructivos para conocer los estándares de
Construction Standard (NEC, Norma Ecuatoriana de confort que ofrecen las viviendas en concordancia con
la Construcción). The research was carried out with la Norma Ecuatoriana de la Construcción (NEC). La
Design Builder and Therm, where the parameters investigación se realizó con Design Builder y Therm
that influence the energy performance of homes are donde se analizan los parámetros que influyen en
analyzed. Under local conditions, the predominant el desempeño energético de las viviendas. Con las
system reaches annual hourly thermal comfort values condiciones locales, el sistema predominante alcanza
of 51%, but the LSF system reaches 62%. However, valores de confort térmico horario anual del 51 %,
with improvement strategies in the overall envelope, pero el sistema LSF alcanza un 62 %. Sin embargo,
the LSF reaches 86%. The variables in decreasing con estrategias de mejoramiento en la globalidad de
order of thermal influence were: air infiltrations, en- la envolvente, el LSF alcanza el 86 %. Las variables
velope construction system and housing deployment. en orden de mayor a menor influencia térmica resulIn Cuenca it is feasible to use the LSF with minimum taron: infiltraciones de aire, sistema constructivo de la
insulation to reach acceptable levels of comfort, being envolvente e implantación de la vivienda. En Cuenca
an adequate alternative to be promoted for building es posible el uso del LSF con aislamiento mínimo
one-family housings.
para alcanzar niveles aceptables de confort, siendo
una alternativa adecuada a promover para edificar
viviendas unifamiliares.
Keywords: Housing, Light Steel Framing, Thermal
comfort, Simulation
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1. Introduction
For each particular context it is important to establish
comparative analyses of different construction technologies, to set capabilities in terms of security, durability, quality, thermal comfort, among other aspects.
It has been evidenced that the thermal performance
of dry construction systems such as Lightweight Steel
Framing (LSF) may reach conditions similar to those
of masonry [1], and it is possible to define insulation
levels appropriate for the context.
According to the American Institute of Architects
(AIA, 2007), 50% of the worldwide emissions of greenhouse gases were produced by the construction industry. To a large extent, this is a consequence of the high
consumption of buildings and the lack of comfort in
them. An impact is generated from the manufacturing,
transportation execution, use and maintenance of the
building up to the end of its life cycle [2]. Likewise,
construction is placed as the second industry with the
highest energy demand worldwide, and most of such
consumption is used for achieving indoor environmen-

tal quality [3,4]. Therefore, it is important to determine
the capability of the construction materials to achieve
quality in thermal comfort with high degree of construction efficiency [5, 6]. In the last fifteen years, the
construction sector in Ecuador has grown 35.6% due
to the economic and population development. Among
the total number of construction permissions granted
in 2018, 84.1% correspond to residences, 56.9% correspond to one-family housings and 88.1% are new
housings.
The predominant materials for housings in Ecuador
are reinforced concrete for foundations, structure and
roof, concrete block or brick masonry for walls and
envelopes, structured in steel for constructive speed.
The introduction of alternative construction systems is
minimum, and very little consideration is given to the
affectations due to the materials selected. The housing
in LSF dry construction has a share of only 2.9 % in
Ecuador [7], as seen in Figure 1 [7]. The systems that
enable prefabrication are an opportunity to reduce the
construction cost, but the comfort levels should be
also considered [8].

Figure 1. Main materials that predominate in the construction in Ecuador

The implementation of the LSF dry system may result less offensive with the environment, and offers
great advantages compared to traditional wet systems regarding its in situ impact [9]. Various constructive advantages are typical of this system, such
as the potential prefabrication and speed, durability,
seismic-resistant capability, convenient prices, among
others [10]. The LSF has a good thermal performance
since it enables including the insulation required and
calibrated according to the local conditions; it has the
capability of reaching high levels of thermal insulation,
even in extreme weather [11, 12].
In addition, according to [9, 13], the main deficit
regarding the thermal capacity in the LSF is in the
thermal bridges as a consequence of the light steel

