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Polyvinyl alcohol (PVA) is a water-soluble polymer whose impact on concrete properties
requires further investigation. Thus, this study established the appropriate dose and
applicability of PVA to produce the foremost improvement in the mechanical characteristics
of concrete. The study produced 40 concrete cubes and 12 cylinders of concrete specimens
at 0%, 0.5%, 1%, 1.5%, and 2% doses of PVA. A number of tests were carried out on the

Keywords: specimens to ascertain their performances. The results showed that a 0.5% addition of PVA
Admixture, to the concrete mixture yields an optimal compressive strength of 24.98N/mm? after 28 days,
Bonding, while the tensile strength increased as the percentage of PVA increased. Besides, the bond

strength of the PVA-modified concrete decreased as the proportion of PVA in the concrete
mixture increased. The study concludes that a 0.5% addition of PVA to concrete is the ideal
dose for enhanced compressive strength. Also, the study concludes that, while the tensile
strength of concrete increases with increasing PVA doses, the bond strength of concrete and
rebars decreases as the percentage of PVA increases. This implies that PVA is unsuitable
for reinforced concrete structural works. The study therefore recommends that PVA should

Mass concrete,
Polyvinyl Alcohol,
Water-soluble polymer.

be applied for non-structural reinforced concrete works.

Copyright ©2025 by authors and Galileo Institute of Technology and Education of the Amazon (ITEGAM). This work is licensed
BY under the Creative Commons Attribution International License (CC BY 4.0).

I. INTRODUCTION

Concrete is one of the most often utilized building
materials and is regarded as a composite material made of cement,
water, and aggregates [1], [2]. The properties of hardened concrete
include its strength, durability, and dimensional stability. [3]
substantiate that these properties of concrete may be enhanced
through the introduction of different chemical admixtures, such as
plasticizers, superplasticizers, and polymers. [4] posit that a
category of admixtures called polymers are commonly employed
in products like cement binders and notable examples include
recognized additions of latexes, organosilicon compounds,
polyvinyl acetate, polyvinyl alcohol (PVA), and other polymer
cement compositions.

PVA has been demonstrated to increase concrete's
mechanical properties and durability by boosting its compressive
strength, tensile, and flexural strength [5]. Previous studies have
shown that PVA has the ability to considerably improve the
characteristics of concrete, making it an important addition to the
manufacturing process [5, 6, 7]. In this regard, [8] found that

adding PVA as a bonding admixture to concrete can boost its
compressive strength. The authors note that a 0.3% addition of
PVA by the unit weight of cement was the ideal mix ratio for
maximizing compressive strength enhancement. Similarly, [9]
found that PVA can improve the compressive strength of concrete
by up to 26% at a dosage of 1% PVA by weight of cement. Besides,
[10] opine that the addition of PVA fibre to concrete greatly
enhanced its tensile strength while only somewhat improving its
compressive strength. While noting that the higher the amount of
fibre inclusion, the greater the potential of pore connections in the
matrix, resulting in a drop in the tensile strength of concrete.
Meanwhile, [11] conducted studies on self-curing concrete of M30
grade by using PVA.

It was discovered that 2% PVA gives lower compressive
strength and split tensile strength in comparison to water-cured
specimens without self-curing agents. Consequently, it has been
revealed that the addition of PVA at large doses over 1.5% of
cement does not provide the predicted results in strength and
cannot be employed realistically. [12] investigated the use of
recycled concrete aggregate with PVA, and the results revealed the

Journal homepage: www.itegam-jetia.org
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maximum inclusion (2%) resulted in a 52% improvement in
strength over the reference concrete with 0% incorporation. While
PVA has been extensively applied to building and infrastructural
projects on the global stage, there are fewer studies on the African
continent on the application of PVA in concrete on these
monumental projects. The Egyptian study by [13] examined the
behavior of Reinforced Concrete Columns with PVA Under Fire.
In addition, the Egyptian study by [14] evaluated the enhancement
of tensile strength of high strength Concrete using PVA Fibre. Yet,
in the context of Nigeria, very limited studies are currently
available on the technical know-how and competence regarding the
proper application of PVA in the Nigerian concrete industry.

This has created a gap in the need for literature on the
applications of PVA as an admixture for concrete works in Nigeria.
Also, the majority of literature on PVA wused concrete
manufactured with cement and aggregates in the country where
these studies were undertaken [14-17]. Hence, studies on PVA
utilizing Nigerian concrete materials are required since the
characteristics of various materials vary depending on their
geographical origin.

Considering the foregoing, this study establishes the
appropriate dose and applicability of PVA to produce the foremost
improvement in the mechanical characteristics of concrete. The
objectives of this study are to evaluate the impacts of PVVA addition
to concrete mixtures, identify the mechanical characteristics of the
resulting concrete, and find the appropriate PVA dose for concrete
manufacturing. The study is significant because it increases
concrete workability, lowers permeability, reduces cracking and
improves cement-aggregate adhesion, resulting in a more resilient
and flexible concrete structure.

Il. THEORETICAL REFERENCE

1.1 DEFINITION AND MECHANICAL
CHARACTERISTICS OF CONCRETE

Concrete is defined as a highly complex heterogeneous
material whose response to stress is determined not only by the
response of the individual components but also by the interaction
between those components. The components of concrete are binder
(cement), aggregates (fine and coarse), and water. According to
[2], concrete is one of the most widely utilized products in the
building and construction sector. Oftentimes, admixtures are added
to the concrete mixture immediately before or during mixing to
enhance concrete properties for diverse desired effects. On such
admixture is PVA, which according to [4], has been classified as a
polymeric additive that enhances the mechanical properties of
concrete.

The mechanical qualities of concrete, such as its tensile,
flexural, and compressive strengths, define a structure's ability to
support loads and maintain its overall structural integrity.
Accordingly, a prerequisite for how the concrete may be loaded is
that it is able to create the appropriate mechanical strength [18].
The addition of polymers to concrete can drastically alter its
mechanical properties [14], [19]. It has high adherence to the
concrete substrate, high tensile and flexural strength, and low
shrinkage and permeability [20]. PVA is typically added to the
concrete mix during the mixing process, along with the other dry
ingredients [21].

11.2 BIBLIOMETRIC EVALUATION OF PVA CONCRETE

The Scopus and VOSviewer programme was used to
perform a bibliometric evaluation, with the terms "PVA" and
"Concrete" on dimensionAl and "PVA" or "Polyvinyl Alcohol"

and "Concrete" on Scopus to search for relevant publications. The
review's aim was to assess the present status of research on the use
of PVA in concrete manufacture. The findings of this research are
visually shown in Figures 1 through 6. Based on co-author and
citation patterns, the Scopus and VOSviewer programme were
used to trace the links between the papers discovered.

According to the findings of the investigation, the most
often referenced publications on the subject originated in China,
the United States and Canada, India and Malaysia, Australia, Japan
and South Korea, the United Kingdom and Germany. While each
of these countries represented a separate continent, it was
discovered that there were few publications from Africa.
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Figure 1: Scopus Analysis.
Source: Authors, (2025).
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Figure 2: Scopus Analysis
Source: Authors, (2025).
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According to the Scopus data, Nigeria has just two articles
out of a total of 4240 papers matching the keywords. According to
the findings of the bibliometric evaluation, there is a substantial
amount of research being undertaken on the subject of employing
PVA in concrete manufacturing, with the bulk of the studies
coming from Asia, North America, and Europe. Yet, it was
discovered that there is minimal study in this sector in Africa. This
might imply a knowledge and awareness gap in the region about
the potential benefits of PVA in concrete manufacturing.

This absence of research in Africa might have serious
consequences for the continent's construction industry. As a result,
investigations on PVA employing African concrete materials are
required. Despite the potential benefits of PVA, few researches
have been conducted on the technical knowledge and experience
required for the right usage and use of PVA in concrete production.
As a result, further study is required to improve experimental
procedures, strengthen a systematic approach, and enhance
specialized understanding.
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Figure 5: VOSviewer graphical representation of authors of PVA
works of literature by country of origin.
Source: Authors, (2025).
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Figure 6: VOSviewer graphical representation of citations of PVA
works of literature by country of origin
Source: Authors, (2025).

11.3 EFFECTS OF PVA ON THE MECHANICAL
PROPERTIES OF CONCRETE

11.3.1 COMPRESSIVE STRENGTH OF PVA ENHANCED
CONCRETE

According to [22], compressive strength is the capacity of
concrete to support compressive loads. It is often determined by
applying a load on cylindrical concrete specimens until failure [23].
The type and quantity of cement, the water-to-cement ratio, the
aggregate size and type, and the curing conditions all have an
impact on the compressive strength of concrete [24]. Besides,
temperature has an impact on the compressive strength of concrete
as well. Concrete has a stronger compressive strength at low
temperatures than it does at normal temperatures [25].
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The impact of PVA on the compressive strength of
concrete has been the subject of several investigations. PVA may
be added to concrete as a boding additive to increase its
compressive strength. [26] assessed the addition of polyvinyl
acetate to increase the strength of porous concrete for a mix ratio
of 1:2:4 with a 0.4% water-to-cement ratio. Concrete was produced
with 0%, 0.25%, 0.5%, 0.75%, and 1% addition of PVA in order to
compare the strength. The results indicate that concrete produced
using 0.75 addition of polyvinyl acetate gave the maximum
strength at 28 days with 11.46 N/mm? with the control sample
producing 8.36 N/mm? at 28 days.

In the same vein, [27] carried out a similar experiment
using a concrete ratio of 1:2:4 at 0.4% water cement ratio with a
0%, 0.25%, 0.5%, 0.75%, and 1% addition of PVA. The results
revealed that the compressive strength of concrete increases, with
an increasing percentage of PVA proportion. The 1% addition of
PVA produced the highest compressive strength of 13.78 N/mm?
at 28 days. [28] discovered that a 0.3% addition of PVA fibre to a
concrete mixture gave the optimum results after 28 days.
According to [29], the addition of fibre typically results in a 16%
increase in compressive strength at 28 days with an optimal fibre
volume fraction of 0.25%.

Meanwhile, [30] averred that a 0.4% of addition of PVA
to concrete is the optimal amount required to enhance the
properties of concrete. This present study notes that the ideal
proportions of PVA in concrete might differ depending on the
environment, the properties of the material, and the testing setup.
Diverse environmental and contextual factors may be taken into
account by different authors and research, resulting in variances in
the suggested PVA dose for concrete to achieve maximum
performance in different locations and situations. This study
therefore attempts to establish a universal mixing and testing
protocol to maximum dosage that will enhance the compressive
strength and improve concrete performance.

11.3.2 TENSILE STRENGTH OF PVA ENHANCED
CONCRETE

One essential characteristic of concrete that is critical to
evaluating its mechanical performance is its tensile strength [31].
It is the fundamental characteristic used to analyse concrete
fracture processes and estimate the structure's resistance to
cracking [32]. The capacity of concrete to bear tension is known as
tensile strength, and it is commonly assessed using a split tensile
test, which involves applying a weight to a cylindrical specimen
[31]. The splitting technique is mostly used to assess the tensile
strength of concrete since direct tensile tests need an eccentric
specimen installation and because the specimen's geometric axis
and physical centre of gravity may vary [25].

Similar to compressive strength, tensile strength in
concrete is often lower and influenced by the same elements [33].
With an increase in the maximum temperature, several of the
parameters influencing the tensile strength dramatically decrease
[34]. According to research by [35] on the impact of PVA on the
mechanical properties of geopolymer concrete based on fly ash, a
volume fraction of 0.8% was suggested in order to obtain good
toughness and tensile qualities while preserving the compressive
performance of the concrete. [12] investigated the use of recycled
concrete aggregate with PVA, and the results show that the
maximum inclusion of 2% PVA resulted in a 52% improvement in
the tensile strength of the concrete produced over the reference
concrete with 0% incorporation.

11.3.3 BOND STRENGTH OF PVA-ENHANCED
CONCRETE

It has been discovered that PVA has a greater impact at younger
ages when cement hydration has not yet fully contributed to the
binding [36]. According to [30], bond resistance may be decreased
by using PVA fibre in levels higher than 0.6% with the study’s
specimen exhibiting a 0.8% concentration of PVA fibre
demonstrating the situation. As the amount of PVA fibre in fresh
concrete increases, its workability decreases. Meanwhile, [37]
affirmed that the quantity of PVA used impacts the bond strength
of concrete. Insisting that the bond strength of concrete increases
as the percentage of addition of PVA increases.

I11. MATERIALS AND METHODS
111.1 MATERIALS

The materials used in the study were ordinary Portland
cement (OPC), fine aggregate (Sharp sand), coarse aggregate
(Granite), PVA, and water.

111.1.1 Ordinary Portland Cement

The cement used in the experimental study was “Elephant
Supaset” Cement which is a Portland Limestone Cement,
conforming to the Nigerian Industrial Standards NIS 444-1: 2003
& EN 197-1:2011 specifications for Cement. The cement is
produced by Lafarge Africa Plc. This cement is of grade 42.5. It is
available in specially designed 50 kg bags. It is displayed in Figure
7.

Figure 7: Elephant Supaset cement packaging
Source: Authors, (2025).

111.1.2 FINE AGGREGATE

The fine aggregate used in the experimental study was
river sand obtained through a local supplier from the Ogun River
Basin. The sand was screened to remove any impurities and
particles using sieve no. 230 and conforms to the requirements of
BS EN 12620 for sand and test sieve with a mesh size of 63 microns
(um). The sharp sand used contains no substances that are liable to
lead to unsoundness or react in a harmful way with the concrete
produced. It is displayed in Figure 8.
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Figure 8: Sieving of fine aggregae (sand).
Source: Authors, (2025).

111.1.3 COARSE AGGREGATE

The coarse aggregate used in the experimental study was
crushed Granite obtained from local quarry sites in Ogun state,
Nigeria. Although the coarse aggregates come in different sizes,
aggregate sizes ranging from 12-19mm were used for the study. It
is shown in Figure 9.
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Figure 9: Coarse aggregate (Granite)
Source: Authors, (2025).

111.1.4 PVA POWDER

The polyvinyl alcohol (PVA) powder used in the
experimental study was procured from a local chemical
market at Ojota, Lagos state. PVA is the compound of
Polyethylene Glycol. It is a water-soluble synthetic polymer.
It is represented in Figure 3.4. PVA is an odourless and
tasteless, translucent, white colour in Crystal form with a
density ranging from 1.17-1.3g/cm®. The properties of the
PVA powder used are further displayed in Table 10.

Figure 10: PVA Additive
Source: Authors, (2025).

Table 1: Properties of PVA powder.

Density Tensile | Chemical
PVA Colour State (g/cmd) strength |  Symbol
Propertie Solid
S (granules 1500Mp | (CaHs02)
White ) 1.17-1.3 a X

Source: Authors, (2025).
111.1.5 WATER

The water used in the experimental study was clean and
potable. It was removed unsoiled and devoid of harmful levels of
oils, acids, alkalis, salts, sugar, organic material, and other things
that might harm concrete. Water is a necessary component in the
making of concrete and is important for the hydration of cement.

111.2 METHODS

The preparation of samples and tests was carried out at the
Department of Building and Civil and Engineering department at
the University of Lagos Concrete Laboratory.

111.2.1 MIX DESIGN

The mix design for the experimental study was based on
the BS 1881 standard for making and curing concrete test
specimens in the laboratory. The mix proportions for the control
mix and the PVA-modified mixes are presented in Tables 2 and 3.
Table 2 shows the mix proportion used to prepare the specimens
for compressive and pull-out tests. The mix was obtained by
multiplying the volume of the concrete specimen by the density of
the concrete. Waste and shrinkage were factors in the calculation.
The total number of cubes per mix reference is 8. That is 4 cubes
for compressive test strength and 4 cubes per mix reference for the
pull-out test. Resulting in a total of 20 cubes for each compressive
and pull-out test respectively.

Table 3 shows the mix proportions for the cylindrical
specimen. The total number of cylindrical specimens per mix
reference is 4. That is, 4 cylindrical specimens per mix reference
resulting in a total of 12 cylindrical specimens for the split tensile
test.
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Table 2: Mix proportion for cubical specimens.

Mix Ref | Cement (kg) | Fine Aggregate (kg) Coarse Aggregate (kg) Water (kg) PVA (kg) w/c Ratio
CPO 12.22 24.44 48.88 8 0 0.66
CP.5 12.22 24.44 48.88 8 0.061 0.66
CP1 12.22 24.44 48.88 8 0.12 0.66

CP1.5 12.22 24.44 48.88 8 0.18 0.66
CP2 12.22 24.44 48.88 8 0.24 0.66
Source: Authors, (2025).
Table 3: Mix proportion for cylindrical specimens.

Mix Ref | Cement (kg) Fine Aggregate(kg) Coarse Aggregate(kg) Water (kg) PVA (kg) wi/c Ratio
T0 10.178 20.356 40.712 6.62 0 0.65
T1 10.178 20.356 40.712 6.62 0.10 0.65
T2 10.178 20.356 40.712 6.62 0.20 0.65

Source: Authors, (2025).

111.2.2 MIXING AND PRODUCTION OF SPECIMENS

Prior to mixing, the cubical and cylindrical moulds
were thoroughly cleaned and oiled to allow for simple de-
moulding once the concrete had set before curing
commences. The materials were also batched by weight prior
to mixing. The concrete mixes were prepared by first adding
the PVA to water in the specified proportions and mixing for
2 minutes. The powder is gently added to the cold water to
avoid the formation of lumps as it becomes sticky and has
the tendency to form lumps. This is necessary to prevent it
from entraining the air. The coarse aggregate, fine aggregate,
and cement were then added to the mix in the concrete mixer
drum. Water was then added gradually while mixing until a
homogenous concrete mixture was obtained. For the
specimens used for the compressive strength test, the
concrete was then placed into 150mm x 150mm x 150mm
cube moulds and adequately compacted with the aid of a
compacting rod. This same procedure was also used when
preparing the 150mm diameter cylindrical specimens for the
split tensile test. As regards the specimens for the pull-out
tests, 12mm diameter reinforcement cut into 450mm height
was inserted into the cubic mould before the concrete was
placed. It is shown in Figure 11.

Figure 11: Cleanihg of moulds to receive mixed concrete.
Source: Authors, (2025).

111.2.3 WORKABILITY TEST

The slump test was carried out on the different batches of
concrete produced to obtain a workable concrete using a 300mm
high slump cone and tamping rod. The test was carried out in line
with B.S. 1881: Part 102: 1983. It is depicted in Figure 12.

Figure 12: Workability of concrete.
Source: Authors, (2025).

111.2.4 DE-MOULDED SPECIMEN AND CURING

A total of 20 numbers of concrete cubic specimens of 150x150x150
mm were produced for the compressive test. Similarly, another 20
cubic specimens with 12mm rebars inserted when the concrete was
placed were produced to carry out the pull-out test to check for the
bond strength of the concrete and reinforcement. A total of 12
numbers of cylindrical specimens of 150 mm diameter and height
of 300 mm were produced to aid out the split tensile test. All the
specimens produced were de-moulded, placed into the curing tank,
and cured for 7 and 28 days respectively. It is displayed in Figure
13.
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Figure 13: Siens and curing. ‘
Source: Authors, (2025).

IV. RESULTS AND DISCUSSIONS
IV.1 WORKABILITY

Workability is the ease with which concrete mixes can be
compacted. The Slump test is a common method for determining
the workability of a wet concrete mix. The slump test was
performed conforming to B.S. 1881: Part 102: 1983. The slump test

is the most effective method for verifying the workability of
concrete both in the lab and on the job site. The slump test is a
handy control test that provides the workability result. In this
experiment, the effects of PVA powder on concrete workability
were investigated. The slump values of each of the specimens are
given in Tables 4 and 5, which show the slump values and water-
to-cement (w/c) ratios for different concrete mixtures.

As shown in Table 4, it can be observed that workability
of the cubical sample decreased from 50mm to 21mm as the PVA
content increased from 0% to 1%, while workability is increased
from 21mm to 124mm as the PVA content increases from 1% to
2%. The workability of the cylindrical specimen rose from 15mm
to 80mm as the PVA concentration increased from 0% to 2%, as
shown in Table 5. This demonstrates that the concrete's ability to
be worked has risen as a result of employing higher PVA addition
rates. The results of [38], who discovered that adding more water
makes the mixture more workable, lend credence to this assertion.

The rise in slump value indicates that the PVA addition
has enhanced the concrete's workability by making it more fluid
and manageable. The fact that PVA, a polymer that dissolves in
water and functions as a dispersion, helps to separate the particles
in concrete mixes and lowers viscosity, may help to explain this.
The fact that the water-to-cement (w/c) ratio remained constant
throughout all combinations is significant since it shows that an
increase in water content was not the cause of the rise in slump
value. This is important because concrete's strength and durability
might be compromised by adding additional water to it.

Table 4: Slump test for the cubical mix.

Percentage PVA Dosage | Slump (mm) | w/c Ratio | Slump Consistency grade
CPO 50 0.65 True Stiff
CP 05 25 0.65 True Stiff
CP1 21 0.65 True Stiff
CP15 66 0.65 True Plastic
CP2 124 0.65 Shear Plastic

Table 5: Slump test for the cylindrical mix design.

Source: Authors, (2025).

Percentage PVA Dosage | Slump (mm) w/c Ratio Slump Consistency grade
T0 15 0.65 True Stiff
Tl 35 0.65 True Stiff
T2 80 0.65 Shear Plastic

Source: Authors, (2025).

IV.2 COMPRESSIVE STRENGTH TEST

The concrete specimens' compressive strength was tested
in line with the BS EN 12390-3:2019 standard. The concrete
specimens were tested by putting them in a compression testing
machine and applying a compressive force till failure. The
compressive strength of the concrete was then estimated by
dividing the greatest load applied to the specimen by its cross-
sectional area. The compressive strength was determined at 7 and
28 days after casting and the results are presented in Figure 14.

It is obvious that the addition of PVA had an influence on
the strength of the concrete at both the 7-day and 28-day marks
based on the compressive strength findings of the experiment to
explore the effect of PVA on concrete. The CP0.5 mix exhibited
the maximum compressive strength after 7 and 28 days, with
compressive strength values of 18.00 N/mm? and 24.98 N/mm?. As
compared to the control (CP0) mixes, which had compressive
strength values of 16.25 N/mm? and 20.65 N/mm?, this was a
substantial improvement. At the 7-day point, the compressive

strengths of the CP1 and CP1.5 mixtures were 13.52 N/mm? and
12.59 N/mm?, respectively. At the 7-day point, the CP2 mix's
compressive strength was the lowest, at just 8.42 N/mm?
Additionally, at the 28-day point, the compressive strength values
of the CP1, CP1.5, and CP2 mixtures were 19.45 N/mm?, 17.58
N/mm?, and 11.13 N/mm?respectively.

It can be inferred that the maximum compressive strength
of concrete occurs at 0.5% addition of PVA to the concrete mix.
This therefore suggests that the optimum compressive strength of
concrete is attained at 0.5 PVA addition to concrete. This finding
is consistent with those of [39-41]. Nevertheless, as demonstrated
in the CP1, CP1.5, and CP2 mixes, the impact of PVA powder on
compressive strength tends to decrease at greater concentrations.
As indicated in CIP- (Concrete in Practice) and the American
Society for Testing and Materials (ASTM C31/39), an average
value of 15N/mm? may be utilised for Non-Critical Structural
Works. Values more than 15N/mm? are ideal for Critical Structural
Works, whereas values less than this benchmark are suitable for
Non-Critical and Non-Structural Works. As illustrated in Figure
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14, up to 1.5% addition of PVA with cement is suitable for critical
structural works. However, as seen in Figure 16, PVA is unsuitable

for reinforced concrete structural works, because its addition to
reinforced concrete mixes does not bond effectively.
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Figure 14: Compressive strength values at 7 and 28 days.
Source: Authors, (2025).

IV.3 TENSILE STRENGTH TEST

The concrete sample's tensile strength was evaluated
using the BS EN 12390-6 standard. The concrete specimens were
tested by putting them in a split tensile testing machine and
applying a tensile force till failure. Three cylinders each were cast
for each percentage ranging from 0% to 2% at 7 and 28 curing days.
The tensile strength of the concrete was estimated by dividing the
greatest load applied to the specimen by its cross-sectional area.
Tensile strength was measured seven and twenty-eight days after
cure. The tensile test results are presented in Figure 15.

From Figure 15, it can be observed that the tensile strength
test results increase with increased percentage replacement of
cement with PVA. As demonstrated by the rise in strength from TO
to T1 and T2, the tensile strength of the concrete rose as the

proportion of PVA increased. At 7 days, the tensile strength of the
control mix (TO) was 1.31 N/mm?, but the strength of the mix
containing the least quantity of polyvinyl alcohol powder (T1) was
1.40 N/mm?, suggesting a 7% increase. The tensile strength of the
mix with the highest concentration of polyvinyl alcohol powder
(T2) was 1.57 N/mm?, representing a 20% increase over the control
mix. The tensile strength of the control mix (TO) increased to 1.61
N/mm? after 28 days, whereas the strength of the mix with the
lowest amount of PVA (T1) increased to 2.17 N/mm?, a 35%
increase. The tensile strength of the mix with the greatest
proportion of PVA (T2) was 2.22 N/mm?, an increase of roughly
38% above the control mix. This implies that as the concentration
of PVA in the concrete grows, so does its tensile strength. These
results conform to the findings of [42].
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Figure 15: Tensile test results after 7 and 28 days.
Source: Authors, (2025).
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IV.4 PULL-OUT (BOND) TEST

A pull-out test is a method for determining the strength of
the connection between a concrete surface and a reinforcing bar or
anchor. This test was typically carried out by fully inserting a steel
rod into the concrete at 75mm from the bottom of the mould and
then drawing it out at a steady rate of displacement while
measuring the force needed. The specimen's bonding strength was
tested at 7 and 28 days after casting. The pull-out test results are
presented in Figure 16.

The control mix, CPO, had the strongest bond strength at
7 and 28 days, with pull-out strengths of 13.24 KN and 31.14 KN,
respectively. Indicating that PVA does not bond well with
reinforced concrete as the bonding strength is decreased as the

amount of PVA powder in the mixture rises. For instance, the pull-
out values of 12.75 KN at 7 days and 16.77 KN at 28 days, showing
a 3.7% and 46% decline, respectively, respectively, the CP0.5 mix
demonstrated weaker bond strength than the CPO mix. The result
remained at higher polyvinyl alcohol powder concentrations, with
CP1, CP1.5, and CP2 combinations all displaying weaker bonds
after 7 and 28 days. The CP2 mix had the weakest binding, with
pull-out strengths of 1.47 KN at 7 and 28 days, an 85.13% decrease.
This result corroborates the findings of [36] that PVA has a greater
impact at younger ages when cement hydration has not yet been
fully set. According to the results, adding PVA to concrete can
weaken the bond that holds reinforcing bars to the concrete. With
higher PVA percentages, the bonding strength was more noticeably
reduced.
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Figure 16: Pull out strength results after 7 and 28 days.
Source: Authors, (2025).

V. CONCLUSIONS

The following conclusions are drawn from the study’s
findings: The addition of PVA to the concrete mix has a significant
influence on the workability of the concrete. The slump values of
the concrete mixes increased as the amount of PVA was increased
with constant water-to-cement (w/c) ratios. This implies that PVA
acts as a dispersion, helping in particle separation in the concrete
mix and decreasing viscosity, hence improving workability.

The maximum compressive strength of concrete occurs at
0.5% PVA application to the concrete mix. This implies that the
optimal compressive strength of concrete is obtained with 0.5 PVA
dosage. Also, the tensile strength of concrete increases with
increasing PVA doses. Besides, the bonding strength between the
concrete and the reinforcing bar is decreased when PVA is added
to it.

The findings revealed that the bonding strength of
concrete reduces by 46% with a 0.5% PVA admixture and keeps
declining as the PVA dose increases. This implies that regardless
of PVA dosage in a concrete mixture, there is a significant decline
in bonding strength in concrete and reinforcement. The study
therefore recommends that PVA should be applied for non-
structural concrete works such as mass or plain concrete. This may
be accomplished through the application of 0.5% doses of PVA in
plain concrete mixes by Builders and Engineers to enhance the
compressive strengths of the concretes produced.
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This research endeavors to introduce and evaluate the efficacy of a newly designed Portable
Photographic Silkscreen Pattern Equipment integrated with a dual power source. Engaging
a cohort of 88 participants across various departments, alongside input from eight experts in
Drafting Technology at Zamboanga City State Polytechnic College, a survey questionnaire
facilitated data collection via a convenience sampling approach. The study unequivocally
establishes the "highly acceptable" nature of the equipment in terms of design, functionality,
and portability. Noteworthy attributes include its facilitation of pattern transfer to silkscreen
for efficient mass production and its adaptable use of renewable energy, rendering it
operational in diverse environments, including remote areas and educational institutions.
The equipment's superior portability, robust construction, and systematic wiring
organization enhance its practicality. Experimentally, processing silkscreen pattern
emulsion exhibits a minor time disparity between alternating current (AC) and solar battery
power, with a mere one-minute difference (4 minutes on AC, 3 minutes on solar power).
This study heralds a promising innovation in pattern transfer technology, poised to
revolutionize mass production while championing sustainability and operational

adaptability.

Copyright ©2025 by authors and Galileo Institute of Technology and Education of the Amazon (ITEGAM). This work is licensed
BY under the Creative Commons Attribution International License (CC BY 4.0).

I. INTRODUCTION

In the pursuit of innovative solutions for modern production
challenges, this study undertook the ambitious task of
conceptualizing, designing, and crafting a portable photographic
silkscreen pattern equipment fortified with a dual power source.
The research set its sights on addressing the pressing need for an
efficient and versatile tool to facilitate the transfer of patterns or
designs onto silkscreens, enabling mass production with ease.

Engaging a cohort of 88 respondents hailing from diverse
departments, comprising twenty individuals per department,
alongside the insightful input from eight esteemed instructors and
professors specialized in Drafting Technology at the Zamboanga
City State Polytechnic College, this study navigated through the
realms of design, functionality, and portability of the Portable
Photographic Silkscreen Pattern Equipment with Dual Power
Source. Employing a survey questionnaire and embracing a

convenience sampling methodology, the research adeptly collected
comprehensive data. The findings unequivocally resonate a
unanimous verdict — the design, functionality, and portability of
this cutting-edge equipment stand endorsed as "highly acceptable"
by the discerning participants.

Notably, this groundbreaking equipment not only
streamlines the process of transferring patterns onto silkscreens for
mass production but also boasts the ingenious integration of
renewable energy sources. This dual power feature renders it
adaptable to diverse environments, including remote areas or
educational institutions. Its remarkable portability, sturdy
construction, and systematic wiring organization further enhance
its practicality and convenience. Furthermore, the experimental
phase of this project unearthed intriguing performance metrics,
showcasing the equipment's efficiency. Processing the emulsion of
silkscreen patterns exhibited a time disparity of merely one minute
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between the alternating current (AC) and solar battery power
sources - a mere 4-minute operation on AC and 3 minutes on solar
powver.

The compelling results of this study herald a promising
paradigm shift in the realm of pattern transfer technologies,
showcasing the viability and efficacy of a portable, dual-powered
solution poised to revolutionize mass production processes while
championing sustainability and operational adaptability.

This set also establishes the research question, the
objectives of the work and hypothesis, if necessary, the importance
and limitations of the study. Establishes the method used at work.
It is written in the present tense.

Il. THEORETICAL REFERENCE

Screen printing is a traditional print technique that has been
used for many years. In the screen-printing process, a type of
stencil design is created on fine mesh or polyester fabric, with
several layers of ink pushed through this stencil layout onto the
surface of the print material. All the different ink colors are applied
using a different screen stencil to create the final printed effect.
Avreas of the print material which need to be left clear are covered
with an impermeable substance to prevent ink contamination [1].

The technique of silk-screen printing, also known as screen
processing or screen printing, involves brushing ink onto a fine-
mesh screen that holds the image to be printed, then forcing the
image through the screen's openings. It's utilized for printing on
glass, skis, surfing boards, credit cards, billboard posters,
wallpaper patterns, writing on bottles and clothes, and printed
circuit board pictures in the electronics sector. Irritating dermatitis
can be brought on by potential irritants including inks and cleaning
products. Organic solvents may have harmful side effects,
including neurotoxicity. The true allergens listed in silk-screen
printers include triglycidyl isocyanurate, epoxy resin,
diaminodiphenyl-methane, and acrylate components of UV-curing
chemicals, which are the most common allergies [2].

The study's goal is to investigate the various T-shirt printing
techniques. Kushtia Zone is the one I have chosen to get my data
from. Kushtia, a historic city, has long been known for its fabric
printing industry. One of the occupations of the people of Kushtia
is t-shirt printing. In Bangladesh, t-shirts are printed using a variety
of techniques, including screen printing, heat transfer, and dye
sublimation. In Bangladesh, however, screen printing is the most
often used method. It is less expensive and simple to use. Even
though screen printing is the best method in Bangladesh, there are
obstacles in the way of its advancement. The printing process is
laborious, and the final goods produced are of poor quality.
Additionally, the "Portable T-shirt Printing Machine" has been
created to reduce the issues that local printers have while screen
printing. The 80 cm long, 50 cm wide, and 15 cm high portable t-
shirt printing machine is lightweight and portable, allowing for
printing anywhere there is or is not electricity. The steel frame that
is adjustable may be used to accommodate screens of any size,
from 45 cm by 45 c¢cm to 16 cm by 16 m or even smaller. The
research methodology utilized in the qualitative, or descriptive,
approach. 110 people make up the study's sample population, or
33% of the target population. Interviews, observations, and
questionnaires were employed as the data collection methods. The
study’'s primary conclusions were that developing a machine can
speed up the conventional screen printing procedure. Additionally,
there is a direct correlation between the speed and skill of the t-shirt
printing process and the money made [3].

The dimensionless efficiency of incandescent lights, which
typically ranges from 2% to 13%, may be calculated as a function
of filament temperature using Planck's radiation formula.
Similarly, the efficacy of incandescent light bulbs is approximated
as a function of temperature using the known spectrum luminous
efficiency of the human eye, with values ranging from 8-24 L W—1
for bulbs with a power of 10-1000 W. The efficiency and efficacy
results allow for the estimate of the filament temperature for any
lamp with known efficacy, and they compare favorably with
published data [4].

More efficient solar cells are just one use of advanced solar
energy harvesting technology. There are possibilities for research
and development in the related hardware used to store this sporadic
resource on the grid and provide electricity from solar cells to
households and businesses. Lewis examines the current state of
these fields as well as solar thermal and solar fuels energy
harvesting techniques [5].

I11. MATERIALS AND METHODS

This study used experimental approach and quantitative
research design to empirically analyze the data. Specifically, it
made used of the descriptive statistics on the arithmetic mean was
used to measure the value that represented their level acceptance in
terms of the portability, functionality, and design of the portable
photographic silkscreen pattern equipment with dual power source.
There were eighty-eight (88) respondents selected from amongst
the four (4) departments of the college namely the Techer
Education Department, Institute of Technology Education,
Department of Technology Education, and Department of Arts and
Sciences were carefully analyzed using statistical tools.

Figur 1: Shows the Perspective View of the Portable
Photographic Silkscreen Pattern Equipment with Dual Power.
Source: Authors, (2025).
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Table 1: Rating scale, mean range descriptive rating for the
perceptions statements designed to determine the level of the
acceptability of the portable photographic silkscreen pattern
equipment with dual power source in term of, design, portability,
and functionality.

Table 1: shows that in this study anything between 1.00 to 1.74
was interpreted as “strongly disagree”, a mean score that fell
between 1.75 to 2.49 was interpreted as “disagree” and mean

score from 2.50 to 3.25 was interpreted as “agree: lastly, those

that fell from 3.26 to 4.00 meant “strongly agree”.

Mean range Descriptive rating
3.26-4.00 Strongly Agree
2.50-3.25 Agree
1.75-2.49 Disgree
1.00-1.74 Storngly Disasgree

Source: Authors, (2025).
IV. RESULTS AND DISCUSSIONS

Table 2: Drafting technology students evaluation result on the
level of design acceptability on photographic printing silkscreen
pattern equipment.

Departments
Statements TED DT | IT DAS
E E
Portability
1. A Portable Photographic Silk
screen Pattern Equipment is well 3.8 [ 3838|375

constructed as plan

2. The project is installed with
casters for ease in mobility.

40 | 3.7 38| 39

3. _The_materlals used in the_ 38 | 3.7 3.7 37
project is made of good quality. 5
4. The equipment is suitable for 38 | 3738|375
making pattern in printing process. 5
5. The electrical layout is well 3.8
installed and organized. 4.0 |36 5 3.75
6. The color of the equipment is 37
pleasing and appropriate for 4.0 | 3.6 5 3.75
classroom and industry use.
) 361|338
Mean: 3.90 8 0 3.14
Overall mean: 3.63

Interpretation: Strongly Agree
Legend: (1.0 — 1.80 Strongly Disagree, 1.81 — 2.50 Disagree,
2.51 —3.25 Agree, and 3.26 — 4.0 Strongly Agree)
Source: Authors, (2025).

Table 2 (Drafting Technology Students Evaluation in terms
of Design). There were six (6) statement to be rated in terms of
design. Students from four (4) departments strongly agreed to the
design of A Portable Photographic Silkscreen Pattern Equipment
with Dual Power Source. To be specific, Teacher Education
Department, Students rated a weight mean of 3.9, while students
from Department of Technology Education rated a weight mean of
3.68, and also the Institute of Technical Education rated a weight
mean of 3.8, lastly the Department of Arts and Science give a rate
mean of 3.14 which gave an overall mean of 3.63 which signified
strongly agreed interpretation among the students from the four (4)
Department who evaluated this project.

Table 3: Drafting technology students evaluation result on the
level of acceptability on photographic silkscreen pattern
equipment in terms of functionality.

Departments

Statements TED | DTE | ITE | DAS

Functionality

1. The equipment can operate

4.0 | 3.65
manually.

3.95| 3.7

2. The Portable Photographic
Silkscreen pattern equipment with
Dual power source produce
quality print out.

40 | 3.7 | 375 | 3.7

3. The equipment can be operated
through direct current by using
solar energy that stored to a solar
gel battery.

40 | 37 | 38 | 3.8

4. The wiring diagram is properly

installed. 3.95

355| 3.7 | 3.8

5. The electrical layout is well

A 3.95
organized.

355 | 3.8 | 3.65

6. The Portable photographic
silkscreen pattern equipment with
dual power source is using a 4.0
reflector to increase the heat of the
incandescent bulb.

355 | 3.8 | 3.65

7. The Portable photographic
silkscreen pattern equipment with
dual power source has an inverter
installed to regenerate power from
battery to produce a maximum
power.

40 | 3.7 | 3.85| 3.65

Mean: 3.99 | 363 | 3.81| 3.71

Overall mean: 3.78

Interpretation: Strongly Agree

Legend: (1.0 — 1.80 Strongly Disagree, 1.81 — 2.50 Disagree,
2.51 —3.25 Agree, and 3.26 — 4.0 Strongly Agree).
Source: Authors, (2025).

Table 3 (Drafting Technology Students Evaluation in terms
of functionality). There were seven (7) statement to be rated in
terms of functionality. Students from four (4) selected departments
strongly agreed to the functionality of the Portable Photographic
Silkscreen Pattern Equipment with Dual Power Source. To be
specific, Teacher Education Department students rated a weight
mean of 3.99, while students from Department of Technology
Education rated a weight mean of 3.63, and also the Institute of
Technical Education rated a weight mean of 3.81, lastly the
Department of Arts and Science give a rate mean of 3.71 which
gave an overall mean of 3.78 which signified strongly agreed on
functionality of photographic silkscreen pattern equipment among
the students from the four (4) Department who evaluated this
project. The development of the photographic silkscreen pattern
equipment functionality carefully considered the following:
locally made, materials availability, cost-efficiency, and
replicability. This is in accordance with the findings of S.A
Onasanya in 2003, states “that possible to produce effective and
qualitative instructional media in Nigeria and that locally
produced hardware could also be produced at a relatively
competitive rate with the imported ones ” [6].
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Table 4: Drafting technology students evaluation result on the
level of acceptability on photographic printing silkscreen pattern
equipment in terms of portability.

Departments
Statements TED DT | IT DAS
E E
Portability
1. A Portable Photographic Silk
screen Pattern Equipment with Dual 40 | 40 | 40 | 3.75
power source is made of light materials.
2. The equipment is easier to carry by
using the stroller handle and two
placement holders at left and right side 40 1401401375
of the equipment for easy handling.
3. The drawer compartment are used
for convenient replacement of materials
and also it can be used as ventilation 40 1 40301375
purposes.
4. A Portable Photographic silkscreen
pattern equipment with Dual power has 40 | 40 | 40 | 375
four rollers installed for pushing ' ' ' '
purposes.
5. The size of the equipment is well
constructed according to materials 40 | 40 | 40 | 3.75
specification.
Mean: 4 4 3.8 | 3.75
Overall mean: 3.89
Interpretation: Strongly Agree

Legend: (1.0 — 1.80 Strongly Disagree, 1.81 — 2.50 Disagree,
2.51 —3.25 Agree, and 3.26 — 4.0 Strongly Agree).
Source: Authors, (2025).

Table 4 (Drafting technology students are evaluated for
Portability). In terms of design, there were seven (7) statements to
be evaluated. The design of the Portable Photographic Silkscreen
Pattern Equipment with Dual Power Source was enthusiastically
supported by students from four (4) chosen departments. To be
more precise, the Department of Teacher Education students gave
this project a weight mean of 4.0, the Department of Technology
Education students gave it a weight mean of 4.0, the Institute of
Technical Education students gave it a weight mean of 3.80, and
the Department of Artsand Science students gave it a weight mean
of 3.75.

This resulted in an overall mean of 3.89, which indicated
that the students from the four (4) Departments who evaluated this
project had a strongly agreed on the portability of the on
photographic printing silkscreen pattern equipment. It is important
for an equipment made to be portable so that it can easily be moved
from one place to another aside from that it can meet the industry
demands in mass production of a product design in doing that,
increased in the income follows. This is in conformity with the
study of Selase et all in 2017 states that: “the speed of the
traditional screen-printing process can be increased when a
machine is developed. Also, the fastness and efficiency of the t-
shirt printing process have a direct relation with the income
earned” [T].

V. CONCLUSIONS

Teachers and students can both utilize the portable
photographic silkscreen pattern equipment with a dual power
supply for demonstrations inside or outside of the classroom as
educational tools to produce high-quality results. They can be used
for demonstration in printing T-shirt and other silk materials; it can
also transfer the design clearly and produce quality output. The

installed wheels may also help for ease in mobility and lastly, the
device has a dual power source to avoid the effect of power
interruptions.