structural frames which should not be more than 0.60
m apart. With respect to structural capacity, the LSF
has appropriate conditions due to the lower rigidity
and weight, which implies that the seismic response
is adequate in regions of high seismicity, such as the
Andean zone [14, 15]. Likewise, it responds favorably
to accidental loads [16].
In terms of safety in the event of fire, the LSF
is recommended over other flame-retardant technologies [17]. At the same time, it is capable of integrating
all components necessary to construct a building. The
construction methods are manufacturing on-site, by
prefabricated panels and, finally, the modular construction [18]. The LSF tends to be more expensive
compared to masonry housings typical in Ecuador, due
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to the reduced penetration of the material. However,
it may result a convenient system due to the advantages of industrialization and market economy [19].
It reduces the labor costs between 62.5% and 73%,
and improves management of consumables, operations
and logistics at the construction sites [20]. In Ecuador,
the deficit in housings together with the difficult economic situation causes the construction of low-budget
buildings using handcrafted materials, and those housings do not fulfill the appropriate levels of thermal
comfort, and thus, new buildings should meet NEC
standards [21].
1.1. Climatic conditions of the surroundings of
the housing under study
Ecuador is divided in six climatic zones, according
to what is established by the ASHRAE 90.1 and
Miduvi [22]. The reference housing is located in climatic zone 3 of Ecuador, determined as a region of
rainy continental mountains. Figure 2 shows a diagram

of the climatic conditions 3). The zone is very close
to the Equator, at an altitude of 2550 m above sea
level; due to these conditions, it is a temperate and
stable climate all year round. The temperature varies
between maximum and minimum averages of 7 and
25 °C; however, extremes of –1.7 °C and 28.9 °C are
recorded, with an average of 15.6 °C. March is the
hottest month and August the coldest one, but the
extreme conditions of cold or hot normally do not
last more than a few hours. Due to the Equatorian
conditions, seasonal climatic variations are minimal.
The duration of the day is also stable all year round,
with the dawn occurring between 05:50 and 6:30 and
the dusk between 18:05 and 18:35, depending on the
season. The wind is low, with preponderance from
the Northeast. Consequently, it is about a temperate
weather with greater incidence of excessive cooling, but
with a weather benign for habitability; most buildings
lack active conditioning systems. However, this aspect
implies that out of comfort moments are usual.

Figure 2. Location and scheme of the climatic conditions of the surroundings

It will be analyzed a housing with spatial and morphological features that are recurrent in the country,
with the most frequently used construction system
consisting of masonry and concrete, with the objective
of determining the base environmental conditions. On
that basis, variations are compared according to the
change of envelope in the LSF construction system. For
this purpose, simulations are programmed to contrast

the thermal behavior of the same housing materialized
in two different construction systems and envelopes,
LSF system vs. traditional system, assuming the same
functional and spatial conditions. It is analyzed the
type II model of one-family housing found at the residential area Los Capulíes, located at Cuenca, which
was developed by the Housing Ministry (Miduvi, Ministerio de la Vivienda) of Ecuador. These housings
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are arranged in high-density settings, paired on both
sides to achieve a maximum leverage of the piece of
land. The distance between the fronts is only five meters, whereas the backs are three meters apart. This
arrangement reduces solar incidence, and also causes

visualization and privacy problems. Figure 3 shows the
configuration of the housings (based on documents of
the Emuvi EP). Even though it has aspects regarding
design conditions, this work analyzes the influence of
envelope materials.

Figure 3. Housing under study together with the remaining housings in the residential area Los Capulíes

2. Materials and methods
At first instance, the parameters and features that have
influence on energy performance were established, and
analyzed with respect to the levels of thermal comfort of the regulation that dictates that the indoor
temperature should be maintained between 18 and 26
ºC [23]; it is considered that excesses or deficits imply
being out of the range of thermal comfort. With this
precedent, the following parameters were determined
for studying energy performance:
Deployment: It is determined by the position of
the housing within the block, corresponding to a corner, middle or isolated housing. Weather: It is deter-

mined by means of the climatological archive of the
Cuenca region. Internal thermal gains: It is referred
to the amount of energy as heat within the housing,
contributed by electric appliances and users. Air infiltrations: Make reference to the air exchanges per hour
at a pressure of 50 Pa, i.e., to the levels of air renewal
inside a housing.
These parameters will be studied in three variations of the same housing, according to its location
within a block: isolated, middle and corner.
Eighty-five models were constructed for the analysis, from virtual variations of the materials. The indoor
operating temperature (OT) is considered the variable
for the analysis of results; the dry bulb external tem-
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perature (ET) only represents the temperature that
affects the housing envelope and enables reflecting the
level of conditioning reached by the housing. Regarding the levels of infiltration of this type of structures,
indicators found in Chile [24] are considered since there
are no local studies. Lower levels of air infiltration (10
ACH50) are expected in the masonry envelope, compared to the 25 ACH50 expected in the LSF. However,
when the LSF is constructed with greater insulation,
materials of better thermal performance and high construction quality, with emphasis on the constructive
joints, the air exchanges decrease [25].
At a second instance, digital models of the onefamily housing to be studied were made in two groups.
The recurrent configurations and materials for the region, i.e., the traditional wet system, were modeled in
the first group. The models with the LSF system were
made in the second group. Finally, the indoor thermal
comfort of the two construction systems was analyzed
at a third instance. Virtual models were studied with
the Design Builder [26] and Therm [27] energy simulators, fed by 2016 climatic information of the region
under study. The climatic file (.tmy) (typical average
climate) was not used, because it implies to lose days
and hours with extreme temperatures; hence, it was
used climatic data corresponding to one year (2016)
in the epw file.
The evaluation was performed in sequential stages,
due to the interaction of different factors that have
influence on the indoor thermal comfort. The first
stage seeks to determine the incidence of orientation,
a diffuse aspect in the equatorial weather. Prior to
analyzing the thermal comfort of the housing, in the
second stage it is intended to determine with Design
Builder the energy performance of the housing with
LSF, without including thermal insulation. The model
is fed by envelope coefficients from the thermal anal-

ysis of the materials carried out in Therm, tool that
enables to determine in detail the insulation capacity
considering affectations implied by thermal bridges.
In the third stage it is sought to know if there are
improvements in the thermal levels with minimal insulations in the LSF system. Finally, in the fourth stage
it is sought to improve the materials used in the LSF
system, with the purpose of knowing if the thermal
increase is significant; thus, the Therm tool is used
again to analyze the configurations of the different
carpentries.
The requency Thermal Discomfort (FDT) is the
percentage of time in which the operating temperature
does not reach the required standards [28]. Therefore,
in this research the results will be analyzed as percentages referred to a year in its 8760 associated hours.
Likewise, the parameters or variables with higher or
lower incidence on the thermal performance of the
housing will be established in the final instance.
2.1. Original features and materials of the housings under study
The reference housing is a two-story one-family housing of 86.40 m2 which, according to the INEC, is a
recurrent typology in the country. It is a housing with
average size and condition to accommodate four inhabitants. The housing is constructed with steel structure,
masonry brick walls for the envelope, with plaster
only in the interior and fiber cement roof with a false
plaster ceiling parallel to the fiber cement. The bottom and mezzanine floors are made of concrete, with
porcelain coating in wet areas and floating flooring in
dry environments. Finally, the carpentries are made
of steel with simple glass. As a basis for comparison,
the indoor thermal quality is simulated with these
conditions; Figure 4 shows the reference housing.

Figure 4. Status of the housing under study in 2020
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The LSF proposal adopts the same conditions of
the base model. The structural dimensions are provided
by the engineering department of the local distribution company. The recommended components are the
following: Stud profiles (columns) of 90 × 0.93 mm
in walls and trusses, Track (beams) of 90 × 0.93 mm
in walls and trusses, Stud of 200 × 1.8 mm in mezzanine floor and Track 200 × 1,8 mm in mezzanine

floor. However, the use and configuration of the layers
of insulation and coating materials are not determined
according to the thermal performance, due to the minimum use of this technology nationwide. Both suppliers
and consumers choose the components and materials
based on various criteria to build the housing. Figure
5 shows the plans of the housing adapted to LSF.

Figure 5. Proposal materialized with LSF

2.2. General conditions for the indoor thermal sis, and the parameters for the digital evaluation are
comfort study
established categorized in six groups (Table 1).
The aspects and features of the envelope are identified
as input data for the indoor thermal comfort analy-
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Table 1. General conditions and parameters
Code

Variables

Variable
description

Comments

1

V01

V. brick
middle

Current status

Middle

2

V02

Current status

corner

Current status

isolated

Proposal

Middle

Proposal

corner

Proposal

isolated

N.°

3
4

Parameter

Housing
typology

V03
V04

V. brick
corner
V. brick
isolated
V. LSF
middle
V. LSF

5

V05

6

V06

7

I01

Current
east
facade

Orientation of
main
facade

Current status

8

I02

Current
west
facade

Orientation of
main
facade

Current status

9

I03

North facade

Orientation of
main
facade

North

10

I04

South facade

Orientation of
main
facade

South

11

I05

East facade

Orientation of
main
facade

East

12

I06

West facade

Orientation of
main
facade

West

13

C01

Annual

Annual
average

Average

14

C02

Coldest month

Monthly
average

Average

C03

Warmest month

Monthly
average

Average

16

C04

Coldest day

Coldest day
in the year

All day long

17

C05

Warmest day

Warmest day
in the year

All day long

GI1

Users

3.7

average [29]

GI2

Appliances and
equipments

13.31 W/m2

W/m2

SC1

10 in all
stages

SC2

25 in stages 1 and 2,
10 in stages 3 and 7
in stage 4.