The components of the equipment assembled in this project
are constructed according to each function. The electrical wirings
of the equipment are safely installed and work properly. A Portable
Photographic Silkscreen Pattern Equipment with Dual Power
Source Materials is Available in Any Enterprise. The portable
photographic silkscreen pattern equipment with dual power source
can operate from direct current (AC) power and solar energy
because it has a solar gel battery that serves as energy storage and
comes from the solar panel. The top surface of the equipment can
be used as a table for the printing shirt process. The respondents of
this study agreed with its portability, design, and functionalities.

Due of its portability and low cost, the project can be
commercialized. Battery controller is required for the solar panel
and solar gel battery. The project provides as study material for
upcoming researchers. Experts advised that the battery and inverter
should be compatible to prevent unnecessary costs. If the
professionals are consulted, you may also utilize LED, fluorescent,
and halogen bulbs. The building's layout may be made better.
Experts strongly advise using solid wire. Speaker wire can be
stretched by a minimum of two meters. For additional
enhancements, the project's color can be changed. The apparatus
can also be made more portable.
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One of the problems identified in the sugar industry is the poor management of science and
innovation. This paper aims to identify potential energy and water savings and opportunities
to improve thermal efficiency in a sugar cane mill using energy analysis and heat integration
methods. Methods of energy analysis and pinch analysis are applied using Aspen Energy
Analyzer. The establishment of 10 energy performance indicators, which are not currently
reported for this industry, will help to define an energy baseline and systematically measure
efficiency in the industry. The current hot and cold supply requirements are not met for a
minimum allowable temperature difference of 10°C. The design of the heat exchanger
network allows 52.23% of the maximum recoverable energy to be recovered. There is a
high excess of the current hot supply duty over the minimum hot duty, behaviour associated
with the data extraction system. This study will allow us to continue the research with new

heat exchangers and full inter-plant integration.

Copyright ©2025 by authors and Galileo Institute of Technology and Education of the Amazon (ITEGAM). This work is licensed
BY under the Creative Commons Attribution International License (CC BY 4.0).

I. INTRODUCTION

The main internal problems identified that correspond to the
industry are: (1) poor valuation of by-products and derivatives, (2)
high obsolescence and poor technical condition of agro-industrial
machinery, especially in the energy base, (3) insufficient
management and lack of management models that ensure economic
efficiency, quality and safety, non-compliance with technologies
established in technical directives, (4) insufficient use of
automation and computerisation, and (5) insufficient management
of science and innovation, insufficient preparation and motivation
of personnel.

The current energy base of the sugar factory has
technological deficiencies in steam generation with high biomass
and water consumption, which causes instability of the operating
parameters of the primary equipment and at the same time
increases steam consumption and molasses quality parameters.

There are also objective barriers that limit the use of SEC
for energy performance assessment, such as training in energy
management and the perception of the economic benefits of
identifying energy savings potential in industries. The relevance of

the research is given by its contribution to the definition of current
SEC, energy targets and energy recovery potential, which are rarely
expressed.

The study aims to identify the potential energy and water
savings and opportunities to improve thermal efficiency in a sugar
cane mill by applying energy use analysis and heat integration
methods.

Il. THEORETICAL REFERENCE

11.1 SPECIFIC ENERGY CONSUMPTION AND ENERGY
RECOVERY

Specific energy consumption (SEC) is often used as an
energy performance indicator to evaluate or measure energy
efficiency performance, both in the literature and in international
standards. Although several research studies have adopted SEC as
an indicator of progress towards improved energy efficiency,
publications on critical assessments of the use of SEC are scarce.
In general, SEC is calculated by dividing the amount of energy
used by the amount of products. However, both products and
energy sources are often chosen arbitrarily, depending on the
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purpose of using SEC. For example, SEC can be calculated for the
total amount of products or for individual products from the
product mix. Similarly, SEC can be calculated for the total primary
energy used or for specific energy sources, e.g. how much
electricity and heat were used separately to produce a unit of
product [1].

The integrated production of first and second generation
ethanol from sugarcane is expected to increase the sustainability of
the sugarcane production plant, improving its economic and
environmental impact as well as the energy efficiency of the whole
process. Sugarcane is used to produce sugar, ethanol and
electricity. In addition, sugarcane biomass power plants have some
advantages over conventional power plants, which are currently
based on hydroelectric power generation: faster construction, lower
operational risks and costs, and easier environmental licensing.

Electricity is expected to become as important a product in
the sugarcane sector as ethanol and sugar [2]. Many graphical and
mathematical techniques have been developed for the efficient
design of new and retrofitted energy systems. Process Integration
(PI) has been used extensively to increase the energy efficiency of
processing systems.

The technique, also known as Pinch Analysis (PA), was first
introduced to analyse energy flows in process heat exchanger
networks based on the second law of thermodynamics [3]. PI
focuses on the unity of the process, rather than optimising each
process separately, and in turn maximises the resource use
efficiency of the industry [4].

Retrofitting a sugar mill's cogeneration unit for the purpose
of surplus electricity production may not always be feasible due to,
among other things, the seasonality of sugar cane production and
the higher costs associated with modern equipment. Given the
lower cost of producing electricity from bagasse than from other
energy sources, there should be a clear motivation to produce
electricity from sugarcane for export to the national grid [5].

A study applied pinch technology to a sugar production
process to calculate minimum energy targets [6], where the juice
from each evaporation stage is considered as hot streams, but these
streams reduce their temperature by vacuum action and not by
cooling, therefore the minimum cooling requirement is high. These
are soft streams and should not be used for PA. Heat exchanger
networks (HENS) have been widely used for energy recovery in
process industries.

However, the flexibility problem has usually been ignored
in the design of HENS, so they lack sufficient ability to cope with
process variations. On the other hand, the synthesis of inter-plant
HENSs has received increasing attention in recent years due to its
potential for overall site energy savings [7]. Intermediates play an
important role in indirect inter-plant heat integration. Each of them
has a unique performance in heat recovery, but they are rarely used
together, which simplifies the problem but limits the extent of heat
recovery [8].

1. MATERIALS AND METHODS

Energy management in the paper manufacturing process is
based on the Cuban standard 1SO 50001: 2019 and a methodology
for energy use [9]. Energy Performance Indicators (EnPls) are
determined by applying energy analysis and heat integration. The
pinch analysis methodology is used to determine network targets,
minimum temperature difference and maximum energy recovery
(MER) [10].

Data processing was carried out using Aspen Energy
Analyser [11]. The main activities carried out in the energy audit

were: (1) analysis of current energy use and consumption, (2)
current and minimum energy obligations. The study also includes
(3) the identification of energy resource savings to improve energy
recovery for the subsequent estimation of economic feasibility.

IV. RESULTS AND DISCUSSIONS

The sugar mill has a crushing capacity of 2,700 t/d. The
steam supply consists of a water tube boiler with a superheated
steam generation capacity of 60 t/h at 1.34 MPa and 318 °C, which
consumes bagasse. The superheated steam at 1.34 MPa is
consumed by 2 backpressure turbogenerators of 1.5 MW and 2.5
MW. The exhaust steam at 0.218 MPa is consumed by the first-
effect evaporator in a four-effect evaporator system. Juice heaters
consume vapours from the first and second effect evaporators. An
alcohol distillery near the sugar mill consumes the molasses, juices
and steam from the first-effect evaporator.

Contaminated condensate is recovered for technological use
in the evaporators, heaters and tanks. For the energy diagnosis, the
current consumption (at least three months) of raw materials,
energy resources (electricity, water) and production is recorded and
analysed. Mass and energy balances are provided, as well as juice
flow, steam consumption, thermal power and evaporator vapour
flows, which are essential heat and mass flows for estimating
energy performance indicators (EnPlIs) or SEC, also for applying
the pinch analysis method.

Table 1 shows the results of the steam, heat and water
balances in the sugar cane mill, expressed in terms of energy
performance indicators.

Tabla 1: Energy performance indicators

Parameters Value

Specific steam consumption, t steam / t cane 0.48
Specific steam consumption, t steam / t bagasse 2.23
Low pressure steam consumption% cane 35.74
Specific steam consumption in turbogenerators, t/ MWh | 13.95
Specific bagasse consumption,t / MWh 6.23
Electricity generation, kWh / t cane 34.66
Specific thermal energy consumption,MJ/ t cane 1,490
Water make-up, % 26.1

Heat Losses, % 21.0

Thermal efficiency, % 79.0

Steam duty, t/h 54
Thermal power, MW 46.6

Source: Authors, (2025).

Figure 1 shows the process flow sheet and the data for the
streams presented in Table 2. The streams considered in the
analysis are: Steam to heater (H1); Steam to heater 2 (H2); Steam
to heater 3 (H3); Vapour to heater 4 (H4); Vapour from 4th effect
(H5); Vapour from pan 1 (H6); Raw juice to heater 1 (C1); Raw
juice to heater 2 (C2); Raw juice to heater 3 (C3); Clear juice to
evaporator (C4); Thin juice from 1st effect (C5); Condensate from
1st effect (C6); Steam (S); Cooling water (CW).

The process equipment is: heaters (1-4), evaporators (I -
1V), pan | (PI). Other parameters are specific heat capacity (cp);
heat capacity flow rate (CP); inlet temperature (Ti); outlet
temperature (To); film heat transfer coefficient (h) and heat load
(AH). Vapour properties are calculated for 0.2 MPa.
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respectively. The composite curves in Figure 2 show the Y )
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Table 2: Streamdata. e ____ | ____ | ____ e _,l
Ti To m cp CP=m-CPp | | "o oo d e ..-‘L
Stream &8 O ey S, -l
(C) | (°C) (kg/h) égoc (kd/h°C) l
HL [ 105 | 90 6,54 1.88 | 12,302.72 b
H2 ] 105 | 90 2,58 1.88 | 4,846.64 Figure 3: HEN Design.
H3 | 112 [ 9 3,39 1.88 | 6,380.72 Source: Authors, (2025).
H4 112 90 3,35 1.88 6,298
HS 70 45 3,93 1.88 7,382.76 Figure 3 shows the position of the heat exchangers in the
H6 70 45 7,00 1.88 13,160 feasible combinations. According to the flow splitting algorithms,
C1 42 75 116,86 3.84 | 448,746.24 above the pinch the number of hot flows (Nh) must be less than or
C2 75 88 116,86 3.84 | 448,746.24 equal to the number of cold flows (Nc) and it is verified that all
C3 88 105 116,86 3.84 | 448,746.24 combinations above the pinch are feasible (CPh < CPc¢). Table 3
C4 90 107 115,32 3.84 | 44285568 shows the heat exchanger data as a result of the HEN design.
C5 107 113 115,32 3.84 442,855.68
C6 80 90 40,21 4.19 168,479.9
Source: Authors, (2025).
Table 3: Heat Exchangers data.
HeatExchanger Cold Stream Ti (°C) To (°C) Hot Stream | Ti (°C) To (°C) Load (kj/h) | Area(m? | Tmin Cold (°C) | Tmin Hot (°C)
E-100 C1 42 42.41 H1 105 90 184541 052 62.58 48
E-101 c2 4241 42,57 H2 105 90 72.699.6 0.20 62.42 4759
E-102 C3 42.47 42.78 H3 112 90 140,376 0.37 69.21 4753
E-103 c4 90 90.17 H4 112 100 75,576 0.77 21.82 10

Source: Authors, (2025).

As can be seen in Table 3, the cold streams do not reach the
outlet temperatures due to the limitations of the method that
considers sensible heat. This assumption results in high
temperature differences at the hot and cold ends, smaller heat
transfer areas and lower heat recovery, but avoids violations of the
second law of thermodynamics. The modified design of the heat
recovery network allows 52.23% of the maximum energy recovery
to be recovered. The current hot utility of 167,760,000 kJ/h, shown
in Table 1, is far from the minimum hot utility.

A fuel net calorific value of 43,157 kJ/kg, 150 days of operation
per year (crushing season), 20 hours per day and a fuel (FO) price

of $512.9/t are assumed. The four heat exchangers provide annual
savings of 39.6 tonnes and $20,310 /year in fuel costs.
V. CONCLUSIONS

The establishment of 10 energy performance indicators,
which are not currently reported for this industry, will help to
define an energy baseline and systematically measure efficiency in
the industry. The current hot and cold supply requirements are not
met for a minimum allowable temperature difference of 10°C. The
design of the heat exchanger network allows 52.23% of the
maximum recoverable energy to be recovered. There is a high
excess of the current hot supply duty over the minimum hot duty,
behaviour associated with the data extraction system. This study
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will allow us to continue the research with new heat exchangers
and full inter-plant integration.
VI. AUTHOR’S CONTRIBUTION

Conceptualization: Jorge Guevara Rodriguez, Juan Pedro
Hernandez Touset.

Methodology: Juan Pedro Hernandez Touset.

Investigation: Jorge Guevara Rodriguez, Juan Pedro Hernandez
Touset, Lirianet Fuentes Ramirez.

Discussion of results: Jorge Guevara Rodriguez, Juan Pedro
Hernandez.

Writing — Original Draft: Juan Pedro Herndndez Touset.
Writing — Review and Editing: Jorge Guevara Rodriguez, Juan
Pedro Hernandez Touset.

Supervision: Jorge Guevara Rodriguez.

Approval of the final text: Jorge Guevara Rodriguez, Juan Pedro
Hernandez Touset, Lirianet Fuentes Ramirez.

VIl. REFERENCES

[1] Lawrence, A., Thollander P., Andrei M., Karlsson, M., “Specific Energy
Consumption/Use (SEC) in Energy Management for Improving Energy Efficiency
in Industry: Meaning, Usage and Differences”, Energies, vol.12, no. 2, 247, pp. 1-
22, January 2019, https://doi.org/10.3390/en12020247

[2] Dias, M., Junqueira, T., Cavalett, O., Pavanello, L., Cunha, M., Jesus, C., Filho,
R., Bonomi, A., “Biorefineries for the production of first and second generation
ethanol and electricity from sugarcane”, Applied Energy, vol. 109, pp. 72-78,
September 2013, https://doi.org/10.1016/j.apenergy.2013.03.081

[3] Al-Mayyahi M., Albadran F.A., Fares M.N., “Retrofitting Design of Heat
Exchanger Using Supplytarget Diagram”, Chemical Engineering Transactions,
vol. 75, pp. 625-630, 2019, https://doi.org/10.3303/CET1975105

[4] Jain S., Bandyopadhyay S., Varbanov P.S., Kleme$ J.J., “Pinch Analysis
Approach for Segregated Targeting Networks with Forbidden Matches”, Chemical
Engineering Transactions, vol. 94, pp. 103-108, 2022
https://doi.org/10.3303/CET2294017

[5] Birru, E., Erlich, C., Martin, A., “Energy performance comparisons and
enhancements in the sugar cane industry. Biomass Conversion and Biorefinery”,
vol. 9, pp. 267-282, 2019, https://doi.org/10.1007/s13399-018-0349-z

[6] Pratap., N., Kesari, J., Pinch Analysis and Heat Integration in a Sugar Industry
using Hint Software, SSRG International Journal of Mechanical Engineering, vol.
6, no. 8, pp. 6-15, 2019, https://doi.org/10.14445/23488360/IJME-V618P102

[7] TaoR., Liu L., Gu S., Zhuang Y., Zhang L., Du J., “Flexible Synthesis of Inter-
Plant Heat Exchanger Networks Considering the operation of Intermediate Circles”,
Chemical Engineering Transactions, vol. 81, pp. 13-18, 2020
https://doi.org/10.3303/CET2081003

[8] Linlin Liu, Changhao Wu, Yu Zhuang, Lei Zhang, and Jian Du, “Interplant Heat
Integration Method Involving Multiple Intermediate Fluid Circles and Agents:
Single-Period and Multiperiod Designs”, Ind. Eng. Chem. Res., vol. 59, no. 10, pp.
4698-4711, 2020, https://doi.org/10.1021/acs.iecr.9b06561

[9] Herndndez, J.P., de Armas, A.C., Espinosa, R., Pérez, O., Guerra, L., “Energy
analysis procedure for the conversion of sugar cane industries into biorefineries,
Revista Universidad y Sociedad, vol. 13 no.5, pp. 277-288, Septiembre 2021,
https://rus.ucf.edu.cu/index.php/rus/article/view/2234/2208

[10] Klemes, J. J. (Ed), Handbook of Process Integration (PI): Minimisation of
Energy and Water Use, Waste and Emissions, Woodhead Publishing Limited,
Cambridge, 2013

[11] Aspentech, Aspen Energy Analyzer V 10. Aspen Technology Inc., 2017,
https://www.aspentech.com/en/products/engineering/aspen-energy-analyzer



Journal of Engineering and Technology for Industrial Applications

ITEGAM-JETIA

Manaus, v.11 n.53, p. 25-33. May/June., 2025.
DOI: https://doi.org/10.5935/jetia. v11i53.1160

Journal of Engingering AN
and Technology for
Industrial icat

ISSN ONLINE: 2447-0228

RESEARCH ARTICLE OPEN ACCESS

OPERATIONAL FACTORS INFLUENCING QUALITY CONTROL IN ORE
MILLING: ASYSTEMATIC REVIEW

Eliana de Jesus Lopes!, Guilherme Graciano dos Santos? and Adriano Ricardo Almeida Alexandre®

! Centro Universitario INTA
2 Manserv Engineering
3 Municipal Department of Urban and Public Services

https://orcid.org/0000-0003-0496-1661 @, 2http://orcid.org/0009-0008-7985-416X ®, °http://orcid.org/0000-0003-2396-2854

Email: prof.eng.eliana@gmail.com, guilhermes930@gmail.com, adricaral@gmail.com

ARTICLE INFO ABSTRACT

Article History

Received: June 18, 2024
Revised: January 20, 2025
Accepted: May 15, 2025
Published: May 31, 2025

Quality control in ball mill operations in the ore industry is crucial for ensuring the final
product's quality and the equipment's efficient operation. Despite its relevance, there is a
scarcity of studies on this topic. This bibliographic study, based on the PRISMA protocol,
involved scientometric and qualitative bibliographic analysis. The analysis revealed that the
topic is rarely addressed in the literature, resulting in a limited portfolio. The identified

Keywords: studies explore advanced techniques such as algorithms and mathematical modeling to
Quality control, optimize the grinding process and improve product quality. Research also discusses
Ball mill, advanced control systems to ensure compliance in mill operations, leading to reduced
Comminution, variability in material granulometry, energy savings, and increased production.

Furthermore, contributions include implementing virtual sensors to monitor cement fineness
in real-time, optimizing operations, and enhancing the final product's quality. However,
there is a notable lack of research focused on the particle separator, a crucial component in
the grinding process. These findings provide valuable insights for the effective management
and operation of ball mills in the mining industry and underscore the need for future research

Cement production process,
Ore industry.

to address these gaps.
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I. INTRODUCTION

In recent years, the world has been facing sanitary, political,
and economic crises that impact businesses across all sectors,
prompting companies to develop strategic plans to remain
competitive [1]. In this context, industries have been affected at
various levels, primarily due to the COVID-19 pandemic, the
Russia-Ukraine war, and the Israel-Palestine conflict, which have
disrupted the production and distribution of products and
materials[2], [3].

The mineral processing industry has unique characteristics,
balancing financial returns with concerns for environmental
preservation and impact reduction [4]. In Brazil, the mineral
processing industry has shown symbolic and consistent growth
each year, with a 62% increase in revenue in 2021 compared to the
previous year and an 11% increase in cement demand [5].

Among the mineral processing industries, cement
manufacturing has paralleled the growth of the real estate market,

driven by the rise in civil and public construction projects, making
it one of the primary materials in these products [6]. Cement
industries are present in all regions of Brazil, covering activities
from extraction and processing of the ore to the production,
packaging, and distribution of cement [7], [8].

In cement manufacturing, the comminution process is
considered one of the most important in the mineral industry, as it
is responsible for reducing the size of ore particles [9]. Various
factors can influence this type of operation, from the raw material
to be processed to the sizing parameters directly related to the
process [10].

In the comminution process, one of the most critical pieces
of equipment is the ball mill, which performs the final
fragmentation work. Therefore, precise operational control is
necessary to ensure the quality of the final product [10].

Given the importance of this equipment in the segment's
outcomes, the research question arises: What is the state of the
literature on ball mill operations in the context of quality control?

Journal homepage: www.itegam-jetia.org
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The objective of this research is to understand the landscape
of the literature regarding operational factors influencing quality
control in ore milling operations, with a particular focus on ball
mills, such an important piece of equipment in cement production.

Il. THEORETICAL REFERENCE
1.1 QUALITY CONTROL IN THE ORE INDUSTRY

Quality control in the industry is a set of practices and
processes implemented to ensure that products and services meet
established quality requirements and standards [11], [12]. Quality
control in the mining industry is extremely important to ensure that
extracted minerals meet established quality requirements and
standards [13]. This industry deals with the exploration and
processing of minerals, which are used in a wide range of sectors
such as metallurgy, civil construction, the chemical industry,
among others.

Thus, the quality control process begins with the extraction
of minerals, during which samples are collected at different points
in the mine for analysis [14]. These samples undergo laboratory
tests to determine the chemical composition, physical
characteristics, and properties of the minerals [15]. This
information is essential for evaluating the quality of the minerals
and identifying their viability for use.

Laboratory tests are also used to determine the presence and
concentration of impurities in the minerals [16]. These impurities
can include undesirable chemical elements, environmental
contaminants, or minerals of low commercial value [17]. The
identification and quantification of these impurities are important
to ensure that the minerals meet the quality requirements
established by customers and environmental regulations [4].

In addition to laboratory tests, techniques such as real-time
analysis and automation are used to monitor and control the
mineral production process [18]. Sensors and devices are installed
at facilities to collect real-time data on parameters such as moisture,
particle size distribution, and mineral concentration [19], [20]. This
data is analyzed to identify deviations and variations, allowing for
immediate adjustments to keep the mineral quality within
established standards [21].

Another crucial aspect of quality control in the mining
industry is the implementation of quality management systems that
adhere to international standards, such as 1SO 9001 [22]. These
systems assist in standardizing processes, documenting activities,
and continuously improving operations [23]. Adopting these
standards helps companies demonstrate compliance with quality
requirements and build trust with customers and stakeholders.
Continuous employee training and the promotion of a quality
culture within the organization are also fundamental [24]. Well-
trained teams that are aware of the importance of quality control
can identify potential problems and implement effective solutions,
contributing to the consistency and excellence of the final products
[23]. In this way, quality control becomes an integrated element at
all levels of production, from extraction to the delivery of the final
product to the customer.

1.2 CEMENT MANUFACTURING PROCESS

To better understand the grinding operation, it is essential to
comprehend the cement production process. This operation
involves several stages, starting with the extraction of raw
materials and crushing, preparation of raw meal, the clinker phase
where the raw materials are burned, the cement grinding operation,
and finally, the packaging. Figure 1 provides a detailed illustration
of this process.

'} / © cooting and storage
= b v
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Figure 1: Cement manufacturing process.
Source: [25].

Thus, the process begins with the extraction of the primary
component in cement production, which is extracted from
carbonate deposits through quarry blasting, where limestone is
removed, transported, and classified according to the physical and
chemical composition present in the raw material [26]. The
extracted material has large and disproportionate dimensions,
making loading and transport difficult, especially when the
production unit is not in the same location or near the mining site.
Therefore, a crushing process is carried out, which fragments the
limestone, making it easier to handle [27].

Subsequently, the raw meal preparation stage involves
mixing the limestone with other "corrective™ components such as
bauxite, iron ore, clay, and sand to achieve better chemical
stability. Various methods can be used to determine the correct
dosage of the mixture, including the percentage of clay or
corrective limestone [25]. The multiple chemical analyses
conducted to meet the strict control of cement production may
indicate the need to add residues from the production processes of
other industries, such as pozzolan or blast furnace slag, to replace
the raw meal material or the fuels used for clinker burning in the
kiln [14], [16].

In this context, during the preheating phase, the raw meal is
transported and inserted into vertical heat cyclones, where it meets
the hot gases from the kiln in the opposite direction. This preheats
the raw meal, initiating the first chemical reactions necessary for
clinker formation. Subsequently, the precalcination process occurs
in a chamber located at the bottom of the preheating cyclones, just
above the kiln, known as the precalciner. After being precalcined,
the raw meal moves to the next phase, entering the rotary Kiln,
where it is heated by fuel in a burner that can reach temperatures
of 1,450°C. The precalcined meal slides through the kiln, which is
slightly inclined and rotates about three to five times per minute
[4], [25].

With this, the cooling stage occurs immediately when the
material exits the kiln at a high temperature and is directed to a
cooler (chamber) that blows cold air from electric air blowers [27].
This results in heat exchange and the generation of hot air that is
reused in the process, providing better thermal efficiency for the
kiln. This completes the clinker production process, and this
material is then used as the primary raw material in cement
production. It must be mixed with gypsum, which functions to
control the setting time, with an average addition of between 3% to
4%. However, in addition to gypsum, it may be necessary to add
other materials to control the quality and cost of the product [28].

In such a way, the grinding of these materials is traditionally
carried out by ball mills, though some industries use horizontal
roller mills [29]. In this process, grinding occurs through the
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interaction of grinding bodies with the particles to be ground,
driven by the rotational movement of the mill. The control
parameters initially consider the reliability of raw material dosing
and the rotational speed of the particle separator, as higher rotation
speeds result in finer material. This is a key quality parameter for
cement, as it directly relates to the concrete's strength [30].
Consequently, the ground product is stored in cement silos, ready
for bulk distribution in trucks or bagged on pallets.

As discussed, the cement production process is complex,
involving a series of technical parameters and critical activities
with a high degree of risk, thus requiring a qualified workforce.
Additionally, much of this process is automated and controlled via
computer at a central operations panel, significantly reducing the
risk of accidents for field operators. This is a major advantage for
the plant, highlighting the importance of constant maintenance of
these systems [18].

1.3 COMMINUTION PRINCIPLES AND MECHANISMS

In the mineral processing industry, comminution is the
process of ore fragmentation, whether by explosives or other
methods. Thus, the crushing stage is primarily used after the
extraction of materials in mining areas due to the size of the
minerals and the specifications and adjustments needed for
transport or direct commercialization [31].

Considering that electrical energy consumption is directly
linked to comminution, it is the operation responsible for the largest
share of energy usage [9]. In a competitive market, the high
production costs associated with increased energy consumption
directly impact the final product price for customers. This remains
a significant challenge for equipment manufacturers, who strive to
enable energy efficiency without compromising the operational
effectiveness of the equipment [32].

In the technological realm, mineral processing circuits
consider that the energy required for fragmentation depends on
material characteristics such as size, density, and composition [16].
Each ore presents unique characteristics, necessitating
individualized study to determine the most suitable equipment.
Precise adjustments of operational parameters are crucial to ensure
the ball mill operates efficiently and produces a high-quality final
product [19]. Therefore, it is essential that the operation and
monitoring of operational parameters are conducted by trained and
experienced professionals.

The relationship between energy consumption and the
degree of granulometry of the product generated by the grinding
process is direct [33]. Monitoring fragmentation through the
particle separation process is essential to determine the
comminution efficiency level and prevent unnecessary processing
of raw materials.

Determining a more economical and efficient process has
been a significant challenge for scientists and the mineral
processing industry. Despite being the subject of long-standing
research, no relevant alternatives have been generated for industrial
implementation [13]. In this context, it is evident that there are no
comminution equipment options efficient enough to reduce the cost
of these operations. Consequently, industries often use inefficient
comminution mechanisms and primitive methods. These
mechanisms typically include compression, abrasion, impact, and
shearing [31].

Automation enhances industrial processes' effectiveness
through constant parameter control [34]. The advancement of
computational tools allows for frequent diagnostics of operations
and simulations that relate mathematical models to previous stages

of the process. This capability enables the establishment and
comparison of scenarios, facilitating the projection of future
industrial installations [9].

Comminution equipment operates based on the principle of
applying mechanical energy, which results in the fragmentation of
materials. The shape and size characteristics of the particles
represent the operational mode [31]. The primary interaction
mechanisms of the equipment are compression, impact, attrition,
and abrasion, as illustrated in Figure 2.
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Figure 2: Fracture Mechanisms.
Source: [35].
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In the compression mechanism, force is applied slowly and
successively to the rock, allowing fractures to appear and
subsequently break. This type of mechanism typically generates
coarser and fewer fine fragments [35]. The impact mechanism
utilizes rapid force applied to the particles with greater intensity
than the material's strength. In this mechanism, the particles absorb
more energy than necessary for fragmentation, generally producing
finer material [36].

Shear comminution, while generating high energy
consumption, produces a significant amount of superfine material.
This mechanism is predominant in milling operations and ball
mills, occurring when ore fragments move against each other,
causing wear through friction [37]. Abrasion involves movement
similar to friction fragmentation, differing by the particles moving
in opposite directions, resulting in the production of fine material
[31].

Efficient ball mill operation requires monitoring the
grinding medium flow to ensure effective collisions. This avoids
impact with the mill's inner lining or other grinding bodies, which
results in energy loss during the process [29], [35]. Consequently,
numerical simulations are necessary to address this deficiency.

11.4 CHARACTERISTICS AND MECHANISMS OF THE
BALL MILL

Considered a commonly used equipment in the mineral
processing industry, ball mills have a rotating cylindrical structure
lined with steel or rubber plates [35]. Inside, they contain a charge
of free grinding media that interact with each other due to the mill's
rotational movement, facilitating particle comminution [30].
Figure 3 shows the equipment known as a ball mill.
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Figure 3: Ball Mill.
Source: [38].

This type of equipment is used in grinding operations
involving coarser materials, as the balls have a larger contact
surface, facilitating the production of fines. It should be noted that
mills with a length/diameter ratio of 1.5 to 1m or smaller are not
considered ball mills [39]. When they have a length greater than 3
to 5m, they are usually divided into compartments, with different
ball diameters in each compartment, requiring precise sizing to
define this division [40].

In the mill operation, the grinding charge can assume three
movement regimes: cascading, cataracting, and centrifugation
[41]. Figure 4 shows the reported types.

Figure 4: Operating Regimes.
a) Cascading; b) Cataracting and c¢) Centrifugation.
Source: [41].

The cascading regime (or cascade) is characterized by the
rotational movement of the mill lifting the balls to a certain height,
where they slide over each other in a cascading form due to the
force of attraction [30]. This type of regime does not provide high
energy generation from the impact between the bodies, and the
material is broken by abrasion, making it ideal for producing a final
product due to the capacity for fine production.

In the cataracting regime (or cataract), the grinding load is
carried to higher elevations and detaches, falling onto the particles
to be ground, causing fragmentation by impact. This is ideal for
handling coarser material [42]. It is important to note that
operations in this regime must be well-monitored and planned to
ensure that the falling bodies land on the material to be ground and
not on the mill lining. If the latter occurs, it would lead to faster
wear of the lining, consequently reducing performance in terms of
production [43]. Besides the mechanical operating parameters, the
raw material greatly influences the yield, with factors such as
moisture, porosity, initial dimensions, and shapes impacting the
mill's operational efficiency [29].

Finally, the centrifugation regime occurs when the mill's
rotational movement is high, causing the grinding media to be held
against the walls, following the circular motion [42]. The critical
speed is defined as the point where centrifugal force and
gravitational force act on the particles in equilibrium, resulting in
centrifugation [44].

The grinding media are indispensable components in an
operating mill, responsible for performing the comminution work
through interaction mechanisms. They are typically spherical,
made of cast iron or steel, and come in various sizes, depending on
the ore particles [45].

Determining the size of the grinding media can present a
problem in some situations, considering two scenarios. In the first
scenario, increasing the size of the load favors impact interaction
between the particles, resulting in the breakage of larger particles
[31]. The second scenario considers smaller media, increasing the
contact surface area and enhancing friction interaction, thus
increasing the grinding capacity. Therefore, it is recommended to
define a mix of sizes among the media in the same chamber,
considering the feed granulometry and the final product
requirements [35].

The degree of filling is referenced according to the
percentage of the mill's occupancy, which, in practice, does not
exceed 50% of the mill's internal volume. This factor directly
affects the grinding performance due to the motor's power,
potentially damaging the equipment if the load exceeds the
capacity [31].

The primary factor for the efficiency of the grinding
operation is the mill's rotational speed. Literature and manufacturer
manuals present varying values, making them questionable due to
discrepancies when compared [30].

The mill's internal lining is crucial for operation, requiring
perfect condition for optimal performance. High operational speed
is a factor that can quickly wear down the lining. In the 1920s, it
was common to use around 80% of the critical speed, but studies
have shown that operating at about 57% of the critical speed
reduces energy consumption without significantly affecting the
mill's production [7].

The rotational speed determines the flow regime of the load
inside the mill. Low speeds reduce the rotation number, causing the
load to roll over itself, producing a cascading motion [10].
Conversely, high rotation speeds cause the load to follow parabolic
trajectories, a movement known as cataracting.

The dynamic separator used in grinding operations
classifies the particle size of the ground material, directing it to the
end of the process or back to the beginning for reprocessing until it
reaches the specified fineness [37]. The internal structure consists
of a cage made of vertical bars and blades. In this type of operation,
three simultaneous forces interact: the weight of the particles, the
drag force of the air current, and the centrifugal force. Besides the
physical aspect, there are three types of separators: first-generation,
second-generation, and third-generation, all serving the same
function [30].

Efficiency is achieved through the mass balance between
two sub streams: the final product and the reject. When the
rotational speed of the separator is high, there is an increase in both
production and fines, leading to more material being rejected.
Consequently, the finished product tends to decrease [46]. This
occurs due to the overload factor of the mill. With the increase in
the separator's rotation, the operation tends to reduce the feed to
avoid overload. In other words, the production volume tends to fall
with fine parameter requirements. In most scenarios, the separator
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retains about 20% of the material, with the remaining 80% being
the finished product [30].

I11. MATERIALS AND METHODS

This research can be classified as a Literature Review [47],
which was based on the following steps of the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA)
Protocol: (i) selection of Bibliographic Portfolio (BP) on quality in
ball mill operations (ii) bibliometric analysis of the selected
portfolio; (iii) systemic analysis of BP articles; and (iv) research
question and opportunities highlighted based on the knowledge
built during the process (Figure 5).

Gray literature an Google
Scholar (3)

]
| Articles Included in
Qualitative Analysis (6)

5 - Bibliographic Portfolio

Articles Included in
Qualitative Analysis (3)

B Selected Articles Articles with aligned title and
(111) (66) Articles with aligned F—
summary (43)

3 - Eligibility

1- Identification 2 - Screening 4 - Inclusion

Does not address quality in
the context of ball mill
operations (40)

Misaligned title (43) Misaligned Summary
Closed access (2) (23)

Figure 5: Article selection process based on PRISMA.
Source: Authors, (2025).

The academic database used was Scopus, employing the
combination of the terms "ball mills," "quality," and "operations,"
with the following search string: ( TITLE-ABS-KEY ("ball mills"
) AND TITLE-ABS-KEY (operation*) AND TITLE-ABS-KEY
(quality)).

Inclusion criteria were defined as follows: only journal
articles, only articles aligned with the topic, and only empirical
articles. Exclusion criteria included: duplicate articles, articles not
aligned with the topic, articles that do not address the impacts on
quality due to operational factors in ball mill operations, and
articles that do not meet the other inclusion criteria.

After the selection process, the portfolio contained only 3
aligned articles. To complement the research, the same search was
conducted on Google Scholar, seeking documents aligned with this
study. Only 3 aligned documents were found, resulting in a
Bibliographic Portfolio of just 6 scientific documents aligned with
the research, as shown in Table 1.

Table 1: Bibliographic Portfolio on Quality in Ball Mill
Operations.

Authors Source Capes 2017-2020 | Percentil
Mining Informational
[43] and Analytical Bulletin i 49
[40] Holos Al -
IEEE Transactions on
[48] Industrial Informatics Al %
[49] Panduan Konseling i i
Behavioral dengan
[50] Powder Technology Al 88
Federal Institute of
[29] Espirito Santo i i

Source: Authors, (2025).

For the bibliometric analysis, the software tools used were
Mendeley, R-Studio with Bibliometrix, and VOSviewer for word
clouds. The qualitative analysis was conducted based on the
complete reading of the texts, highlighting their main
contributions.

IV. RESULTS AND DISCUSSIONS
IV.1 SCIENTOMETRIC ANALYSIS

Quality control in ball mill operations in the mining industry
is a topic that has been inadequately addressed in the literature and
has shown irregular trends over the years, with significant
variations. There is a noticeable gap between 2005 and 2013,
during which there were no publications focused on quality control
in milling operations using ball mills. After 2015, there is a higher
frequency of publications involving the topic, but these are
sporadic and include only specific studies. This irregularity
suggests a need for greater attention and investment in research in
this area to promote a more consistent and comprehensive
understanding of the operational factors that influence quality in
the use of ball mills.

When examining the co-occurrence of keywords, it is
observed that out of 45 keywords, only 39 form a connected set.
Figure 6 illustrates the co-occurrence network of keywords,
showing the relationships and interactions between different terms.
The red and green clusters are visually distinct, with "particle size"
positioned centrally, highlighting its role in bridging the
equipment-related and operation-related aspects of research. These
keyword clusters help identify the core areas of research and
highlight the interconnected nature of equipment characteristics
and operational factors in quality control processes within ball mill
operations in the mining industry.
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Figure 6: Keyword Clusters on Quality Control in Ball Mill
Operations in the Ore Industry.
Source: Authors, (2025).

The analysis of keyword clusters in the context of quality
control in ball mill operations within the mining industry reveals
two main groups that are interconnected through the keyword
"particle size": Ball Mill Equipment and Activities (Cluster 1 —red;
Keywords: ball mills, grinding, milling, energy consumption,
efficiency, operational parameters, etc.); and Operational Factors
(Cluster 2 — green; Keywords: quality control, process
optimization, monitoring, performance, product quality, etc.).

The Cluster 1 focuses on the ball mill equipment and the
various activities involved in its operation. It is notable for having
a larger number of interconnected keywords, suggesting that the
characteristics and functionality of the equipment are of significant
relevance in related studies. The higher density of keywords in this
cluster indicates a strong emphasis on understanding and
optimizing the physical and mechanical aspects of ball mills.

The Cluster 2 is concentrated on the right side of the figure
and pertains to the operational factors affecting ball mill
performance. It encompasses research on quality control measures,
monitoring systems, and optimization techniques aimed at
enhancing the efficiency and output quality of the milling process.
The keywords in this cluster emphasize the importance of process
management and operational adjustments in achieving optimal
performance.

The keyword "particle size" serves as a crucial link between
the two clusters. It is central to the discussion on quality control in
ball mill operations, as it relates to both the characteristics of the
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equipment and the operational factors. Particle size is a key
parameter in assessing the efficiency of the milling process and the
quality of the final product.

One can observe a low interaction among authors and a
restricted collaboration network in the research on the topic. Only
two groups are connected in the same study. In this Bibliographic
Portfolio, the significant number of citations attributed to the
articles by [48] and [40] stands out. This observation suggests that
these works have been widely recognized and referenced in the
literature on the subject in question.

The relevance of these articles may lie in their contribution
to advancing knowledge in the field, possibly presenting
innovative approaches, robust methodologies, or impactful results.
Furthermore, their influence may reflect their acceptance by the
academic community and their ability to provide valuable insights
that have significant implications for research and practice in the
studied area.

Regarding the sources, only 3 are indexed in Scopus/Web
of Science, with percentiles, and three of them are classified by
Capes in the 2017-2020 quadrennium with an Al rating.

The scientometric analysis reveals that the topic of quality
control in milling operations using ball mills is still underexplored
in the scientific literature. The earliest publication dates to 2005,
authored by only one author. There is a significant gap until the
publication by Gedraite et al. in 2014 [40]. Since then, there has
been an average of one publication every two years.

This irregular behavior and the presence of gaps between
publications indicate the need for greater focus and investment in
research in this area, aiming to develop a deeper and more
comprehensive understanding of the operational factors that impact
quality in ore milling using ball mills.

IV.2 QUALITY CONTROL IN BALL MILL OPERATIONS

Quality control in ball mill operations, especially in the
mining industry, is essential to ensure the quality of the final
product, improve equipment operationalization, and prevent waste,
environmental impacts, among other factors [20].

Upon analyzing the BP, it is noticeable that this topic,
although very relevant and essential for the operations of this type
of equipment, lacks associated studies. However, there is a
technical deepening aimed at optimizing the equipment through the
use of algorithms and mathematical modeling [48].

According to [43], the study addresses the efficiency of the
milling process itself but emphasizes that as a consequence, this
should increase the quality of the materials obtained. Thus, the
research aims to combine two methodologies that simulate possible
scenarios of the milling process in two fields of operation, and
ultimately apply the combination of these methods directly to the
process, with the aim of expanding the operating capacity.

The first method addresses the movement of the medium in
a ball mill, for which the discrete element method (DEM) is used.
However, processes in the mining industry are linked to particle
movement in a fluid flow, for which the process can be modeled
by computational fluid dynamics (CFD). Thus, the direction of the
study is to explore the possibility of combining and applying the
two DEM-CFD methods.

From Chimwani, Mulenga, and Hildebrandt's perspective
[50] the distribution of ball sizes is crucial for controlling product
quality and ensuring maximum production. Thus, the study's
objective is to find the ball mixture that ensures compliance with
this requirement. In this context, the authors developed an
algorithm capable of simulating grinding circuits focused on ball

wear, and this model was validated, providing relevant results for
the issue. Therefore, this work has significant characteristics as it
addresses the problem and approaches the topic with technical
relevance, well-explained by the authors.

Following the same research line, [48], also developed a
study based on algorithms and simulations, which concerns the
efficiency of the ore grinding process. According to the authors,
this efficiency depends on the circulating load and the particle size
of the product, making these two operational points crucial for
quality control in the operation. Simulations were conducted,
obtaining significant results.

Considering the approach of the three studies mentioned
earlier, these belong to the empirical reports extracted from Scopus,
having relevance due to the recognition of the database. Thus, we
observe an important point regarding the methodology model, as
both studies use mathematical modeling to conduct simulations.
Such observation is essential due to the positive outcome presented
by the journals, contributing safely and accurately to the operation.

The three reports retrieved from Google Scholar focus on
the installation of systems and hardware in computers, aiming to
monitor the grinding process and improve operational practices
that contribute to the operation itself, consequently presenting
elevated aspects regarding quality control.

The study conducted by [49], aims to control the speed and
rotation in the grinding process using a ball mill. To optimize this
process, a frequency inverter controlled by Compact Field point
hardware and LabVIEW software was employed. The system was
studied, and a speed control application for the grinding process
was developed within the programming environment. This
application allows for the combination of different speeds
according to the mill's load. Subsequently, tests were conducted in
a laboratory setting, where the operation was managed by
considering a series of factors to ensure reliable results. The results
of the laboratory simulations showed that the optimization
objective was satisfactorily achieved, as expected by the authors.

According to [40] developed an advanced control system
that incorporates a multivariable controller coupled with a
regulatory control system. The implementation of this system in a
ball mill allows the operation to achieve compliance conditions,
ensuring maximum efficiency and improving the final product's
milling finish. As a result, the system demonstrated significant
benefits, including reduced variability in the material's particle size
distribution after grinding, decreased energy consumption, and
increased production output.