corner
V. LSF
isolated

Deployment

15

18
19

20

21

Weather

Internal
gains
Air infiltrations
of the
construction
system
(Levels ACH
at 50 Pa)

Brick and steel
mixed
system
LSF System

Source: [30]

Source: [30]
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3. Results and discussion
3.1. First stage: Base thermal performance of
the reference housing, current status
Twenty digital models were made in the first stage,
divided in two groups according to the construction
system. The first group analyzes the mixed system con-

stituted by brick in a steel structure of the housings
in their current deployment; this is the base situation.
The second group is focused on LSF. Table 2 describes
in detail the evaluation parameters for all simulations,
considering infiltration levels in air replacements per
hour (ACH) at a pressure of 50 Pa, under different
orientations of the front facade through which the
housing is accessed.

Table 2. Variation parameter in the First stage

N.°

E1_01

Construction system
Tipe

Features

Brick and steel
mixed
system

Housing
typology
Middle

E1_02
E1_03

Deployment

East
West

10 ACH50

Traditional

E1_04

masonry

E1_05

housing

E1_06

Corner

Este
West
North

Isolated

South

E1_07

Este

E1_08

West

E1_09

LSF System

North

E1_10
E1_11

Middle
25 ACH50

South
Este

E1_12

West

E1_13

LSF housing

E1_14

without

E1_15

insulation

North
Esquinera

South
Este

E1_16

West

E1_17

North

E1_18

Isolated

South

E1_19

Este

E1_20

West

The models with the orientations of the front and
back facades with the main openings, doors and windows, are considered favorable when they face east and
west (higher solar incidence) and unfavorable when
facing north and south (minimum incidence of irradiation as a consequence of the equatorial latitude). The

predominant orientation of the winds is demonstrated
in Figure 2. It is found that the average thermal variation is minimal due to the orientation, as shown in
Figure 6. For the subsequent stage, only scenarios with
unfavorable orientations will be studied, to visualize
the results in the most extreme temperatures.
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Figure 6. Average OT as a function of the Deployment parameter

3.1.1. Analysis of the thermal performance of model. Likewise, the LSF is considered with a simple
the construction systems through the en- insulation through a 50 mm thick single layer of stone
velope section by means of THERM
wool, with which there is a 40 mm remnant air layer
in the envelope section. The variable of study is the
The thermal transmittance of each envelope material
influence of the metallic structure in each construction
of the construction systems under study, is analyzed
system. It is found the influence of the thermal bridges
in this section. The steel profiles that constitute the
on the housings. The most unfavorable cases of each
structure of the entire housing are added to the tradiorientation are analyzed, as shown in Figure 7.
tional system; such profiles are exposed in the original

Figure 7. Thermal analysis of the section of both construction systems in THERM and conductivity determined

High values of thermal transmittance are evidenced meet. However, in the LSF, the thermal transmittance
in all the walls of the envelope, the thermal bridges is spread and mitigated by the fiber cement and plaster
are important in both construction systems, which cardboard coating.
significantly influences the insulation capacity. In the
mixed construction system constituted by bricks in
steel porticoes, higher values of thermal transmittance
are observed in the zones in which structural elements
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3.2. Second stage: Thermal analysis with inci- R Factor of each material, values that are reduced to
dence of the thermal bridges in unfavorable 67.78% of the original value according to the study by
orientations
means of THERM. In this section, the housings are
analyzed again with the condition of the Deployment
At this stage (Table 3), the digital models are config- parameter, referred in this case to the most unfavorured again in Design Builder, entering in the simulator able orientations, i.e., without direct solar incidence
the new values of the Thermal resistance parameter or on facades.
Table 3. Second stage

N.°

E2_01

Construction system
Type
Brick and steel
mixed
system

E2_02
E2_03

Features

10 ACH50

housing

orientation

LSF System

Corner

Middle

E2_08
25 ACH50

LSF housing
without insulation

E2_11
E2_12
With the brick and steel envelope, in the case of
the coldest day the housing is in comfort only at noon,
whereas in the case of the warmest day, the comfort
occurs in the morning and in the afternoon. An important peak in high temperatures is observed at noon.