Finally, [29] believes that providing online information
about cement fineness is a significant opportunity for the cement
grinding process using ball mills. This approach can optimize
operations, reduce energy consumption, and enhance the quality of
the final product. The study presents three types of supervised
regression models for predicting cement fineness: Multilayer
Perceptron Neural Network (MLP), Support Vector Machine
(SVM), and Radial Basis Function Neural Network (RBFNN).

Tests were conducted on a laboratorial scale to obtain
fineness data for the material entering and exiting the mill.
Subsequently, a virtual sensor based on the MLP model was
designed and implemented. The system was tested in a real-world
setup, and despite the complexity of deploying this system, data
preprocessing enabled advantageous results, providing greater
accuracy in monitoring cement fineness.

Regarding the operational factors addressed in the studies,
applications involving software, system automation, and
mathematical modeling focused on quality control in grinding
operations were evident. However, the entire Bibliographic
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Portfolio lacked research directed towards the particle separator, an
essential component in the grinding process responsible for
classifying the size of comminuted material particles. The integrity
and operation of this equipment are crucial for maintaining quality
parameters in the process.

V. CONCLUSIONS

This study revealed that quality control in ball mill grinding
operations is still an underexplored topic in the scientific literature,
despite its industrial importance, especially in mining. Through a
systematic analysis of the existing literature, it was possible to map
the conducted studies, identify significant gaps, and better
understand the methods and approaches used so far.

The bibliographic analysis of the portfolio revealed that the
existing studies predominantly focus on strategies for controlling
the fineness of the mill's output material, highlighting the
importance of this parameter in ensuring the quality of the final
product. These studies also emphasize benefits in terms of costs
and operational efficiency. The bibliometric analysis revealed a
scarcity of authors and a limited collaboration network, suggesting
that the participation of larger groups could enrich and enhance
ideas in this complex area. However, there is a growth trend driven
by new technologies and market demands.

The studies indexed in Scopus stand out for their process
simulations aimed at resource optimization and operational cost
reduction, while the studies identified in the Google Scholar
database focus on practical applications in a laboratorial scale.
There is little intersection between these types of studies, indicating
the need for greater integration between theoretical and practical
approaches.

The analyzed studies do not sufficiently address the use of
the particle separator, a crucial component for quality control and
the proper functioning of the ball mill. Additionally, the control of
the mix of ball sizes, which is essential for optimizing the grinding
process, deserves more in-depth study.

This study is pioneering in bringing theoretical elements
that support scientific work in the mining industry, which
extensively uses ball mills. It significantly contributes to the
literature by identifying new directions for future research,
highlighting opportunities for both empirical and theoretical
studies.

For future work, it is recommended to conduct empirical
research that directly involves command centers, exploring
practical applications in the industrial environment. Comparative
studies between laboratory experiments and applications on real
equipment would enrich discussions on the topic. Furthermore,
future studies could focus on the use of particle separators and
deepen the study of the ball mix to ensure quality control in the
mineral grinding process using ball mills.

In this interim, it is concluded that although the topic is
crucial for the industry, the literature on quality control in ball mills
is limited and dispersed. This study not only fulfills the objective
of mapping the current state of research but also establishes a
robust starting point for future investigations, encouraging the
continuity and deepening of research in this vital area.
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Inverters are essential for converting direct current to alternating current in electric vehicles,
relying on pulse width modulation (PWM) for efficiency. This study presents a real-time
Selective Harmonic Elimination PWM (SHE-PWM) algorithm using artificial neural
networks, validated with the OP5600 RT LAB simulator. Unlike the traditional Newton-
Raphson method, this approach employs a neural network trained on a database of pre-
calculated switching angles, allowing for the precise elimination of specific harmonics while
maintaining control of the signal’s fundamental component. Although it offers similar
accuracy to Newton-Raphson, the neural method provides significantly faster processing.
MATLAB/Simulink simulations and experimental results on the RT-LAB simulator
confirm the algorithm’s capability to calculate optimal switching angles and produce high-
performance PWM waveforms. The study highlights the neural network-based SHE
technique's advantages, including its ability to model complex systems, robustness to noisy
data, and versatility. This approach improves inverter performance and offers new
optimization possibilities for various applications, including electric vehicles. The simulator
results validate the alignment of real and simulated control signals.

Copyright ©2025 by authors and Galileo Institute of Technology and Education of the Amazon (ITEGAM). This work is licensed
BY under the Creative Commons Attribution International License (CC BY 4.0).

I. INTRODUCTION

enhance the performance of power electronic devices. The latter
can contribute to improving the quality of electrical signals [1],[2].

In the field of electricity, power electronics is a vital domain
that encompasses various activities such as the electrical grid,
transportation (urban, railways, maritime...), renewable energy,
and industry. Currently, energy has become one of the crucial
aspects of human daily life. Therefore, it has become necessary to

The aim of this work is to develop a new real-time PWM
(Pulse Width Modulation) algorithm based on neural network
principles, enabling the selective elimination of harmonics and
control of the fundamental frequency.

In this context, the inverter powers the propulsion system,
which is the heart of the Electric Vehicle (EV). This system

Journal homepage: www.itegam-jetia.org
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consists of an electric actuator, a transmission device, and wheels.
The drive, comprising the entire electric motor and static
converters, coupled with electronic control, forms the core of the
propulsion system in the EV.

The asynchronous motor can operate over a wide speed
range with low torque ripples if coupled with appropriate control.
Selective Harmonic Elimination (SHE) PWM is a technique used
in electric vehicles. PWM control is frequently adapted to the static
converters of electric vehicles. Several control methods have been
developed with the goal of generating a sinusoidal voltage at the
inverter output with minimal harmonics [3],[4].

According to the literature, there are several PWM control
techniques that differ in how they define the switching instants of
the switches. These include sampled sine waveform modulation
and vector-based PWM control based on phase voltage dispersion,
as well as SHE PWM [5],[6].. It is certain that choosing a better
control strategy for an inverter feeding a three-phase cage induction
machine significantly improves system performance [7],[8].

In the scope of our work, we will focus on the SHE PWM
technique. Our objective is to implement neural network-based
SHE-PWM control in real-time using RT-Lab, with control of the
fundamental frequency and selective harmonic elimination. This
application is intended for electric vehicles. The switching angles
are calculated based on the principles of neural networks..

Il. MATERIALS AND METHODS
1.1 USEFUL INVERTER

Figure 1 shows the classic two-stage inverter. It’s composed
of three transistor switching arms. Each arm is composed of two
cells, each with a diode and a transistor that work in forced
switching. [9],[10].

Figure 1: Schematic of the two-stage inverter.
Source : F.Z. Boudjella et al, (2022)

11.2 CONTROL STRATEGY

e Selective harmonic elimination technique SHE

Either the output voltage of the three-phase inverter at two
periodic levels and with an amplitude equal to the unit, see Figure
2. [11],[12].

In this case, the output voltage v(t) can be written in Fourier
series:

v(t) = ay + 2y-qla, cos(nwt) + b, sin(nwt)] Q)

According to the properties of the voltage v(t), (half-wave
antisymmetric, quarter-wave symmetry), we find after
simplification that:

a, = 0a,, = Ob,, = :—n[l + 23k (-Dkcos(nay)] (2)

Where, n, is an odd number, which must be different from
a multiple of 3 for three-phase assemblies and k, represents the
number of switches per quarter wave or the number of cuts per half-
wave.

Va/2T

Y
|

Vo2

tTi7 e
v o .

2 4

1

Figure 2: Form of a calculated PWM voltage.
Source: Authors, (2025)

Finally, the tension v(t)can be written as:

v(t) = Xaza[bpsin(nwi)] ®)

The equation (3) has k unknown variables al, 02, a3, ..., ak,
called switching angles.

The values of these angles are calculated in order to assign
a determined value to the fundamental al and to cancel the
amplitudes an of the first (k -1) harmonics.

These equations are non-linear. The Newton-Raphson
method will be used to solve this system of non-linear to unknown
m equations [13].

The equation (4) is a system of non-linear m equations al,
ceey oy Ok. It 1s desired to assign a determined value im, called
‘modulation index', to the amplitude al of the fundamental and to
annul the amplitudes bn of the first (k -1) harmonics. A system of
m non-linear equations to k unknown of the form is thus obtained:

b(1) = %[1 —2cos(al) + 2 cos(a2) — ... —2cos(ay3)] —im

b(5) = % [1 —2cos(5al) + 2cos(5a2) — ... —2cos(5a,3)]

b(7) = 74—n [1—2cos(7al) + 2 cos(7a2) — -+ — 2 cos(7ay3)]

b(11) = % [1 —2cos(11al) + 2 cos(11a2) — -+ — 2cos(11ay3)]
b(13) = % [1 —2cos(13al) + 2 cos(13a2) — -+ — 2 cos(13a,3)]
b(67) = ﬁ [1 —2cos(67al) + 2 cos(67a2) — -+ — 2 cos(67a,3)](4)

After solving the non-linear equations simultaneously, the
switching angles can be obtained. For the entire modulation index
range (im =0.02~1.15), the angle paths for the proposed switching
pattern are shown in Figure 3:

The angles are calculated using a modified Newton-
Raphson method, as detailed in our article [5]. This method enables
commutation angles to be determined without the need for prior
initial values.
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Saloctive Harmonic Elimination - Angles Vs Modulation Index

1]

06
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Figure 3: Trajectories of the 23 switching angles as a function of
the modulation index for two-stage inverters.
Source : Authors, (2025).
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Figure 4: Trajectories of the 31 switching angles as a function of
the modulation index for two-stage inverters.
Source: Authors, (2025)

11.3 ANN-BASED SHEPWM GENERATION

An Artificial Neural Network (ANN) stands as a potent
instrument grounded in the patterns observed in biological neurons,
effectively capturing the complexities of non-linear systems.
Comprising interlinked neurons, this network facilitates
communication through transmission of signals along weighted
connections. These connection weights adapt through a learning
process during training. The resultant output, denoted as yj, can be
described as follows:

yi = f(w;ix;) (5)

The activation function is denoted as 'f', the input signal is

represented as 'xi', and the connection weight is labeled as 'wji'. The

expression for the error 'E', which is the sum of squared differences

between the expected and obtained values of the output neurons,
can be expressed as follows:

E =§Zj(ydj_yi)2 (6)

The passage in question deals with the use of a desired value
"ydj" for output neuron j and the actual output "yj" of this neuron
[14-16]. Various artificial neural network (ANN) architectures
have been documented in the scientific literature. For this study, a
specific type of neural network, known as a feedforward neural
network, was used. The training process involves the application
of the backpropagation learning algorithm. The activation
functions used are sigmoidal for input and hidden layer neurons,
and linear for output layer neurons. The architecture of the ANN
used in this study is illustrated in Figure 5.

11.4 SYSTEM ARCHITECTURE

To simplify the architecture, we opt for a neural network
consisting of an input layer, a hidden layer, and an output layer.

odden Output
tnput

23 Angles o Validation stop.

Figure 5: ANN Training.
Source: Authors, (2025)

31 Angles

The training process is shown in Figure 5, it stopped after
20 iterations for 23 angles and 207 iterations for 31 angles when
the validation checks were carried out, the training performance is
shown in Figure 6, the final regression was 99% as shown in Figure
7.

Best Validation Performance is 0.006405 at epoch 14 Best Validation Performance is 0.014562 at epoch 201
o 10°F
23 Angles 31 Angles —Train

—— Vabax,
e Tot

Best

)

Mean Squared Error (mse)
Mean Squared Error (mse)

0 @ 8 8 100 120 W0 160 180 200
207 Epochs

s w0 12 u
20 Epochs

Figure 6: ANN Training performance.
Source: Authors, (2025)

Training: R=0.90948

Outpust ~= 1*Target + 0.0068

Gutput = 1*Tanget  9.00047

Outpist -= 1*Target + 00095

: Target

All: Re0.09999

VTarget + 20008

Cuntpust == 1 Target = -0.0081

Outpist -= 1"Target + 0.00033

Dutput =

Target Target Targat
23 Angles

31 Angles
Figure 7: ANN Training regression.
Source: Authors, (2025)

Figure 8 shows the error between exact and approximate
angles as a function of the modulation index “im”, covering a range
of values from 0.02 to 1.15 for m = 23. In figure 9, the error is
plotted as a function of the modulation index “im” for m = 31. This
representation completes the analysis by allowing a comparison of
errors for different values of m.
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Figure 8: Variation in error between exact and ANNSHE angles
over the entire range of im for m = 23.
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Figure 9: Variation in error between exact and ANNSHE angles
over the entire range of im for m = 31.
Source: Authors, (2025)

I1l. RESULTS AND DISCUSSIONS

The Simulink diagram of the PWM technique is as follows:

Figure 10: The Simulink diagram of the SHE-PWM technique
Source: Authors, (2025)

The following results are obtained for output voltage and
current:

For voltage:

Figure 11: Voltage Waveform (M=0.1).
Source: Authors, (2025)

After analyzing the Total Harmonic Distortion (THD) of
voltage and current, we observe the following figures:

FrT analysis

Fundamental (50Hz) = 7.741 , THD= 405.63%
100 — T T T T T

0+ B

@
=3
T

L

Mag (% of Fundamental)
]
L

0 1 1 k. L Il i ' A 'y
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Figure 12: Output Voltage Harmonic Spectrum for m=0.1
Source: Authors, (2025)

For current:

Figure 13 : Output Current Waveform Over Time (m=0.1)
Source: Authors, (2025)

FFT analysis.
Fundamental (50Hz) =0.4263 , THD= 7.96%
T T T
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Figure 14: Output Current Harmonic Spectrum for m=0.1
Source: Authors, (2025)

Interpretation

According to the simulation results, it is evident that: as seen
in Figure 7, the switching angles approximated by our neural
network are very close to the exact angles, with a maximum error
less than 0.0016 degrees.

Figure 12 demonstrates that the current waveform in the
load closely resembles a sinusoidal shape. From Figure 13, it is
evident that the selected current harmonics are eliminated, and the
fundamental component is optimal. Therefore, we can conclude
that our neural PWM algorithm exhibits high accuracy in
computing switching angles and provides efficiency in eliminating
desired harmonics.

The neural PWM control allows for:
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- Ability to model complex structures and irregular data.

- Consideration of nonlinear relationships (interactions)
between variables.

- Reasonable robustness to noisy data. A. SHE PWM Control

- Capability to model a wide range of diverse problems.

We introduce the control section into the RT-LAB software
on the reference out block to obtain the following results [18]:

The diagram of the PWM technique in RT-Lab is as
I11.1 PRACTICAL IMPLEMENTATION THROUGH THE follows:
RT-LAB SIMULATOR

m Computation s done n s sebersem

Figure 15: Block Diagram of Pre-calculated PWM Control using RT-Lab.
Source: Authors, (2025)
B. Architecture of the developed inverter We present the voltage waveform for 23 angles at various
The block diagram of the inverter is shown in Figure 17. frequencies and modulation indices.

The power circuit switches are controlled by an OP5600 RT LAB For a modulation index im=0.1 and a frequency =40:
simulator [19],[20]. The photo of the inverter is shown in Figure .
18 < Using a neural network

+H>8 0B\ L8R

|
Figure 16: Power circuit of the inverter. Figure lg:otj/géésfumg:sl\l(e;(;glsg\l etwork.
Source: Authors, (2025) ’ '
<> Using Newton-Raphson

Figure 17: Photo of the inverter.

Figure: 19. Voltage with Newton-Raphson.
Source: Authors, (2025)

Source: Authors, (2025)
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For a modulation index im=0.2 and a frequency f=20:

7

> Using a neural network

Figure 20 : Voltage with Neural Network.
Source: Authors, (2025)

<> Using Newton-Raphson

Figure 21 : Voltage with Newton-Raphson.
Source: Authors, (2025)
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Figure 22: Comparative Study between SHE PWM Control
(Newton-Raphson and NeuralSHE PWM).
Source: Authors, (2025)

For a modulation index im=0.1 and a frequency f=40, it is
observed that the signals generated by both methods are identical
with a small margin of error.

o Interpretation of results

The simulation results demonstrate that the signal quality
improves as the modulation index increases, and the neural PWM
control produces the same signal as the SHE PWM control.

It is noted that:

- The signals obtained using the RT-Lab Simulator for im =
0.2 and m = 23 (Figure 20 and 21) are identical to those obtained
using Simulink MATLAB.

- The signals obtained using the RT-Lab Simulator for im =
0.1 and m = 23 (Figure 18 and 19) are identical to those obtained
using Simulink MATLAB.

- There is a similarity between the control signals obtained
using the RT-Lab Simulator for im = 0.1 (Figure 18 and 19) and im
= 0.2 (Figure 20 and 21) compared to those obtained using
Simulink MATLAB.

The RT-Lab simulator allows visualization of control
signals on the oscilloscope, demonstrating the overlay between real
signals and those obtained through simulation.

VI. CONCLUSION

In this work, we studied a selective harmonic elimination
PWM control with fundamental control based on neural network
theory, aiming to control a three-phase inverter for electric
vehicles.

We modeled the three-phase asynchronous machine fed by
an inverter, then presented various types of inverters and discussed
different control strategies for these inverters. Based on the
advantages and disadvantages of pre-calculated PWM control, it
appeared to be the most suitable for varying the speed of
asynchronous machines.

We solved the nonlinear equation system using MATLAB
software with the Newton-Raphson method to calculate the
switching angles of the inverter switches. Simulation results in
MATLAB Simulink demonstrated the effectiveness of the control
in eliminating desired harmonics. The drawback of this technique
is the computation time for switching angles.

Artificial neural networks generate real-time switching
angles for the switches. Simulations of this technique in MATLAB
Simulink show the accuracy of calculating switching angles and
efficiency in eliminating desired harmonics. Multiples of three
harmonics are automatically eliminated in the case of phase-to-
phase voltage.

The RT-Lab simulator was used to experimentally verify
the generation of control signals. Simulation results show a
similarity between the signals generated by the RT-Lab simulator
and those obtained through Simulink MATLAB.

The results obtained from this research can significantly
contribute to the advancement of electric vehicle technology and
the broader field of power electronics. By optimizing the
performance of three-phase inverters through selective harmonic
elimination and precise control of the fundamental component, the
proposed neural network-based PWM algorithm can lead to more
efficient and reliable electric vehicle propulsion systems. This, in
turn, can promote the widespread adoption of electric vehicles,
reducing greenhouse gas emissions and mitigating the
environmental impact of transportation.

Furthermore, the versatility of the neural network-based
SHE technique opens up opportunities for its application in various
other domains, such as renewable energy systems, industrial motor
drives, and power quality improvement. The ability to model
complex, non-linear systems and handle noisy data makes this
approach attractive for a wide range of real-world scenarios.
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Knee osteoarthritis, a degenerative joint disease affecting weight-bearing joints such as the
knees and hips, poses substantial diagnostic hurdles due to its complicated pathophysiology
and development. Traditional diagnostic methods rely heavily on clinical examinations and
imaging techniques like X-rays, which can be subjective and vary with clinician experience.
To overcome these problems, new advances in machine learning (ML) and deep learning
(DL) offer promising alternatives for improving the accuracy of knee osteoarthritis
identification. This study proposes a novel methodology that combines retrained VGG
models with various machine learning techniques. The Knee Osteoarthritis Dataset with
Severity Grading is preprocessed, and features are extracted using fine-tuned VGG16 and
VGG19 models. A number of machine learning models, including Naive Bayes, K-Nearest
Neighbors, Decision Tree, Random Forest, Bagging, and AdaBoost, are then trained using
these extracted characteristics. These models' performance is assessed using metrics
including F1-score, recall, accuracy, and precision. The results reveal that the combination
of VGG19 with fine-tuning and Random Forest achieves the best performance, with an
impressive accuracy of 62.68%. This approach significantly improves diagnostic accuracy
and holds potential for enhancing clinical decision-making and management of knee
osteoarthritis, offering a robust tool for early detection and personalized treatment strategies.

Copyright ©2025 by authors and Galileo Institute of Technology and Education of the Amazon (ITEGAM). This work is licensed
BY under the Creative Commons Attribution International License (CC BY 4.0).

I. INTRODUCTION

development of osteophytes, inflammation of the synovium,
subchondral sclerosis, and erosion of cartilage [5].

Weight-bearing joints, including the knees and hips, are
susceptible to the complex illness known as osteoarthritis (OA).
Significantly contributing factors to its etiology include advanced
age, high body mass index (BMI), and joint malalignment [1]. OA
is a common type of arthritis that produces severe pain, stiffness,
and swelling in the affected joints. Knee osteoarthritis in particular
is one of the commonest forms of arthritis [2].

Knee osteoarthritis (KOA) is a slowly progressive disease
that involves the degradation of cartilage, remodeling of bone, and
inflammation [3]. The knee is the joint in the human body most
commonly afflicted by this most prevalent musculoskeletal
degenerative disease [4]. Pathologically, KOA is defined by a
number of structural alterations in the knee joint, such as the

The impact of knee osteoarthritis extends beyond physical
discomfort, as it is associated with a 35-37% increased risk of
reduced time-to-mortality, primarily driven by pain [6].
Furthermore, KOA is linked to an increased risk of all-cause
mortality, with disability and deteriorations in quality of life being
significant contributors [7]. Early and accurate detection is
essential for effective treatment and management of knee
osteoarthritis because of the significant impact it has on an
individual's health and quality of life. Imaging tools like X-rays and
clinical examinations play a major role in traditional diagnostic
methods. However, a clinician's experience and subjective
judgment may have a role in how X-ray pictures are interpreted.
Recent developments in artificial intelligence, notably in machine
learning and deep learning, present intriguing answers to these
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problems. Modern developments in deep learning (DL) and
machine learning (ML) have greatly improved the ability to
identify and categorize knee osteoarthritis (OA) from medical
imaging, especially X-ray pictures. Numerous research works have
exhibited the effectiveness of these computational techniques in
enhancing clinical results and diagnostic precision.

Attaining state-of-the-art performance in knee osteoarthritis
severity classification from X-ray images has been demonstrated
by machine learning techniques, such as logistic regression [8].
These algorithms can handle large datasets and identify patterns
that are often indistinguishable to the human eye, providing a
robust tool for medical diagnostics. Deep convolutional neural
networks (CNNSs), a subset of machine learning models, have been
particularly effective in detecting patellofemoral osteoarthritis
from knee radiographs. Studies have demonstrated that CNN-based
models outperform conventional reference models, offering higher
accuracy and reliability [9]. Medical image analysis benefits
greatly from CNNs' capacity to automatically learn and extract
characteristics from unprocessed input.

Furthermore, machine learning methods, especially CNN
networks, can enhance the diagnosis of knee osteoarthritis by
analyzing real-world X-ray imaging data. These models reduce the
workload for doctors by providing automated and precise
diagnostic suggestions, thus facilitating more efficient clinical
workflows [10]. Enhancing patient outcomes might be greatly
increased by using these cutting-edge computational tools into
clinical practice. Deep learning techniques also play a crucial role
in the early detection of osteoarthritis. By accurately identifying the
disease at its initial stages, these methods can help prevent further
cartilage damage and bone injury, thereby enabling timely and
effective interventions [11]. Early diagnosis is essential for
managing OA, as it can significantly slow disease progression and
improve the quality of life for patients.

Clinical diagnoses have been improved and necessary
medical interventions have been expedited by the use of machine
learning in the early diagnosis and prediction of knee osteoarthritis.
Machine learning models, including deep neural networks, have
been shown to enhance clinical decision-making processes,
providing clinicians with valuable insights derived from complex
data [12]. This capability underscores the transformative potential
of machine learning in healthcare.

According to utilized Deep Siamese CNN combined with
ResNet-34 for the detection and classification of knee OA severity.
This study employed the dataset from [13] along with a private
hospital dataset for validation, achieving a balanced accuracy of
61.0%. Although this method demonstrated good performance, the
slight difference in accuracy compared to the proposed method
suggests that the choice of classifier and precise tuning can
significantly enhance performance [14].

Nurmirinta et al. implemented a two-stage classification
approach using Balanced Random Forest and MRI features,
resulting in a higher balanced accuracy of 65.9%. This approach
benefited from the detailed and high-resolution MRI data, which
provide more comprehensive insights into knee joint structures
compared to X-ray images [15]. According to adopted a CNN-
based automatic detection approach with image processing
techniques and MRI images, achieving a balanced accuracy of
61.0%. Into Cueva et al., this result underscores the importance of
dataset composition and model architecture in influencing
outcomes [16].

The Osteo-NeT system, which uses sequential
convolutional neural network-based transfer learning models to
identify knee osteoarthritis from X-ray images, is one prominent

example. Predictive accuracy has increased with this system, and
the pretrained VGG-16 model has proven to be the most effective
[17]. Transfer learning allows models to leverage knowledge from
previously trained networks, enhancing their performance on new,
related tasks and reducing the need for extensive labeled datasets.

The present study aims to explore the potential of VGG re-
trained feature extraction in enhancing the detection and
classification of knee osteoarthritis using X-ray pictures. This is
based on the encouraging findings of previous research, which
suggest integrating it with different machine learning techniques.
By leveraging the strengths of both deep learning and traditional
machine learning techniques, this proposed approach aims to
develop a diagnostic tool that could potentially assist clinicians in
the early detection and effective management of knee
osteoarthritis.

Il. METHODOLOGY

11.1 DATASET

The dataset utilized in this study, known as the "Knee
Osteoarthritis Dataset with Severity Grading," sourced from [13],
[18], is tailored for knee osteoarthritis (OA) detection and severity
grading through X-ray images. Comprising 8,260 X-ray images,
the dataset provides a comprehensive representation of knee
conditions across various severity levels. According to the
Kellgren-Lawrence (KL) grading system, these images are
categorized into five grades: Grade 0, which denotes a healthy knee
image, and Grade 4, which denotes significant osteoarthritis. The
following is how the pictures are distributed by grade: Grade 0
comprises 3,253 images, Grade 1 includes 1,495 images, Grade 2
consists of 2,175 images, Grade 3 encompasses 1,086 images, and
Grade 4 contains 251 images. Each grade signifies distinct
pathological changes in the knee joint, including osteophyte
formation, joint space narrowing, and sclerosis, providing valuable
insights for diagnostic and prognostic purposes.

This diverse representation allows for the exploration of the
entire spectrum of knee OA severity, enabling comprehensive
model training and evaluation. Moreover, the dataset is partitioned
into three subsets—training, validation, and testing—with
respective proportions of 70%, 10%, and 20%. This partitioning
strategy ensures the robustness and generalizability of developed
machine learning models by facilitating thorough model tuning and
validation on unseen data.

Figure 1: Example of X-ray images illustrating knee OA severity
levels.
Source: Authors, (2025).

Figure 1 depicts sample images from the dataset used in this
research, showcasing the variations in knee OA severity captured
in the X-ray images. Overall, the "Knee Osteoarthritis Dataset with
Severity Grading" serves as a valuable resource for advancing
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research in knee OA diagnosis and management through
computational methods, enabling researchers to develop and
evaluate machine learning models for accurate and reliable knee
OA detection, ultimately contributing to improved patient care and
outcomes in clinical practice.

1.2 PROPOSED METHOD

The proposed methodology adopts a multi-step approach
integrating deep learning and traditional machine learning
techniques for knee osteoarthritis (OA) detection from X-ray
images. Initially, the Knee Osteoarthritis Dataset with Severity
Grading undergoes preprocessing, including resizing each X-ray
image to 224x224x3 dimensions. This step enhances the images for
subsequent feature extraction and model training processes without
further partitioning into training, validation, and testing sets. The
feature extraction phase, pretrained VGG16 and VGG19 models,
initialized with weights trained on ImageNet, are utilized to extract
deep features from the X-ray images. These models are fine-tuned
on the knee osteoarthritis dataset to adapt to its specific
characteristics, enhancing their feature representation capabilities.

Subsequently, the classifier heads of the pretrained VGG models
are removed, and the extracted features are integrated into the
pipeline.

Following the feature extraction, various machine learning
models, including Naive Bayes, K-Nearest Neighbors (KNN) with
different values of K (1, 3, 5), Decision Tree, Random Forest,
Bagging, and AdaBoost, are trained on the extracted features.
These models learn patterns and relationships between the features
and the corresponding knee OA severity grades, facilitating
effective detection.

The performance evaluation of the developed models
employs commonly used metrics such as accuracy, precision,
recall, and Fl1-score. The evaluation is conducted solely on the
validation set to fine-tune hyperparameters and optimize model
performance. Finally, the best-performing models are assessed on
the testing set to evaluate their generalization ability and
robustness, aiming to develop an effective diagnostic tool for knee
osteoarthritis detection using X-ray images, thereby providing
valuable insights for clinical practice. The proposed configuration
can be seen in Figure 2.

Pretrained VGG
Network
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Figure 2: Proposed configuration (Integrating VGG Re-trained Feature Extraction with Machine Learning).
Source: Authors, (2025).
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11.3 CONVOLUTIONAL NEURAL NETWORK

Convolutional Neural Networks (CNNs) are pivotal in
computer vision, renowned for their proficiency in recognizing
visual patterns within image data. Pretrained CNN models, trained
extensively on datasets like the ImageNet Large Scale Visual
Recognition Challenge (ILSVRC), exhibit exceptional adaptability
and precision in identifying diverse objects. Through transfer
learning, these models can be repurposed for various tasks,
expediting development and deployment. CNNs integrate feature
extraction and classification, discerning intricate patterns from
images with robust adaptability to variations.

Convolution procedures are used by the Convolutional
Neural Network (CNN) to extract features from the input pictures.
The convolution operation between a kernel K and a input image
I is mathematically defined as:

IR0y = D ) Hmn) K -my-n) (1)

where I(m,n) represents the pixel value at position (m,n)(m,
n)(m,n) in the input image, and K(x —m,y —n) represents the
kernel value. Pooling operations, which follow convolution, reduce
the spatial dimensions by taking the maximum or average values
within a specified window, enhancing the network's ability to
capture spatial hierarchies in the data. Foundational layers like
Convolution and Pooling progressively extract hierarchical
features, enhancing efficacy across tasks, facilitating nuanced
analysis of visual data [19], [20].

1.4 VGG

Deeper and more complex networks are being developed in
Convolutional Neural Network (CNN)-based model building in an
effort to achieve higher detection accuracy, and VGG is an example
of this strategy. The winning team in the 2014 ILSVRC challenge,
Simonyan and Zisserman, demonstrated a significant breakthrough
by using only modest 3x3 convolutional filters and expanding the
depth of the convolutional block to include 16-19 convolutional
layers.

The VGG16 architecture consists of five maximum pooling
layers and thirteen convolutional layers, each of which has an
activation function that is a rectified linear unit (RELU). The first
two, each with 4096 channels, and the third, with 1,000 channels
and a softmax activation function, are the three fully connected
layers that comprise the categorization block [21].

The number of convolutional layers utilized in each
convolutional block is what distinguishes VGG16 from VGG19.
Compared to VGG16, which has thirteen convolutional layers,
VGG19 has sixteen. Notably, the input picture is downscaled using
2x2 maximum pooling layers with a stride of 2, and the entire
kernel size utilized in the VGG architecture is 3 x 3. Before it
reaches the classification block, the downsampled and filtered
image that is produced when an RGB image with dimensions of
224x224x3 is used as the standard input for the convolutional
networks of VGG16 is 7x7x512.

The backpropagation approach is used to update the model's
parameters during the fine-tuning stage in order to minimize the
category cross-entropy loss. Frequently employed in multi-class
classification issues, the categorical cross-entropy loss, or L, is
defined as follows:

N

L(.9) = —Ziyi,- log(s,) @

i=1j=1

where y;; is a binary indication (0 or 1) if class label j is the
proper classification for observation i, y;; is the anticipated
probability that observation i belongs to class j, N is the number of
observations, and C is the number of classes. The weight updates
during training are computed as follows:

AL(W,)
Wi =W — 1 oW, 3)
where W, indicates the iteration's weights ¢, i is the learning rate,

and 62(_14[4:) shows how the loss slopes in relation to the weights.

This architectural design helps to successfully integrate
deep learning and conventional machine learning techniques for
improved diagnostic accuracy. It also makes it possible for the
VGG models to adapt to the subtleties of knee osteoarthritis
detection from X-ray images. These two factors work together to
optimize the VGG models' performance [22].

11.5 PERFORMANCE EVALUATION

In order to determine how effective a system is,
performance evaluation is essential. This is especially true for
classification tasks, where measurements such as accuracy,
precision, recall, and F1-score are commonly utilized. The system's
accuracy in categorizing data is assessed by the ratio of properly
predicted cases to the whole dataset, which allows the system to
successfully distinguish between positive and negative examples.
Precision gauges the system's accuracy in precisely identifying true
positive predictions. In contrast, recall measures the system's
ability to correctly identify actual positive instances, crucial in
scenarios where missing positive instances incurs significant costs.

The F1-score provides a comprehensive evaluation by
combining precision and recall, offering a holistic assessment
metric, particularly beneficial for addressing datasets with
imbalanced class distributions. These metrics provide a
comprehensive knowledge of a model's performance across several
categorization elements, providing a full evaluation of its efficacy
[23].

I1l. RESULTS AND DISCUSSION

This study's experimental setup made use of the Google
Colab Pro platform and the Python programming language, as well
as a GPU T4 with 25 GB of RAM for effective processing.
Important libraries such as scikit-learn, TensorFlow, and Keras
were used; these allowed access to different pre-trained
architectures and weights from ImageNet, which helped with the
creation and optimization of the deep learning models.

The optimization procedure was continually guided by the
cross-entropy loss function throughout the tests. During the first
transfer learning phase, the training protocol was designed to
consist of 10 epochs with a batch size of 16 and an initial learning
rate of 0.0001. To improve the performance of the model, a
methodical fine-tuning approach was used, which involved
unfreezing layers one at a time with an adjusted learning rate of
0.00001. The use of callbacks improved training process
monitoring and control, enhancing experiment reproducibility and
transparency.
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Table 1: Performance Results of Proposed Models.

Base Model Configuration Accuracy (%) | Precision (%) | Recall (%) F1-Score (%)
Base (TL) 45.954 36.591 45.954 36.125
Base + FT 62.258 58.981 62.258 59.021
Base + FT + NB 37.923 46.979 37.923 37.723
Base + FT + KNN-1 53.080 53.090 53.080 52.970
VGG16 Base + FT + KNN-3 55.085 53.323 55.085 53.027
Base + FT + KNN-5 58.394 56.412 58.394 55.903
Base + FT + DT 50.969 51.289 50.969 51.088
Base + FT + RF 60.775 56.196 60.775 56.190
Base + FT + Bagging 59.843 57.793 59.843 58.281
Base + FT + Ada Boost 51.993 46.203 51.993 47.193
Base (TL) 45,229 35.934 45,229 35.571
Base + FT 60.930 58.059 60.930 54.325
Base + FT + NB 36.957 46.482 36.957 37.050
Base + FT + KNN-1 53.200 53.075 53.200 52.858
VGG19 Base + FT + KNN-3 56.763 55.564 56.763 54.498
Base + FT + KNN-5 58.756 57.131 58.756 55.978
Base + FT + DT 48.853 49.079 48.853 48.950
Base + FT + RF 62.681 58.414 62.681 57.549
Base + FT + Bagging 58.756 55.505 58.756 56.191
Base + FT + Ada Boost 52.899 48.045 52.899 47.894
Source: Authors, (2025).
Table 2: Comparison of Methods for Knee Osteoarthritis Detection and Classification.
urce Method Dataset Number of Classes | Accuracy (%)
Our(s) Proposed Chen [13] 5 62.68
Deep Siamese CNN + Chen [13] + Private
Cueva, 2022 [14] fine-tuned ResNet-34 hospital dataset 5 61.0
Nurmirinta, 2024 Two-stage classification multlplg sources MRI 3 65.9
[15] images
Hemanth, 2023 Deep Siamese CNN +
[16] fine-tuned ResNet N/A 5 61.0

Source: Authors, (2025).

After the fine-tuning phase, the classifier heads of the pre-
trained VGG16 and VGG19 models were removed. The extracted
features were then fed into various machine learning models using
scikit-learn, including Naive Bayes, K-Nearest Neighbors (KNN)
with different values of K (1, 3, 5), Decision Tree, Random Forest,
Bagging, and AdaBoost, to enhance the detection capabilities.

The results of these experiments, including evaluations of
accuracy, precision, recall, and Fl-score for each model
configuration, are presented in Table 1. This comprehensive
approach aimed to develop an effective diagnostic tool for knee
osteoarthritis detection using X-ray images, providing valuable
insights for clinical practice.

The most effective model configuration, according to an
examination of the performance data, is the VGG19 base model
combined with Random Forest (RF) as the machine learning
algorithm and fine-tuning (FT). With an astounding accuracy of
62.681%, this setup is the best-performing model out of all the
configurations that were examined. Furthermore, this model
exhibits balanced metrics for precision, recall, and F1-score,
showing strong performance across a variety of evaluation criteria.

This configuration successfully captures the intricate
patterns and correlations found in the knee osteoarthritis dataset by
utilizing the re-trained features taken from the VGG19 model and
the ensemble learning power of Random Forest. This model's high

accuracy rate indicates that it can correctly categorize X-ray
pictures into distinct severity degrees of osteoarthritis in the knee,
which is useful information for clinical diagnosis and therapy
choices.

The VGG19-based design is clearly the most successful in
this investigation, even though other configurations, such the
VGG16 bhase model with fine-tuning and Random Forest, which
reaches an accuracy of 60.775%, also show promising
performance. Its exceptional accuracy highlights how crucial
model and algorithm selection are to maximizing knee
osteoarthritis detection systems' diagnostic accuracy.

Overall, knee osteoarthritis can now be better identified and
classified from X-ray images thanks to the suggested methodology
of combining VGG re-trained feature extraction with machine
learning models, especially the combination of VGG19 with fine-
tuning and Random Forest. This model shows robust performance
across several evaluation measures and attains the maximum
accuracy, which makes it a suitable choice for practical clinical
applications.  Additionally, Figure 3 illustrates the confusion
matrix of the best-performing model based on test data, providing
further insights into its performance.
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Figure 3: Confusion matrix for
VGG19 + FT + RF model.
Source: Authors, (2025).

In this study, the method employed is integrating VGG re-
trained feature extraction with machine learning for detecting knee
osteoarthritis severity levels using X-ray images. The confusion
matrix presented in the results section illustrates the distribution of
correct and incorrect predictions made by the proposed model.

To provide a broader context, we compare this model's
performance with other recent studies that have utilized different
methodologies for the same task. The table 2 summarizes these
comparisons in terms of method, dataset, number of classes, and
balanced accuracy.

The proposed method, which integrates VGG re-trained
feature extraction with machine learning, achieved a balanced
accuracy of 62.68%. This performance indicates the model's
effectiveness in accurately classifying different severity levels of
knee osteoarthritis from X-ray images. The confusion matrix
results further illustrate the model's robustness in handling the
inherent imbalance in the dataset, reflecting a strong capability to
differentiate between the classes.

Comparing this with other studies, Cueva et al. (2022)[14]
utilized a Deep Siamese CNN combined with ResNet-34,
achieving a balanced accuracy of 61.0%. This minor difference
suggests that while the methodologies are similar, the fine-tuning
of the VGG model and the choice of Random Forest as the
classifier in the proposed method likely contributed to the slightly
higher accuracy. Specifically, VGG19’s depth and capacity for
feature extraction may have allowed it to capture more nuanced
patterns in the X-ray images, which, when combined with the
robust ensemble learning approach of Random Forest, resulted in
better overall performance.

According to[15] employed a two-stage classification
approach using Balanced Random Forest and MRI features, which
resulted in a higher balanced accuracy of 65.9%. This approach
benefited from the detailed and high-resolution data provided by
MRI images, which offer more comprehensive insights into knee
joint structures compared to X-ray images. While this method
shows the advantage of using more detailed imaging modalities, it
also indicates that improvements could be made by integrating
multiple types of imaging data in future work.

In [16] also used a CNN-based automatic detection
approach with MRI images and image processing techniques,
achieving a balanced accuracy of 61.0%. Similar to Cueva et al.,
the slightly lower accuracy compared to the proposed method
highlights the potential advantages of using VGG re-trained
features with a Random Forest classifier. The Random Forest's
ability to handle high-dimensional data and its robustness against
overfitting likely contributed to the improved performance.

Overall, the proposed method demonstrates competitive
performance and provides a strong foundation for further research
and development in this area. The integration of VGGI19’s
powerful feature extraction capabilities with the ensemble learning
strength of Random Forest appears to be a particularly effective
combination for this application. Future improvements could
involve leveraging more detailed imaging modalities or combining
multiple types of data to further enhance the accuracy and
robustness of knee osteoarthritis detection models.

IV. CONCLUSION

In conclusion, a viable method for improving the
identification and categorization of knee osteoarthritis using X-ray
pictures isthe integration of VGG re-trained feature extraction with
different machine learning algorithms. With an astounding
accuracy of 62.681%, the VGG19 base model with fine-tuning and
Random Forest combination proves to be the most successful of
the evaluated combinations. Precision, recall, and F1-score are just
a few of the evaluation parameters this model performs well on,
highlighting its potential for precise diagnosis in clinical contexts.
The findings highlight the importance of fine-tuning pre-trained
models and selecting appropriate machine learning algorithms to
optimize diagnostic accuracy.

For future work, integrating additional imaging modalities
such as MRI could potentially improve diagnostic accuracy.
Exploring advanced deep learning architectures and further fine-
tuning of the model parameters could also enhance performance.
Additionally, expanding the dataset with more diverse samples and
including real-world clinical data would help in validating the
model's applicability in practical clinical settings. These steps
could lead to the development of even more accurate and reliable
diagnostic tools for knee osteoarthritis detection.
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The dissemination of propaganda on social media presents a significant challenge in today’s
digital age. Utilizing advanced tools and diverse methods, propaganda aims to influence
public opinion on a massive scale. Social media platforms serve as prime channels for such
messages, leveraging sophisticated strategies to shape public perceptions and attitudes. This
research aims to develop an advanced system capable of evaluating whether the content

Keywords: disseminated on these platforms qualifies as propaganda. The hypothesis suggests that it is
Propaganda Detection, possible to distinguish propaganda from non-propaganda texts on social media by analyzing
Social media, specific linguistic features. Employing advanced linguistic analysis and machine learning

methods, this detection system achieves approximately 70% accuracy, indicating its
promising potential for effectively identifying propaganda. This approach could
significantly enhance the transparency and reliability of online information, encouraging a
more informed and critical use of social media.
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I. INTRODUCTION

Propaganda is a powerful tool for shaping collective
perceptions and influencing individual behavior [1]. While it has
historically been used in political, cultural, and commercial
contexts, its integration with social media has amplified its impact,
making it a potent mechanism for widespread influence [2], [3].
With vast user networks, social media platforms enable the rapid
and viral spread of propaganda, posing significant threats to
democracy, public health, and social cohesion. Initially rooted in
political and religious campaigns, propaganda has evolved into
sophisticated digital strategies [4]-[6]. The spread of propaganda
on social media alters the global perception of events, particularly
in conflict situations [7], [8]. The use of these platforms to
disseminate unverified and sensationalist content misleads and
reinforces unfounded prejudices. This distortion of reality severely
hampers international conflicts, exacerbates societal divisions, and
undermines trust in institutions, highlighting the urgent need to

promote fact-checking and critical thinking in the contemporary
media landscape. [9], [10].

Propaganda often employ persuasive techniques such as
emotional appeals, misinformation, and targeted messaging to
manipulate public opinion [11]. Social media enhances both top-
down and peer-to-peer dissemination, utilizing tactics like
astroturfing [12], bot-generated content [13], and algorithmic
manipulation to amplify certain narratives while suppressing others
[14]. Machine learning, also known as machine learning, is a field
of artificial intelligence based on mathematical and statistical
methods. Its goal is to enable computers to learn from data without
requiring explicit programming for each task [15].

Recent advancements in artificial intelligence (Al) and
natural language processing (NLP) have enabled innovative
methods to detect and counteract propaganda [16], [17]. These
technologies analyze text patterns to identify manipulative
strategies, such as extreme polarization and emotional persuasion
[18]-[20]. Recent research investigates the potential of an
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automated system to detect propaganda in real-time, aiming to
enhance transparency in digital communication. Our research
focused on detecting propaganda in texts on social media, aiming
to identify content that sought to manipulate users' opinions and
behaviors. A structured approach was employed, leveraging a
manually annotated dataset of texts (tweets) sourced from specified
social platform (Twitter as one of leading social media platforms),
where content was categorized based on its propaganda
characteristics and type. To prepare the data, various preprocessing
techniques were applied enabling text normalization and the
extraction of relevant information. Additionally, TF-IDF (Term
Frequency-Inverse Document Frequency [21]) feature extraction
was used to identify the most significant terms within propaganda
texts. Our methodology proposed an effective process for text
preprocessing and feature engineering, transforming a collection of
raw documents into a numerical feature matrix. These features
were further refined through various machine learning models,
which supported the classification of texts as manipulative or
authentic. The system’s efficacy was evaluated based on precision,
recall, and overall accuracy. The obtained results showed
acceptable performance of our propaganda detection system, which
successfully detected and correctly classified the majority of
propaganda in the texts used for evaluation testing.

Il. RESEARCH METHODOLOGY

We will hypothesize that it will be possible to distinguish
propaganda texts from non-propaganda texts on social media by
analyzing the specific linguistic features of these texts. To validate
this hypothesis, we will use a supervised approach. The goal will
be to build a classifier capable of categorizing propaganda texts
into distinct categories, as well as identifying non-propaganda texts
on social media. Our methodology follows a pipeline architecture
in which a processing pipeline connects several transformation
modules. Data pass through these modules sequentially, with the
output of each module serving as the input for the next one [22]. In
our research study, we have chosen to adopt a pipeline architecture
as shown in Figure 1. The Different stages of our system pipeline:
(1) Data collection (2) Data Preprocessing (3) Feature extraction
(4) Classification (5) Evaluation. In the flowing subsections, we
describe each stage of our system in detail.

Drata collection
| oaTasEr

= Text Expansion
= Text normalization

| Testing data

Diata
Preprocessing

Traming data |

Data
Preprocessmg

= Punctuation remaowal
= Tokenization

= Stemming

= Suffix remaoval

= Stop weords remonal

s Precision
sEecall
s accuracy

Figure 1: Pipeline Methodology Steps for a Textual Propaganda
Classification System.
Authors, (2025).

1.1 DATASET COLLECTION

Given the unavailability of free access to social media
databases, we took the initiative to create our own dataset. To
achieve this, we adopted a manual approach to collect a substantial
number of tweets on a timely and relevant issue that has become a
prominent subject of propaganda on social media platforms. By
leveraging targeted hashtags and keywords, we gathered a
significant volume of tweets. After a thorough selection process,
we retained a sample of one thousand tweets to ensure a
representative analysis. To detect propaganda, tweets can be
classified based on either content analysis or network analysis. In
our research, we aimed to ensure that the corpus supports both
classification methods to enable greater flexibility when designing
the classifier. Accordingly, we gathered the necessary information
to capture both the tweet content and the social network elements.
Table 1 illustrates the structure of our corpus, which consists of
twenty-one columns, each providing detailed information about the
tweets. These columns are categorized into five categories of data
Analysis: Content Analysis, Network Analysis (Network Nodes and
Network Locations), Technical Data Analysis, and Propaganda
Nature Analysis. As shown in Tablel, in addition to the
information about the tweets, we add columns to annotate the
tweets according to their nature of propaganda, including: fake
news, intimidation, concealment, manipulation and name calling.
The created dataset support both classification methods, however,
this paper focus on performing a classification based on content
and leave the network aspect for future work.

Table 1: Column structure of the social media textual propaganda dataset.

Data .
Category Column Type Description
text of tweet String | Full text of the tweet.
hashtags String tlc\;a:gtags included in the
Views count Integer Number of views of the
o tweet.
L Number of retweets of the
5 Retweets count | Integer tweet.
< . Number of likes on the
g Likes count Integer tweet.
o
S Responses Number of responses to the
© count Integer | 4 veet.
tweet author String | Name of the tweet's author.
profile String | User's profile information.
é user followers Integer Igtﬁ?[t author's follower
= - -
2 user following Integer Tweet author's following
x count
e - . Users mentioned in the
% mention String tweet.
z retweet String | Original tweet.
o @ id String | Unique tweet identifier.
E g2 | tweetlink String | URL of the tweet.
S 9 & | date and hour Date Tweet's date and time.
=& < ["UserName String | Tweet author's username
fake news Integer | Tweet contains false info?
. Tweet contains
© intimidation Integer | . .%o
5 intimidation?
< Tweet contains
g concealment Integer | oncealment?
= . . Tweet contains
< .2
g 2 manipulation Integer manipulation?
[+ -
E < name calling Integer ;’g}/aeﬁ:aif)onrfgms

Source: Authors, (2025).
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11.2 DATA PREPROCESSING

There are various techniques for preprocessing textual
data [21]. In our study, the goal of preprocessing is to prepare the
text in a way that makes it easier to analyze and manipulate,
facilitating the recognition and identification of propaganda types.
To achieve this, we applied an automated preprocessing procedure
to process both the textual data in our dataset. The preprocessing
procedure executes the following seven operations in a single
sequence:

(1) Expansion of Textual Contractions: To ensure clarity and
optimal readability, certain text contractions are expended.

(2)  Text normalization: To ensure the database is clear and
readable, certain special characters are normalized.

(3) Punctuation removal: Removing commas, periods, and
semicolons, as these marks are primarily used in written human
communication.

(4)  Tokenization: This is the process of dividing text into
atomic units or tokens resembling words. This step aims to segment
the text into individual words.

(5) Stemming: An automatic natural language processing
technique that reduces words to their base or root form to ensure
accurate representation of names and entities.

(6) Suffix removal: To ensure consistent, uniform, and precise
normalization, specific suffixes such as "ist", "est", "less", "ian",
and "en™ are removed from proper nouns and specific entities.

(7)  Stop words elimination: Stop words are removed because
they play a minor role in classification tasks.

11.2 DATA FEATURE ENGINEERING

The pervious preprocessing step produces a unique
vocabulary of terms present across the preprocessed documents.
Following this, in order to evaluate the significance of each term
within a document relative to the entire corpus, data features
engineering is applied using Algorithm 1:

Algorithm 1: Feature Extraction from Textual Propaganda Data

1: Input: data
2: Start
3: pre-processed data < pre-processing(data)
vocabulary < unique words from pre-processed data
TF-IDFs « []
4: For each document do
5: For each term in vocabulary do
6: Calculate TF (term frequency) in the current document
7. Calculate IDF (inverse document frequency) for the term
TF-IDF « TF * IDF
Add TF-IDF to TF-IDFs
8: End For
9: End For
10: Convert TF-IDFs to a TF-IDF matrix
11: Return TF-IDF matrix

The proposed algorithm calculates the TF-IDF (Term
Frequency-Inverse Document Frequency) scores for each term in
every document using the following equation:

TF — IDF (t,w,D) = TF(t,w) X IDF(t, D)

. T(t,w) = ot/nw , where o, is the number of occurrences of
term t in document w, and n,, is the total number of terms in the
document.

. ID(t, D): log(N/n), where N is the total number of documents,
and n is the number of documents in which term t appears.
. TF — ID(t,w, D) Matrix of TF — IDF scores are calculated for

each term in each document. Each row represents a document, and each
column represents a term from the vocabulary, with the corresponding
TF — IDF value

The resulting matrix is used for various natural language
processing tasks such as text classification, information retrieval,
or document similarity analysis.

11.3 CLASSIFICATION

To classify social network texts into categories (propaganda
vs. non-propaganda, and various types of propaganda), we employ
three supervised classification methods, well-known for their
simplicity and efficiency: Artificial Neural Network (ANN ) with
Multi-Layer Perceptron [23], Support Vector Machine (SVM)
[24], and Multinomial Naive Bayes (MNB)[25].

Before apply these classifiers, the data are splatted into
training and testing sets. Then, we initialize the classifiers models
using the training data in order to learn patterns in the TF-IDF
scores associated with different document categories. Once trained,
we use these models to predict the labels of the test data. Finally,
to evaluate the models' performance, we calculate evaluation
metrics such as accuracy, precision, recall, and F1-score.

Algorithm 2 describe the ANN classification. ANN classifier
uses the TF-IDF matrix to detect patterns through multiple layers
of perceptrons. These layers, including an input layer, one or more
hidden layers, and an output layer, allow the network to learn
complex relationships in the data. Texts are classified as
propaganda or non-propaganda based on the patterns learned from
the TF-IDF scores during training.

Algorithm 2: Artificial Neural Network (ANN) Classification.

Input: TF-IDF matrix, yyy

Begin

3. XX \leftarrowX <« TF-IDF matrix

4. Y <Y \leftarrowY < Class label vector

5. Split XXX and YYY into training and testing sets

6. Convert labels into a 1D array

7. Select and initialize the Multi-Layer Perceptron model

8. Predict the labels of the test data using the trained Multi-Layer
Perceptron model

9. Calculate accuracy, precision, recall, and F1-score between the
predicted labels and the true labels

10. Return the model's performance (accuracy, precision, recall, F1-
score)

End.

Algorithm 3 describe the SVM classification, SVM uses the TF-
IDF matrix to represent data in a multi-dimensional space,
grouping texts of the same category close together. Categories are
separated by a clear margin that is as wide and distinct as possible.
New texts are classified as propaganda or non-propaganda based
on which side of the margin they fall.
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Algorithm 1: SVM Classification

Algorithm 5: Machine Learning for Propaganda Text Classification

Input: TF-IDF matrix, yyy

Begin

3. X«X \leftarrowX<«— TF-IDF matrix

4. Y<Y \leftarrowY < Class label vector

5. Split XXX and YYY into training and testing sets

6. Convert labels into a 1D array

7. Select and initialize the Support Vector Machine model

8. Predict the labels of the test data using the trained Support Vector
Machine model

9. Calculate accuracy, precision, recall, and F1-score between the
predicted labels and the true labels

10. Return the model's performance (accuracy, precision, recall, F1-
score)

End

Algorithm 4 describe the MNB classification, MNB
classifiers use the TF-IDF matrix with Bayes' theorem to estimate
the probability of a text belonging to the propaganda or non-
propaganda category. Despite assuming feature independence,
MNB achieves reliable results with minimal training data, making
it an efficient approach for text classification.

Algorithm 4: Naive Bayes Classification

Input: TF-IDF matrix, yyy

2. Begin

3. XX \leftarrowX+«— TF-IDF matrix

4. Y<Y \leftarrowY < Class label vector

5. Split XXX and YYY into training and testing sets

6. Convert labels into a 1D array

7. Select and initialize the Multinomial Naive Bayes model

8. Predict the labels of the test data using the trained Multinomial
Naive Bayes model

9. Calculate accuracy, precision, recall, and F1-score between the
predicted labels and the true labels

10. Return the model's performance (accuracy, precision, recall, F1-
score)

End

Algorithm 5 is designed to classify new texts. It uses the three
supervised classification methods with the TF-IDF matrix to
classify texts as propaganda or not, while also considering the
probability predicted by the models for more precise and nuanced
classification.

I11. MATERIALS AND METHODS

In our work, we used Python to implement our propaganda
detection system on the X platform. Python stands out as a
powerful and elegant programming language, offering easy
readability and comprehension. It shares most of its features with
many other languages, making it a versatile tool for real-world
applications.

Additionally, being open-source, it benefits from a unique
standard implementation and a welcoming, extensive developer
community [67]. Several Python libraries were utilized to develop
the propaganda detection system, supporting tasks from data
preprocessing to model evaluation and interface development:

Input: text, yyy, threshold

Begin

3. Train the classification model on the TF-IDF matrix and training
labels

4. Preprocess the input text

5. Engineer features from the preprocessed text

6. Predict the label of the engineered features using the trained
classification model

7. Use the prediction with probability

8. If the probability >>> threshold, then

9. Propaganda, probability of the class

10. Else

11. Not propaganda

12. End If

End

1. NumPy: NumPy is a Python library specializing in array
manipulation, including multidimensional arrays and matrices, as
well as mathematical functions to operate on them [68]. It was used
to convert target data into one-dimensional arrays, ensuring
compatibility with the machine learning models in scikit-learn.

2. NLTK (Natural Language Toolkit): NLTK is a suite of
Python modules dedicated to natural language processing research
and teaching. It provides tools, datasets, and tutorials to facilitate
linguistic analysis and algorithm development [69]. It was used for
natural language preprocessing tasks such as tokenization,
stemming, and stopword removal. This preprocessing helped
simplify the analysis of text in the project.

3. Scikit-learn: Scikit-learn is an open-source Python library for
machine learning that offers tools for classification, regression,
clustering, dimensionality reduction, and more [70]. It was
employed to evaluate model performance using metrics such as
accuracy, precision, F1-score, and recall. It was also used to split
datasets and build models, particularly with the MLPClassifier.

4. Pandas: Pandas is a Python library designed for data
manipulation and analysis, particularly for tabular data like
spreadsheets and relational databases [71]. It was used to
efficiently and consistently read and handle our dataset, which was
stored ina CSV file.

5. Flask: Flask is a lightweight web development framework for
Python, known for its simplicity and flexibility [72]. It was utilized
to develop the user interface for the propaganda detection system,
providing a simple and accessible front-end for interaction.

6. CSV Format: The CSV (Comma-Separated Values) format is
a type of plain text file used to store tabular data, where each row
represents a record, and fields are separated by a delimiter,
typically a comma [73]. It was used to store the dataset in a tabular
format, with semicolon delimiters. This format allowed easy
manipulation and seamless import of data into our program.

Each of these tools played a critical role in achieving the
project’s objectives, contributing to data processing, model
building, and user interface design. By combining their
functionalities, the propaganda detection system was efficiently
implemented. Furthermore, we integrated our Python code into a
local web page using Flask for communication. The user interface
is built with HTML, CSS, JavaScript, and Bootstrap, providing an
interactive and smooth user experience.
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IV. RESULTS AND DISCUSSIONS
IV.1 SYSTEM USER INTERFACE OVERVIEW

The propaganda classification system was implemented as
web-based platform. Our site includes an intuitive homepage that
allows quick access to the next page (see Figure 2). The
propaganda detection interface includes an area to enter text, a
detection button, a button to display more details, and another
button to return to the homepage (see Figure 3).

-
’

O

: ot 4 :
WELCOME TO'OUR PROPAGANDA'-

“DETECTION PLAT-FORM *;

2
St celacing 033332 1 isk e cer advanges el
.
> >
Z »
Click below o begn

Figure 1: Screenshot : propaganda detection sytem homepage.
Source: Authors, (2025).

Propaganda Detector

Enter your text:

Figure 2: Screenshot: the propaganda detection interface.
Source: Authors, (2025).

1V.2 EVALUATION RESULTS

To classify the text as propaganda or not, as well as to
determine the specific categories of propaganda among the five
defined, we used an MLPClassifier model. This model was
initialized with two hidden layers of sizes 100 and 50, a relu
activation function, and an "adam" solver. We partitioned our data
with an 80/20 ratio and set the seed to 42 to ensure the
reproducibility of the results. We utilized the predict_proba method
from scikit-learn classification models to obtain an array of
probabilities for each class.

This method provides the likelihood associated with each class
for every text instance, enabling us to evaluate the model's
confidence in its predictions for each specific propaganda category.
In our approach, and after extensive testing, we defined specific
thresholds for each propaganda category to fine-tune the model's
sensitivity and determine whether a text qualifies as propaganda.

For instance, the threshold for the Fake News category was set
at 0.0333, while Intimidation required a higher threshold of 0.108.
Similarly, Concealment had a threshold of 0.004, Manipulation
was set at 0.008, and Name Calling at 0.005. These thresholds
ensure that texts with classification probabilities below the
specified values for each category are not classified as belonging
to that propaganda type, enhancing the precision and reliability of
our classification system.

We conducted a comprehensive evaluation by comparing the
performance of selected classifier algorithms, including the ANN,
SVM and MNB classifier. Through this evaluation, we used a
variety of performance metrics for each model: F1 score, precision,
recall, and accuracy. In the following, we present the classification
results through various tables (Table 2, Table 3, Table4 et Table 5)
and figures (Figure 4, Figure 5, Figure 6 and Figure 7).

In the comparison tables below, we detail the performance of
each classifier for each propaganda category. The obtained results
clearly demonstrate the superiority of the ANN model for our
specific context. This meticulous evaluation process allowed us to
make an informed decision regarding the choice of the propaganda
classification model in five distinct categories : fake news,
intimidation, dissimulation, manipulation and name calling.

Table 2: Accuracy of classifiers by propaganda category.

Accuracy of : ANN SVM Naive bayes
fake news 0.72 0.71 0.70
intimidation 0.69 0.67 0.66
dissimulation 0.78 0.77 0.77
manipulation 0.72 0.70 0.70
name calling 0.63 0.61 0.61

Source: Authors, (2025).

Exactitude{accuracy)
0.50 0.780.770.77
9720710370 440 0.72 30 0.70
0.70 0.67 0.6
0.63 0.61 0.61
0.60
0,50
0.40 |
0.30 e 4 ' [ |
h n l :
0.20 “ ‘ "
0.10 ] |l
| udl & o |
0.00 & = = = S
fake news intimidation dissimulation manipulation rame calling
B ANN B SVM B Naive Bayes

Figure 4: Accuracy comparative representation.
Source: Authors, (2025).

Table 3: Precision of classifiers by propaganda category.

Precision of: ANN SVM Naive bayes
fake news 0.70 0.62 0.67
intimidation 0.63 0.52 0.62
dissimulation 0.67 0.66 0.66
manipulation 0.67 0.65 0.65
name calling 0.61 0.59 0.58

Source: Authors, (2025).
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Table 4: Recall of classifiers by propaganda category.

Rappel : ANN | SVM | Naive bayes
fake news 0.72 0.67 0.70
intimidation 0.69 0.67 0.66

dissimulation 0.78 0.77 0.77
manipulation 0.72 0.70 0.70
name calling 0.69 0.61 0.61

Source: Authors, (2025).

Table 5: F1 Scores of classifiers by propaganda category.

F1-score : ANN | SVM | Naive bayes
fake news 0.71 0.70 | 0.68
intimidation 0.66 0.64 0.63
dissimulation 0.71 0.70 0.70
manipulation 0.69 0.67 0.67
name calling 0.61 0.58 0.58

Source: Authors, (2025).

Figure 7: Comparative representation F1-score.
Source: Authors, (2025).

1V.3 DISCUSSION AND RELATED WORK

The results of our study demonstrate that the ANN-based
propaganda classification model performs well, achieving an
accuracy of around 70%, which indicates a robust capacity for
detecting propaganda in text-based content. However, accuracy
can still be improved. Our approach effectively identifies nuanced
manipulation techniques through the use of tailored thresholds for
classification, which gives it an edge in adaptability compared to
other models.

When comparing our work to previous studies, several key
differences emerge. In [26], authors focuses on detecting COVID-
19-related propaganda using an improved ANN and hybrid feature
engineering, achieved 77.15% accuracy. However, its reliance on
binary classification and focus on specific hashtags restricts its
ability to capture the full range of propaganda types. In [27], SVM
and MNB classifiers are used to distinguish propagandist from non-
propagandist text, achieved an accuracy of 69.2%. While the study
employed a hybrid approach to feature engineering, its reliance on
news-based datasets and a binary classification model limits its
applicability to diverse social media content. In [28], authors
introduced a framework combining TF-IDF and sentiment analysis
for propaganda detection, achieving 69.2% accuracy. However, its
binary classification model and focus solely on textual data limit
its ability to capture the complex, multi-dimensional nature of
modern propaganda. In [29], to recognize propaganda on Social
Networks, authors explore machine learning models like SVM,
Random Forest, and advanced deep learning techniques such as
RoBERTa, primarily focuses on theoretical aspects and lacks
practical implementation, methods, or results.

In contrast to other studies [26-28], our approach
categorizes various forms of digital manipulation, employing
tailored thresholds and adapting effectively to a wider range of
propaganda types. This makes our approach more versatile and
capable of identifying nuanced manipulation techniques across
diverse social media platforms. Furthermore, while authors in [29]
presented a theoretical proposition without actual implementation
or results, our study provides a concrete methodology with data
collection, preprocessing, feature extraction, and model evaluation,
demonstrating the practical application and effectiveness of our
system in detecting propaganda.
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V. CONCLUSIONS

Propaganda, while often used to communicate ideas and
messages, carries significant risks when exposed excessively,
especially when it involves manipulative techniques and
aggressive rhetoric. These risks include misinformation,
manipulation of opinions, and other forms of deception, all of
which can compromise objective understanding, erode trust in
institutions, and destabilize democratic processes.

The main objective of our study was to develop an
accessible tool to help users distinguish between information and
propaganda on social media. We proposed a classification system
that detects propaganda by analyzing its linguistic characteristics.
Through theoretical research and the use of preprocessing
techniques like tokenization, stemming, and stop-word
elimination, we created a corpus of manually annotated tweets
from the social platform X (Twitter) for training our classifier. Our
system, which employed supervised classification algorithms,
achieved an accuracy of approximately 70%. While further
improvements remain necessary, the proposed approach, if
integrated into web platforms and social networks, could play a
crucial role in identifying and mitigating digital manipulation,
thereby fostering greater transparency, accountability, and trust in
digital communication.

For future work, a larger datasets and more in-depth testing
are essential for enhancing its accuracy. Additionally, integrating
network analysis would improve its ability to differentiate between
propaganda and non-propaganda content. Future developmﬁ%tﬁ
should also focus on adapting the system for real-world %,
allowing internet users to verify the accuracy of the information
they encounter, thus strengthening the ability to classify and
address propaganda in social media environments.
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ARTICLE INFO ABSTRACT

Article History This paper focuses on the design and implementation of a physical model of a smart home
Received: December 31, 2024 with automated control systems to enhance resource management, energy efficiency, and
Revised: January 20, 2025 user comfort. The model, built using wood and cardboard as primary materials, integrates
Accepted: May 15, 2025 multiple sensors connected to an Arduino microcontroller for autonomous operation. The
Published: May 31, 2025 smart home functions include:Regulating fan speed based on ambient temperature using a
Keywords: temperature sensor. Managing the water tank via a water level sensor to ensure optimal
Practical Implementation, filling. Controlling outdoor lighting based on ambient light intensity detected by a light
Smart Home Model, sensor. Activating a security alarm by touch detection using a touch sensor. Dynamic solar
Arduino, panel orientation based on time to maximize solar energy capture. This work demonstrates
Sensors, a practical and feasible approach to exploring smart home technologies, with a focus on

integrating automation and renewable energy into real-world scenarios. The proposed
system serves as a scalable and sustainable model for future applications, bridging the gap
between theoretical research and practical application.

Copyright ©2025 by authors and Galileo Institute of Technology and Education of the Amazon (ITEGAM). This work is licensed
BY under the Creative Commons Attribution International License (CC BY 4.0).

I. INTRODUCTION Water tank management : A water level sensor ensures

. . optimal refilling to prevent flooding and conserve water resources
Smart homes have emerged as a transformative solution to [9],[10].

meet the growing demand for sustainable, energy-efficient, and Automated outdoor lighting: A light sensor adjusts lighting

user-friendly living environments. By leveraging technologies  pased on ambient light intensity, reducing unnecessary energy
such as the Internet of Things (loT), renewable energy, and consumption [5],[11].

automation, these systems improve resource management and Security enhancement: A touch sensor triggers a security

enhance daily convenience [1],[2]. The increasing accessibility of  13rm system in response to unauthorized interactions, addressing
microcontrollers such as Arduino has greatly contributed to the growing concerns about home safety [12],[13].

scalability_ and practicality of smart home ap_plications [3]:[4]. Solar panel orientation : A time-based sun tracking system
This research focuses on the practical construction of @  mayimizes solar energy harvest, demonstrating the integration of
smart home_ prototype using a physical model made of wood and  (enewable energy into smart home designs [14],[15].
cardboard, integrating multiple sensors and systems controlled by The integration of these features demonstrates a practical
an Arduino microcontroller. The proposed system automates basic  pjication of smart technologies to create a sustainable and smart
household functions, in line with contemporary trends in energy  home environment. By using 10T and automation technologies, this
efficiency and automation [5],[6]. _ project not only explores innovative solutions but also provides a
Key features of the system include : Temperature-based fan - practical basis for the development of smart home systems [1-10].
speed regulgtlop: A temperature sensor dynamlcally adjusts fan  £yrthermore, it addresses key challenges such as energy
speed to maintain indoor comfort while conserving energy [7],[8]. optimization, resource conservation, and safety, contributing to the

growing field of smart home research [2-8].
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1. GENERAL MODEL OF THE SYSTEM USED

The diagram in (Figure 1) shows the general model that was
used in this paper. As a basic point, we created a manual system
and an automatic system for each element.

To understand the diagram, you must know the following :
A 9-volt battery is used to power the Arduino.

A 12-volt battery to power the alarm, servo motor and
external lighting.

A 3-12 Vcc switching block to power the DC motor and fan
as needed with a variable voltage.

As for the sensors, they are connected to the Arduino to
provide it with the physical quantities related to the environment
surrounding the house through which it decides the outputs.

As for using a relay, it is very necessary because the
Arduino voltage in the outputs is 5 v, which closes the relay to
allow a higher voltage to pass to the element that needs to be
operated.

As for the manual and automatic mode, we use a three-way

switch that we will discuss later.

=
i | 2|

Figure 1: General model of the system used.
Source: Authors (2025)

I111. CREATION OF THE MODEL

We created a wooden model (Figure 2) with a base (80 x
80) cm?, the width of the house is 40 c¢m, the length is 70 cm and
the height is 70 cm. Then we cover the model with white paper.

Figure 2: View of the model.
Source: Authors (2025)

IV. WIRING

Generally speaking, all actuators are supplied with a voltage
of 12 V and they are wired as follows (Figure 3).

@

@

= VCC.

= GND.

Figure 3: Wiring an actuator in a general way.
Source: Authors (2025)

V. DOUBLE POLE SWITCH

witch that allows you to choose a direction for the current

—Q
—Q
—Q

Mode MANU:

Both disable

Mode AUTO

Figure 4: Wiring the double pole switch.
Source: Authors (2025).

VI. MODE MANUAL WIRING

This mode is very simple and known (Figure 5).
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Camelion

ire

- VCC. IX. AUTO MODE

Figure 7: 9V rechargeable battery.
Source: Authors (2025).

To talk about wiring you have to see the connection of all
== GND. the shields with the ARDUINO card (Figure 8).

Figure 5: Wiring an actuator to manual mode.
Source: Authors (2025).

VII. FUN WIRING

All actuators are wired as the previous figure except that the
fan is wired as follows since (Figure 6) it contains three speeds each
one has its voltage.

VCC, 12V. = Pin 7, Fan, medium. Pin 6, Fan, max.
== VCC, 3.3v. === Pin 4, The pump. Pin 5, Exterior lamps.
— GND Figure 8: ARDUINO system AUTO-Mode wiring.

Source: Authors (2025).

Figure 6 : Manual fun wiring.
Sourace: Authors (2025). X. AIR CONTROL

We want to control the fan speed according to the
VI THE 9V BATTERY temperature. From 25°C to 40°C, the fan runs at medium speed,
We used a rechargeab'e oV battery (Figure 7) to power the and with a- t?n’_]perature above 40°C,- the fan runs at maximum
ARDUINO board. speed, and if it is below 25°C, the fan is turned off.
The following two flowcharts (Figure 9a), (Figure 9b)
represent the operation of the air control system AUTO and
MANUAL respectively.
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XI. TANK FILLING SYSTEM

We want to control the pump according to the following
rules:

If the water level is below the minimum => turn on the
pump.

After operation, if the water level reaches the maximum =>

turn off the pump.
The following two flowcharts (FigurelOa) (FigurelOb)
represent the operation of the AUTO and MANUAL tank filling

system respectively.

l

N.,

Figure 9.a: Air control “AUTO-Mode”
Source: Authors (2025)

Yes

- -

Figure 10.a: Tank filling system “AUTO—Mode” 7
Source: Authors (2025)

Figure 9.b : Air control « MANUAL-Mode ». Figure 10.b: Tank filling system “MANUAL-Mode”.
Source: Authors, (2025). Source: Authors (2025).
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XIl. OUTDOOR LIGHTING XII. THE ALARM

The role of this system and the outdoor lighting of the The purpose of the alarm is security and ringing for the
house; for this we use an LDR light sensor which has the same  house. The switch connected to pin 11 decides one or the other; we
principle of the temperature sensor but here the sensor affected by  use the same simulation rules.
the light and gives us a voltage value which depends on the lighting The following flowchart represents the operation of this
system (Figurel2).

power.
We choose the value 300 (dusk) as a reference for the

following rule: If the luminescent < =300 => turn on the lamp. Start
If not => turn off the lamp. ——
The following flowcharts represent the operation of this =;"

system (Figure 11b), (Figure 11a) MANUAL and AUTO mode
respectively.

Figure 11.b : Exterior lighting system “MANUAL-Mode” Figure 12: Alarm and bell system.
Source: Authors (2025).

Source: Authors (2025
XIV. RESULTS AND DISCUTIONS

We executed the ARDUINO program and we obtained the
following results (Figure 13) (Figure 14).

<=300

| SO Sensor value ] ‘
Sens?rvﬁlue ‘ meo ! |

=300

Figure 11.a: Exterior lighting system “AUTO-Mode” Figure 13: AF\?DUIEIO system results
Source: Authors (2025) Source: Authors (2025)
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Full tank

Turn the potentiomete)

" BUZZER
ON

Figure 14: ARDUINO system results (folloing)
Source : Authors (2025)

The results obtained from the smart home prototype
demonstrate the successful implementation and functionality of all
the designed systems. Each component performed as expected,
validating the effectiveness of the proposed approach. The
temperature sensor effectively regulated the fan speed, ensuring
optimal indoor comfort while conserving energy. Similarly, the
water level sensor reliably monitored and maintained the water
tank level, automating the refilling process and preventing
overflows.

The outdoor lighting system, controlled by the light sensor,
responded accurately to changes in ambient light, significantly
reducing unnecessary energy consumption. The security alarm,
activated by the tactile sensor, operated seamlessly, enhancing the
safety features of the smart home prototype. Finally, the solar panel
tracking system achieved precise orientation adjustments based on
time, optimizing solar energy harvesting and demonstrating the
potential for renewable energy integration in smart homes.

These results highlight the robustness and reliability of the
Arduino-based design, confirming its suitability for real-world
applications. The successful operation of the prototype underscores
the effectiveness of sensor-based automation in addressing key
aspects of energy efficiency, resource management, and home

security. This success also provides a solid foundation for future
enhancements.
XV. CONCLUSIONS

The implementation of the smart home prototype has been
entirely successful, with all integrated systems functioning as
intended. The automation of fan speed, water tank management,
outdoor lighting, security alarm, and solar panel tracking has
demonstrated the effectiveness and reliability of the proposed
model. This success highlights the potential for Arduino-based
systems to provide cost-effective and efficient solutions for smart
home automation.

Looking ahead, we aim to expand the functionality of this
model by incorporating voice control technologies. Future
developments will focus on enabling voice-based control of
additional home systems, such as air conditioning, television, and
indoor lighting. This advancement will further enhance user
convenience and the overall adaptability of the smart home system.

By building on the current achievements, this project sets a
strong foundation for exploring advanced automation technologies
and integrating them seamlessly into smart home applications.
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The demand for sustainable energy has highlighted the importance of photovoltaic (PV)
Cells in power generation. However, polycrystalline PV cell efficiency is hindered by
temperature sensitivity. This leads to design a novel cooling system using cooling
medium. The cooling system with and without baffles are preferred for experimentation.
The ethylene glycol is in demand due to its availability and miscible nature in water at all
concentration. The concentration of ethylene glycol is varied from 5%, 10%, 15% and
20% to study the evaporation rate of water. The requirement of water for cooling PV is
also studied with and without adding ethylene glycol. With the help of ethylene glycol, the
efficiency enhancement without compromising rate of evaporation is achieved. The
outcome of the present paper indicates that efficiency of polycrystalline PV Cell is
increased by 1.725% using novel cooling system with 20% of ethylene glycol

concentration.

Copyright ©2025 by authors and Galileo Institute of Technology and Education of the Amazon (ITEGAM). This work is licensed
BY under the Creative Commons Attribution International License (CC BY 4.0).

I. INTRODUCTION

Sunlight is open source of energy. The poly-crystalline
photovoltaic cells (PV) are used to collect and convert this energy
into electrical energy [1]. The solar energy is just the procurement
of the sun’s energy. It is noticed that 70 % to 80% solar radiation
is wasted for heating of the environment and 5% to 20 % of the
sun radiation is only converted to electricity for consumption and
rest of is reflected to the environment [2]. The polycrystalline PV
Cell have wide applications including Off-grid energy inception,
businesses, manufacturing, as well as in domestic usage. The
photovoltaic was first seen in plant life and its usage as food
source converting the radiance into consumable energy. Later the
various materials were studied which absorbs the radiance and
converts the energy into electric energy. The mostly preferred

materials used in solar panel are Gallium Nitride, Silicon,
Cadmium telluride, Copper Indium Gallium Selenide (CIGS), and
amorphous silicon. However, silicon is widely used for its
remarkable properties in terms of efficiency up to 25% with
perovskite-silicon heterojunction [3] and also due to availability
[4]. The PV panel comes with different crystal structures of
mono-crystalline, poly-crystalline, thin-film or perovskite and its
selection depends on the working condition of surroundings [5].
The mono-crystalline silicon grants remarkable properties of
imperishability and efficiency. The polycrystalline cells are made
by melting silicon crystals together. In Thin-Film cell, the
substrate is deposited with thin layer of Silicon. The perovskite
consists of hybrid organic and inorganic material which mainly
include methylammonium lead halides[6],[7].
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The PV construction includes a variety of layers. When the
sunlight strikes the surface of first layer the energy transfer take
place in form of electrons this movement of electrons from one
layer to another is cause of electric generation [8]. The highly
sensitive nature of monocrystalline photovoltaic cell towards the
temperature’s variation as compared with amorphous and
polycrystalline photovoltaic cells make it limited use in power
generation. Also the fill factor and efficiency decrease with
increase in temperature [9]. The limitation of PV cell is that when
rise in temperature diminishing the output reduces the efficiency
led to improvement of system. One of the major causes among all
of them is heating and dust saturation on the panel.

The temperature change occurred on the surface of the PV
cell is due to continuous exposure to sunlight and generation of
electricity. This overheating phenomenon of PV cell leads to
decrease overall efficiency of power generation. The overheating
of the panel led to slackening of power output and life of panel.
Consistent with review 1°C upsurge in surface temperature cause
lessening of 0.5% efficiency [10]. The overheating PV cell is
ended by the application of chilling systems and which leads to
rise in output, reliability and longevity of the PV cell. This
cooling effect could be achieved with various methods some of
the techniques are active, passive cooling.

The natural factors affecting the heating of the panel are
wind velocity, moisture, sunlight, atmospheric temperature and
dust contained nearby. To apply restriction on the heating of
panel the variety of cooling techniques are implemented [11]. The
active cooling techniques includes coolant (usually fluid), this
method of cooling also involve extrinsic mechanisms and systems
such as fans. The active cooling techniques increases overall
efficiency by consuming some energy in drawing fluid The
passive cooling techniques are further sorted into three category’s
passive cooling with air, water, and conductive cooling. Passive
would need supplementary equipment such as heat pipes and
sinks to drive natural convection. Therefore, it is found be more
implementable as compared to active cooling [12].

Many researcher focuses on use of nanofluids as coolant,
however, nanofluids suffer from aggregation issues [13]. The
combination of paraffin jelly and perlite segment improves the
desired output [14]. In air-based cooling the effective amount of
flow rate will assure desired temperature changes, this system
assures an average reduction of temperature by 9°C. The
temperature difference varies with flow rate of air, the
enhancement of efficiency varies between 7 to 12.6 %.
Overheating problems of solar panel are reduced by using air-
based cooling system [15]. The liquid based cooling system
include continuous flow of fluid through the system. A thin film
of coolant is passed through system cause increase in efficiency
and overall efficiency of solar panel observed to be 13.9% [16].
According to Li Zhu, Robert F Boehm, et.al. experimentation
temperature of system liquid immersion cooling maintained
temperature up-to 45°C, where 30°C inlet water temperature [17].
The sprinklers sprays on the water P.V. modules increasing the
efficiency up to 13.5% in extreme weather environments [18].
Spraying on the solar panel cell reduces heating and improves
performance by 1.35 — 3.26%. Application of heat pipe results in
increment of efficiency 3.11% as compared to conventional
system [19]. Materials used for heat pipes include copper,
aluminum, etc. The fins in the systems usually fit at some angle
which ranges from 0 to 40 degrees, this ensures more energy
output. Electric efficiency achieved by system is 29% and
temperature reduction occur is 28.95% [20]. In Evaporative
cooling various fluids can be implemented but the most feasible

one is silica gel. The reduction in temperature by silica gel came
across 16%, and upscaled the panel efficiency by 8.76% [21].
Other methods involve Materials such as copper or aluminum
must be stick behind the PV panel so that the heat gets distributed
in all thermoelectric generators . The overall solar conversion
efficiency was 40% [22]. There exists variety of gap in the field
of cooling technology for photovoltaic cell.

The impact of cooling system on photovoltaic cell is
studied reports suggested that there is need for better and efficient
cooling system that can improve the performance. The first
parameter raises concern towards durability and longevity of the
cooling system. The next important criteria are use of water as
coolant can increase efficiency at the cost of high evaporation
rate. There are several studies available on cooling methods with
natural or forced convection in the back of the panel. The mixture
of water with ethylene glycol forms a coolant.

The use of ethylene glycol with water as coolant is
favourable coolant medium due to it availability and thermal
exergy efficiency. Several researchers varied different
concentration of ethylene glycol in water from 50% to 60% to
check the impact on PV cell efficiency [23-26]. The limited
literature is available on consumption of water and its evaporation
rate during cooling of PV cell. The present study focuses on water
with ethylene glycol as coolant. The objective is to minimize
evaporation rate by finding optimize concentration of ethylene
glycol with water. The proposed setup integrates the usage of
baffles on panel back and use of evaporative techniques to cool
the reused coolant.

Il. MATERIALS AND METHODS

The setup of cooling system is shown in Figure 1. The
polycrystalline PV cell panel of capacity 75W was taken for
study. It consists of polycrystalline PV panel with cooling system
attached back of the panel. The cooling system arrangement
consists of 45 baffles as shown in Figure 2. The cooling system is
fitted at the panel back. The earthen vessel is customary made to
ensure cooling of coolant coming after cooling the PV cell. The
present solar panel efficiency = 14.17%. The three cases are
considered for testing. The case 1 shown in Figure 3 is dry testing
setup without any cooling system to examine the behaviour of
panel efficiency with respect to increase in surface temperature of
panel. The case 2 shown in Figure 4 consist of cooling of PV Cell
with using water as a coolant to examine increase in the efficiency
of panel. The case 3 shown in Figure 5 consist of cooling of PV
cell with using ethylene glycol as a coolant to examine increase
efficiency of the panel. The specification of components used is
enlisted in table 1.The design calculation is tabulated in Table 2.

Figure 1: Isometric layout of setup.
Source: Authors, (2025).
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Sr. No. Design Parameters Ref.

Performance Ratio, PR

_ Brean (nKW)/ B (n kW)
Emean ("n kW)

Maximum Power:

Pmax = Vmax X Imax
8 Measured Power: [30]

Pmean = Vmean X Imean

Source: Authors, (2025).

Figure 2: Cooling system with baffles.
Source: Authors, (2025).

Table 1: Specification of Components.

E;‘ Components Specification
1 Polycrystalline PV 75W, Size —780x670x30mm,8Kg
Panel Vmax -18.22V, Imax -4.29A
2 Frame Mild steel
Panel Back with . .
3 baffles GI Sheet with zinc coating
4 Push connectors Polybutylene Terephthalate
5 Tubes Polybutylene Terephthalate
6 Water pump 12V DC solar water pump Figure3: Dry Testing Setup.
i Source: Authors, (2025).
7 Coolarllt_aF:]iservow Terracotta Water Reservoir Tank ( )
8 Synthetic Primer Zinc chromate primer -
DS18B20 resolution up to 12 bits over
9 Temperature Sensor a range of -55°C to +125°C
. Arduino Uno R3 with ATmega328P
10 Arduino Uno microcontroller chip with Ju
Ethylene Glycol
e Solubility: Soluble in water and
Miscible in all proportions
e  Boiling point:197.30C.
11 Coolant e  Specific Heat capacity: Ethylene
glycol 30% by volume
/water,700C (3.87) KJ/kg-K
e  Thermal Conductivity: 0.254
W/m-K at 300C o

Source: Authors, (2025).

Figure 4: Wet Testing Setup with water

Table 2: Design Calculations. Source: Authors, (2025).
Sr. No. Design Parameters Ref.
1 Heat gain by Water, g = m Cp dt [27]
2 EVA silicon specific heat (Cp) =3135 J/Kg K [27]
Flow rate, Q= AX V
For Water, Water _ For Ethylene Glycol: | | [ =  Sousssmsmtdmmmmm—ms -————"—
specific heat (Cpw) = L
m = 0.0556 Ips
4180 J/kg k. - ;
3 L Diameter of pipe for [28]
m =6 Ips -
_ Ethylene Glycol will
0 =150480]
. . be 8.822 mm
Diameter of pipe for
water will be 61.644 mm
4 V =0.91 m/s? [28]
Efficiency
Panel P in k
5 _ anel Power (in 'W) ' < 100% [29]
Panel Length x Panel Width (in m) Al
power output efficiency: e e
6 Effici _ Prean (in kW) 100% [29] " - .
ANy e = kW 0 Figure 5: Wet Testing Setup with Ethylene Glycol.
7 Performance ratio: [29] Source: Authors, (2025).
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I11. RESULTS AND DISCUSSIONS

Table 3: (Test Data from 24/04/24, 25/04/24,28/04/24 With
Cooling Arrangement).