North
South

Isolated

E2_06

E2_10

typology

Traditional masonry

E2_05

E2_09

Facade

Middle

E2_04

E2_07

Housing

Corner
Isolated

North
South
North
South
North
South
North
South
North
South

Consequently, the housing experiences overheating,
since there is no insulation in the roof; specifically,
overheating in the upper floor, as observed in Figure
8.
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Figure 8. Thermal comparison, traditional system, second stage

For the coldest day in the LSF system, there is
comfort after noon. However, in the warmest day the
comfort extends for almost all day long. It is observed
that the thermal curve tends to reduce the oscillation

during the 24 hours of the day. The maximum and
minimum peaks are less pronounced than in the reference system, as it is seen in Figure 9. Figure 10 shows
the general thermal comparison of the second stage.
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Figure 9. Thermal comparison, LSF system, second stage

Figure 10. General thermal comparison for the second stage
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3.2.1. Analysis of the different inclusions of LSF analysis, as it is observed in Figure 11 [9]. This
thermal insulation in the housings with wall typology with the insulation in the internal side
LSF
retains the heat in the interior in a better way, according to the analysis with THERM. In addition, it is the
For the climatic features of the Andean region in
simplest and the most economical.
Ecuador, the «cold wall» [9] typology is used in the

Figure 11. Wall typologies: warm, cold and hybrid

It is also analyzed the incidence of the infiltrations
estimated for the constructive topology; according to
the construction system, it has been considered an
ACH50 of 25, and from it, the consequent thermal
performance of the housing. The base housing (A01)
shows the worst performance in average. The A02 and
A03 cases (A03 interior insulation is recommended
by acoustic conditions) are similar. However, the A03
housing implies a more hermetic one, due to a better
configuration of the surfaces of the envelope thermally
insulated in a more uniform manner. The air chamber
produced between the roof and the false ceiling of the
upper floor provides better results with respect to the

base configuration, considering that these housings are
currently not constructed with false ceiling and, much
less, with insulation; hence, it is usual the overheating
in the presence of direct equatorial irradiation, as well
as important thermal losses at night. It is observed
that the A04 and A05 cases are critical with respect
to the previous ones. This implies that it is necessary
insulation in the roof to a larger extent and in the floor
to a lesser extent. From the 24 hours of the day, the
results are quantified only at the hours that reach the
NEC comfort range (18 and 26 °C), as seen in Figure
12.

Figure 12. Types of insulation and energy performance in number of comfort hours
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3.2.2. Analysis of the energy performance of of a carpentry, the insulation capacity of the double
the different configurations of carpen- glass panel (C14) is consistently higher compared to
tries by means of THERM
the simple glass panel (C13). Therefore, a window with
double glass and air chamber is an improvement. With
The thermal bridges in the carpentries are also ana- respect to the carpentry materials, wood or PVC are
lyzed; the cases to be studied are presented in Table 4. adequate alternatives with good insulation features, as
Simulating only the glass panels without the influence observed in Figure 13.
Table 4. Simulations of carpentries

Climatic condition

Configuration
of glass
panels

Comments

Warm day

simple

Slidigns.

Cold day

double

Profile

C03

Warm day

simple

commercial

C04

Cold day

double

Standard

C05

Warm day

simple

Sliding.

Cold day

double

Carpentry

C07

Warm day

simple

Handcrafted

C08

Cold day

double

C09

Warm day

simple

Sliding.

Cold day

double

Profiles

C11

Warm day

simple

commercial

C12

Cold day

double

Standard

simple

Exclusive

double

glass panels

Warm day

simple

Door with

Cold day

simple

simple MDF
wood sheet

Warm day

simple

Door with

Cold day

simple

simple steel
plate

N.°

Type

Material

C01
C02

C06

C10

C13
C14
C15
C16
C17
C18

Window

Window

Window

Aluminum

Wood

PVC

Ninguna

Glass

Door

Wood

Door

Steel

Indiferente
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Figure 13. Results of the carpentries in days of extreme cold

3.3. Third stage: Thermal analysis of a housing with the following variations: Configuration of insuwith traditional materials vs. a housing lation, minor air infiltrations and carpentries. Table
with LSF with insulation
5 shows the simulations. The housing with LSF uses
the simulation solution A03 (perimeter insulation plus
At this stage, the indoor temperature under normal
mezzanine). Therefore, the level of air infiltrations deuse conditions is checked through simulations. In addicreases from 25 to 10 ACH50, data taken from the
tion, the deployment with the orientations; favorable
study by (Madrid; Opazo; Parada, 2012).
(east) and unfavorable (south). In the case of LSF
Table 5. Conditions for Stage 3 of simulations
N.°
E3_01

Construction system
Type

Traditional

E3_02
E3_03

10 ACH50

E3_04

masonry
housing

E3_05

3,7 users

E3_06

13,31 W/m2

E3_07

LSF System
10 ACH50

E3_10

Thermal isolation of the envelope:
EPS in Slab, 50 mm stone wool in walls,

E3_11

3,7 users

E3_12

13,31 W/m2

Orientation of

typology

front facade

Middle
Corner
Isolated

Standard LSF construction.