24/04/24 (20% 25/04/24 (20% 28/04/24 (5%
Surface Temperature Vs Power GeneratEd(W) Concentratio) Concentration) Concentration)
100 Time(P | Surface Power(P=1 Surface Power(P= Surface Power(P=1
M) Temp. N2*R) Temp. I"2*R) Temp. N2*R)
90 815 | 3846 129 38.86 200
= 80 o
% 70 AM | 4056 4.67 39.6 12.67 40.56 29.4
2 8:45
s 60 AM 42.63 9.28 41 15.03 43.2 327
% 50 900 | 4460 9.95 38.13 38.20 413 332
& 10 AM . . . . . .
g 30 ?mlv? 46.19 33.1 37.75 43.28 39.19 41.2
o .
a 20 %3,;/? 48 416 37.88 4595 | 39.94 473
10
9:45
0 A | 4525 38.7 38.63 51.22 41.44 50.0
30 35 40 45 50 55 60 1'2:,30 48.6 39.4 39.38 53.91 38 54.9
Surface Temperature(C) 1015
AM 50.75 40.8 41.69 57.51 38 60.5
Figure 6: Surface Temperature Vs Power Generated. 10:30 | pagy 45.9 2013 62.24 38.13 63.1
Source: Authors, (2025). 1’8_'\2'5
: 56.74 447 41.25 64.17 39.13 64.8
AM
. . 11:00
Power Generated without cooling (W) AM 58.5 63.1 41.36 67.29 39.13 67.2
100 Lo | 525 66.7 4196 | 6892 | 4202 69.0
20 —o— Power 11:30
80 B Generated(W AM 41 70.8 43.63 70.99 432 71.0
20 ~Sacave, ) 26-10-2023 11451 5 5 7.7 4519 | 7165 | 442 709
Ze e Power 1200
S Generated(W M 42.25 72.3 45.19 72.06 44.38 71.2
250 ) 27-10-2023 1315
(2 40 Power oM 42.85 60.0 45.19 71.84 46.1 71.3
230 Generated(W 1230 | 4388 315 446 7681 | 46.25 708
S 20 ) 30-10-2023 )
. Power 120 | 4325 | 54 4504 | 7474 | a706 | 719
Generated(W 1:00
0 ) 01-11-2023 M 43.25 70.9 4517 77.17 47.25 68.6
0 5 10 15 T | azee | 7322 4523 | 7098 | 466 69.1
Time(PM) 1301 4376 33 3 8 6
Figure 7: Power Generated without cooling. PM 87 > 452 8085 452 34
Source: Authors, (2025). T 7041 458 | 7686 | 47.75 645
. 2:00
The power generation data was recorded from month of | py | 4423 77.469 45.53 62.04 45.8 518
Octomber 2023 to May 2024. On 26/10/23, 27/10/23, 30/10/23, 215 |, s 69.92 4516 50,61 4613 559
4/4/24 data without cooling arrangement and data with cooling PM ' ' ' ' ' '
arrangement was recorded on 15/04/24, 17/04/24, 18/04/24, 2P:'?/Io 44,69 62.25 445 5761 | 4285 1655
19/04/24, 20/04/24, 21/04/24, 22/04/24, 23/04/24, 24104124, s
25/04/24, 26/04/24, 27/04/24, 28/04/24. The Figure 6 indicates | pm 44.2 66.47 4132 55.34 425 575
that power generation decreases with an increase in surface 300 | ,0es 5355 43.67 53.09 43 460
temperature. At lower surface temperatures (~35°C), power FfM
generation remains high (~100 W). As surface temperature rises 3;'%/'5 4355 49.26 4355 48.98 43.96 55.6
to 55°C, power generation declines significantly (~60 W). This 33
suggests that the system's efficiency is inversely proportional to | pm | #4313 | 4667 4313 | 4642 | 4425 563
surface temperature. Effective cooling mechanisms are crucial to 345 | 425 42.49 4313 4220 45 573
maintaining higher power generation levels. ;'(\)Ao
The Figure7 indicates that power generation without oM 42.89 41.94 42.89 41.69 45 54.2
cooling decreases gradually over time during the day across all 215 | o0 1046 1262 1046 e 520
dates (26-10-2023, 27-10-2023, 30-10-2023, and 01-11-2023). PM ) ' ' ' '
Peak power generation (~90 W) occurs early in the day but “;EAO 41.9 44.09 41.9 44.01 44 472

declines to ~60 W later in the afternoon due to rising ambient and
surface temperatures.

Source: Authors, (2025).

Page 65




ITEGAM-JETIA, Manaus, v.11 n.53, p. 62-69, May/June., 2025.

The Table 3, 4 and 5 gives an ideology that sun radiance
heats the panel with energy conversation and lead to the
degradation of efficiency. Also, with use of alternative cooling
methods the conversion of energy from radiance to useable
energy could be converted. Here the application of Ethylene
Glycol with water in different percentage had increase the
efficiency and power output on a scalable factor. The different
percentage of concentration of Ethylene Glycol is used to reduce
the evaporation rate of water as seen rate of evaporation is
decrease by 25% for 5% Ethylene Glycol with water.
Alternatively, the combination of Ethylene Glycol and Water at
different concentration are studied 10%, 15% & 20%. From
which the 20% concentration of Ethylene Glycol is mention and
efficiency is calibrated.

Table 4: (Consumption of Cooling Fluid).

Total
J;:::Ir Concentration of Fluid L;): S
Date Ethylene glycol after end .
used for (%) of the day fluid
test (L) L (L)
21/04 40 5 30 10
22/04 40 10 32 8
23/04 40 15 335 6.5
24/04 40 20 35 5
25/04 35 20 30 5
26/04 40 15 335 6.5
27/04 40 10 32 8
28/04 40 5 30 10

Source: Authors, (2025).

Table 5: (Consumption of Water and Ethylene Glycol).

consumption decreases to 7.2 L, and ethylene glycol consumption
rises to 0.8 L. The increased glycol consumption indicates better
thermal performance and reduced water evaporation.
15% Concentration:On 23-04-2024 and 26-04-2024, fluid loss
reduces to 6.5 L, with 33.5 L remaining at the end of the day. This
concentration achieves the lowest fluid loss among all tested
values. Water consumption further decreases to 5.525 L per day,
with ethylene glycol consumption at 0.975 L. The ratio indicates
an optimal balance, resulting in lower fluid loss overall.
20% Concentration:On 24-04-2024 and 25-04-2024, fluid loss
is 5 L, with 35 L remaining at the end of the day. The least fluid
loss observed at this concentration highlights its effectiveness in
minimizing coolant consumption. Water consumption reduces to
4 L, while ethylene glycol consumption increases to 1 L. This
concentration achieves the most efficient water usage, with higher
glycol

Power generation plots without providing cooling are
plotted with the help of experimental data to get insights such as
maximum power generated and behavior of power generation
with respect to time.

Power Generated with Water Cooling(W)

90

80 00

20 ....OO o®0 e OO..

{

B 60 °® ° ® Power
© ® Generated
S50 15-04-2024
o °
940 Power
g Generated
530 17-04-2024

20 9 Power

10 e Generated

18-04-2024
0 [
8:24 10:48 13:12 15:36
Day Time

Remai | Remainin . | Consumptio

hing q Consumptio n of
Date Water | Ethylene n of (\I/_\;ater Ethylene

(L) glycol (L) glycol (L)
21/04 28.5 1.5 9.5 0.5
22/04 28.8 3.2 7.2 0.8
23/04 | 28.475 5.025 5.525 0.975
24/04 28 7 4 1
25/04 24 6 4 1
26/04 | 28.475 5.025 5.525 0.975
27/04 28.8 3.2 7.2 0.8
28/04 28.5 1.5 9.5 0.5

Source: Authors, (2025).

5% Concentration:On 21-04-2024 and 28-04-2024, the total
fluid loss is 10 L per day, with 30 L remaining at the end of the
day. This indicates a consistent rate of fluid loss. Daily water
consumption is 9.5 L, and ethylene glycol consumption is 0.5 L.
This suggests a higher water-to-glycol consumption ratio
compared to other concentrations.

10% Concentration:On 22-04-2024 and 27-04-2024, the fluid
loss increases to 8 L per day, leaving 32 L at the end of the day.
The slightly higher fluid retention compared to 5% concentration
might suggest improved system efficiency. Daily water

Figure 8: Power Generated with water cooling.
Source: Authors, (2025).

This Figure 8 represents power generation with water
cooling across different times of the day on two dates: April 15,
2024, and April 17, 2024. Power generation increases gradually in
the morning (starting from around 8:24) and reaches its peak
during midday (near 13:12). A decline in power generation is
observed as the day progresses into the afternoon (by 15:36).
April 15, 2024 (Blue Data Points): The power generated
consistently trends higher, with values reaching closer to 80-90
W during peak hours. April 17, 2024 (Orange Data Points):
Power generation appears lower overall, with fewer instances
exceeding 70 W and scattered data points indicating more
variability. Water cooling may influence peak power generation
positively, as seen with the higher outputs around midday. The
variability in data between the two days could suggest external
factors like environmental conditions (e.g., temperature, sunlight
availability) affecting the system.
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Power Generated with 5% Concentration
80 of Ethylene Glycol
_ 00 g
70 G-
°
% 60 S )Y ® Power
g 50 S o % "o, Generated
3 ® . 21-04-2024
LB 40 e Power
2 30 Generated
© 20 ° 28-04-2024
10 %%
0
8:24 10:48 13:12 15:36 18:00
Day Time
Figure 9: Power Generated with 5% Concentration of Ethylene
Glycol
Source: Authors, (2025).
Power Generated with 10% Concentration
80 of Ethylene Glycol
70 e
860 K Yoo
IS 50 ) o A ® Power
e Generated
& 40 Ko 22-04-2024
E’ 30 M () Power
$ 20 Generated
10 ® o 27-04-2024
0
8:24 10:48 13:12 15:36 18:00
Day Time
Figure 10: Power Generated with 10% Concentration of Ethylene
Glycol
Source: Authors, (2025).
Power Generated with 15% Concentration
100 of Ethylene Glycol
= 80 90 oo
= ..-“‘. S 20 ® Power Generated
S 60 o0 Yoge o 23-04-2024
3 9 Power Generated
540 o8 26-04-2024
5
o 20 o ® o
® e
0
8:24 10:48 13:12 15:36 18:00
Day Time
Figure 11: Power Generated with 15% Concentration of Ethylene
Glycol

Source: Authors, (2025).

The figures 9,10 and 11 illustrate the power generated at
varying concentrations of ethylene glycol (5%, 10%, 15%, and
20%) over two distinct days for each concentration.

5% Concentration:Power generation peaks between 10:48 and
13:12 for both days (21-04-2024 and 28-04-2024), with values
reaching approximately 70 W.A sharp decline in power
generation is observed after 13:12.Power generation on 28-04-
2024 is lower across the day compared to 21-04-2024.
10% Concentration:The peak power generation increases
slightly compared to the 5% concentration, reaching
approximately 75 W. Similar temporal trends are observed, with a
peak around 13:12 and a decline thereafter. Power generated on
27-04-2024 is consistently lower than on 22-04-2024.
15% Concentration:Power generation reaches nearly 90 W,
indicating a further increase with higher ethylene glycol
concentration. The trend of power peaking around 13:12 is
consistent. Power generated on 26-04-2024 is slightly lower than
on 23-04-2024.
20% Concentration:The highest power generation is recorded at
this concentration, peaking near 100 W. The decline in power
generation post-peak is more gradual compared to lower
concentrations. Data for 25-04-2024 shows slightly reduced
power compared to 24-04-2024.

Increasing the concentration of ethylene glycol from 5% to
20% results in higher peak power generation, demonstrating a
positive correlation between concentration and power output.
Across all concentrations, power generation follows a consistent
diurnal pattern, peaking during midday and declining in the late
afternoon. For each concentration, the second day consistently
shows reduced power generation compared to the first, potentially
due to variations in environmental factors such as temperature,
sunlight intensity, or system efficiency.

IV. CONCLUSIONS

Fluid loss decreases as the concentration of ethylene glycol
increases, with 20% concentration exhibiting the least loss (5
L/day). The reduced fluid loss suggests that higher glycol
concentrations are more effective in reducing evaporation and
leaks. Water consumption decreases progressively from 9.5 L/day
at 5% concentration to 4 L/day at 20% concentration. Ethylene
glycol consumption increases proportionally, with higher
concentrations ensuring better thermal performance and fluid
retention. The 20% concentration demonstrates the best results in
terms of minimal fluid loss and efficient consumption of both
water and ethylene glycol. While the 15% concentration also
shows promising results, it slightly underperforms compared to
20%.

The study also highlights that the influence of ethylene
glycol concentration on power generation efficiency. The 20%
concentration yields the highest power output, suggesting it as the
most effective concentration within the tested range. However,
environmental and operational conditions appear to impact daily
performance, necessitating further investigation to optimize the
system for consistent power generation. The future research
focuses on optimizing cooling designs, evaluating environmental
impacts, and exploring advanced technologies to achieve
consistent and efficient performance.
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in structural applications due to their lightweight and sustainable properties. However, their
long-term performance is compromised under environmental conditions that introduce
moisture and thermal stresses, leading to hygrothermal effects. This study investigates the
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I. INTRODUCTION

Bonded fiber-reinforced polymer composites (CFRP) have
become increasingly popular in various fields, including
mechanical and civil engineering, due to their potential for
lightweight, sustainable construction solutions, particularly as
structural elements like beams and columns [1]. However, CFRP
materials face challenges when exposed to environmental factors
that introduce moisture and temperature gradients, impacting their
long-term performance [2].

Studies have been conducted to assess the behavior of FRP
composites under diverse environmental conditions [3],[4].
Despite these efforts, certain harsh environmental impacts on bond
durability such as water immersion, high humidity, and freeze-
thaw cycles are not yet fully understood [5]. The durability of
CFRP under moisture exposure is primarily governed by the rate
of water and ion diffusion, as ions rely on water as a transport
medium [6]. This diffusion affects the material interfaces, leading
to hygrothermal stresses. Moisture absorption at bonded interfaces

and within the constituent materials raises the need for a more
detailed understanding of its impact. Modeling these diffusion
effects has proven challenging, with limited success in translating
findings into simulation analyses [7].

Research has recently begun focusing on how
environmental parameters impact shock absorption and safety in
CFRP for structural health monitoring [8]. The literature highlights
a gap in studies on low-velocity impact responses of composites
under controlled hygrothermal environments. Impact modeling
typically produces contact stresses (impact forces) that may cause
matrix cracking or delamination in composite materials [4].
Prolonged exposure to thermal and moisture stresses can further
compromise the longevity of these structures.

This study thus focuses on modeling and analyzing the
effects of hygrothermal environments on the contact force of S-
glass fiber-reinforced polyester composite plates subjected to low-
velocity impact, wusing the finite element software
ABAQUS/Explicit. The analysis is divided into two phases: the
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first phase involves creating a numerical model of low-velocity
impact and comparing the results with experimental data on aged
and non-aged plates under environmental effects [8]. In the second
phase, the numerical results are integrated into MODDE 5 software
[9] to establish a Design of Experiments (DOE) framework,
identifying key influencing parameters and developing a
mathematical model to describe the contact force within the
domain under study.

Il. NUMERICAL MODELLING PROCEDURES
1.1 MATERIAL

In order to verify the validity of the numerical modeling
with the experimental findings presented in [8], a composite plate
using C3D8R elements is subjected to low-velocity impact by a
projectile with a hemispherical tip. To achieve this, a numerical
simulation model is developed using the finite element code
ABAQUS/Explicit, which is designed to account for all relevant
problem variables, along with the integration of an implemented
subroutine (VUMAT) (Figure 1). The S-Glass/Polyester plates are
modeled with a stacking sequence of (0°3/90°3) and dimensions of
150x100x4.5mma3. Further details regarding the material structure
and modeling techniques can be found in references [8],[10].

The material properties and diffusivity constants along the
three primary axes are presented in Table 1. The diffusivities for
unidirectional composites are defined as follows:

Table 1: Mechanical and hygrothermal properties of S-
Glass/Epoxy Plate.

Fibre VFf 3.40000E-01| *Si(MPa) |1.56060E+03
Thickness (mm)  |0.00000E+00| *S2 (MPa) |5.49168E+01
E11 (MPa) 3.19141E+04| S1i(MPa)  |-8.32999E+02
E22 (MPa) 6.64106E+03| Sz (MPa)  |-2.69726E+02
E33 (MPa) 6.64106E+03| Si2 (MPa) |1.12859E+02
G12 (MPa) 2.27120E+03| *e1 (mm/mm) |4.89000E-02
G13 (MPa) 2.27120E+03| *ez (mm/mm) |8.26928E-03
G23 (MPa) 2.17689E+03| “ex (mm/mm) |(-2.61013E-02
NU12 3.10628E-01| “e2 (mm/mm) |(-4.06149E-02
NU13 3.10628E-01| ez (mm/mm) |4.96914E-02
NU23 5.21721E-01| K1 (W/mm/K) |5.57763E-04
CTE1 (mm/mm/C) [2.48764E-05| Kz (W/mm/K) |1.66348E-04
CTE2 (mm/mm/C) [2.23585E-04| Ks (W/mm/K) |1.66348E-04
CTE3 (mm/mm/C) |2.23585E-04 |Density (9/mm3)| 1.60488E-03
D11=D22=D33 mm2/s,{3.06000 E-12

Source: Authors, (2025).

D,, = D,,: Diffusivity perpendicular to the fiber orientation in a lamina;

{ D, = Dy;: Diffusivity parallel to the fiber direction in a lamina;

D,, = Dy,: Diffusivity through the thickness of a stacked laminate.

Note. 1:

1.2 SIMULATION CONDITIONS ARE [10]

= Boundaries conditions (BCs): To assure the same BCs of [8],
the plate supports are fixed to bloc translation in z plane and
lets the other freedom degrees free. In the impactor we just
released the z translation.

= Loading: Two methods can be used to load impactor. The first
is varying the drop high and introduce gravity as load for the
striker. The second is introducing a predefined field expressed
by the impact velocity for each drop high value. In this case, the
contact is assured between the plate and impactor. The two
methods lead to the same results.

= Time of simulation: The time of simulation is the contact time
duration token from the experimental data, divided by the
number of increments to finish the step.

= The hygrothermal condition is expressed in term of moisture
which isapplied to the simulated samples on the top surface and
on the four sides while the bottom is insulated. Since moisture
equilibrium content is not dependent upon the direction of the
fibres, the equilibrium value was the same in different
directions.

Note. 2:
All BCs and loadings are represented in respectively in Figure.1

Assembly of the two
parts with BCs

3 a)

b) Plate staking configuration

Figure 1: Modelling of the impact test.
Source: Authors, (2025).

Hame: CONPQSITE

Description

BserialBehaviors.

BC=Saturation ¥4t

Genersl Mechanical  Thernal  ElectricelMagnatic  Qther

Three energy levels impact corresponding to three drop heights
respectively: E; =9/ - H=0.5m, E, = 13] - H = 0.75m and
E; = 18] - H = 1m were simulated. In this papers, just the first
level was presented to show the agrees between experiments and
the numerical model.

X=0mm

Diffusion Dircction

Figure 2: Quarter Model in ABAQUS for Diffusion convergence
Analysis.
Source: Authors, (2025).
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The ABAQUS model needs to produce accurate results for Table 2: Records of the Maximum value of the contact forces.

both relatively short periods of time (120 days) and for much longer H(m) M (%) Fexp Frum Error
periods so another analysis was run to simulate 5000% seconds 0,5 0 3217 3257 1.24
using the same model. The 289 days simulated analysis is 01=705 8 iﬁ? 3172%156 16174
performed using the real conditions of 50°C with 95% RH and the 0’5 036 3140 318110 1 ‘31
bound_ary con(_jltlons were applied in the same manner as 0.75 0.36 3702 3748.43 >
experiments drived by [8]. 1.0 0.36 7 4146 25 //
0,5 0,48 3002 3039.27 1.2
11.3 COMPARISON OF THE CONTACT FORCE 0.75 0.48 3500 3543.46 120
COMPUTED VERSUS EXPERIMENTED 1.0 0.43 7/ 3997 67 7]

= Values of the contact force at node through the centre of the Source: Authors, (2025).

plates were graphed in Figure: 3(a), (b) and (c) for the first
energy level of 9J (Drop high H=0.5m) in the two cases of aged —B—F_Exp(ED)
and non-aged specimens. -:- F_Num(EL)
= Numerical and experimental results of the contact force were 4200 e
compared to determine the efficiency of the numerical model. F_Num(E3)
It is observed that the contact forces show the same 4000

mathematical curves for both plates under hygrothermal ,,/
— |

conditions and those non-aged seen Figure 3(b). A delay is
registered on the contact force in the aged plates; This can be
explained by the spongious effects due to the moisture
adsorption in the plate.

= The overall measurement results summarized in Table 2, it is
noted that the F{%* value matches with a light difference to
those obtained experimentally.

= The experiments and the simulation indicate that the maximal
contact forces F,%* decreases with increases of the moisture 200 —
concentration.

= After analysis of impact phenomena under hygrothermal k-
; :

3800

P(E1) (N)

3600

N

F_EX

I
U004 ¢

1

conditions it can be said that the adsorption can have a benefit 3000
effect in decreasing impact forces see Figure 4. In the other

hand, after a threshold of concentration, this will be a 0 ol 3

02 0, 05
disadvantage because it will create damages in the composite M (%)
structure. Figure 4: Maximum values of the contact forces as function as the
moisture and the energy level.
The modeling approach provides a significant advantage in Source: Authors, (2025).

numerically reproducing experimental tests without time
constraints. For instance, the numerical values of F/4¥ in the table I11. DESIGN OF EXPERIMENTS (DOE)
correspond to the case of the drop height. IMPLEMENTATION

Experimental design is how to conduct and plan
experiments in order to extract the maximum amount of
information from the collected data (The basic idea is to vary all
relevant factors simultaneously x; as drop high ‘H’ and moisture
values ‘M’ in this case of study, over a set of planned experiments,
and then connect the results expressed in terms of the quantity of
interest y (numerical contact force) by means of a mathematical
model. This model is then used for interpretation, predictions and

[x1.E3) [x1.E3)

IMPACT FORCE F_IMP (N)

IMPACT FORCE F_IMP (N)

—_— 0.004 | S |
1 2 3 i 3 0 1 2 3

Time (ms) ! Time (ms) ’ Optimizationl
Non-aged ical del vs. b) Aged del (M=0.36%. 48%): ¢ ¢
@) Nonsaged momesieakmodelve.. *(b) Agcdmodel (M0 36621250 Both factors ‘H’ and ‘M are represented by a graduated and
experimental data [8] Numerical vs. experimental [8]

) o , oriented axis as shown in Figure 5. The Design Space is established
i : ‘ to estimate the area of operability or robustness. The range of
variation of each factor is defined by a low level noted -1 and a
high level noted +1. This arrangement permits the elaboration of
the design matrix, see Table 3.
Such a designed plan in which each of the two factors has
only two levels is referred to as Factorial plan of 22.

Force (N)

3Tlm‘e (n;s) : )
(c) Experimental records of aged ~ (d)Numerical records of contact
specimen [8] force in aged specimen

Figure 3: Average Impact Force for 9J energy.
Source: Authors, (2025).
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Factor 1
H(m)

HL1.0)+1

Note:

HL (+1): High level (For M=0.48%, H=1.0 m)
LL (-1): Low level (For M=0%, H=0.5 m)

CL (0): Centre (For M=0.24%, H=0.75 m)

LL0.5)_1

]
2
1@ 10 41048
LL 0.24 HL

Figure 5: Design space of experiments.
Source: Authors, (2025).

Table 3: Design matrix.

Experience N° | Factor 1: High(m) | Factor 2: Moisture(%)
1 -1 -1
2 1 -1
3 -1 1
4 1 1
5 -1 0
6 1 0
7 0 -1
8 0 1
9 0 0

Source: Authors, (2025).
1. 1 MATHEMATICAL MODEL

To highlight how vary the response, according to each
factor and improve their interaction a DOE plan is established
using the Modde V5 software [9]. A Central Composite Designs
Face Centred (CCF) plan is chosen [9],[11]. A system of 9
equations with 6 unknowns is resolved. Thus, the following
equation is obtained:

Y =0y + Q1% + aXy + AypX1 X, + a1 X7 + ayx: +e

o))

The determination of the coefficients
Qy, Ay, A3%4,041, 0, and a,, of the model is obtained using
Multiple Linear Regression (MLR) in order to minimize the sum
of squares of the residuals.

111. 1.1 QUALITY OF PREDICTIVE MODEL

The efficiency of the predictive model fit by examining the
following plots and lists:

. The Summary of the fit, R, Q% represented on Figure 6
describe the quality and validity of the model; According to the
obtained results were RZ%,Q? tend to 1(see the Analysis of
Variance Table 4), it is concluded that quality of the model
predicting contact force is highly successful. All these parameters
affect plots for screening designs.

Summary of Fil - dewizn (MTR)

1
0.9
08
07
0.6
03
0.4
03
02
0.1

0

orce
31 Q2=0,994

Figure 6: Descriptive quality of the model

N=9; R2=0.99%; RSD=20.63; 19:02:2020 02:37:20 (UTCH

" Results shown on Figure 7 gives a good insight on the
effect of the factors coefficients of the mathematical model. It is
found that the factor of the height of impact is the most influential
(477.2) followed by the mass of absorbed moisture (—108.36).
Right after, the registered coefficient in terms of the square of the
height of impact relapse to the value of (-51.1), followed in
decreasing order by the square of the mass of absorbed water (-
147.94) and finally by the combined effect of the height of impact
and the mass of water absorbed (4.4). All factors’ coefficients
collected data are reported in Table 5.

" The signs of the coefficients are disregarded because the
importance is on the absolute values indicating the weight of the
coefficients.

Table 5: Coefficients of the factors and their interactions.

Numerical Contact Coeff. Std. P Conf.
Constant SC Err. int(+)
Constant 3817,16 | 19,6753 | 3,01975e- 62,616

07
H 477,189 | 8,5929 1,28621e- 27,3466
05
M -108,36 | 8,43227 | 0,00101697 | 26,8354
H? -51,0983 | 14,6051 | 0,0395194 46,4803
M2 -147,938 | 20,2687 | 0,00531021 | 64,5043
MxH 4,39473 | 9,92223 | 0,687817 31,5771

Source: Authors, (2025).

Table 4: The Analysis of Variance (ANOVA) summary.

Numerical Contact Force | DF SS MS (variance) F p SD
Total 9 1,21625e+08 | 1,35139e+07
Constant 1 1,20171e+08 | 1,20171e+08
Total corrected 8 1,45394e+06 181742 426,312
Regression 5 1,45266e+06 290532 681,008 0,000 | 539,01
Residual 3 1279,86 426,62 20,6548
N=9 Q2= 0,994 Cond. no. = | 5,759
DF=3 R2 = 0,999 RSD = | 20,65
R2 adj. = 0,998

Source: Authors, (2025).
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Cocfficients (scaled and centered) - design (MILR)

Numerical Contact Force

600
3500
& 400
]
2
2 300
& 200
=
o}
O 100
E
)
100
5-
Z
=200
300 | | | |
: : : : :
m L 5
N=9; R2-0,999; RSD=20,65; DF=3; Q2-0,994; Confidence=0,95 19/02/2020 00:35:21 (UTC+1)

Figure 7: Factors influencing the contact force.
Source: Authors, (2025).

Finally, the proposed model to predict the contact force and
covering both the experimental tests and numerical modelling as
function as the height H and the mass of absorbed moisture M in
the design space is expressed by:

F =3817.16 + 477.189H — 108.36M + 4.39H x M — 51.0983H2 —
147.938M% +e  (2)

I11. 1.2 GRAFICAL CONTOURS OF THE RESPONSE

= The mathematical representation of the function given earlier
in Eq. (2) is presented in Figure 8. The graphed function shows
the contour plots of the response i.e. the response surface
corresponding to the contact force as function as the two
parameters H and M.

= The graphical representation of the model constitutes an
important and interesting part of this powerful and judicious
DOE method. It reveals that the combined effect of increasing
the absorbed moisture and a decrease in the drop height reduces
the contact force. The absorbed moisture in this situation gives
the material some suppleness (Spongious effect) which results
in a decrease in the contact force.

= However, it is noticed that after a certain threshold of
absorption noticed when M € [0.30 — 0.35]% the contact
force decreases with the increasing of M for the same applied
level of the impact energy. The results of the study are
comforted by other investigations [8],[12]. Moisture swelling
of the matrix may alter the state of residual stresses introduced
during processing of the composite [5].

= On the other hand, the fibber/matrix interface and interlayers
region are commonly target by environmental attack, this is
generally due to the difficulties in achieving of a perfect
chemical bond between the fibbers and matrix and layers [4],[8]
and [10].

Respanse Confour Plot - design (MLR}
Numerical Contact oree [N]

Moisture [%o]
=
iz

=
=3

0.5 085 09 0% I
High [m] 19,2202 01840 (UIC+1
Figure 7: Contours of the response surface according to each level
of drop high and moisture absorption.
Source: Authors, (2025).

0
05 0,35

0.6 0,63 0,7

f

08

Predicted force:

= On Figure 9 the evolution of the predicted force is shown
according to each factor. The predictive model gives very close
results of the impact force to those obtained numerically and
experimentally.

= |ts observed that when the predicted contact force according to
drop height changes is stored, the contact force present linearly
evolution with this last parameter Figure 9(a). In the other hand,
when predicted contact force is registered according to
moisture changes the mathematical graph changes on a non-
linear shape function.
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(a) Case 1: Drop height variation
Interaction Phot for H*M - design (MLR)

Numerical Contact Force
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24000
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(b) Case 2: Moisture variation
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Source: Authors, (2025).

IV. CONCLUSION

The general conclusions of this study are summarized as follows:

= We have analyzed by the finite element method (FEM) the
effect of impact at low energy in S-Glass/Polyester composite
laminate.

= The computed time history of the contact force acting in the
axial direction on the S-Glass/Polyester plate agrees well with
the experimental data in the two studied cases of aged and a
non-aged model.

= The absorption of the moisture leads to a decrease in contact
force which it can represent an interest point.

= However, it was seen that after threshold of moisture the
contact force decreases with the increasing of M for the same
applied level of the impact energy.

From the outcome of our investigation on the application of the
DOE it is possible to conclude that:

=  The proposed method permits the establishment of an analytical
model of the impact force.

=  The interaction of the two parameters H and M is illustrated.

= A predictive model of impact force is exposed.
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A combination of multi-criteria evaluation parameters has been deployed to delineate
groundwater potential zones using integrated Vertical Electrical Sounding and geospatial
techniques in the basement complex of ljesha Isu EKkiti, Southwestern Nigeria. The area is
underlain by migmatite-gneiss, amphibolities, biotite gneiss and the granitic components of
the basement complex terrain with suspect groundwater prospects. Wenner vertical
electrical soundings (VES) were conducted at 22 stations. The VVES interpretation delineated
the topsoil, weathered basement / partly weathered/fractured basement and the fresh
basement bedrock with resistivity values ranging from 19 - 304, 16 - 417 and 8 - 2784 Q-
m, respectively. Integration of the attributes of the bedrock resistivity, weathered basement
resistivity and the overburden thickness in a GIS environment enabled the classification of
the study area into very low, low, medium and high groundwater potential zones covering
areal extent of 0.004 km?, 0.18 km?, 1.85 km?, and 1.32 km?, respectively. A weighted
combination of attributes would enhance the hitherto low success rate of groundwater

targeting in a typical hard rock terrain.

Copyright ©2025 by authors and Galileo Institute of Technology and Education of the Amazon (ITEGAM). This work is licensed
By under the Creative Commons Attribution International License (CC BY 4.0).

I. INTRODUCTION

ljesha Isu Ekiti is underlain by the Precambrian basement
complex rocks of Southwestern Nigeria. The town depends on rain
water, surface water and groundwater for water supplies. The
surface water is usually not available all year round owing to the
seasonal flow regime of rivers draining the area; and where
available and accessible, cannot guarantee the required water
quality status required for most domestic activities. Most homes
depend on water from wells whose overall yield and quality are
influenced by the alternating wet and dry seasons among other
factors [1-3].

In a typical hard rock terrain, groundwater is restricted to
the fractures and the weathered zones. The hydraulic properties are
characterized by extreme variations over short distances which
often limit water development in the area to low-yielding well [4-
6]. With the marked low success ratio of drilling for potable water

in hard rock terrain the use of Geophysics is often compelling,
particularly in the absence of lineaments extracted from imagery
[11.[71.[8]-

According to [6] the poor understanding of the
hydrogeological characteristics of the Basement Complex
environment is significantly responsible for borehole failures in the
terrain. The groundwater potential of a basement complex area is
influenced by a complex inter-relationship involving the geology,
post emplacement tectonic history, weathering processes and
depth, nature of the weathered layer, groundwater flow pattern,
recharge and discharge processes [9],[10]. Improvements in the
understanding of this relationship will be fundamental to the
planning and management of groundwater resources in crystalline
basement terrain and reduction of development cost [4]. It is
important to evaluate the overall resource and aquifer occurrence
more precisely to assist development efficiency and longer-term
sustainability.

Journal homepage: www.itegam-jetia.org
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The study area lies between latitudes 7°45'N and 7° 46'N and
longitudes 5° 25'E and 5° 26'E in Ikole Local Government area of
Ekiti, State, Southwestwern Nigeria (Figure 1). The area enjoys
high annual rainfall of about 1500mm being within the tropics. The
area is underlain by migmatite-gneiss, the amphibolities, biotite
gneiss and the granitic components of the Precambrian basement
complex of southwestern Nigeria. The regolith and fractured
bedrocks constitute the aquifers for groundwater. Development of
the bedrock component requires interaction with storage available
in overlying or adjacent saturated regolith, or other suitable
formations such as alluvium [1],[12],[13].

-x“a—l

- — —

Figure 1: Study Area Map showing the VES Points.
Source: Authors, (2025).

Il. THEORETICAL REFERENCE

Electrical Resistivity Method is a non-invasive geophysical
technique developed to interpret the nature of the subsurface
without altering the dynamic status of the soil mass [10],[11],[16].
Vertical Electrical Resistivity Sounding (VES) technique offers a
compact tool for locating promising areas for water
boreholes/wells amidst prevailing structural disposition. It has
proved very popular with groundwater studies due to the simplicity
of the technique, the ruggedness of the instrumentation and the
success rate [5],[9]. Geographic Information System (GIS)
provides an efficient integration environment. With the
implementation of GIS, large volume of geospatial data and
information are maintained in a standard format, revised and
updated with additional features. Sustainable development and
management are thus facilitated at real time [1],[11].

This integrated approach presents a detailed evaluation of
the groundwater prospects of ljesha Isu EKkiti using geoelectric data
in a GIS environment.

I11. MATERIALS AND METHODS

The geoelectric data acquisition was carried out using
Wenner array of Vertical Electrical Sounding (VES) to delineate
the subsurface lithological configuration, aquifer characteristics
and depth to bedrock. Twenty Two (22) VES points (Figure 1)
were fully occupied for data acquisition. The instrument used for
the resistance measurement was the ABEM Terrameter SAS 300 B

with ABEM 2000 Booster. A Garmin 12-Channel Global
Positioning System (GPS) handheld receiver was used to obtain the
Eastings (Longitude), Northings (Latitude) and Elevation above
mean sea level of each point of interest during the fieldwork. The
VES data were interpreted quantitatively by partial curve matching
and 1-D computer iteration using the computer algorithm RESIST
Version 1.0 [14] to obtain the layer resistivity values and
corresponding thicknesses. The curves were inspected to determine
the number and nature of the layering [15],[16]. ArcMap 10.2.2
was employed for derivation and re-classification of the thematic
layers for spatial analysis. Different classes in each thematic map
were assigned a knowledge-based hierarchy of weights [17]. These
weights ranged from 1 to 4 for groundwater potential evaluation.
In each thematic map, highest weight is given to the class that is
most favourable to potential and lowest weight is given to the class
that is least favourable for groundwater accumulation.

IV. RESULTS AND DISCUSSIONS

The geoelectric type curves in the study area are presented
in Figure 2. They are A, H, KH, HA and Q type curves with the H-
curve being the most predominant accounting for 45.4%. This is a
consequence of the degree of weathering and fracturing as typical
of the basement complex terrain. The analysis of the type curves
indicated that the area under study has both weathered layer
aquifers and fractured layer aquifers [18],[19].

The geoelectric characteristics are summarized in Table 1.
The spatial distributions of the geoeletric parameters are presented
in Figures 3 - 8. The resistivity of the topsoil varies from 19 Q-m
to 304 Q-m with a mean of 79.8 Q-m and Standard Deviation of
68.7 Q-m. The skewness of 1.7 shows that the spatial distribution
is not uniform. The wide resistivity range is a consequence of the
variable composition of this layer.

CURVE TYPES

: Il
; - -
S )
e KH HA Q
-
Figure 2: Geoelectric Curve Types.
Source: Authors, (2025).
Table 1: Summary of Geoelectric Characteristics.
Parameters Min Max | Mean S.td'. Skewness
Deviation
Anisotropy 1 1.8 1.2 0.2 1.9
Top soil
Resistivity 19 304 79.6 68.7 1.7
(Q-m)
Top soil
Thickness 11 8.6 3.9 2.6 0.6
(m)
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Weathered
Basement
Resisitivity
(Q-m)

16 417 | 103.27 103.83 1.7

Weathered
Basement
Thickness

(m)

3.2 19.6 10 3.9 0.4

Overburden
Thickness 4.3

(m)

253 | 145 4.7 0.1

Bedrock

Resistivity 8 2784 | 645.6 706.3 21

(Q-m)

Source: Authors, (2025).

The thickness of the topsoil varies from 1.1 m to 8.6 m with
amean of 3.9 £ 2.6 m. The Weathered Basement Resistivity values
range from 16 Q-mto 417 Q-m. The values indicate varying degree
of weathering/fracturing and water saturation. The thickness of the
layer ranges from 3.2 — 19.6 m.

i

L -
Figure 3: Spatial distribution of Weathered Basement Resistivity.
Source: Authors, (2025).

Figure 4: Classification of Weathered Basement Resistivity.
Source: Authors, (2025).

The bedrock resistivity varies from 8 Q-m to 2784 Q-m;
indicating decreasing impact of weathering/fracturing with
corresponding reduction of the groundwater potentials. Localized

variations may be attributed to differences in the bedrock
mineralogy and structures.

]

Figure 5: Spatial Distribution of Bedrock Resistivity. i
Source: Authors, (2025).
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Figure 6: Classification of Bedrock Resistivity.
Source: Authors, (2025).

The overburden thickness varies from 4.3 to 25.3 m. The
isopach map of overburden, Figure 7, shows that the southwestern
and southeastern regions are characterized by basement
highs/ridges with thin overburden cover generally less than 10m.
Thresholding produced three classes of overburden thickness of <
10m, 10 - 20m and 20 - 30m with poor, medium and high
groundwater potential respectively (Figure 8). The northern flank
records increasing value of overburden thickness towards the
central portion of the study area thus creating basement depressions
at the central portion and Irepodun. An isolated depression has
been demarcated along the southern flank of the area. Basement
depressions are diagnostic of troughs which are groundwater
collecting centres [9],[20].
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g

Figure 7: Isopach Map of Overburden.
Source: Authors, (2025).

Figure 8: Classification of Overburden Thickness
Source: Authors, (2025).

Maximum possible regolith thickness is required for
adequate storativity, transmissivity, and greater drawdown.
Optimum weathering offers optimum conditions and groundwater
potential [17],[19]. Basement fractures contribute significantly to
groundwater yield in a typical basement complex terrain. Fractures
readily offer enhanced porosity and permeability and hence
increasing the well yield [16],[18],[20]. Bedrock resistivity of less
than 750 Q-m is indicative of high fracture and permeability as a
result of weathering with high aquifer potential.

An integration of geoelectric parameters according to the
relative importance to groundwater occurrence and accumulation
is facilitated in a GIS environment [9], [22-24]. The themati maps
were synthesized using the weighting combination (Table 2) for the
resulting groundwater potential map, Figure 9. The map classifies
the study area into very low, low, medium and high groundwater
potential zones covering areal extent of 0.004 km2, 0.18 km2, 1.85
km2, and 1.32 km2, respectively.

Table 2: Multi-criteria evaluation parameters for generation of
groundwater potential.

Geoeletric Scale .
Parameters Classes value Weight
<750 4
N 750-1500 3
Bedroc(I;ZF_{;s)lstlwty 1500-3000 5 45
>3000 1
<20 2
ouWeathered 20-100 3 30
Basement Resistivity 100-150 2
(Q-m) 150-300 >300 1
Overburden <10 ;
Thickness 10-20 3 25
(m) 20-30 >30 4

Source: Authors, (2025).

an—:
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Figure 9: Groundwater Potential Map of the Study Area.
Source: Authors, (2025).

Table 3: Classification of groundwater potential zones (after
integration of thematic layer).

Groundwater Potentiality | Areain (km?) | Percentage
Very Low 0.004 0.1
Low 0.18 5.4
Medium 1.85 55.2
High 1.32 39.3

Source: Authors, (2025).
V. CONCLUSIONS

A geoelectric assessment of the groundwater potentials of
ljesha Isu Ekiti has been conducted in a GIS platform. Integration
of attributes in a GIS environment enabled the categorization of the
study area into very low, low, medium and high groundwater
potential zones. Significant hydro-geologic structures delineated
from of the subsurface resistivity distribution included basement
ridges and depressions. The basement depressions being the
groundwater collecting centres are priority areas for groundwater
development. The study provides regional overview of the
groundwater resources in the area. It would guide the planning and
design of hydrogeophysical investigations for site specific
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groundwater development. Data density can be improved for
further studies.
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This paper analyzes LoRa signal propagation in an urban environment, based on RSSI
collections conducted at various distances ranging from 10 to 1610 meters. The data were
analyzed using the log-normal shadowing model, allowing the generation of path loss
graphs. The coefficient of determination (R?) for the log-normal model was 0.9764, with
an RMSE of 3.2872 and an MAE of 2.4020, indicating an excellent fit to the data. As a
comparison between regression methods, the quadratic approximation presented an R2 of
0.9117, RMSE of 6.1397, and MAE of 5.2137, reflecting lower performance. These results
highlight the impact of distance on signal attenuation and confirm the effectiveness of the
log-normal shadowing model in representing propagation in urban scenarios. The research
contributes to understanding LoRa performance in dense environments, providing valuable

insights for the planning and optimization of LoRa networks, as well as serving as a
practical guide for future applications in the Internet of Things context.
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I. INTRODUCTION environmental decision-making. Expanding the LoRa gateway

infrastructure in the city could enhance transmission stability and
LoRa® technology (Long Range) has become one of the  contribute to the development of smart cities.

main solutions for 10T (Internet of Things) networks, offering

long-distance communication with low energy consumption [1],

[2]. Its applications span areas such as smart cities (as shown in ((( ’))
Figure 1), precision agriculture, and environmental monitoring. éé (o — —>
e
A

This paper investigates the performance of the LoRa signal in an
urban environment, focusing on signal propagation at various
distances. The research validates the results using the log-normal LoRa m
shadowing and quadratic approximation models, contributing to / Fog
the development of more accurate propagation models and the / \
optimization of LoRa networks in dense urban scenarios.

The propagation analysis is essential to optimize LoRa
technology in urban environments, ensuring the efficiency and LoRa

"4
=
reliability of data transmissions in projects proposed in the Edge Edge
7R 7

Cloud

server

literature, despite the presence of obstacles. =~ -
The study in [3] proposes a Vehicle Monitoring System R R 9“2 7 ’\g,z
(VMS) based on 1oT to collect environmental and vehicle A = V4
performance data in urban areas. The system uses sensors to i
monitor parameters such as air quality (PM2.5, NO2, CO, 03), é% m
temperature, and humidity, as well as vehicle information via e
OBD-II and GPS location. The data is transmitted to a cloud Figure 1: A hybrid LoRa and Bluetooth city network.
server via LoRa technology. The system provides a graphical Source:[1].

interface for real-time data visualization, which can be used by
both drivers and government authorities for traffic planning and
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The article [4] presents a collaborative sensor network
based on LoRa for pollution monitoring in smart cities. The
system uses geo-located nodes to measure temperature, relative
humidity, and CO2 concentration, while also considering citizens'
opinions. Using the collected data and city policies, the system
controls traffic flow and advises citizens to avoid polluted areas.
Tested in a real environment, the low-cost system proved
effective in detecting CO2 levels. Future work aims to expand the
application to larger areas and include additional parameters such
as CO and vehicle volume.

The work done in [5] proposes a Fleet Management and
Tracking System using LoRa, a low-power, long-range solution
for monitoring and managing vehicle fleets. Each vehicle is
equipped with a transmitter that includes an Arduino Nano, GPS
module, switch, buzzer, and LoRa module. The GPS provides
real-time location data, which is sent to the receiver unit at the
management center via LoRa, where it is displayed on an LCD
screen. The system also allows for emergency alerts and audible
notifications in case of unauthorized movements or route
deviations, enhancing security. It is scalable, easy to integrate
with additional vehicles, and suitable for remote areas where
traditional cellular networks are limited. This system offers a
reliable and cost-effective alternative to traditional tracking,
improving safety and operational efficiency, especially in
challenging and remote locations.

In the present work, RSSI (Received Signal Strength
Indicator) data collection was conducted practically at distances
ranging from 10 to 1610 meters, covering different propagation
conditions. The comparative analysis between the log-normal
shadowing and quadratic approximation models allowed for a
better understanding of signal attenuation and the challenges
posed by urban obstacles such as buildings and interference.

Unlike other studies focused on rural environments [6] or
line-of-sight scenarios, this paper focuses on the particularities of
an urban environment, providing valuable insights for planning
LoRa networks in areas with high construction density. The
results obtained can be applied to improve coverage and
efficiency of loT networks, which is essential for future
implementations in smart cities and other urban contexts.

This article is organized into the following sections:
Section Il presents the relevant concepts for conducting the
studies. Section 11l presents the materials and methods addressed
in this study. Section 1V outlines the results obtained, and Section
V presents the conclusion of the research.

Il. THEORETICAL REFERENCE
1.1 LONG RANGE

LoRa (Long Range) is a wireless communication
technology designed to transmit data over long distances with low
power consumption. Based on Chirp Spread Spectrum (CSS)
modulation, it offers high reception sensitivity, making it ideal for
sensor networks and Internet of Things (loT) applications.
Operating in unlicensed frequency bands such as ISM (Industrial,
Scientific, and Medical), it uses specific bands that vary by
region: 433 MHz, 868 MHz (Europe), and 915 MHz (Americas)

[7].

This operational flexibility allows LoRa to be applied in
both urban and rural environments, even in locations with
physical barriers or large distances. LoRa can reach distances of
up to 15 km in rural areas and 2 to 5 km in urban environments,
depending on the conditions [8]. Additionally, LoRa offers a
relatively low data transmission rate but is sufficient for many loT

applications, ranging from 0.3 kbps to 27 kbps. This ensures
efficient communication on a large scale, even in challenging
network conditions.

LoRa is an integral part of LoRaWAN networks, which
offer advanced security features, device management, and support
for thousands of connected devices. LoRaWAN networks are
highly scalable, making them suitable for projects involving large
numbers of connected devices without overloading the network
infrastructure. The CSS modulation used by LoRa also provides
greater resilience to interference, ensuring communication in
crowded environments or areas with many interference sources.

The technology is widely used in areas such as smart
agriculture, smart cities, remote metering, and logistics tracking,
standing out for its combination of range, energy efficiency,
robustness, and compatibility with different frequency regulations
worldwide.

11.2 LOG-NORMAL SHADOWING

The log-normal shadowing model is widely used to
analyze the impact of obstacles on the propagation of
radiofrequency signals [9]. This model is described by the
equation:

PL(d) = PL(dy) + 10 nlogy (di) L x, (D
0

where PL(d) is the path loss at a distance d, PL(d,) is the
reference path loss at a distance d,, n is the path loss exponent,
and X, is the normal deviation component (shadowing
variability).

According to the model, after determining the values of
n and o, the received power at distances not included during the
collection can be estimated using the following equation [10]:

d
P.(d) = P,(d,) — 10nlogy (d—o) @)

where P.(d) + X, is the estimated received power at
the distance of interest d, and B.(d,) is the received power at the
reference distance d,,.

11.3 QUADRATIC APPROXIMATION

The quadratic approximation is capable of establishing a
function using only a few points from a curve. Therefore, it can
be used to estimate parameters of a semi-deterministic model
and/or predict values for that model [11]. In other words, it can be
used to create an equation that describes a curve between five
points from a reading (e.g., RSSI), allowing the estimation of
RSSI for any distance.

The quadratic approximation is easily applied in
experiments that use RSSI, which decreases exponentially with
the increase in distance, exhibiting second-order behavior. In this
context, the number of observed points n can be greater than the
degree of the polynomial g [11].

Ug(x) = by + byx + byx? + -+ byx? 3)
sinceg<n-—1.

The equations can be appropriately described in matrix
form, as in the system below:
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X"Xa=XTf ©))
where
1 X X it
y=|1 X2 x2 xg’l'
1 xn x121 o x:ln

XT is the transpose of the matrix X, which, for example, contains
the distance values related to their respective RSSI

f oo
. . 1 . aq
values present in the matrix f ={ ¢ |. The matrixa =| .
fa u

m

represents the coefficients of the quadratic approximation
polynomial that is to be determined. The equations of this system
are referred to as normal equations. This nomenclature arises
because the system can be written as:

X"(Xa—-f)=0 )

The components of the vector (Xa — f) are given by the
residuals of the approximation, and according to the previous
equation, this vector is orthogonal to the vectors formed by the
elements of the rows of the matrix XT, which are in the form

xf

l
*2 lwith1=0,1,2,..,m.

X

I11. MATERIALS AND METHODS

The tests were conducted using a Kerlink indoor
LoRaWAN Gateway [12], positioned at a height of 7 meters,
while the transmitter (LoRa® module) [13], powered by 3.6V
derived from a 12V and 1.2Ah battery, was transported by car,
starting 10 meters from the Gateway.

The Kerlink LoRaWAN indoor gateway, illustrated in
Figure 2, connects LoRa sensors to cloud servers, enabling
indoor loT networks with Ethernet, Wi-Fi, or cellular
connectivity, and is used in applications such as smart cities and
automation. The LoRa® module, illustrated in Figure 3, is a low-
power wireless technology for long-distance point-to-point
communication. Widely used in 1oT networks, it enables smart
applications like energy management, natural resource control,
environmental monitoring, and disaster prevention, operating via
AT commands through the serial port (9600 bps).

To better model the collected data, a performance
comparison was made between the log-normal shadowing model
[10, 14] and quadratic fitting [15], using the metrics coefficient of
determination (R?), Root Mean Squared Error (RMSE), and Mean
Absolute Error (MAE) [16]. The coefficient of determination R?
evaluates the proportion of data variance explained by the model,
ranging from 0 to 1, with higher values indicating better fit, as
shown in equation 6.

|
-

jink

N =

Figure 2: Gateway LoRaWAN indoor.
Source: Kerlink, (2024).

-

Figure 3: Mddulo LoRa®.
Source: lot-Labs, (2024).

Zisa (v — 9)?
2i= i = ¥)?

where y; are the observed real values, ¥; are the values estimated
by the regression model, ¥ is the mean of the real values, and n is
the total number of observations.

RMSE measures the average error between observed and
predicted values, penalizing larger deviations more heavily, as
shown in equation 7.

R*=1- (6)

n
1
RMSE = |- (v = 92 @
i=1

where y; are the observed real values, y; are the values predicted
by the regression model, and n is the total number of
observations.

MAE calculates the mean of the absolute errors, being less
influenced by outliers compared to other metrics like RMSE. The
formula for MAE is:

n
1
MAE == |y = 94 ®
i=1
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where y; are the observed real values, ¥; are the values predicted
by the model, and n is the total number of observations.

These metrics were employed complementarily, allowing
for a detailed analysis of the fit quality and error magnitude,
contributing to the evaluation of model performance under
different conditions.

IV. RESULTS

To analyze the propagation of the LoRa signal, the log-
normal shadowing model was applied to the collected data. Table
1 summarizes the collected data, presenting the distance (in
meters) and the corresponding RSSI (in dBm).

Table 1: Data collected.

Distance (m) RSSI (dBm)
10 -65
110 -86
310 -108
510 -112
1010 -121
1610 -123

Source: Authors, (2025).

From approximately 2 km onward, no packets were
received, highlighting the limitations of the indoor Gateway in
urban environments.

The log-normal shadowing model is a widely used
statistical model to describe signal attenuation in urban
environments. It accounts for random variations caused by
obstructions and the dispersion of the signal around an average
value. In the log-normal propagation model, the path loss (PL)
can be expressed by the equation 1.

651 ¢ 0 RSS! measurements
| — Log-normal shadowing
|
|
|

\
\
— 86 \\O
E
= \
L)
A \
) \
x
108 4

-112 4

333 T——

10110 310 1010 1610

Distance {m)

510

Figure 4: RSSI as a function of distance.
Source: Authors, (2025).

In short distances between 10 and 110 meters, the initial
RSSI of -65 dBm gradually decreased, reaching -86 dBm at 110
meters, as shown in Figure 4. This loss suggests that, even at
short distances, the urban environment impacts signal propagation
due to the presence of obstacles and interference. At longer
distances between 310 and 1610 meters, the signal loss became
more pronounced, ranging from -108 dBm to -123 dBm.

The observed behavior reflects the additional challenges
imposed by urban obstacles such as buildings, vegetation, and
constructions, which intensify signal fading. For the log-normal

shadowing model, the coefficient of determination (R?) was
0.9764, the RMSE was 3.2872, and the MAE was 2.4020.

180 :
O Path Loss n=5"
— n=269 0=329d8
160 1 ’
n=4
140 4
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Figure 5: Path Loss as a function of distance.
Source: Authors, (2025).

Path loss (PL) was calculated for distances from 10 meters
to 1610 meters, as shown in Figure 5. The propagation model
applied in the urban test resulted in a path loss exponent (n) value
of 2.69 and a standard deviation (o) of ¢ = 3.29 dB. These
values indicate signal attenuation and path loss variability in the
studied urban scenario, contributing to the understanding of LoRa
signal behavior at different distances and conditions.

Additionally, a quadratic curve fitting was applied to the
collected RSSI data. The fitted curve can be observed in Figure 6.

651 0 O RSS! measurements
— Quadratic approximation
\
\
\
i
\
& \
&9
« N\
-108 4 0 \
-112 4 .Y
N\
N\
- - N o
1331 R 5
S~ >
= Y
10110 310 510 1010 1610
Distance (m)

Figure 6: Quadratic approximation of measurements.
Source: Authors, (2025).

The fitting resulted in the equation 9.

y = 0.0000425669261x* — 0.0984761724x — 72.3111221 (9)

The coefficient of determination (R?) for the quadratic
approximation was 0.9117, the RMSE was 6.1397, and the MAE
was 5.2137, indicating that the quadratic model fits the collected
data well, reflecting the behavior of the signal as a function of
distance. For example, path loss increased significantly as the
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distance grew, demonstrating the communication challenges in
dense urban areas.

Table 2 presents the statistics of the metrics evaluated for
the two models compared.

Table 2: Metrics.

Model R2 RMSE MAE
Log-normal Shadowing 0.9764 | 3.2872 2.4020
Quadratic Approximation 0.9117 | 6.1397 5.2137

Source: Authors, (2025).

The analysis revealed that signal attenuation followed the
expected behavior, with a marked decrease as the distance
increased. Obstacles such as buildings and vegetation areas
generated variability in the RSSI behavior, characterizing the
urban environment as challenging for LoRa communication.

By using an outdoor LoRaWAN Gateway, designed for
external environments, better performance is expected, including
greater range and better packet reception rate. This upgrade
should mitigate the limitations identified in this study.

The log-normal shadowing model outperformed the
quadratic approximation. It obtained a higher coefficient of
determination (R?), indicating a greater ability to explain the
variance of the data. Additionally, it had a lower RMSE,
reflecting a smaller influence of outliers, and a lower MAE,
showing reduced mean absolute errors. These results reinforce the
higher precision and suitability of the log-normal shadowing
model.

V. CONCLUSIONS

Based on the obtained results, the log-normal shadowing
model demonstrated significantly better performance compared to
the quadratic approximation. The coefficient of determination
(R?) of the log-normal shadowing model was 0.9764, indicating a
greater ability to explain the variance of the data compared to the
Rz of the quadratic approximation, which was 0.9117.

Additionally, the log-normal shadowing model showed
lower values of RMSE (3.2872) and MAE (2.4020), reflecting
lower average errors and less influence from outliers. In contrast,
the quadratic approximation had an RMSE of 6.1397 and an
MAE of 5.2137, indicating a less precise fit. Therefore, it can be
concluded that the log-normal shadowing model is more effective
and reliable for representing the signal propagation data analyzed,
proving to be a superior choice compared to the quadratic
approximation.

The analysis highlights that LoRa communication is viable
in urban scenarios, but the signal quality is significantly affected
by distance and the presence of physical obstacles. The
implementation of equipment optimized for outdoor use and
strategies to mitigate urban effects will be essential to improve
performance and extend the range of LoRa communication in
dense environments.

In future work, it is proposed to evaluate the propagation
of the LoRa signal in multiple urban locations across the city,
aiming to assess the overall path loss. Additionally, the delay
spread will be analyzed to better understand the multipath effects
of the propagated signal.
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This paper develops a health classification system for pumps to enhance operational
efficiency and reduce unplanned downtime, crucial for manufacturing and water treatment
industries. Leveraging real-time data from temperature sensors and industrial
accelerometer, the system captures vital pump health indicators. Data is collected via Data
Acquisition (DAQ) modules and by using Deep Learning (DL) techniques such as Long
Short-Term Memory (LSTM) networks and Transformers; the pump health classification
is achieved. These DL models excel at understanding complex temporal and spatial
patterns in sensor data, essential for accurate fault detection. Through a comparative
analysis of LSTM and Transformer models, their efficacy in pump health classification is
assessed. This approach emphasizes the importance of sophisticated data analysis and deep
learning in industrial maintenance practices. By providing fault detection, the system aims
to significantly reduce maintenance costs, optimize resource usage, and enhance the safety

and reliability of industrial operations.
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I. INTRODUCTION

In the realm of industrial machinery and manufacturing,
ensuring the seamless operation of critical components is of
paramount significance. Industrial pumps, the workhorses in
numerous sectors, including energy production, water treatment,
and manufacturing processes, are indispensable for the continuous
flow of materials. However, these mechanical workhorses are
susceptible to wear, tear, and potential malfunctions. The
application of data analytics has emerged as a transformative
force in the sphere of predictive maintenance, offering the
capacity to proactively assess and maintain the health of these
pumps in real-time.

Pump failure detection is a critical task in many industrial
applications, as it can help to prevent costly downtime and
catastrophic failures. In recent years, deep learning methods have
been shown to be effective in pump failure detection, achieving
state-of-the-art results. Deep learning methods, particularly Long
Short-Term Memory (LSTM) and Transformer models, have

excelled in this task. LSTM is suitable for sequential data like
sensor readings obtained from the pumps, but have limitations in
capturing long-range dependencies. In contrast, Transformers, a
newer neural network type, can process data in parallel,
enhancing efficiency and the ability to model long dependencies.

This study encompasses the real-time data collected on-
site, thereby presenting a comprehensive approach to formulating
a dependable and efficient health classification system, for these
indispensable components of industrial operations.

Il. RELATED WORKS

The need for advanced fault detection and predictive
maintenance in industrial systems has led to significant research
into sensor technologies, Machine Learning (ML) and Deep
Learning (DL). Pioneered this effort by utilizing smart sensors for
monitoring centrifugal pumps, demonstrating the potential of real-
time data in early fault detection [1]. This study set a precedent
for integrating diverse sensor data with analytical models to

Journal homepage: www.itegam-jetia.org
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enhance predictive maintenance strategies. Expanding on this
foundation, the utility of vibration and motor current signature
analysis (MCSA) in detecting faults in centrifugal pumps were
carried out [2]. This work highlighted the complexity of
interpreting the signals associated with mechanical failures,
advocating for more nuanced diagnostic tools. A novel approach
of using infrared thermography for predictive maintenance was
introduced offering a non-invasive technique to monitor
temperature variations indicative of underlying conditions,
thereby broadening the spectrum of fault detection methods [3].
In the realm of ML, demonstrated the effectiveness of MLP and
SVM algorithms in fault prediction within the oil and gas industry
[4]. This study emphasized the critical role of algorithm selection
in developing predictive models tailored to specific industrial
contexts and data characteristics. A data-driven approach to
predict pump failures, leveraging correlation analysis and
empirical data was developed [5]. This methodology underscored
the importance of integrating expert insights with analytical
models to improve predictive accuracy.

The advancement of DL in fault diagnosis was
significantly marked by Gamboa and utilized LSTM networks for
time-series analysis. This approach addressed the challenges of
analyzing temporal data, providing a robust framework for
anomaly detection and forecasting [6]. Sabir et al. further
validated the effectiveness of LSTM networks in diagnosing
bearing faults in electrical machines, showcasing these models'
capability to capture complex, time-dependent patterns
characteristic of mechanical faults [7]. Diffusion-convolutional
neural network (DCNN) was used for diagnosing pump faults
from vibration data and high diagnostic accuracy was achieved in
[8]. This work illustrated the potential of combining spatial
analysis with traditional diagnostic data. The transformative
potential of the Transformer model for fault diagnosis was
introduced in [9]. The Anomaly Transformer model
demonstrating the applicability of advanced DL models in
industrial systems for fault identification was developed [10].

Further research by [11] and [12] expanded the application
of ML and DL in industrial pump anomaly detection and bearing
fault diagnosis, respectively. These studies highlighted the
enhanced detection accuracy and efficiency afforded by advanced
models. A comprehensive review of ML approaches for
diagnosing faults in rotating equipment, emphasizing the superior
performance of DL networks over traditional algorithms was
carried out [13].

Sunal et al. reviewed ML-based fault detection for
centrifugal pump induction motors, illustrating the ongoing
advancements in the field and the importance of data quality and
model selection [14]. The integration of CNNs with LSTMs
marked a significant advancement in fault diagnosis, combining
spatial and temporal data analysis for accurate fault identification
[15],[16]. A transformer-based approach for novel fault detection
was introduced showcasing the real-world applicability of
advanced DL techniques in manufacturing and the effectiveness
of these models in diverse applications [17]. Studies on
centrifugal pump impeller crack detection, DL applications in
rotating machinery fault diagnosis, and DL-based fault diagnosis
of main pumps in converter stations were carried out [18-20].

The use of time series transformers for fault diagnosis in
rotating machinery, demonstrating these models' ability to directly
process time-series data and enhance fault identification accuracy
was achieved [21],[22]. Reference [23] focused on fault
classification of three-phase induction motors using Bi-LSTM
networks, underscoring the potential of DL models in developing

accurate and efficient fault classification systems. Markov
parameters for fault detection in centrifugal pumps, presenting an
innovative approach to fault diagnosis based on vibration data
analysis was utilized in [24]. Applied a Transformer Neural
Network for AC series arc-fault detection, illustrating the specific
applications of DL models in addressing critical fault detection
challenges in electrical systems [25].

Collectively, these studies form a comprehensive
foundation for the development of advanced fault detection and
predictive maintenance systems in industrial contexts. From the
initial integration of sensor data with analytical models [1] to the
application of advanced DL techniques for real-time fault
identification [10],[17],[25], this field of research significantly
advances the capabilities for fault detection, thereby enhancing
operational efficiency, reducing maintenance costs, and
improving safety across various industrial domains.

This paper is organized as follows: Section 3 gives
description on the hardware setup. Proposed methodology is
presented in Section 4. The performance of LSTM and
Transformer models in classifying the health status of pump are
discussed in Section 5. Finally, conclusions are drawn in Section
6.

I11. HARDWARE DESCRIPTION

Figure 1 depicts the hardware setup developed for this
work. The setup contains four similar centrifugal pumps. The
leftmost pump is the healthy pump and the other three pumps are
faulty. The second pump from the left has a bearing fault, and the
third pump from the left has an impeller fault. The rightmost
pump has both bearing and impeller faults. These faults are
purposefully induced for destructive testing. Temperature and
vibration sensors are mounted on these pumps to collect
temperature and vibration data for fault detection. In this work,
the leftmost pump (healthy) and rightmost pump (faulty) are
considered for health classification problem using deep learning
techniques.

Figure 1: Hardware setup.
Source: Authors, (2025).

The closer view of one of the pumps with sensors mounted
is shown in Figure 2. An industrial accelerometer is mounted on
top of the pump’s casing, while a J-type thermocouple is placed
inside the pump's body and sealed in such a way that the
thermocouple lead touches the bearings. The outputs of these
sensors are connected to the respective signal conditioning
modules, which are then acquired and stored in a computer
running data logging software. The logged data is analysed
subsequently. This strategic assembly of sensors and modules
collectively captures a detailed picture of the pumps operational
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health, enabling a targeted and effective maintenance regime that
bolsters industrial efficiency and reliability.

_ - - ;" p.
Figure 2: Closer view of a pump with sensors.
Source: Authors, (2025).

IV. PROPOSED METHODOLOGY

This section deals with the step-by-step implementation
of the proposed method. It also briefly explains the DL algorithm
implementation.

V.1 FLOW DIAGRAM
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Figure 3: Work flow diagram.
Source: Authors, (2025).

Figure 3 shows the flow diagram that illustrates a process
flow for a pump health monitoring system using deep learning
models. The system differentiates between healthy and faulty
pumps by analyzing the data collected from temperature and
vibration sensors connected to the pumps. The process begins
with signal conditioning, where the raw sensor data is filtered and
transformed to a usable format using the DAQ modules. This is
followed by data logging, where the conditioned sensor signals
are stored and then data preprocessing is performed.

The preprocessed data is then divided into two sets: one for
training the models and another for testing their performance.
Two types of deep learning models are used: Long Short-Term
Memory models and Transformer models. These models are
trained separately with the training data set. After training, the
models are evaluated using the test data to determine their
accuracy and effectiveness in fault classification. Finally, the
trained models are used to classify the health status of pumps in
real-time or within a monitoring period, determining whether they
are operating correctly (healthy) or have anomalies that suggest
faults (faulty). The outcome of this process informs maintenance
decisions, potentially leading to proactive interventions that can
prevent breakdowns and maintain operational efficiency.

1IV.2 ALGORITHM IMPLEMENTATION

Deep learning models like Long Short-Term Memory and
Transformer have gained widespread popularity and proven to be
highly effective for time series problems, surpassing traditional
models for several key reasons.

1V.2.1 LONG SHORT-TERM MEMORY MODEL

Long Short-Term Memory is a type of recurrent neural
network (RNN) architecture that has revolutionized the field of
deep learning, particularly in the domain of sequential data
processing. LSTMs address the vanishing gradient problem,
which often hindered the training of traditional RNNs, by
introducing a sophisticated memory mechanism that enables them
to capture and remember long-range dependencies in sequences.
LSTMs achieve their ability to learn long-term dependencies by
using a combination of forget, input, and output gates that control
the flow of information within the network. The forget gate
determines what information from the previous state to forget, the
input gate controls what new information to add, and the output
gate controls what information to output. This allows LSTMs to
selectively update, store, or discard information as they process
data over time [15],[23].

The LSTM model design steps are as follows:

Step 1: Determine the number of LSTM layers: The number of
LSTM layers depends on the complexity of the task and the size
of the dataset. For small datasets, it is typically best to start with
one or two LSTM layers. For larger datasets, or for more complex
tasks, it may be necessary to use three or more LSTM layers.

Step 2: Determine the number of units in each LSTM layer:
The number of units in each LSTM layer represents the
complexity of the model. For small datasets, it is typically best to
start with a small number of units. For larger datasets, or for more
complex tasks, it may be necessary to use a larger number of
units.

Step 3: Determine the activation function for the LSTM
layers: The activation function for the LSTM layers controls the
information flow through the network. The most common
activation function for LSTM layers is the hyperbolic tangent
(tanh) function. However, other activation functions, such as the
sigmoid and rectified linear unit (ReLU) function, can also be
used.

Step 4: Determine the optimizer for the LSTM model: The
optimizer controls the parameters of the LSTM model which are
updated during training. Some popular optimizers for LSTM
models include Adam and RMSprop.

Step 5: Determine the loss function for the LSTM model: The
loss function measures how well the LSTM model is performing
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on the training data. Some common loss functions for LSTM
classification tasks include cross-entropy and binary cross-
entropy.

Step 6: Determine the batch size for the LSTM model: The
batch size controls how many samples are processed by the
LSTM model at each training step. A larger batch size can
improve the efficiency of training, but it can also lead to
overfitting. A smaller batch size can help to prevent overfitting,
but it can also make training slower.

Step 7: Determine the number of epochs for the LSTM model:
The number of epochs controls how many times the LSTM model
is trained over the entire training dataset. A larger number of
epochs can improve the performance of the model, but it can also
lead to overfitting. A smaller number of epochs can help to
prevent overfitting, but it may not allow the model to learn the
training data fully.

1V.2.2 TRANSFORMER MODEL

The Transformer model represents a significant
breakthrough in deep learning. Its fundamental innovation lies in
the attention mechanism, enabling the simultaneous capture of
long-range dependencies in input sequences through self-attention
layers, resulting in more efficient computation, faster training, and
improved accuracy. Furthermore, transformers have found utility
in time series analysis, as demonstrated by models like Informer.
Informer leverages self-attention to capture long-range temporal
dependencies and incorporates positional encoding to discern the
temporal order within time series data. This adaptability
showcases the far-reaching impact of Transformer-based models
in diverse fields, including time series forecasting [12],[25].

The transformer model design steps are as follows:

Step 1: Determine the number of encoder layers: The number
of encoder layers depends on the complexity of the task and the
size of the dataset.

Step 2: Determine the number of attention heads: The number
of attention heads also depends on the complexity of the task and
the size of the dataset.

Step 3: Determine the embedding dimension: The embedding
dimension should be chosen to be large enough to capture the
complexity of the input and output data.

1V.2.3 DESIGN PARAMETERS

Two deep learning models, LSTM and Transformer,
were developed to classify the health status of industrial pumps
based on separate temperature and vibration datasets. Table 1 and
Table 2 represent the design parameters of the LSTM model and
transformer model respectively.

The LSTM model is constructed with one layer
containing 50 units, employing a sigmoid activation function,
with Adam optimizer, and binary cross entropy as the loss
function. It is trained over 5 epochs with a batch size of 128,
processing 100,000 vibration data points and 23,701 temperature
data points for both healthy and faulty pump conditions. The
transformer model, designed for capturing complex dependencies,
includes 2 encoder layers with 2 attention heads, and an
embedding dimension of 128. It follows the same training
regimen of 5 epochs and uses an identical dataset structure as the
LSTM model. These design parameters enable the models to learn
from the temporal and spatial patterns inherent in the sensor data,
aiming to provide accurate fault classification to enhance
industrial maintenance practices.

Table 1: Design parameters for LSTM model.

Design Parameters Values/Function
No. of LSTM layers 1
No. of units in each layer 50
Activation function Sigmoid
Optimizer Adam
Loss function Binary Cross Entropy
Batch Size 128
No. of epochs 5
Vibration data points 100000 (for each Healthy and
Faulty Pump)
Temperature data points 23701 (for each Healthy and
Faulty Pump)

Source: Authors, (2025).

Table 2: Design parameters for transformer model.

Design Parameters Values/Function
No. of encoder layers 2
No. of attention heads 2
Embedding dimension (Head
. 128
size)
No. of epochs 5
100000
Vibration data points (for each Healthy and Faulty
Pump)
23701
Temperature data points (for each Healthy and Faulty
Pump)

Source: Authors, (2025).
V. RESULTS AND DISCUSSIONS
V.1 LSTM MODEL FOR VIBRATION DATASET

The vibration data obtained from industrial accelerometer
is used for training the model. Figure 4 represents the accuracy of
the LSTM model for vibration data. It is inferred from Figure 4
that the initial high peak indicates that the model is learning well
from the training data and performs effectively on both the
training and validation datasets. The downturn in both training
and validation accuracy implies a common issue affecting
generalization which could be due to overfitting or a sudden
change in the data distribution. The subsequent steady increase in
accuracy for both datasets suggests that the model is recovering
and adapting to the challenges presented during the downturn. As
the number of epochs increases, the accuracy also increases.

A confusion matrix in binary classification provides a
detailed breakdown of the model's performance by categorizing
the predictions into four categories: True Positives (TP), True
Negatives (TN), False Positives (FP) and False Negatives (FN).

Figure 5 represents the confusion matrix of the LSTM
model for the predictions made upon the test data. The TP and FP
are 18,537 and 19,959 respectively. The TN and FN are 1,484 and
0 respectively. These values are used to find several other
performance indicators of the model, such as Precision, Recall,
and F1 Score.
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Figure 4: Accuracy of LSTM for vibration dataset.
Source: Authors, (2025).

Figure 6: Accuracy of LSTM for temperature dataset.
Source: Authors, (2025).
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Figure 5: Confusion matrix of LSTM for vibration dataset.
Source: Authors, (2025).

Table 3 shows the classification report of the LSTM model
indicating the key performance indicators. It also provides a
comprehensive summary of various performance metrics such as
precision, recall and Fl-score for each class in a classification
problem.

Table 3: Classification report of LSTM for vibration dataset.

Class Precision | Recall | Fl-score | Support
Faulty 1.00 0.93 0.96 20021
Healthy 0.93 1.00 0.96 19959
Accuracy 0.96 39980
Macro average 0.97 0.96 0.96 39980
Weighted average 0.97 0.96 0.96 39980

Source: Authors, (2025).

V.2 LSTM MODEL FOR TEMPERATURE DATASET

Figure 6 represents the accuracy of the LSTM model for
temperature data. Figure 7 represents the confusion matrix of the
predictions made upon the test data.

Figure 7: Confusion matrix of LSTM for temperature dataset.
Source: Authors, (2025).

Table 4 shows the classification report of the LSTM model
indicating the key performance indicators. It is observed that the
model made a good number of correct predictions of the pump
status on the test data with an accuracy of 94%.

Table 4: Classification report of LSTM for temperature dataset.

Class Precision | Recall | Fl-score | Support
Faulty 0.89 1.00 0.94 4699
Healthy 1.00 0.88 0.93 4742
Accuracy 0.94 9441
Macro average 0.94 0.94 0.94 9441
Weighted average 0.94 0.94 0.94 9441

Source: Authors, (2025).

V.3 TRANSFORMER MODEL FOR VIBRATION
DATASET

Figure 8 represents the accuracy of the transformer model
for vibration data. It shows a higher level of accuracy in
classifying the status of the pump. Figure 9 represents the
confusion matrix of the predictions made upon the test data.
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Figure 8: Accuracy of transformer model for vibration dataset.
Source: Authors, (2025).
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Figure 9: Confusion matrix of transformer model for vibration
dataset.
Source: Authors, (2025).

Table 5 shows classification report of transformer model
indicating key performance indicators. It is inferred that
transformer model for vibration dataset achieved an extremely
high accuracy of around 100% in classifying the pump health
status.

Table 5: Classification report of transformer model for vibration

dataset.
Class Precision | Recall | Fl-score | Support
Faulty 1.00 1.00 1.00 20021
Healthy 1.00 1.00 1.00 19959
Accuracy 1.00 39980
Macro average 1.00 1.00 1.00 39980
Weighted average 1.00 1.00 1.00 39980

Source: Authors, (2025).

V.4 TRANSFORMER MODEL FOR TEMPERATURE
DATASET

Figure 10 represents the accuracy of transformer model on
temperature data. It shows that greater accuracy is achieved in
classifying the status of the pump compared to LSTM model.
Figure 11 represents confusion matrix of the predictions made
upon the test data.

Figure 10: Accuracy of transformer model for temperature
dataset.
Source: Authors, (2025).
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Figure 11: Confusion matrix of transformer model for
temperature dataset.
Source: Authors, (2025).

Table 6 shows the classification report of the transformer
model indicating the key performance indicators. The transformer
model for temperature dataset achieved a very good accuracy of
99% in classifying the pump health status.

Table 6: Classification report of transformer model for
temperature dataset.

Class Precision | Recall | Fl-score | Support
Faulty 0.99 0.99 0.99 4699
Healthy 0.99 0.99 0.99 4742
Accuracy 0.99 9441
Macro average 0.99 0.99 0.99 9441
Weighted average 0.99 0.99 0.99 9441

Source: Authors, (2025).

V.5 COMPARATIVE ANALYSIS OF LSTM AND
TRANSFORMER MODELS

It is inferred that from Table 7 and Table 8, the
classification accuracy obtained with the Transformer model is
comparatively better than LSTM model. Hence, the Transformer
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model outperforms the LSTM model for

classification.

pump health

Table 7: Comparison of LSTM and Transformer model for
vibration dataset.

Performance LSTM Transformer
Metrics
Accuracy 0.9629 0.9996
Precision 0.9308 0.9992
Recall 0.9995 1.0000
Fl-score 0.9642 0.9996

Source: Authors, (2025).

Table 8: Comparison of LSTM and Transformer model for
temperature dataset.

Perforrr}ance LSTM Transformer
Metrics
Accuracy 0.9374 0.9867
Precision 0.9983 0.9896
Recall 0.8768 0.9858
F1-score 0.9336 0.9867

Source: Authors, (2025).
V. CONCLUSIONS

The comparative performance analysis of the LSTM and
Transformer models for pump health classification using
vibration and temperature datasets reveals a distinct advantage in
favor of the Transformer model. These findings underscore the
effectiveness of the Transformer architecture in handling
sequential data, benefitting from its attention mechanisms that
capture long-range dependencies more effectively than LSTM's
gated recurrent units. Consequently, the Transformer model
proves to be a robust and highly accurate tool for predictive
maintenance in industries, offering significant potential to reduce
downtime and maintenance costs through timely and precise fault
detection.

In conclusion, the empirical evidence from this study
strongly supports the Transformer-based models over LSTMs for
monitoring the health of industrial pumps using sensor data. The
higher accuracy and precision of the Transformer model can
enable more reliable and effective predictive maintenance
strategies, contributing to the advancement of smart monitoring
practices.
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Lighting loads represent a significant percentage of global energy consumption, becoming
an important issue to analyze in order to contribute to a more efficient use of electrical
energy. This work presents an analysis of the lighting energy demand in the buildings of the
College of Engineering - UNCPBA along with a proposal for improvement using LED
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current lighting conditions of the different College work areas and the associated energy
consumption. The analysis includes the impact in terms of energy and lighting quality,
replacement costs and return on investment. The calculation of greenhouse gases (GHG)
and their environmental impact is also presented. The results of the study indicate that the
transition to LED lighting would result in approximately 60% savings in electrical energy
consumption at the College. The study draws conclusions regarding the efficiency of the

lighting process and the reduction of environmental impact.
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I. INTRODUCTION

The global trend towards a more efficient use of natural
resources leads to the analysis and restructuring of energy-
consuming systems. The world's population growth entails a
marked increase in electricity consumption in all areas of demand
since electricity has greatly improved the population’s quality of
life. However, on multiple occasions, excessive energy
consumption, improper energy use and electrical installations /
electrical machines working in poor conditions are situations that
directly or indirectly involve Energy Efficiency (EE) [1]. On the
one hand, EE involves making a series of changes and/or
improvements in different consumption sectors to reduce the
energy used for certain services or activities [2],[3]. On the other
hand, EE is closely aligned with the necessary investments and
policies to make the changes that lead to improvements in energy-
consuming systems [4],[5].

The energy demand has grown due to various factors [6]. In
addition, electrical energy has a higher relative cost compared with
other energies [7]. Therefore, focusing on increasing the EE of
electrical systems is a relevant issue as one of the ways to face the

situation. In particular, lighting loads represent an important
percentage of the electrical energy consumption in different areas
[81,[9], and represent approximately up to 20% of the global energy
consumption [10],[11]. Therefore, analyzing the problem of energy
demand due to lighting loads becomes a matter of great importance
in the context of EE. Light Emitting Diodes (LED) lights have
higher efficiency compared to other technologies such as
incandescent bulbs, halogen lamps, and Compact Fluorescent
Lights (CFL). In comparative terms, the required energy to supply
a given luminous flux is lower in the case of using lighting through
LED technology [9],[12],[13]. Moreover, LED lamps have a
duration 5 times longer than CFL lamps and their electrical
consumption is around 50% lower [14].

LED lamps also limit the flickering effect produced in
fluorescent lamps with conventional ballast, constituting another
positive aspect [15]. This phenomenon can produce headaches and
visual and neurological effects on humans [16], affecting their
health and work environments. So, it should be considered among
the factors that determine the decision to move to LED lighting.
However, unlike fluorescent lamps, LED lamps are powered by DC
current, from a rectification process. Two wave characteristics
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influence the flickering. These are the ripple voltage and the
frequency at which the ripple occurs [17]. This can lead to
intermittency or oscillations in light intensity, which also affect the
human eye. According to [18] have analyzed and quantified the
flickering effect in commercial LED lights. According to the study,
percentage differences can be found between commercially known
brand lamps and low-cost generic lamps. However, the flickering
effect is considered to be almost completely reduced in LED lamps.
To mitigate these effects, international organizations such as the
IEEE makes recommendations on maximum flicker levels to avoid
harmful effects on human health [19]. Furthermore, the lifespan of
LED light sources is not affected by the switching frequency. In
general, unlike fluorescent lamps that emit light in all directions,
LED light sources radiate in one direction (depending on the
position of the lamp); therefore, their optical efficiency is better.
Thus, LED lights have better electrical characteristics and, in
addition, a positive environmental impact compared with
fluorescent ones [20].

In particular, activities that are developed in different areas,
such as residential, educational, administrative, industrial, among
others, require a certain light level on the work plane.

Several authors have presented studies to characterize the
work areas, identifying the conditions in which the activities are
developed. These studies allow taking action to improve the results
in relation to EE and to verify the illumination levels according to
regulations and standards. For example, there are studies aimed at
saving energy by replacing of conventional lamps with LED
technology in commercial areas and public buildings [21-23].
Others focused on the techno-economic considerations derived
from the replacement in offices building [24], and methodologies
to verify the illumination levels in offices, classrooms, laboratories
and other spaces in educational institutions to consider permissible
values [24-27]. Other studies are aimed at safeguarding the safety
and health of workers in industrial installations [28], or to evaluate
the use of LED lamps in residential environments [29], among
others.

This work presents a case study in the buildings of the
College of Engineering — UNCPBA, including the analysis of
lighting energy demand and an improvement proposal using LED
lamps. The analysis comprises the impact of energy and lighting
quality, replacement cost and return on investment, the calculation
of greenhouse gas (GHG) emissions and its environmental impact.

The paper is organized as follows. The materials and
methods section describes the situation before the replacement of
the fluorescent tubes with LED technology, together with the
energy savings achieved, considering the same buildings.
Subsequently, the method used to measure the light levels is
described. The results section presents the results obtained, an
analysis of the economic issues and the environmental impact. This
is followed by a discussion of the results and contributions to the
sustainable development goals promoted by the United Nations.
Finally, the conclusions of the work are presented.

Il. MATERIALS AND METHODS

The indoor lighting system in the building facilities at the
College of Engineering - UNCPBA, has been characterized by the
use of fluorescent tubes. The system has a non-optimized
distribution. This means that the proper illumination levels
recommended by Federal Law no. 19587 on occupational health
and safety cannot be properly achieved [30]. In view of this
situation, the goal is to introduce improvements in the
efficiency/energy savings variables, to achieve comfortable

lighting for users, and to estimate the necessary investment to
restructure the lighting system. In order to identify the current
indoor lighting conditions of the different sectors and the
associated energy consumption, a survey of each of the College’s
buildings and areas was conducted. Table 1 summarizes the current
situation based on this survey. It is observed that the equipment
used are all 36 W fluorescent tubes. If losses in electronic ballasts,
reactances, and auxiliary ignition devices are considered, the total
consumption per element is 40 W.

11.1 MOVING TOWARDS LED TECHNOLOGY

This subsection shows, through a calculation example, the
energy savings achieved by using LED tubes instead of traditional
fluorescent tubes. It is proposed to replace the existing devices with
LED tubes of 16W, considering similar light level conditions and
geometrical disposition of the previous one. This replacement
means that with 40 % of the energy of traditional fluorescent tubes,
it is possible to obtain the same performance with LED tubes. With
this new electrical power reference value, the total power installed
on each building is calculated once again. Table 2 shows the
electrical power with LED technology and the potential power
savings.

The analysis carried out in the main buildings of the
College, shows that the installed capacity is reduced by 60%, as
expected. This means that 13968W of electrical power can be
saved. Figure 1 shows the representation of the current installed
power and the potential savings incorporating LED technology.

11.2 ELECTRICAL ENERGY SAVINGS

From the analysis carried out in the previous subsections, it
is possible to quantify the electrical energy saved on a daily,
monthly and annual basis as a result of replacing traditional
fluorescent tubes with LED tubes. For this purpose, an estimation
of the average hours of daily usage is utilized, considering that the
activities begin at 8:00 a.m. and end at 8:00 p.m. during weekdays.
It should be clarified that this time distribution does not apply to all
sectors. There are some sectors where the lighting is on for less
time, others where it is on for longer, and sectors where it is on 24
hours a day, even on weekends or non-working days.