E3_08
E3_09

Features

Mixed system: brick and steel

Housing

mezzanine and roof.

Middle
Corner
Isolated

South
East
South
East
South
East
South
East
South
East
South
East

Brito-Peña et al. / Comparative analysis of thermal comfort of a single-family house in LSF and brick

115

masonry
The general result of every simulation indicates
better thermal levels for both construction systems.
However, it should be remarked that the thermal gains
have been included. In this way, these are the thermal
levels of the housing with traditional system for daily

use of its occupants. In the case of the LSF system
the values are much better, as observed in Figure 14.
With respect to the number of comfort hours, Figure
15 shows detailed results.

Figure 14. General thermal comparison for the third stage

Figure 15. Comparison of number of comfort hours for the third stage
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A comparison of the thermal levels of this simulation with the previous stage for the most extreme cases
leads to the following comments. In the traditional
system, the actual one, the housing shows adequate
indoor thermal comfort 38 % of the time in a cold day,

whereas low temperatures occur at night and early
morning. This percentage slightly raises to 42 % for
the hottest day, with overheating occurring from 10:00
to 18:00; this is mainly due to the minimum insulation
capacity of the roof, as observed in Figure 16.

Figure 16. Thermal comparison, traditional system, third stage

In the LSF system, with the standard construction
features established in Table 5, during the day the
housing reaches indoor thermal comfort 38% of the
time, with temperature values between 13.47 °C and
19.52 °C. In the scenario of the day with highest temperature, the housing reaches indoor thermal comfort

in 67% of the hours, with a temperature range between
16.53 °C and 26.89 °C. In the coldest and warmest day,
the percentage of daily comfort hours practically does
not exceed 50% for both construction systems, as it is
observed in Figure reffigura17.
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Figure 17. Thermal comparison, LSF system, third stage

3.4. Fourth stage: Analysis of the housing with
LSF with the recommended construction
features, with emphasis on constructive
quality and air infiltrations
Once it is known the real performance of the reference
housing with masonry and steel structure construction
system (third stage), the LSF system is analyzed measuring the possibility of increasing the annual comfort

hours, adapting the system to improve the constructive
quality and the hermeticism of the housing with high
performance construction strategies (Table 6). In this
stage, an envelope adjustment to reduce infiltrations
is considered, assuming to reach 7 ACH50 (Table 6).
Previous studies with LSF and wood framework have
established a reachable value of 7.47 ACH50 [31]. In
parallel, the International Energy Conservation Code
(IECC) considers a value of 7 ACH50.
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Table 6. Conditions for the stage 4 of simulations

No.
E4_01

Construction system
Type + ACH

Features

LSF system

Construction with high

E4_02
E4_03

insulation. Thermal isolation
7 ACH50

of the envelope: EPS in Slab,

E4_04

50 mm stone wool in walls,

E4_05

3,7 users

mezzanine and roof.

E4_06

13,31 W/m

2

y cubierta.

The results point out that for the coldest day, as
shown in Figures 18 and 19, the values of Operating Temperature oscillate between 15.92 and 18.55
°C. The differences between maximum and minimum
values are minor. Consequently, it is found that the
fluctuations are minor. The increase in comfort hours,
with respect to the previous stage, goes from 38 to
46%, with infiltrations of 7 ACH50 with double glass
windows. In the analysis of the warmest day, the val-

Housing

Orientation

typology

access facade

Middle
Corner
Isolated

South
East
South
East
South
East

ues of operating temperature are between 20.53 and
25.77 °C. The difference between the maximum and
minimum thermal values is considerably smaller than
the reference housing. The increase in comfort hours,
with respect to the previous stage, goes from 67 to
100%. In the warmest day, an overheating is observed
at the time of direct solar incidence, which may be
counteracted with natural ventilation due to the lower
external temperature.