Table 1: Installed power in the College buildings.

Building Number of lamps Installed power (W)
Main Building 241 9640
Students’ Center 4 160
Civil Engineering 84 3360
Electromech_anlcal 62 2480
Engineering
Industrial 52 2080
Engineering
Chemical 118 4720
Engineering
quorator_y of 21 840
Microparticles
Total 582 23280

Source: Authors, (2025).

Based on the above, an estimate of 12 hours of daily use is
appropriate. Table 3 presents the electrical energy savings
obtained, considering the lights on 12 hours a day on average,
during 5 days a week.

In most of the Argentinean territory, a reference value for
electricity consumption of 150 kWh per month has been
established, which corresponds to the social tariff and from which
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the reference prices for electricity are determined by the Ministry
of Energy and Mining — Argentina [31],[32]. Therefore, if the
aforementioned value is taken as a reference, it can be deduced that
the monthly electrical energy savings would be equivalent to the
approximate consumption of 22 households with social tariffs, just
by replacing the existing lighting system in the College with LED
technology. However, the average electrical energy consumption is

month and the average consumption would be around 230 kWh per
month taking into account the residential demand in Argentina.
Considering this last value as the average monthly consumption of
a household, the savings would be equivalent to the monthly
consumption of 15 households, which clearly indicates the
importance of replacing the lighting system in the College
buildings.

considered to be higher than this threshold value. According to
Larrere [33] the most frequent consumption is around 150 kWh per

Table 2: Electrical power in the College buildings using LED technology and electrical power savings.

Building Electrical power with LED light (W) Electrical power savings (W)

Main Building 3856 5784
Students’ Center 64 96

Civil Engineering 1344 2016
EIectro_mech_anlcaI 992 1488

Engineering

Industrial Engineering 832 1248
Chemical Engineering 1888 2832
Laboratory of Microparticles 336 504

Total 9312 13968

Source: Authors, (2025).

LED

Electrical power
savings

Figure 1: Representation of current installed electrical power vs.
potential savings by using LED technology.
Source: Authors, (2025).

Table 3: Electrical energy savings in the College buildings using

LED tubes.
Electrical Daily energy \é\:]eeil;g I\gr?gsg;/y
savri)%\ge{W) saw(r;(g\]/sv;])l 2h savings-5 | savings - 20
days (kWh) | days (kWh)
13968 167.6 838.1 3352.3

Source: Authors, (2025).

1.3 LIGHT LEVEL MEASUREMENTS - PREMISES AND
GUIDELINES

Lighting conditions achieved with LED lights must be
measured through a standardized method to meet the requirements
of federal rules on occupational health and safety, and occupational
hazards.

Various manufacturers of lighting equipment provide the
photometric data for their products. Based on this data, it is possible
to evaluate the luminous flux reaching the working plane. There
are two alternatives for this: a) analysis through simulation, and b)
by experimental tests. Simulation is useful when the lighting device
is not available or when different alternatives need to be evaluated.

In this work, the verification of the lighting conditions was
carried out experimentally through different tests. According to the
manufacturer’s specification, a lighting system based on
fluorescent tubes has a lower luminous flux utilization when
compared to LED tubes, so this is a premise for this work.

This situation is illustrated in Figure 2. In Figure 2(a),
corresponding to a fluorescent tube, the luminous flux is emitted in
all directions, and must be reflected by the surface of the luminaire
to direct it towards the work plane. Figure 2(b) depicts a tube with
LED technology. In this case, the luminous flux is mostly emitted
directly to the work plane due to its constructive shape.

b)

Figure 2. Luminous flux utilization, a) fluorescent lamps, and b)
LED tubes.
Source: Authors, (2025).

11.4 MEASUREMENT METHOD

To properly characterize a certain sector, it is necessary to
measure the luminous flux per unit area, that is, the light level or
illuminance, in Ix. In other words, the luminous flux that reaches
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the work plane. To exemplify the applied method, the case of light
level measurements in a typical office commonly used by
professors is presented.

The method is divided into two stages to measure, 1)
illuminance on the work plane to obtain a first approximation and
choose the more convenient luxmeter scale, and subsequently, 2)
illuminance using a measurement point grid covering all the
analyzed zone, according to the illumination measurement protocol
in work environments that is part of the Resolution SRT no.
84/2012 of the Occupational Hazards Superintendence — Argentina
[34]. This protocol is mandatory to measure the light level
according to the foresight of the Federal Law no. 19587 on Hygiene
and Safety at Work — Argentina [30].

An analog portable luxmeter model 3281 from Yokogawa
Electric Corporation, available in our electrical and electronics
laboratory, was used to perform the measurements on the work
plane. This instrument contains a selenium cell sensor with a plastic
covering, connected to a passive instrument built on a linear scale
with a measuring range of 0 to 3000 Ix divided into three ranges,
and an accuracy of + 7% of reading (23°C + 2°C).

As part of the first stage, the measurement was made on the
work plane considering a conventional fluorescent tube of 36 W.
Subsequently, the same measurement procedure was carried out,
but replacing the fluorescent tube with a 16 W LED technology
tube. Both measurements were made without the presence of
natural light.

Both values were below 200 Ix, so the 300 Ix scale was used
to perform the measurement. As expected, once the measurement
was made, it was found that the illuminance using LED technology
was higher than that reached by the fluorescent tube. The obtained
measurements with both technologies are presented in Figure 3.

For fluorescent tube lighting, the illuminance was 150 Ix
(Figure 3 a)), while with LED tube, 170 Ix was reached (Figure 3
b)). Considering the luxmeter specification, the measurement error
is £ 10.5 Ix in the first case and = 11.9 Ix in the second case,
respectively.

As part of the second stage, a point grid covering all the
analyzed zone was used to obtain the average illuminance. The
method is based on the division of the considered area into several
equal areas, each of them ideally square. Figure 4 shows the grid
and their dimensions, corresponding to a typical office taken as an
example. Thus, the illuminance at the center of each subarea is
measured at the altitude of 0.8 m over the floor level (work plane)
to calculate the average illuminance (l.o).

The precision in average light level measurement is
influenced by the number of points being used. Equation (1) was
used to determine the minimum number of measurement points
(Nmp) as a function of the location index (Li) [34]:

Npp = (L; + 2)? (€]

The location index (L;) was determined through Equation
(2) where | and w are the length and the width of the considered
area, respectively, and Mh is the mounting height, that is, the
vertical distance between the center of light source and the work
plane.

I X w

M M) Wy @

The value of the location index is rounded to the upper
integer number, except for values equal to or greater than 3, in

which case 4 is taken. The measurement method is complemented
with a table for each of the college buildings.

Figure 3: Comparison of the light level on the work plane, a)
fluorescent tube, and b) LED tube.
Source: Authors, (2025).
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1.8m

Figure 4: Grid used for measuring average illuminance.
Source: Authors, (2025).

I11. RESULTS AND DISCUSSIONS

When calculating the average value resulting from the 9
measurements for both cases, an average illuminance value (I.o) of
145 Ix with fluorescent tube and 165 Ix with LED tube were
obtained, respectively.

It should be highlighted that due offices’ dimensions, and
the arrangement and length of the luminaire that contains the tube,
the measured values were all very close to the average value in both
cases, resulting in a high level of uniformity. Table 4 summarizes
the measured values obtained for the analyzed case.

111.1 ECONOMIC ISSUES

The return-on-investment time and potential economic
advantages of the proposal were estimated using the Simple
Payback Time (SPBT) indicator [35]. This estimation has been
carried considering the electrical energy consumption analysis
made in materials and methods section, the costs associated with
the replacement of existing lights with LED technology, and the
electrical energy consumed (cost provided by local energy
distributor). The bonus per kWh was taken into account to estimate
the composition of the electrical energy cost, and all those costs
related to provincial and municipal taxes directly impacting the
final expense paid by the user.

Table 5 presents the calculation of the electrical energy
savings achieved by using LED tubes instead of fluorescent ones.
The recorded values take into account the total values of annual
energy demand in terms of lighting in the College of Engineering
per year, with both types of technologies.

Currently, the acquisition costs of both types of tubes are
comparable. This is due to the important development and massive
commercialization of LED technology, which allowed the
reduction of its cost. However, for its replacement, all labor costs
must be taken into account for the adaptation of existing systems.
In this case, an adaptation cost equal to the cost of the LED tube
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was considered, so the new lighting system requires an investment
of twice the acquisition value of the tube, for each tube.

With the aforementioned considerations, the calculation of
the return-on-investment time was carried out without considering
the annual interest rate, that is, accumulating the energy savings per
year to cover the additional value of the investment. Equation (3)
used for the calculation of the indicator, corresponds to the static
method SPBT [35].

i
SPBT = — 3
2 3

es

Where SPBT is the Simple Payback Time in [years], iiis the
additional investment corresponding mainly to the adaptation cost
of the installation in [U$S], and Aes is the annual energy savings
due to the lighting system replacement in [U$S].

Table 4: llluminance in an office using the measurement point

grid method.
Variable Value
L 2.8m
W 1.8m
Mh 1.7m
L 0.64 (rounded to 1)
Nmp 9
ILo with fluorescent tube 145 Ix
ILo with LED tube 165 Ix
L 2.8m

Source: Authors, (2025).

To obtain the SPBT, two possible scenarios were proposed.
The first one (scenario 1), corresponds to the current lighting
system appropriately working. Therefore, the investment to be
made corresponds to the LED tube cost plus the adaptation cost. In
the second one (scenario 1), the criterion adopted was that the
existing tube had reached the end of its lifetime. Therefore,
regardless of the technology to be used, the cost of the lamp must
be considered within the building maintenance cost. Under this
condition only the adaptation cost of the installation was
considered. This means that the cost associated with scenario Il is
equivalent to half that of scenario I.

In Table 6, the obtained SPBT are presented for the two
proposed scenarios. As can be seen from Table 6, for the most
unfavorable condition, the time needed to recover the additional
investment is less than one year, making the replacement proposal
economically viable. Alternatively, if the total investment is not
available, a gradual replacement plan can be carried out.

111.2 ENVIRONMENTAL IMPACT

The energy savings as a result of technology replacement
directly contributes to the optimization of natural resources, since
most of the energy matrix in Argentina is composed of natural gas.
In this Section, the reduction in the volume of greenhouse gases,
product of the decrease in electrical energy consumption, was
exclusively analyzed.

In order to estimate the volume of CO production, the
emission factors corresponding to the Argentine grid of electrical
energy, provided by the Secretariat of Energy were taken into
account [36]. These factors consider the amount of CO, emissions
resulting from the production of a unit of electrical energy from the
Argentine grid. The data of the last report accessible on the
platform correspond to the year 2023.

Table 5: Annual electrical energy demand and savings in the
College buildings.

Energy demand Energy demand — Energy savings
— fluorescent LED tubes (kWh) (kwh)
tubes (kWh)

67046.4 26818.6 40227.8 |

Source: Authors, (2025).

Table 6: SBPT obtained for the proposed scenarios.

Scenario | ii (U$S) SPBT (years) SPBT (months)
1 1315.8 0.96 11.6
2 657.9 0.48 5.8

Source: Authors, (2025).

Figure 5 presents data from the report, considering the
2007-2023 period. Until 2019, a decrease in emission factors is
observed as a result of the advance of renewables in the energy
matrix in recent years. However, in 2020 and 2021, the emission
factor shows an increasing trend, which is reversed from 2023
onwards. The value of the emission factor in 2023 is similar to that
of 2019, and considering the behavior of the curve and the previous
trends, as well as the actions taken in recent years regarding energy
generation, electric mobility, and others, the emission factor could
decrease again.
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Figure 5: Emission factor during 2007-2023 — Argentine grid of
electrical energy.
Source: [36].

It should be pointed out that the factors are closely related
to the operating margin and construction of power plants.
Depending on the technology of each of them, a weighting is made
to obtain a combined margin emission factor.

Thus, the emission factor corresponding to the operating
margin of the year 2023, whose value is 0.429 tCO,/MWh, was
used for the analysis. Considering the annual energy saved,
affected by the emission factor, a value of 17.2 tCO, was obtained
for this case study.

The effect of greenhouse gas reduction on climate change is
significant. This becomes even more important if its projection to
other local or national buildings and institutions is considered.

The 60 % energy consumption reduction in lighting is a
unique opportunity, enabled by more efficient lighting
technologies.

In addition, it should be noted that fluorescent tubes, at the
end of their lifetime, are transformed into hazardous waste. This is
due to the presence mainly of mercury mixed with argon in the
vapor state, which can cause serious environmental and human
health problems when broken [37-39]. When a mercury leakage
occurs, it can remain in the atmosphere for a long time before being
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deposited on the surface, and can be transported to places far from
the emission source [40].

111.3 DISCUSSION

The contributions of this work should be analyzed in the
context of indoor lighting systems, more specifically in classrooms
and offices. Ongoing research shows similar results for the
replacement of fluorescent lighting systems with LED technology
lighting. It is clear that electrical energy savings can be achieved
through replacement. In this sense, several studies have been
carried out in recent years.

In [10] the energy savings that would be obtained if all CFL
lamps were replaced by LED technology is analyzed, taking a
commercial building as a case study. The economic feasibility of
the project is also analyzed. In [23] electrical energy consumption
levels between conventional lamps and LED lights were compared,
measuring the savings in terms of power and energy efficiency,
taking a commercial area as a case study. An economic analysis of
the project was carried out in the work. A few years later, in [22],
the energy efficiency using LED lighting in a bank building was
analyzed. The illumination levels were analyzed and contrasted
with the values indicated by international standard. In [21] a case
study that considers the replacement of the lighting system in a
Navy building was presented. Through the analysis of three
different scenarios, the possible energy savings are shown. On the
other hand, the simulation results and the energy diagnostic related
to the modification of the layout showed satisfactory results in
relation to the local technical standard.

However, to be more specific, the present work should be
compared with lighting system replacements carried out in
educational institutions. The works [24-26] can be cited in this
regard. In [24] an analysis was carried out considering the
technical-economic aspects of the lighting system replacement,
taking as a case study the offices of a building of a university
institution. The analysis showed that the replacement allowed a
reduction in lighting energy consumption of more than 50%, which
results in a reduction of annual operating costs. In [25], the effects
of replacing lighting technology in indoor environments were
studied. One of the study cases corresponds to the replacement of
lighting system of indoor environments in a university building.
The results indicate energy savings of more than 50 % associated
to a reduction in installed power. Illumination levels were also
verified according to local standard. In [26], the illumination levels
in the work areas corresponding to a career in an institution of
higher education were analyzed. These levels were compared with
those specified in the local standard. The work provides
recommendations for improving lighting energy efficiency and
compliance.

In contrast, in this work an electrical energy saving value of
approximately 60 % is achieved in the buildings analyzed. This
may be due to the technological advancement of LED lighting
systems. As a complement, the economic analysis shows that the
time needed to recover the additional investment is less than one
year, making the replacement proposal economically feasible.
Furthermore, as a contribution, an analysis of the environmental
impact has been made, presenting the calculation of GHG, although
limited to the case of emissions in Argentina.

The opportunity to quantify the possible savings and make
a more efficient use of electrical energy through concrete actions
by the use of LED lighting, and especially in a public education
institution, can be an incentive for this type of actions to be
replicated in other areas. There is another potential opportunity
derived from the previous one and it is closely related to increasing

awareness of energy usage. This can be achieved if parallel to the
technology replacement, an information campaign is carried out in
order to raise awareness among the university community so as not
to leave lights on unnecessarily. In other words, a campaign to
achieve a change in people's attitudes and customs, taking
advantage of technological change.

From the technological point of view, these actions can be
complemented by incorporating auxiliary equipment, such as
motion detectors, sensing of lighting levels, and use of timers,
among others. These aspects correspond to the second
implementation stage as part of the lighting system replacement
policy in this case study.

In terms of electrical energy, it is clear that replacing
conventional lighting technology by LED technology have
significant advantages. However, the harmonic disturbances that
the new system cause on the grid must be monitored. Depending
on the quality of the devices, this impact may be different due to
the filtering systems they contain.

As final remarks of this work, it can be said that this type of
action is also directly in line with the United Nations Sustainable
Development Goals for Latin America [41]. It supports Goal 7,
"Affordable and Clean Energy," by improving energy efficiency. It
is also in line with Goal 12, "Responsible Consumption and
Production," by promoting the sustainable management and
efficient use of natural resources. Moreover, this action contributes
in part to several other goals. It supports Goal 8, "Decent Work and
Economic Growth," by enhancing economic productivity through
technological upgrades, since the proposed replacement of
luminaires improves labor productivity. It also contributes to Goal
11, "Sustainable Cities and Communities,"” by reducing the adverse
environmental impact of hazardous waste. Finally, it supports Goal
13, "Climate Action," by incorporating climate change measures
into national policies, strategies, and planning through the
replacement of lighting systems in public institutions.

Concerning the effects on human health, as mentioned in
Section 1, the flickering effect depends on the grid frequency and
the equipment used to control the power supply of LED lights. The
measurement of these variations and their attenuation is one of the
problems facing LED technology in the immediate future, since
each person may present symptoms of different intensity, or even
not perceive them, although this does not mean that they do not
affect its health.

IVV. CONCLUSIONS

The replacement of the lighting systems technology in the
buildings of the College of Engineering - UNCPBA allows to save
approximately 60% of the electrical energy used for such purposes.
This saving is equivalent to the consumption of 15 average
households.

It is also verified that the light levels obtained with LED
tubes are higher than those obtained with the existing system.
However, the complete installation should be adapted to the
lighting levels established by the regulations.

Furthermore, in relation to the electricity generation
process, more than 17.2 tCO; can be reduced annually with this
replacement. In addition to the reduction of greenhouse gases, the
use of LED technology allows to reduce the volume of hazardous
waste produced at the end of the LED light’s useful life.

In economic terms, the estimated cost to implement the
technological replacement proposal and the return-on-investment
time were quantified in a simplified fashion. Based on the obtained
results, the SPBT is less than one year, indicating the proposal’s
viability.

Page 100
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Based on the above factors and indicators it can be
concluded that this first phase of replacement of the lighting system
could be gradually extended to all the buildings of the College, and
even to other public institutions, causing a positive energy and
environmental impact. The action should be complemented with
the addition of auxiliary devices for sensing the associated physical
variables, and together with an awareness campaign in order to
obtain a more comprehensive results derived from replacement
action.

Finally, this action contributes to the sustainable
development goals for Latin America, according to the United
Nations agenda.
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I. INTRODUCTION and other circuits entering the station to generate radiation likely
to disturb the electromagnetic environment (EM) of local
electrical systems (self-pollution), and to generate a coupling with
neighboring lines [4].

The measurement of earthing is still affected by problems
that often lead to considerable uncertainty when interpreting the
measured values [5-8].This leads researchers to approach this
problem by mathematical calculation using some simplifying
assumptions [9]. In this work, we are interested in the transient

Many Several problems in the electrical engineering,
electronics or telecommunications industries are due to short
circuits or the direct impact of lightning waves on their networks,
which put them in a disturbed state, for this reason the analysis of
the behavior of grounding in disturbed conditions remains among
the main concerns. Short circuits or the direct impact of lightning
waves on networks can put certain metal parts equipping a THT
or TH station under voltage and for the protection of these devices modeling of a buried electrode, and then we will study the
is the earth network which must limit the duration of this voltage  agiation and the coupling of this one with an aerial structure [10-
and allow a rapid flow of charges into the ground [1-3]. 12].

This discharge into the ground of an overhead station has
the following effects: to bring the masses of the latter to a certain
potential which risks causing return sparks between the masses

Journal homepage: www.itegam-jetia.org
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Il. LINE THEORY

In It is known that it is necessary to build the line theory
on the properties of the electromagnetic field that is to say on
Maxwell's equations. We seek solutions in the form of a wave
propagating parallel to the line and compatible with the boundary
conditions, then we try to find an “equivalent scheme” which
gives the same solutions from Ohm's law, which is more
convenient to use than Maxwell's equations. Due to the wire
geometry of the ground electrodes, it is possible to study them
using line theory [1]. The advantage of this theory is that it
facilitates the determination of input impedance at the end of the
antenna (Figure 1). This is characterized by its impedance per unit
length Z and its admittance per unit length Y.

ZAx

Yix
U+AU

X X+Ax

Figure 1: Equivalent schema of a line section.
Source: Authors (2025).

The assumption required for such modeling is that any
propagation effect is negligible for each wire element of the
structure. The main step is therefore the characterization of the
elementary section of the line for which the circuit laws (hode
law, mesh law, Ohm's law, etc.) can be written locally [2].

For this, each section taken separately must be
independent of its neighbors; consequently it is necessary to
consider a wire structure of infinite length located in an infinite
medium. The introduction of a finite length will be carried out a
posteriori as a discontinuity at each end. Since the transverse
dimensions of the line are small compared to the wavelength, this
discontinuity can be taken into account by writing a local
condition [3].

The line equivalent to a straight wire structure of infinite
length, immersed in an infinite medium, is now well determined
by its primary parameters Z and Y which are independent of the
propagation and characteristic of the physical model, and by its
secondary parameters k and Zc. The ground electrode is then
considered as a transmission line with losses. In frequency for an
infinitesimal element of the electrode, the current and voltage
equations are given by [4]:

av _

A
dx 1)
a __vu
dx

The following telegraphist equations:

=y
a7 )
ﬂ: 2]
dx?

Are satisfied by two independent solutions that represent
waves moving in positive and negative directions:

U(x)= (e +Be™ )z, @)
1(x)=(Ae ™ — Be”)

A and B are constants of integration.
Z=R+ j ol @
Y =G+ jaC

[

7 - \/Zﬁ - Characteristic impedance
Y

yza/zy =a+j B : Wave propagation coefficient
o  Linear attenuation
43 - Linear phase delay

In this research work we will present a semi-analytical
formalism to quantify the coupling of a buried electrode,
subjected to excitation, with a piece of overhead line. This
formalism is a combination of several methods: First, we start by
determining the distribution of the current along the excited
electrode and this by using the theory of transmission lines. To
characterize the radiation of a grounding in time, we used the
dipole method for the quantification of the electromagnetic field
radiated by the latter in a free space and the modified image
method to take into account the effect of the interface. In the last
step, which consists of the study of the electromagnetic coupling,
which manifests itself by induced currents and voltages, we will
use the Agrawal model [9].

This model does not lack precision and lends itself better
to numerical modeling. . Since the soil is relatively poorly
understood (its properties change with temperature and humidity),
the treatment of earthing by rigorous formalisms is only
fortuitous.

I11. COUPLING EQUATION FOR THE CASE OF AN
IDEAL CONDUCTOR ABOVE A PERFECTLY
CONDUCTING GROUND

It is known that the theory of lines is built on the properties
of the electromagnetic field, i.e. Maxwell's equations. Under
certain approximations and assumptions, it is then possible to
translate equations linking the electric and magnetic fields into
expressions directly showing the current and voltage. The basic
assumptions of the approximation of transmission lines are [5].

- The geometry of the line is reasonably uniform;

- The transverse dimensions of the line are smaller than the
minimum significant wavelength;

- The conservation of current (sum of the forward and reverse
currents is equal to zero);
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- The quasi-transverse electromagnetic (quasi-TEM)
propagation mode is predominant along the line. Consider a
transmission line formed by a conductor of radius a located at a
height h above a perfectly conducting ground (Figure 2).

— X
- =N

X Hewohe

Figure 2: Geometry of a line formed by a conductor
illuminated by an electromagnetic field.
Source: Authors (2025).

The exciting electromagnetic fields E° and B°are
defined as the sum of the incident fields E™™ , B'™ and the fields

reflected by the ground E™ ,B™ in the absence of the
conductor [7],[8].

1 1. 1 £
E°=E™ +E" (5)
1 1. 1 f
Be :Blnc+Bre (6)
The total fields E and B are obtained by adding the
exciting fields E°, B¢, and the diffracted fields, E°* B® which

represent the reaction of the line to the exciting field.

1
E

Ee 4+E° )

I
w-

B —B®+B° ®)

IV. AGRAWAL MODEL

In this formulation, the two equations introduced by
Agrawal et al [9]. deduced from equations (2) and (8), are
expressed in terms of diffracted voltage and total currents:

du®(x.t) o (X't):Ee(X ht) ©)
dx ot Y

dl (X't)+C aUs(x,t):O (10)
dx ot

With :
Eg(x,ht) is the horizontal component of the exciting electric

field along the axis at the height h of the conductor;
U®(x,t) is the vertical component of the diffracted magnetic

field

U®(x,t)=—|E;(x,z,t)dz (11)

O e, T

With:

E; (x ,Z ,t) is the vertical component of the diffracted electric
field.

The total voltage induced on the line U (X,t)can be
expressed as a function of the diffracted voltages U s (x,t) and
the exciting voltages U ¢ (x ,t) by the following relation:

The boundary conditions for the diffracted voltage are:

Us(0,t)==Z,1(0t)+|E;(0,z,t)dz (12)

O ey

h
Us(Lt)=Zg I (Lt)+[Ef(L,z,t)dz  (19)
0

In the Agrawal model, the horizontal component of the
exciting field along the line and the exciting vertical electric field
at the vertical ends of the line are terms that appear explicitly in
the equations to produce the diffracted voltage. Agrawal et al
proposed an equivalent coupling circuit described by the two
equations (7) and (8). This circuit is shown in Fgure 3

1(x) ! EX(h2)E  yxrdx)
Ay S —
h .

O Ldx [E:(L.=)e
U (xtdx)
Usx)
cdx ——
Vi

v  J

X x+Hdx L

Figure 3: Equivalent differential coupling diagram according to
the Agrawal et al model.
Source: [9].

Although the Agrawal model is the most suitable
according to the literature [6], it is important to observe that an
equivalent formulation of the transmission line coupling
equations had been proposed by [10]:

du (x,t)+L
dx ot

ol(x,t) o,
:_EIBy(x,z,t)dz (14)

0

h
dl (X’t)+c ou (X’t)z_c QJ'ES (x,z,t)dz (15)
dx ot a1:0

The boundary conditions for tension are:

U(0t)=-Z,1(0t)
U(Lt)=Z,1(Lt)

(16)
(17

Agrawal's model is numerically more interesting than the
others, because it involves only one source term in one of the two
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equations; and this source term does
differentiation with respect to time and space.

not contain any

1V.1. COUPLING EQUATION FOR THE CASE OF A LINE
WITH FREQUENCY LOSSES

Consider the same configuration of Figure 2 but taking
into account the losses in the conductor and in the ground. The

conductivity of the conductor is o, and the ground is

characterized by a conductivity o, and a relative permittivity

Epg *

After correction due to the effect of the ground (finite
conductivity) which consists in taking the latter as a dissipative
half-medium, the frequency coupling equations in this case

become [11].

W), 71 (x)=E (e ,h) (18)
dx
dl(x)
YU®(x)=0 19
™ ¥ (x) (19)
With:
Z=joL+Z,+Z, (20)
y GrieCy, (1)
G+jwC +Y,
Ygzw 22)

9

With :Z  is the linear internal impedance of the conductor given:

_ Y IU(}/Wa) (23)
v 27raawll(ywa)
Yo =A@ty (0, +jwee,,) (24)
With:
7., Propagation constant of the conductor medium, I, and 1,

are the modified Bessel functions.
z, Ground impedance given by a logarithmic approximation

which was developed by sunde [12].

i 1+y.h
z, _Jouy W 270 (25)
2 7sh
With: e Propagation constant in the ground.
Ye =~ J oy (ag + jwe,e, ) (26)

1V. 2. COUPLING EQUATION FOR A LINE IN THE TIME
DOMAIN

The coupling equations in the time domain are obtained by
the Fourier transformation of equations (18) and (19). The

convolution product highlights the frequency dependence of the
correction terms [13].

dUs(x,t)+LaI (x

1) e
dx p )+£z(t—r)l (x,t)dz=E{(x,ht) (27)

(28)

Where:

Z (t) and y (t) are respectively the inverse Fourier transforms of
Z,+1, andY
For practical cases, equation (28) can be approximated by:

dld)((x)+GU5(x)+C V) g (29)

V. CST SOFTWARE

Generally speaking, the sequence of CST Software
programs, equipped with an interface schematized by figure.4

[14-17].

Introduction to Geometry (Regions)

L

Definition of regional characteristics

L

[ Introduction of boundary conditions ]

U

[ Excitement ]

b

[ Domain discretization (Mesh) J

4

Solving equations in integral form ]

L

[ Exploitation of results ]

End

.y

oy

Figure 4: Flowchart of the different modules of the CST software.
Source: Authors (2025).
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V1. RESULTS AND APPLICATIONS 30
VI1.1. THE CURRENT AND THE POTENTIAL AT —_ R
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This is a rectilinear electrode of radius “a” and length “I” :}ﬁ LA "Uemm ______________ P el r—
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CST Software which uses the rigorous antenna formalism. Let us

recall that the antenna formalism consists in solving an integral
equation in the electric field E or in the magnetic field H by the 100 }
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10 m) (Figure 6 and 7), as well as the temporal variation of the
electromagnetic field at 1 m above the ground considered (Figure
8 and 9). These results in these figures clearly show that the
results obtained by the Agrawal analytical model are very close to
those obtained by the finite element method by the commercial
CST software, the slight difference is mainly related to the use of
time-frequency passages by fast Fourier transform when we use
the CST Software software.

VI1.3. PARAMETRIC STUDY

To consolidate our modeling which consists in associating
the concept of apparent resistivity with the topological formalism,
we propose a parametric study which takes into account the burial
depth of the electrode as well as the resistivity jump between the
two layers (p1>p2 and pl<p2).

VI1.3.1. THE FIRST CASE

In the first case, the resistivity of the upper layer is fixed at
p1=200 Q.m and the resistivity of the lower layer successively
takes the following values:

= p,=1000Q.m
= p, =2000QQ.m
= p, =4000QQ.m

12 \

— Agrawal Model
—— CST Software |

0.2 X=10m  —ge—p1 = 200Q2m, pp =1000Q2m
' —A—p] =200Qm, py =2000Q.m
—e—p] = 200Qm, pp =4000QQm

% 2 6 8 10

4
t[us]
Figure 10: Temporal variation of the current at two points of the

electrode (x=0m and x=10m).
Source: Authors (2025).

V1.3.2 THE SECOND CASE

In the second case, the value of the resistivity of the upper
layer is fixed at p1=1000 Q.m and the resistivity of the lower
layer p2 successively takes the following values:

= p,=50Q.m
= p,=100Q.m
= p, =200Q.m

0.9 ;
—— Agrawal mode
2 0.8} —— CST software |
N
— 0.7y 1
0.6F X=10m
0.5 ]
04r 1
0.31 S
0.21 1
~x=16m
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0 L | | |
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t [ps]

Figure 11: Temporal variation of the current at two points of the
electrode (x=0m and x=10m).
Source: Authors (2025).

VI1.3.3 THE THIRD CASE

For the third case, we consider a stratified soil with
p1=200 Q.m and p2=1000 Q.m, but the burial depth of the
electrode successively takes the following values:

= h=04m
= h=08m
= h=12m

12 ‘ ‘
= — Agrawal model
—— CST software

0.2

4 10
t [ps]

Figure 12: Temporal variation of the current at different points of
the electrode.
Source: Authors (2025).

The temporal variations of the currents in Figures 10 to 12
clearly show that the resolution of the Agrawal equations for a
two-layer laminated soil in the presence of an electrode as well as
the CST Software simulation software lead to comparable results
in amplitude and shape. These results confirm that the concept of
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apparent resistivity is not affected by the jumps in conductivity or
by the depth of burial of the electrode.

VII. CONCLUSION

Our research work focuses on the calculation of the
transient electromagnetic field emitted by a buried electrode
(electromagnetic pollution) and the induced currents and voltages
generated in an overhead line that lead to electromagnetic
coupling. In this work we propose the use of a semi-analytical
formalism allowing the quantification of the coupling between a
horizontally buried electrode and excited by a current in the form
of a lightning wave with an overhead wire structure, directly in
time.

This quantification was done in several steps. The first step
consists in determining the distribution of the current and the
potentiel along the buried electrode, for this we used the modeling
by the theory of transmission lines. The second step consists in
the quantification of the electric and magnetic field radiated by
the excited electrode. The last step consists in determining the
distribution of the current and the potential induced by
electromagnetic coupling, along the piece of line and this by
using the Agrawal coupling model and CST Software.

The comparison of the results obtained by this analytical
formalism (Agrawal model) with those obtained by the CST
Software software, showed a fairly good agreement both in shape
and amplitude. We can therefore say that this model constitutes a
fast and fairly simple way to evaluate the electromagnetic
coupling between two structures.
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Article History Fire detection and suppression are essential for the safety of monitored environments. Our
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industrial facilities, and residential apartments, ensuring enhanced safety and peace of mind
for users.
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I. INTRODUCTION introduces a remote monitoring platform using Python

. programming, enabling real-time monitoring and management of

_Technological advancements have led to the development e fire detection and suppression system from a centralized point.

of various automatic fire detection and suppression systems aimed e primary objective of this study is to resolve issues related to

at protecting lives and property [1-3]. However, despite their  fajse alarms and inaccurate fire detection while enhancing the
widespread use, these systems face challenges such as false alarms 4\ erq1) efficiency and reliability of automatic fire detection and
and inaccurate detections, compromising their reliability and suppression systems.

effectiveness [4],[5]. False alarms can cause unnecessary panic and

resource mobilization, while inaccurate detections can lead to I1. ADVANCEMENTS IN AI-INTEGRATEDD FIRE
delayed responses, resulting in significant damage and losses [6- DETECTION AND SUPPRESSION SYSTEMS

8]. To address these challenges, this study proposes an intelligent
approach using artificial intelligence (Al) techniques to enhance
fire detection and suppression. The integrated solution utilizes
algorithms to process and encode signals from various sensors,
including gas and flame sensors, via the Arduino platform. It also
employs Al processing to analyze signals captured by cameras,
thereby improving the accuracy of fire detection and automatically
triggering suppression measures. Additionally, this research

Contemporary  advancements in  security  system
development integrate extensive automation across residential
buildings, offices, and enterprises, aiming to automate life support
management and operational functions. This evolution has led to
integrated  security systems (ISS) with comprehensive
functionalities, automating engineering system management within
buildings. Fire alarm systems (FAS) are globally mandated
components for all structures. Artificial intelligence (Al) utilizing
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trained neural networks (NN) shows promise in designing
integrated fire alarm and evacuation control systems. NNs,
interconnected artificial neurons, resolve complex problems
through signal transmission and image classification [9-11].
Researchers apply NNs for pattern recognition and fire
classification, using mathematical, empirical, and theoretical
methods [12-17] Al effectively classifies fire scenarios using
object-monitoring data, enhancing real-time decision-making by
identifying critical fire characteristics. However, adapting NN
learning algorithms to dynamic changes, such as combustion
processes, remains a challenge.

There are several examples of projects with the same
concept as our project:

1.1 PROJECT FIRE-GRID

The Connected Firefighter Platform integrates cloud-based
connectivity for seamless data transmission [18],[19], enhancing
communication and decision-making during firefighting. It
manages device and incident data, personnel, and equipment
records, offering real-time monitoring locally via Fire-Grid
Monitor and remotely through Remote Monitoring. Automated
data generation supports post-scene evaluation, training, and
maintenance, optimizing firefighting effectiveness.

11.2 DRONE-BASED FIRE MONITORING AND
SUPPRESSION

Firefighting drones provide early detection and access to
inaccessible areas, crucially saving lives. They deploy fire-
extinguishing balls using remote sensing and drones from safe
locations [20-25]. These drones detect flame length, enhancing
firefighting efficiency, with Al-enabled models using computer
vision for smoke and fire detection, leveraging advanced camera
systems.

11.3 SMART BUILDING FIRE SAFETY SYSTEMS

Smart buildings integrate cyber-physical systems to
enhance daily user routines and optimize building management
across health, energy, and security domains [26-29]. These systems
operate interactively or autonomously, aiming to address recurring
building issues and enhance safety through Al, 10T, and automated
response technologies, surpassing traditional fire safety methods
by predicting, detecting, and responding to fire hazards efficiently.

11.4 WILDFIRE PREDICTION AND MANAGEMENT

Wildfire prediction and management employ advanced
technologies such as predictive analytics using weather, fire
history, and vegetation data to forecast fire behavior and spread.
Remote sensing through satellite imagery and drones enables real-
time detection and assessment, with Al analyzing data to enhance
decision-making [30-34]. loT integrates sensors and cameras for
early warning systems, while GIS maps fire-prone areas to plan
effective evacuations. These technologies, including automated
drones and Al-driven robots, improve fire containment efforts,
complemented by community preparedness programs to bolster
fire safety and resilience..

I11. PROPOSED SYSTEM ARCHITECTURE AND
OPERATIONAL WORKFLOW

Due to identified shortcomings in fire detection and
extinguishing systems, a solution proposed to mitigate false alarms
and ensure swift fire detection in residential, commercial, and
industrial sectors, thanks to the architectural design of this system.

This automatic system provides a solution to well-known issues in
the fire detection and extinguishing systems market. It relies on an
intelligent approach, utilizing artificial intelligence (Al) for
detection, as well as processing and encoding signals from sensors
(such as gas and flame sensors) via the Arduino software.
Additionally, it incorporates Al processing for analyzing signals
captured by the camera. This solution also offers a remote
monitoring platform, facilitated by the use of Python.

Our system integrates three main components: detection,
extinguishing, and a control unit. Detection features gas and flame
sensors alongside a camera for quick risk assessment. Automatic
extinguishers in the system ensure immediate response to fires. The
control unit acts as a central platform for fire management,
facilitating efficient coordination and swift action during incidents.

Connected sensors, managed by a microcontroller (Arduino
Python), process data through specialized algorithms to make
informed decisions. Notifications issued via a web portal and local
alert system for timely response. The system's block diagram
(Figure 1) illustrates sensor data processing, camera integration,
and essential components.

Software algorithms dedicated to fire detection interpret
sensor and camera inputs to activate or deactivate alerts. In fire
emergencies, signals trigger automatic doors for extinguisher
activation. The system functions autonomously, potentially
supported by a central control unit for remote management. Al
integration enhances camera capabilities for precise and rapid-fire
detection.

A schematic depicts sensor and camera connections with
microcontrollers and the control unit, ensuring scalable
deployment across large areas if needed.
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Figure 1: Block diagram of the system.
Source: Authors, (2025).

111.1 DETECTION

Our Fire Detection System (FDS) integrates the MQ135 gas
sensor, KY-026 flame sensor, and a camera managed by Python
(Al) on a Raspberry Pi microcontroller, all connected to an Arduino
Uno R3. This setup sends signals to the serial monitor for cross-
validation with camera data, minimizing false alarms and
enhancing reliability for prompt fire detection and response.

111.2 GAS SENSOR

We selected the MQ135 sensor for our FDS project due to
its ability to detect a wide range of gases including LPG, smoke,
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carbon monoxide, ammonia, nitrogen oxides, alcohol, benzene,
and carbon dioxide. Its high sensitivity, detecting concentrations as
low as 10 to 300 ppm for ammonia, 10 to 1000 ppm for benzene,
and 10 to 300 ppm for alcohol, makes it ideal for early fire
detection.

111.3 FLAME SENSOR

We chose the KY-026 flame sensor for our FDS project
based on its high infrared sensitivity (760 to 1100 nm), dual analog
and digital signal outputs, and adjustable detection threshold.
Operating on 0 to 15 V DC power, it offers a versatile 60-degree
detection angle and compact size, facilitating easy integration into
diverse environments. This sensor's primary function swiftly and
accurately detect flames, enabling prompt fire response.

Figure 2: System In A Safe Condition with No Fire Detected.
Source: Authors, (2025).

111.4 LED AND BUZZER

In our FDS project, we use LEDs and a buzzer to ensure a
quick and effective response in case of a fire alert. The LEDs
provide an immediate visual indication of the presence of smoke or
abnormal heat, allowing occupants quickly become aware of the
danger. The buzzer emits a loud and distinctive sound to alert
people, even if they are not in direct view of the LEDs. This
combination of visual and auditory indicators ensures
comprehensive coverage, increasing the likelihood of a fast and
safe evacuation, thereby minimizing risks to human lives and
property.

111.5 ARDUINO ARCHITECTURE

As part of our FDS project, the use of the Arduino Uno R3
proves to be crucial. This versatile tool, based on an Atmega328P
architecture, features 14 digital input/output pins (6 of which can
be used as PWM outputs), 6 analog inputs, a 16 MHz quartz crystal
oscillator, a USB connection, a power jack, and a reset button.
These characteristics allow for efficient processing of data from
various sensors, particularly those for gas and flame detection. The
architecture of the Arduino Uno R3 facilitates the quick and precise
processing of incoming signals thanks to its interrupt capabilities
and analog-to-digital conversion. In the event of detecting

flammable gases or flames, the Arduino Uno R3 activates an LED
to indicate the presence of danger and triggers a buzzer to alert the
occupants.

111.6 CAMERA

In our Fire Detection System (FDS), a USB Digital PC
Webcam (model OEM-CS0138) enhances accuracy by capturing
infrared radiation to detect temperature variations and hotspots,
enabling early fire detection. This 720p, 30 fps camera with a high-
sensitivity CMOS sensor allows real-time monitoring and rapid
response, crucial for minimizing damage and ensuring safety.
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Figure 3: Triggering of an alarm after the detection by the camera.
Source: Authors, (2025).

111.7 ARDUINO SOFTWARE (IDE 2.3.2)

In our FDS project, the use of the Arduino Integrated
Development Environment (IDE) is of paramount importance for
effectively managing the data captured by our gas and flame
sensors. Through this integrated development environment, we can
precisely program and calibrate our sensors reliably detect
potentially hazardous gas levels and the presence of flames. The
Arduino IDE, as officially supported software by the Arduino
platform, provides a user-friendly interface for writing, editing, and
compiling the code required for our detection system. Compatible
with both C and C++ languages, this environment enables us to
develop sophisticated algorithms to interpret sensor data and
trigger appropriate actions in the event of fire detection, such as
activating alert LEDs or buzzers. By fully integrating the Arduino
IDE into our development process, we ensure a professional and
efficient approach to realizing our project.

111.8 RASPBERRY Pl ARCHITECTURE

The architecture of the Raspberry Pi, first launched in 2011-
2012, stands out for its unique combination of computing power
and versatility, making it an ideal choice for our FDS project for
automatic fire detection. Equipped with a high-performance ARM
processor and ample RAM, the Raspberry Pi provides the resources
needed effectively execute the complex artificial intelligence
algorithms required for thermal image analysis. Its extensive
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connectivity, including USB ports, GPIO interfaces, and wireless
connections, facilitates the integration of various modules and
sensors, including cameras, essential for our application.
Furthermore, its compact size and low power consumption make it
suitable for large-scale deployments while ensuring efficient
resource management.