Figure 18. Comparison of the thermal performance and of the number of comfort hours for the fourth stage

Figure 19 shows the housing with LSF in all orientations, where it is seen that the thermal curve oscillates
less throughout the day. The thermal variations are
not very pronounced, as it is evidenced in previous
stages. With the recommended construction strategies,

considering the materials with the purpose of reducing
the levels of ACH exchanges, the thermal behavior of
the housing is more stable in temperature, without the
need of using active heating systems.
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Figure 19. Thermal comparison, LSF system, fourth stage

3.5. Discussion
In the first stage, it is only determined the most favorable and most unfavorable results, with respect to
the orientation of the housings. The orientation of the
main facade with openings of doors and windows facing
towards the east and west is better regarding thermal
performance. However, the thermal variation is not
considerably smaller in the north-south orientation
due to the dimensions of the housing.
In the second stage, the results of unfavorable orientations (north-south) are observed on the reference
housing, where indoor thermal comfort is reached in
only 27% of hours throughout the year. The housing
with LSF, without insulations in subfloor and ceilings,

always in the same orientations, reaches indoor thermal comfort 42% of the time. In the third stage, for the
housings in their current status the average percentage
(under all orientations) of hours in a year in indoor thermal comfort is 51%. This mainly occurs due to the steel
structure exposed both internally and externally, and
by the important losses in the roof without false ceiling. In addition, doors and windows typically metallic
also imply considerable thermal bridges. The housings
with LSF and standard optimization strategies to 10
ACH50 improve to 62% the number of comfort hours
with respect to the base housing. In stage 4, in Figures 20 and 21, for the housings with LSF with high
optimization strategies and infiltrations in 7 ACH50,
the percentage of comfort time is 86%.
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Figure 20. Comparison of the number of comfort hours

The results indicate that the reference housing
with traditional construction system has an average
minimum temperature of 15.38 °C and an average
maximum temperature of 27.68 °C, both out of the
NEC comfort range. However, when the housing has
an envelope in LSF with standard optimization strategies and with basic features and isolation materials,
the average minimum temperature improves slightly
to 15.55 °C, without reaching the minimum of the
standard, and the average maximum temperature is
26.38 °C, slightly above the maximum of the standard.
Finally, for the housing in LSF with high optimization
strategies, features recommended by the analysis, the

average minimum temperature is 17.19 °C, close to the
18 ºC established by the standard, and temperatures
above 26 ºC are not observed. At last, it is found that
the parameter with highest thermal incidence is the
control of air infiltrations.
Figure 21 shows an average comparative chart of
the three housing typologies in a unique monthly, daily
and hourly average value. In this way, results are shown
as a function of the percentage of average time in which
the housings are in comfort. Average values are used,
since it was demonstrated in each of the stages that
thermal variations of the housing typologies in minimal,
without exceeding 1 °C in most cases.
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Figure 21. Comparison of the number of comfort hours of all stages

It is evidenced that the dimensions of the LSF section, stated according to the structural analysis, are
more than enough to integrate the necessary insulation: 50 mm in stone wool placed between the studs,
attached to the external side, leaving an air chamber of
50 mm between the studs, in a cold wall scheme. Then,

the other parameters analyzed arranged in decreasing
order of importance include air infiltrations, material
of carpentries and, to a lesser extent, the orientation.
Figure 22 shows a scheme of the housing recommended
with the new LSF system for the Andean region.
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Figure 22. Scheme of the proposal of the housing built with LSF

4. Conclusions
This work carries out an analysis with widely validated simulators, to detect comfort conditions and
mismatches in housings when changing and modifying the construction system, as well as the comfort
parameters. Once it is analyzed the modification of
the envelope from the traditional construction system
using steel with brick envelope, it is also analyzed the
implications of the modification of the envelope and
other parameters such as orientation, infiltration and
material of carpentries. Even though these are simulations, it is the fastest way to be able to analyze the
different parameters in equal circumstances with the
modifications required.
The comfort levels of the housings built with LSF
are higher, compared to the reference housing built
with the mixed construction system of brick masonry
and structure with steel porticoes (traditional construction methodology). With the change in construction

system, the number of comfort hours in the housing
increases 11%, but a work with hermeticism, change
of material in carpentries, insulation in slabs, mezzanines and ceilings, enables to reach 35% more hours
within the comfort range. Although the brick block as
envelope material has better thermal inertia, the LSF
reaches appropriate levels of the envelope, even in the
simple configuration in sandwich wall.
The most important variables for environmental
performance, according to this study, arranged in decreasing order of thermal influence are: insulation in
roof, mezzanine and foundation slab, the results indicate that horizontal insulations increase the percentage
of comfort from 42 to 64%. Then, the parameter of air
infiltrations through the hermeticism increases thermal comfort from 62 to 86%. Third, considering the
housing material in general, together with the type of
carpentries, the improvement of one system with respect to the other goes from 51 to 86%. The variables
with lower incidence correspond to the deployment
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and typology of the housings. These factors are due to [5]
the configuration and size of the housings, since the
dimensions are not big. The orientation, normally a
factor of great thermal incidence in other latitudes,
for equatorial locations the solar route causes that the
irradiation incidence lasts few hours.
The results of the analyses by orientation show
that, in average, the indoor temperature is only 1 °C
[6]
higher in the north – south orientation, and even welloriented housings receive little direct solar radiation
on the facades due to the minimal separation between
housings because of the grouping conditions.
With the proposed configuration of materials, it
is feasible to build a housing in the city of Cuenca [7]
with habitability conditions within the thermal comfort range between 18 °C and 26 °C. Consequently, it
is adaptable to various cities in Colombia, Ecuador
and Peru that are in equatorial conditions at a height
close to 2500 m above sea level. However, for more [8]
extreme weather it is necessary to check the envelope
adaptability.
The change of materials not only seeks to generate
housing that are comfortable for final users, but it [9]
also seeks, as indicated by sources consulted, to reduce
the environmental and ecological impact generated
by the construction industry with handcrafted processes, many of them with no control, avoiding unnecessary wastes and saving resources that are increasingly
[10]
scarce, before, during and after the construction.
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Universidad Politécnica Salesiana of Ecuador,
published since January 2007, with a fixed
biannual periodicity, specialized in Mechanical
Engineering, Electrical Engineering, Electronics, Computer Science and its integration in
what is now known as Mechatronics; these lines
of action strengthen areas such as automation,
control, robotics, among others..
It is a scientific journal, which uses the
peer-review system, under double-blind review methodology, according to the publication standards of the Institute of Electrical
and Electronics Engineers (IEEE). Compliance with this system allows authors to guarantee
an objective, impartial and transparent review
process, which facilitates the publication of
their inclusion in reference databases, repositories and international indexing.
Ingenius is indexed in the directory and
selective catalog of the Regional Online Information System for Scientific Journals of
Latin America, the Caribbean, Spain and Portugal (Latindex), in the Directory of Journals
of Open Access DOAJ, In the Information Matrix for the Analysis of Journals, MIAR, In
the Ibero-American Network of Innovation and
Scientific Knowledge, REDIB and in repositories, libraries and specialized catalogs of Latin
America.
The journal is published in a double version:
printed (ISSN: 1390-650X) and digital (e-ISSN:
1390-860X), in Spanish, each work being identified with a DOI (Digital Object Identifier
System. The articles sent to Ingenius magazine must comply with the following criteria:

2.1.

Theme

Original contributions in Mechanical Engineering, Electrical and Electronic Engineering,
Computer Science and its integration in what
is now known as Mechatronics, as well as related areas: Automation, Control, Domotics,
Robotics in their different fields of action and
all those related disciplines with the same central theme.
All the work carried out by national or foreign researchers may be published once they
meet the required scientific quality criteria.
2.2.

Contributions

Ingenius Journal preferably publishes articles related to empirical research, and also
reports of technological development, proposals for models and innovations, products for
the elaboration of graduate and postgraduate
thesis that contribute to the field of science
and technology, as well as select revisions of
literature. (state-of-the-art).
Research: 5,000 to 6,500 words of text,
including title, abstracts, descriptors,
charts and references.
Reports: 5,000 to 6,500 words of text,
including title, abstracts, charts and references.
Reviews: 6,000 to 7,000 words of text,
including charts and references. Current,
selective and justified references, would
be specially valued from among 40 works
The Ingenius Journal publishes original
and unpublished works written in Spanish and
English, they may not have been published

125

INGENIUS, N.◦ 28, july - december of 2022

126
through any printed or electronic media, nor
be in the process of arbitration or publication.
Every article will be subjected to a rigorous arbitration process; the evaluation of the
article will be made according to criteria of
originality, relevance, relevance, contributions,
scientific rigor and compliance with established
editorial guidelines.
Being an arbitrated publication, the Editorial Board approves its publication based on
the concept of specialized pairs. The reception
of a document does not imply commitment of
publication.
It is essential to present a letter of presentation and grant of rights which can be
downloaded from: <
urlhttps://goo.gl/ZNkMRD>.
Contributions must be exclusively sent
and through the OJS (Open Journal System) <https://goo.gl/JF7dWT>. In which
all authors must previously register as a user.
For any consultation of the procedure you
should contact:
<revistaingenius@ups.edu.ec>,
<jcalle@ups.edu.ec> ó
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sistemas eléctricos en refinerı́as de la industria petrolera: influencia y análisis en
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Centro Gráfico Salesiano: Antonio Vega Muñoz 10-68 y General Torres.
Phone: (+593 7) 283 17 45
Cuenca – Ecuador
Email: centrograficosalesiano@lns.com.ec