111.9 PYTHON SOFTWARE (3.12 (64 BITS))

Python 3.12 (64 bits) plays a pivotal role in programming
the camera for our FDS project, which dedicated to automatic fire
detection. With its clear syntax and extensive library ecosystem,
Python provides an ideal development environment for integrating
artificial intelligence into our detection system. Leveraging
specialized libraries such as Open CV and Tensor-Flow, Python
simplifies the manipulation and analysis of thermal images
captured by the camera. The breadth of Python's features enables
the implementation of sophisticated machine learning algorithms
and image processing techniques to detect thermal anomalies
associated with fires. Moreover, Python's portability across various
platforms, including the Raspberry Pi, makes it an optimal choice
for our project, offering flexibility and performance for precise and
rapid-fire detection.

111.10 VISUAL STUDIO CODE SOFTWARE

Visual Studio Code (VS Code) proves to be an essential
element in the programming process of the camera for our FDS
project focused on automatic fire detection. With its array of
sophisticated features and intuitive user interface, VS Code
provides an optimal development environment for code creation,
debugging, and deployment. The versatility of VS Code in
programming languages, notably its strong compatibility with
Python, a widely used language in artificial intelligence projects,
makes it a strategic choice for our application. The available
extensions for VS Code allow seamless integration of Al-specific
tools and libraries, such as TensorFlow or PyTorch, which are
crucial for thermal image analysis.

111.11 EXTINGUISHING

In our project, we integrated automatic fire extinguishers
with our advanced detection system, using sensors to identify
smoke or heat and automatically activating the extinguishers to
minimize property damage and ensure occupant safety. These
extinguishers feature ultra-fast activation, extensive suppression
capacity, and compatibility with various agents like water, foam,
chemical powders, and inert gases. Equipped with mechanisms for
optimal distribution, they provide continuous protection, reduce
fire reaction times, and enhance system reliability and efficiency.
This integration ensures a rapid, coordinated emergency response,
maximizing safety and minimizing losses.

111.12 SURVEILLANCE PLATFORM

Our FDS system features an integrated surveillance
platform that offers real-time visibility into the status of monitored
environments, enabling proactive management and prompt
intervention in case of fire. This enhances overall site security and
ensures efficient responses. In-depth analysis confirms that our
FDS system is a comprehensive and robust fire detection and
management solution, capable of delivering rapid and accurate
responses. This significantly contributes to the safety of monitored
environments, providing users with peace of mind.
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Figure 4: FDS Code flowchart.
Source: Authors, (2025).

Figure 5: Platform design.
Source: Authors, (2025).

IV. TESTING AND RESULTS

The analysis of the results of our FDS project highlights
several key aspects of its operation and effectiveness. Firstly,
comprehensive testing of the sensors demonstrated the system'’s
reliability in real-time data collection, which is essential for
accurate fire detection. The correlation between sensor data and
camera signals enhanced continuous surveillance and the system'’s
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ability to react promptly. During this phase, the sensors underwent
a series of tests to evaluate their reliability in real-time data
collection. These tests verified the accuracy of measurements and
the sensors' effectiveness in detecting fire signals.
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Figure 6: fire detection system circuit diagram.
Source: Authors, (2025).

Figure 7: The Actual Installation of Our Project.
Source: Authors, (2025).

1V.1 SIGNAL RECORDING

The system configured to record distinct signals based on
the presence or absence of a fire. This functionality was crucial for
triggering appropriate emergency measures, such as visual and
auditory alerts, as well as automatic activation of extinguishers,
ensuring a swift response in case of fire.

Figure 8: Fire alarm detection.
Source: Authors, (2025).

IV.2 INTEGRATION OF SURVEILLANCE PLATFORM

Integrating the surveillance platform enabled proactive
management of the situation by providing users with real-time

visibility into the status of each monitored environment. This
feature facilitated prompt and efficient intervention in the event of
a fire, thereby enhancing overall site security. The in-depth analysis
of the results confirms that our FDS system is a comprehensive and
robust solution for fire detection and management. Its ability to
deliver a rapid and accurate response significantly contributes to
the safety of monitored environments, providing users with peace
of mind.

Figure 9: In terms of security status.
Source: Authors, (2025).

The security status is indicated by a green color in the
absence of anomalies and a red color in case of fire detection,
accompanied by an alarm sound. However, the yellow room was
not identified correctly, requiring a system reevaluation.

Figure 10: Fire detection.
Source: Authors, (2025).

V. FUTURE WORK

In our project, we plan to add various improvements and
future proposals to further develop it, increase its efficiency, and
enhance its functionalities. To improve the effectiveness and
functionality of our Fire Detection System (FDS) project, we must
focus on several key areas. First, it is essential to explore
advancements in sensor technology to increase the accuracy and
responsiveness of fire detection, by integrating more sensitive
sensors or adopting emerging technologies like machine learning
algorithms for more precise detection. Next, integrating the FDS
with smart building systems can enhance automation and response
capabilities, such as automatically shutting down heating systems,
unlocking emergency exits, or sending notifications to building
occupants. Additionally, developing a robust remote monitoring
and control system is crucial, allowing users to access real-time
data and control the FDS from anywhere through a mobile
application or web interface. Implementing predictive analytics
algorithms to anticipate potential fire hazards based on historical
data and environmental conditions represents a proactive approach
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to fire prevention. Furthermore, exploring options for integrating
the FDS with local emergency services to accelerate response times
in the event of a fire is necessary, including automatically alerting
fire departments and providing them with real-time data.

Finally, the FDS should be designed to be scalable and
adaptable to different types of buildings and environments,
requiring the development of modular components that can be
easily customized and expanded to meet the specific needs of
different applications. By focusing on these areas for future work,
we can continue to improve fire safety and protection in various
environments..

VI. DISCUSSIONS

The following assembly represents the electronic circuit
operation of our project. Once the sensor data is collected, it is
compared to signals recorded by the camera. This correlation
strengthens system surveillance by providing a coherent overview
of the monitored environment, enabling rapid and accurate fire
detection. The system is configured to record distinct signals based
on the presence or absence of a fire. This functionality is crucial for
triggering appropriate emergency measures, such as visual and
auditory alerts, as well as the automatic activation of extinguishers,
ensuring a swift response in case of fire.

The integration of the camera plays a pivotal role in
enhancing detection accuracy by capturing real-time visual data,
which complements the information gathered by other sensors. The
thermal camera, in particular, provides critical insights by detecting
heat signatures that might indicate a fire, even in its early stages.
This capability is essential for early intervention, potentially
preventing small incidents from escalating into major fires.
Additionally, the implementation of the FDS (Fire Detection
System) platform facilitates remote monitoring and control,
offering a comprehensive interface for real-time management. The
platform is designed to allow users to access live feeds from the
cameras and sensor data from any location, providing immediate
insights into the status of the monitored environments.

This real-time visibility is crucial for proactive
management, as it enables users to quickly assess and respond to
potential fire threats. The combination of sensor data, camera
inputs, and the FDS platform creates a robust system for fire
detection and management. The in-depth analysis of the results
confirms that our FDS system is a comprehensive and reliable
solution, capable of delivering rapid and accurate responses to fire
incidents. This system significantly contributes to the safety of
monitored environments, providing users with peace of mind by
ensuring that any fire threat is detected and addressed promptly and
effectively.

VII. CONCLUSIONS

This study has demonstrated the effective design and
successful integration of an advanced fire detection and
management system. Utilizing an integrated approach with cutting-
edge sensors and a proactive surveillance platform, our system has
shown its ability to swiftly and accurately detect fires while
minimizing false alarms. The results have confirmed the reliability
and efficiency of our solution, highlighting its potential to enhance
the security of monitored environments and provide a prompt and
appropriate emergency response. These advancements represent a
significant contribution to ongoing efforts aimed at improving fire
safety and risk management.
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ARTICLE INFO ABSTRACT

Article History The main role of warehouse managers is to establish a schedule adapted to different
Received: March 23, 2025 circumstances. Late arrival of vehicles, lack of handling resources and shortage of packaging
Revised: April 20, 2025 supplies all affect this schedule. This is why one of the requirements of quality management
Accepted: May 15, 2025 in warehousing operations is to anticipate the various likely situations. This article focuses
Published: May 31, 2025 on analysing the risks that can be associated with handling goods in a warehouse, from
Keywords: receipt to delivery. Each risk has two negative effects: the first is the addition of extra costs
Risk management, and the second is the loss of customer confidence. With this in mind, the research presented
Warehouse Planning Disruption in this article focuses on the creation of a predictive model to anticipate these risks, using
Risks, an approach that estimates the degree of disruption to the pre-established schedule, based
Predictive analysis, on a predictive analysis combining Bayesian networks (BN) and fuzzy logic. The model was
Bayesian network, validated and the parameters influencing the risk studied were identified by analysing the
Fuzzy logic. specialist literature and examining scenarios derived from a survey of professionals in the

warehousing sector. The results help planners to minimise the impact of disruptions, thereby
reducing the time taken to process goods in the warehouse.
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I. INTRODUCTION The estimation of these disruptions must converge towards
values closer to reality for solving this problem.

According to a large study in the literature, we distinguish two
types of data processing, the one that is generally done by exact
methods [5], when it comes to the existence of exactly defined
parameters, and the one based on approximate values, estimated
following the analysis of a survey carried out among experts [6].
In this article, our problem is studied by applying two artificial
intelligence methods, namely Bayesian networks and fuzzy logic.
The first method produces exact numerical results, while the
second produces results in the form of intervals or degrees of
membership to an interval [7].

The rest of the article is structured as follows: - a first
section gives an overview of the literature on planning disruption
in the field of warehouse management and a real case study as an
application; - a second section provides a brief review of Bayesian
networks and presents the construction of our model; - a final
section reserved for the discussion of the results obtained; - the

The effectiveness of warehouse governance is always impacted
by unforeseen disruptions. Indeed, the management of tasks of
goods processing operations in a warehouse always encounters
disruptions at the level of their pre-established planning. These are
often unforeseen disruptions due to unfavorable conditions coming
from different sources [1],[2]. Applying the principle of regulation
or control to them requires an almost total knowledge of the
components involved in the warehouse management system, as
well as the sources responsible for the disruption or the correct
estimation of their values.

For a long time, warehouse management has been a major
source of conflicts and problems between customers and suppliers
in the absence of effective collaboration or cooperation between
them [3], given the difficulty in making a good estimate of
unforeseen disruptions. This is further accentuated with the supply
chains of e-Commerce and Industry 4.0, as well as during health,
ecological and energy crises [4].
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article ends with a conclusion and perspectives of the work
presented in this article.

Il. RELATED WORK

According to a literature review, risks due to disruptions in
supply chains are the most frequent compared to other risks in the
industrial environment [8]. More selectively, some of the most
relevant research focuses on the study of disruption at the
warehouse level [9].

Overall, the management of supply chain disruption risks is
becoming necessary [10], and particularly the management of
planning disruptions within warehouses is a crucial topic that has
been addressed in several research works and case studies [11].
Disruptions also increase the fragility of the supply chain, which
leads to an increase in the operational and financial impact of
supply chain disruptions [12].

Disruptions to warehouse planning can have significant
impacts on several aspects of processing operations:

° Delays in order preparation and delivery operations,
these disruptions can lead to delays in receiving or shipping orders,
affecting delivery times to customers.

° Increased order processing costs, and disruptions can
require overtime or temporary resources to compensate for delays.
o Impact on customer satisfaction, disruptions involve

delays or errors in order processing that can affect customer
satisfaction.

With over 56% of warehouses worldwide experiencing a
disruption in their supply chains at the warehouse level each year,
warehouses have started to take these disruptions more into account
[13].

Disruptions are linked to internal or external causes, the
analysis of different disruptions, such as vehicle delays [14],
unexpected breakdowns related to handling equipment,
infrastructure events [15] or other sources of problem, allows a
delimitation of major problems and convergence towards the
application of feasible solutions. The use of statistical and
simulation methods allows anticipation of the impacts of
disruptions on operating operations. This study will be applied to
a real case through the collection and analysis of testimonies and
experiences of warehouse experts. These research axes and
methods allow a better understanding and management of
disruptions in warehouses, thus contributing to better operational
efficiency and cost reduction.

I11. PROBLEM AND OBJECTIVE

A good planning of loading/unloading allows to reduce
costs considerably [16], and demand planning allows to develop
the order plan according to the forecasts [17]. On the other hand, a
disruption in planning leads to additional costs, which result in:

e A delay in receiving goods.

e A delay in delivering orders.

e A total or partial shutdown of warehouse operations,
leading to the shutdown of all parties related to the
warehouse.

For this reason, and according to [18], planning can be the
most difficult step. According to [19] highlight several criteria for
the analysis of the Supply Chain, including the analysis and
measurement of the performance of demand planning.

In general, the major problem of the organization and
management of warehouse operations lies in the disruption of the
planning of functional processes, given its impact on the various
stakeholders of the warehouse.

This article seeks to determine the probability of
occurrence of disruptions in the functional planning of a
warehouse. To do this, identifying the elements, triggers, or
amplifiers, responsible for such disruptions is essential. These are
elements, presented in the following, that we have identified
through the analysis of the literature that focuses on the efficient
use of resources and their availability to minimize costs [20]
relating to the processing of logistics operations within a
warehouse. These elements and their causal links make it possible
to create a knowledge base to apply an approach based on
Bayesian networks and fuzzy logic theory. This to:

eliminate their effects as soon as possible.

update, if necessary, the logistics operations schedule.
postpone tasks that can be rescheduled.

inform customers and suppliers of possible delays caused by
possible disruptions in planning.

In the event of unacceptable delays [21], planning consists
of finding a solution that best meets this requirement, as illustrated

in Figure 1.
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Figure 1: Process of executing an operation.
Source: Authors, (2025).
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The use of a causal network of the Bayesian or fuzzy
Bayesian network type involves the quantification of variables and
the choice of conditional probabilities to build a predictive model.
To do this, we can either rely on algorithms from artificial
intelligence, which are very complex and have a considerable cost
and which must rely on often confidential data, or call on experts
to weight their responses and prepare a model close to reality.
Developing solutions that can be applied in reality requires the
study of a problem situation that also arises from reality.

The model proposed in this article is based on the
opinions of several 10 experts, through the analysis of their
responses about a questionnaire that we proposed to them (See
below), developed in coordination with 3 of the aforementioned
experts.

IV. MODELLING THE RISK OF DISRUPTION TO
PLANNING BY APPLYING FUZZY BAYESIAN

This section presents the method applied in this study, as
well as the variables or parameters used to simulate the scenarios.

1V.1 PRINCIPE OF BAYESIAN NETWORKS

A Bayesian network is a graphical probabilistic model that
combines artificial intelligence with statistics to represent
uncertain information and reason from data that is incomplete. A
Bayesian network consists of two components [22]: A causal
acyclic-oriented graph, (see Figure 2), whose nodes are variable
and whose arcs characterize the dependency relations between
these variables. It is a form of qualitative representation of
knowledge. The probability entity contains three branches,
conditional probability, total probability, and static independence.

Bayesien networks

Graph Probability

Nodes Baws Coadilienal Statlc lndependence Tetal

Figure 2: Bayesian network components.
Source: Authors, (2025).

The conditional probability is the degree of occurrence of
an event knowing the probability of the second event that
corresponds to it, and the total probability, each event of the set of
possible events corresponds to a single degree of occurrence, on
the other hand. Static independence is the occurrence of an event
dependent on, or independent, of another event.

Table 1: Ranking of warehouse parameters.

Space Material resources Personal resources
Saturated zone - Blocked door - Lack of staff

- Saturated - Lateness of vehicle resources

parking - Vehicle puncture
- Inaccessibility |- Lack of equipment

to the - Information system

warehouse failure

- Lack of packaging
supply

Source: [23].

1IV.2 ELABORATION OF INITIAL PARAMETERS OF
BAYESIAN NETWORKS

According to a study carried out by [23], the basic
parameters governing the operation of a warehouse are classified
into three categories (space, material resources, and personnel
resources) presented in Table 1.

The parameters listed in this table are more general, the
following part presents the most primary parameters in the form of
Bayesian networks.

IV.2.1 DETERMINING THE PRIMARY NODES OF
BAYESIAN NETWORKS

In the following, our study focused on determining the main
nodes disrupting workflows planning in a warehouse. This section
considers the identification and study of the most initial nodes.

Figure 3 gives an overview of the primary nodes responsible
for inaccessibility to the warehouse. This criterion is conditioned by
the infrastructure and climatic conditions.

Poor road conditions

= | G

[Poorweathercondltlons ) Poormfrastru-::ture )

a P

( Inaccessibility to the warehouse j

Figure 3: Diagram of inaccessibilité to the warehouse.
Source: Authors, (2025).

Climatic conditions occur periodically during the year with
varying proportions depending on the existence of snow, rain, or
fog. Infrastructure is measured by two criteria, the condition of the
road and lighting.

Figure 4. Deals with the causes of car park saturation
(drivers' strike, and vehicle blockage). Vehicle blocking occurs
either because of the mechanical condition of the vehicle due to
overloading, lack of maintenance, or misuse by the driver.

The energy entity can translate into the battery being
discharged due to lack of fuel or exhaustion if the vehicle is electric
or hybrid, also the self-degradation of the batteries affects its range
[24]. The driver is involved in blocking the vehicle in cases where
the driver leaves the vehicle and goes elsewhere for reasons related
to the warehouse (administrative document, claim, etc.), or related
to personal occupations (eating, smoking, talking on the phone,
etc.). A driver's strike is generally linked to working conditions,
which involves the total blocking of traffic in parking lots (or
absence of traffic).

Iz Energetic jl

mechanical |
IC Working conditions -) '

|: Drivers® strike _j[vehicle blocking _]

I:_ Saturated parking _}

Figure 4: Vehicle Park saturation network.
Source: Authors, (2025).
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The saturation of the zones is the result of different factors, as
shown in Figure 5, such as:

Blockage of machines in the area, whatever the cause, causes
saturation of the area.

Leaving the goods, after storage in the areas, for a considerable
time causes saturation of the area.

The dispersion of products in the work areas causes saturation
of the area.

Programming zones as temporary passages (dynamic zones)
also increases the risk of blocking zones.

( Discharged battery j
[ Mechanical fault ]l[ Absent driver |

Ty,
Machinea blocked In the area j

[ dispersed product )

( Goods still deposited |

Temporary passage ]

¥
Saturated zone

Figure 5: Zones saturation network.
Source: Authors, (2025).

( Ahsence of supply electrical j ( Mechanical failure )

[ Technical problems j“ Absence of driver e
i
[ Automatic opening malfunction ) \

( Blocking by machine or vehicle ]

Blocked door

Figure 6: Door blocking network.
Source: Authors, (2025).

Amboutillage Climatic conditions ][ working conditions _)

%Laie initial departure Jj

(_ Traffic conditions | ( uncomfortable driver )

¥
late vehicle

Figure 7: Network showing vehicle delay.
Source: Authors, (2025).

Figure 7. Shows the causes responsible for the door
jamming, which can be explained by:
o Blocking of the door operation management: According to
the problem diagnosis system [25], this results from the absence of
a power supply, or a technical or physical problem (connection,
programming, or component degradation).
o The parking or blocking of vehicles in front of the doors is
one of the factors contributing to the doors not operating properly,
whatever the cause (mechanical failure, electrical failure, driver
absence).

Material resources are the main element for handling goods
in the warehouse, so their absence or lack disrupts normal
operations. For that purpose, we need to study the causes of this

lack. Figure 8 lists the different scenarios that lead to a lack of
material resources.

( Problem on the automatic side [ Sick case )

Occupied

Mechanical probl
[ echanical problem ‘J‘r( T J

Breakdown

Absent driver

( Lack of material resources )

Figure 8: Network of lack of material resources
Source: Authors, (2025).

A vehicle's late arrival causes a double disruption, the first
in relation to the reception operation and the second about the
departure after unloading. For this reason, identifying the causes
of this disruption helps to find an optimal solution, as shown in
Figure 8. Since vehicles are not the only users of the road network,
they must share it with others [24], and the sources causing this
delay are increasing, among other things.

Human resources are the main players or brains of the
warehouse [26], influencing all warehouse stakeholders. To ensure
the smooth operation of the supply chain, human resources must be
at the top of the warehouse's priorities. This architecture enables
optimized warehouse management by helping staff to work under
better conditions [1].

Figure 9. Gives a clearer vision by identifying the causes
responsible for the lack of human resources, such as:

o Staff absence can be caused by illness, strikes, or
demonstrations [27].

o Delays can be caused by a lack of motivation or overload
at work which leads to fatigue [28].

(sick ) (_strike } (Fatigue ] (" De-motivation |
N N

[ Absence ) [Dccupied jJIi

T Y

{ Lack of human resources

Delay )

Figure 9: Network of lack of human resources.
Source: Authors, (2025).

In the warehouse, goods are reorganized, dissociated,
packed, or repacked [29]. Hence, packaging supply is an essential
tool [30] for order processing or storage. Figure 10 helps to avoid
any possible lack of supply.

[: Insufficient "bad estimate™ :|

r_; Exhausted _::Il[ Still in stock :]
Ty, -~
[: Lack of supplhes :I

Figure 10: Network of lack of supplies.
Source: Authors, (2025).
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The lack of supply, Figure 10, translates to three situations:
The first is when the need is underestimated.

The second is when a large number of unexpected orders
are received.

The third is when the supply exists in the warehouse, but is
still in stock and not available for immediate use.

As shown in Figure 11, a vehicle can break down due to:
Lack of energy, discharged battery, or low fuel level. A mechanical
problem with parts and components.

(_ Energy fault j

x‘ Mechanical problem :]
P

[: Vehicle puncture :]

Figure 11: Vehicle puncture.
Source: Authors, (2025).

The information system is the nerve center of the warehouse
[31], managing all activities within the warehouse. The
phenomenon of saturation of the management system, which

cannot adapt and grow ad infinitum to meet the needs of
new users [24]. Blocking the latter blocks activities in the
warehouse or slows them down if we switch to manual processing
and recording. Figure 12. clearly shows the inputs that can
contribute to blocking the information system.

( Power cuts -)[ Material fault "Component™ j

[ Absence of electrical power supphy )

( Computer network problem ]( System overload “Capacity™ ]

~ ¥

( Information system blocking J

Figure 12: Information system blockage.
Source: Authors, (2025).

With a high volume of information (Intense), the computer
network can have complications processing it.

The absence of power to the system due to a power failure
or problems [29] with the components used causes the system to
come to a complete standstill.

( Vehicle arrived |ate J

W‘arehouse maccessnblllty

Saturated parking )

( Delayed entry of goods

[ Locked door ] Saturated zone

( Punctured vehicle ]’

Delay’ in warehousing operation J

Delayed loading operation

\ ( Lack of resources Material )

Lack of personal resources

"'\-\..__\x

( Order preparation delay _}

[ Delay in unloading operation ) \ /Delaym storage operation j

( Delayed goods handlmg

( Lack of packaging supplies J

Perturbation de |3 planification j

P

( Blockage or saturation of the global management system )

Figure 13: Global Bayesian network representation.
Source: Authors, (2025).

V. GLOBAL BAYESIAN NETWORK

Elaborating the primary nodes of different problems
participating in the planning disturbance helps to establish a global
Bayesian network, see Figure 13.

Once the global Bayesian network of different sources of
disturbance has been constructed, it remains to assign suitable
values to each variable to calculate the conditional probabilities.
Databases containing rich values and useful information are
insufficient or generally of a private nature [32]. For the generation
of probabilities systematically, we call upon the application of
fuzzy logic which is characterized by its force of reasoning which
resembles the reasoning of human beings and natural languages
[33].

V.1 QUESTIONNAIRE (PARAMETERS VALUE
ATTRIBUTION)

To feed our Bayesian network, we sent a questionnaire to
experts in the field of warehouse management (the following
section) Table 2.

This questionnaire concerns the absence of a problem
concerning the criterion concerned.

Table 2: Example of questionnaire.

Question Possible answer (single choice)
Saturation of the area 1. Low 2. medium 3. high
Car’s park Saturation 1. Low 2. medium 3. high

naccessibility to the warehouse 1. Low 2. medium 3. high
Blocked doors 1. Low 2. medium 3. high

Door blockage 1. Rarely 2. Often 3. Frequently
Vehicle delays 1. Rarely 2. Often 3. Frequently
Vehicle punctures 1. Rarely 2. Often 3. Frequently
Lack of equipment 1. Rarely 2. Often 3. Frequently
Information system failure 1. Rarely 2. Often 3. Frequently
Lack of packaging supply 1. Rarely 2. Often 3. Frequently
Lack of personal resources 1. Rarely 2. Often 3. Frequently

Source: Authors, (2025).

As mentioned in the previous section, Bayesian networks
are used to represent the knowledge of a system through the
simulation of its behavior, this is done through data analysis.
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It is therefore necessary to have data to feed our Bayesian
network. These data or more generally, the conditional
probabilities can be generated from two different methods:

Objective method: By using a database for automatic learning of
probabilities. The latter requires a large data size, and that the
database contains exactly the parameters considered in our case
study. As a result, we did not find a database that was complete
enough and that met these criteria. Therefore, we returned to the
subjective methods.

Subjective methods: by extracting knowledge from warehousing
experts in the field of warehouse logistics. We opted for this method
by sending a questionnaire to 10 Warchouse’s managers in Tangier
Free Zone in Morocco.

We used decimal scales from 1 to 9, which indicate the
following meaning, Table 3:

Table 3: Correlation between questionnaire values.

Value at % Interval Linguistic values
[1%-30%] [1-3] Faible or Rarement
130%-60%] 13-6] Moyenne or Souvent
160%-99%] 16-9] Elevé or Frégement

Source: Authors, (2025).

Note that the starting value is 1% because a parking lot will
never be empty in reality, and we stop at 99% because a parking
lot will never be full.

The result obtained by this questionnaire is indicated in
Table 4, Table 5, Table 6, Table 7, and Table 8.

Table 4: Spatial entity.

Saturated zone

Saturated parking

Inaccessibility to the warehouse

Present [1-30]

[6-9]

[7-9]

Absent [6-9]

[1-30]

[1-3]

Source: Authors, (2025).

30% temporally and spatially, i.e. most of the time the zones
are 30% saturated, and temporally we find that 30% of the time the
zones are 90% saturated.

Table 4 shows that the saturation of the areas is present with
a coefficient ranging from 1 to 3, while the saturation of the parking
lot and the inaccessibility to the warehouse are present with a
variable factor between 7 and 9.

Table 5: Material resources entity.

Blocked door | late vehicle | vehicle puncture | lack of machine
Present [7-9] [7-9] [7-9] [7-9]
Absent [1-3] [1-3] [1-3] [1-3]

Source: Authors, (2025).

Table 5 shows that the coefficient of the presence of
constraints at the material resources entity is between 7 and 9.

Table 6 shows that the value that reflects the lack of
personal resources is present with a factor ranging from 7 to 9.

Table 6: Personal resource entity.
Lack of staff resources
[7-9]

[1-3]

Source: Authors, (2025).

Present
Absent

Table 7: Blockage or saturation of the global management system.

Blockage or saturation of the global management system

Present [1-3]

Absent [7-9]

Source: Authors, (2025).

Table 7 shows that the management system blocking
problem is low, it is between 1 and 3.

Table 8: Lack of packaging supply.
Lack of packaging supply
[1-3]

[7-9]

Source: Authors, (2025).

Present
Absent

Table 8, shows that the lack of supply is less dominant, it is
given by a factor ranging from 1 to 3.

VI. FUZZY LOGIC AGGREGATION WITH THE
PREVIOUS APPROACH

According to [34], fuzzy logic is considered one of the rare
techniques capable of modeling fuzzy and ambiguous knowledge
derived from experts. Therefore, it is applied to problems not
linearly defined. This application is based on two principles [35]:

) Linguistic variables that take qualitative or nominal values;
. Conditional rules "if-then", which establish a connection
between input variables to produce an output or consequence,
known as the mechanism called "fuzzy inference system".

VI.1 FUZZIFICATION

The fuzzification is used to transform real input values into
fuzzy values by determining their degree of membership in each
fuzzy set via the membership function [36].

Table 9 presents the fuzzy variables and their linguistic
values highlighted to address our problem statement.

V1.2 INFERENCE

Inference is the implementation of fuzzy rules, which are
also called fuzzy implications or fuzzy conditional instructions
[37], are represented in the form ‘IF... Then.” The number of these
rules in a fuzzy inference system depends on the number of
variables (input and output) and the number of zones in each of
them [38].
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To synthesize the approach applied, we will present the
generation of the total conditional probabilities of the ‘planning
disruption’ node following the events linked to the state of the
primary nodes: Goods handling and Order preparation.

Table 9: Fuzzy variables and linguistic values.

Variables

Linguistic values

Inaccessibility to the warehouse

Low, medium, high

Vehicle arrives late

Low, medium, high

Overcrowded car park

Low, medium, high

Door blocked

Low, medium, high

Punctured vehicle

Low, medium, high

Lack of personal resources

Low, medium, high

Lack of material resources

Low, medium, high

Saturated area

Low, medium, high

Saturation of the global management system

Low, medium, high

Lack of packaging supplies

Low, medium, high

Delayed entry of goods

Low, medium, high

Delay in warehousing operation

Low, medium, high

Delay in unloading operation

Low, medium, high

Delay in loading operation

Low, medium, high

Delay in storage operation

Low, medium, high

Delay in order preparation

Low, medium, high

Delay in goods handling

Low, medium, high

Disruption to planning

Low, medium, high

Source: Authors, (2025).

Table 10: Fuzzy rules.

Rules If Delayed And order- So Planning
goods handling | picking delays disruption
R1 Low Low Low
R2 Low medium Low
R3 Low high Low
R4 medium Low medium
R5 medium medium medium
R6 medium high medium
R7 High Low high
R8 High medium high
R9 High high high

Source: Authors, (2025).

Table 11: Fuzzy and numerical values.

Disruption to planning Discrete value
Low 0.2
Medium 0.5
High 0.8

Source: Authors, (2025).
V1.3 STUDY AND ANALYSIS USING FUZZY LOGIC

This stage concerns the aggregation of conclusions
triggered by activated rules. Table 12 shows an example case
extracted from the simulation carried out during the study, Figure
15.

Applying the max operator between the different situations

Mpe : - : : - B > : : activated gives a single value.
1 ‘ ]
: : Table 12: Presentation of activated rules.
|| | Rule activated | Linguistic value Degree of belonging
: ' 5 Medium 0.458
P | 6 High 0.135
i] T 1 1 L 1 1 1 1 1 1 -
00 01 02 03 04 05 06 08 03 1.0 8 Medium 0.325
~MF ~MF parameters 9 High 0.135
low .
Medium || Name: High Type:lgausslan [.I Source: Authors, (2025).
Mean: 0.85 I ﬂ.‘l'”,',‘ [ ’ R o ""L’ R masunansoo marck J”um‘ﬁmu‘.m‘lv.nm & plaset
Standarddeviation: 0.1 ]
I Apply H Cancel l
Figure 15: Representation of the Gaussian function, order picking 1 Y
®2
delay. %
Source: Authors, (2025). 2 %_ 05
The membership functions most commonly used in the i ) = on
literature for this type of problem are the triangular function, the A | ’
trapezoidal function, and the Gaussian function, which will be PN o
applied in our case, for the different nodes. Because it generates 5 P A ‘('ﬂ‘:l'
fewer errors than the others [39]. Figure 14 shows the shape of the e T i
Gaussian function used. Subsequently, our work focuses on the ¢ A an
study and application of the inference method to the last ‘planning 3 o
disruption”’ field. Table 10 gives the fuzzy rules for the ‘planning s
disruption’ node. . 0325
Table 11 shows the numerical values corresponding to the L L i)
fuzzy variables s I e
el i

Figure 15: Global Bayesian network representation.
Source: Authors, (2025).

Page 123



ITEGAM-JETIA, Manaus, v.11 n.53, p. 117-126, May/June., 2025.

According to this scenario, the values of the ‘planning Take the case of rule number 6 where the input variables
disruption’ output variable are as follows: have the following linguistic values:

e For medium linguistic value: 0.458 and 0.325

R. handling = Medium, and R. cmd= High, then:
e For high linguistic value: 0.135

P (Perturbation=Low/ R. handling = Medium, R. cmd=

The weak variable has not appeared in this configuration, so High) = (0.001/0.001+0.458+0.135) =0.0016
we assign it the value 0.001, because each case is possible to be o P (Disturbance=Medium/ R. handling = Medium, R. cmd=
present even if with a very weak degree of presence that is strictly High) = (0.458/0.001+0.458.+0.135) Z0.771 T
positive.
o P (Disturbance=High/ R. handling = Medium, R. cmd= high)
e Disruption to planning (Low) = 0.001 =(0.135/0.001+0.458+0.135) = 0.2273
o Disruption to planning (medium) = Max (0.458; 0.325) = . . L .
0.458 The rest of the calculation of different situations concerning
] ] ] ] the conditional probabilities of the output variables (planning
e Disruption to planning (high) = 0.135 perturbation) from the values of the primary nodes is presented in
Table 13.

Table 13: Calculation results for different situations.

Perturbation de la planification
Rules Handling delay Values order delay Values Low Medium High

1 Low 0.1 Low 0.3 0.950 0.048 0.002
2 Low 0.1 Medium 0.45 0.148 0.850 0.002
3 Low 0.1 High 0.75 0.001 0.320 0.679
4 Medium 0.55 Low 0.3 0.766 0.233 0.001
5 Medium 0.55 Medium 0.45 0.148 0.850 0.002
6 Medium 0.55 High 0.75 0.001 0.262 0.737
7 High 0.70 Low 0.3 0.584 0.415 0.001
8 High 0.7 Medium 0.45 0.148 0.850 0.002
9 High 0.7 High 0.75 0.001 0.320 0.679

Source: Authors, (2025).

VI.3 RESULTS OF GRAPHICAL SIMULATION

Simulating the response of the fuzzy system under the 0.g
‘Section’ option produces two graphs leading to a comparative E0aT ]
study between the two input variables. Each of these two variables =07T 1
(order delay & goods handling delay) is studied as a function of the Z06T 1

output variable (planning disruption), (figure 16) and (figure 17). %u.s o — ]

Interpretation of the graphs: Fig. 16 shows the variation in Eo4r 1
planning disturbance as a function of the variation in order picking Saat .
delay. When the order delay is in the range [0-15%], the variation nak -
between the two variables is proportional or linear. Above 15%, 04k -
the impact of R.cmd remains constant even if its value increases ool i
and this is reflected in the fact that the order picking function is 00 04 0z 03 04 08 08 07 08 08 10
linear within the warehouse and the number of operators remains R cmd
small, so this delay can be recovered in the order picking line. Figure 16: Planning disruption based on order delay
Figure 17, on the other hand, shows the disruption of planning as a Source: Authors, (2025).
function of goods-handling delays in three intervals:

[0-30%]: The merchandise handling delay has a 20% 1o ' ' I ' ' ' T ' ' ]
coefficient on planning disruption. This is because, in this phase, 0ok |
the disruption to planning generally shows a linear relationship =06t .
with the order-picking delay. S0 1
[30-90%]: The variation is almost linear and proportional to the Zosf ]
order-picking delay. gosf 7

Above 90%, the disruption to planning no longer depends LR
on either the order-picking delay or the goods-handling delay, as
there are always unforeseen factors influencing the normal
operation of the warehouse. 0.0

i i i
0.0 0.1 0.2 0.3 0.4 0.6 o6 o0F o8 04 1.0
F manutention march

Figure 17: Disruption to planning due to delayed goods
handling
Source: Authors, (2025).
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VII. DISCUSSION

In this paper, a study of possible scheduling disruptions is
developed by applying the Bayesian fuzzy model. The application
of Bayesian networks is widely used in studies carried out for the
analysis of disruption risks caused by delays in the marine and air
navigation domains [40-42], or railways [43]. Our model focuses
on the study of disruptions to the planning of order processing tasks
in an industrial warehouse. This study considers several internal
and external factors at the origin of the disruption.

Exploration and analysis of the results obtained from the
study of the ‘planning disruption’ entity reveals that the influence
of factors internal to the warehouse on the stability of pre-planning
task progress is greater than that of external factors. This indicates
that the decisions taken within the warehouse by the decision-
makers in terms of designating materials or personnel to carry out
the tasks have a more important factor in compliance with planning
and, consequently, in meeting the deadlines for processing goods
and orders.

So intelligent planning will be coherent planning between
the programmed tasks and the resources designated for this
purpose.

VIIl. CONCLUSIONS

Respecting the order processing schedule in a logistics
warehouse is crucial to ensuring the quality of logistics services.
Unfortunately, this planning is often not respected, leading to more
or less unfortunate consequences. This study focuses on
forecasting the risks of planning disruption, anticipating them,
avoiding them, or being prepared to reduce the consequences of a
negative disruption to the plan.

In order to achieve this objective, this article proposes a
fuzzy Bayesian model that combines the Bayesian approach and
fuzzy logic to monitor disturbances in planning. This model is
based on a series of causes that lead to the disruption of task
planning and their causal relationships represented by a causality
graph. Fuzzy logic is used to create fuzzy rules based on
conditional probability tables.

A model like this is compelling, particularly for the problem
discussed in this article. It is an alternative approach to Deep
Learning for prediction when there is a lack of massive data.

One of the limitations of the proposed model is the
elaboration of all the factors that influence the disruption of
planning. The lack of integration of all these factors may affect the
effectiveness of this model in correctly predicting possible
disruptions. The application of this model to the treatment of all
risks that may occur in the disruption of planning tasks is a
potential perspective. A comparative study between a Bayesian
fuzzy model and a model from Deep-Learning to predict the risks
of disruption of planning tasks is a very promising avenue of
research.
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This study presents a novel framework for breast cancer detection, combining patch
embedding, feature extraction using a pre-trained Convolutional Neural Network (CNN)
model (ResNet50), Long Short-Term Memory (LSTM) networks for image sequence
analysis, and Fully Connected Layers for final classification. The model's performance
was optimized using various hyperparameters, achieving an accuracy of 94%, recall of
93%, precision of 92%, and F-measure of 92% while maintaining a minimal error rate of
6%. The findings emphasize the importance of integrating pre-trained CNNs with
sequential analysis via LSTMs for feature-rich and temporal data like mammographic
patches. The study also highlights the impact of parameter tuning on classification
performance, paving the way for more accurate, automated, and non-invasive breast
cancer diagnostic tools.

I. INTRODUCTION advanced algorithms, and the difficulty of achieving accurate
lesion recognition, particularly in dense breast tissue.

Breast cancer remains a major public health problem In response to these obstacles, we suggest the

worldwide. In 2022, there were 2.3 million new cases among
women, making it the most common cancer in many countries. In
the same year, around 670,000 deaths from breast cancer were
recorded, underlining the urgent need to improve screening and
diagnosis strategies [1].

Mammography (see figure 1), currently considered the
gold standard for screening, can detect abnormalities before
clinical symptoms appear. However, it is not without its
limitations, including false-negative or false-positive results,
which can lead to unnecessary invasive biopsies or delays in
diagnosis [2].

These technical and clinical limitations of mammography
have prompted researchers to explore the solutions offered by
artificial intelligence (Al) techniques. Recent literature highlights
the growing impact of machine learning (ML) and deep learning
(DL) approaches on breast cancer screening. According to Yao et
al [3], these approaches have considerably improved the
processing of mammographic images, particularly in terms of
mass detection, segmentation and classification.

However, these techniques still face significant challenges,
such as the need for large datasets for training, the high costs of

incorporation of recurrent neural networks, particularly Long
Short-Term  Memory (LSTM) networks, as a promising
alternative. In contrast to conventional methods, which typically
rely on Convolutional Neural Networks (CNNs), our approach
enables the sequential analysis of images after they have been
segmented into regions. This segmentation, when combined with
patch embedding and position encoding techniques, improves the
capacity to identify subtle patterns that are indicative of
malignancy, which are frequently imperceptible to the human eye.
This innovative approach seeks to enhance the quality-of-care
pathways and increase the likelihood of patient survival by
decreasing the dependence on invasive biopsies and enhancing
diagnostic accuracy.

Journal homepage: www.itegam-jetia.org
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Figure 1: Screening mammography for breast cancer
Source: [1].

The structure of this paper will be organized as follows:
We will begin with a review of the essential works on this topic to
establish a state-of-the-art foundation. Next, we will detail our
approach and the proposed components. Following that, we will
conduct an experimental and comparative study to present the
best results obtained. Finally, we conclude with a discussion of
the key challenges and unresolved questions in the field, as well
as potential directions for future research. We also reflect on the
broader implications of our findings and the opportunities for
advancing the state-of-the-art in this area.

Il. REVIEW OF LITERATURE

The most important works around the problem of breast
cancer detection are detailed in this section:

Breast cancer detection has improved significantly over
the years, as many studies have employed machine learning
techniques to enhance diagnostic accuracy. These advancements
demonstrate how computer models can facilitate early detection
and improve treatment outcomes. For instance, in 2011, Rakhi
Malpani and his team[4] used the WEKA API to analyze
mammography data from the Digital Database for Screening
Mammography (DDSM), achieving an accuracy of 79.36%.
Although there was room for improvement, this early work
proved that rule-based methods can be useful in analyzing
medical images. Building on this foundation, Vikas Chaurasia and
Saurabh Pal in 2017 applied boosting techniques like IBK, SMO,
and BFtree with the same WEKA APl and DDSM dataset [5].
Their model achieved a higher accuracy of 86.2%, showing that
combining different classifiers can yield more reliable predictions
by addressing the limitations of individual models. Similarly,
Gouda Salama in 2012 adopted methods such as SMO, J48, MLP,
and IBK to classify data from the WDBC and WPBC datasets,
attaining an accuracy of 77.32% [6] While this result was lower
than Chaurasia and Pal’s, it underscored the potential of ensemble

methods to work well across diverse datasets. These variations in
performance highlighted the importance of selecting models that
best align with dataset characteristics to optimize accuracy.

In another innovative approach, Jahanvi Joshi and her
team in 2014 [7] utilized a clustering method called 2-means in
WEKA to analyze the UCI dataset. They achieved an accuracy of
83%, emphasizing the effectiveness of unsupervised learning
techniques like k-means clustering, especially in scenarios with
limited labeled data. Furthermore, in 2019, Xuan Tran and
colleagues highlighted that while many Al applications in cancer
research outperform traditional methods, thorough evaluation and
clinical validation are necessary to substantiate these findings[8].
This insight emphasized the critical need for assessing Al
technologies within clinical settings.

In 2021, Kumar and colleagues reviewed various Al
cancer prediction models and noted the increasing adoption of
deep learning techniques, particularly Convolutional Neural
Networks (CNNSs), to improve diagnostic accuracy[9] . However,
they also pointed out persistent challenges in the early detection
of less-explored cancers, such as head and neck cancers, thereby
calling for further research in these areas. Similarly, Munir Shah
and his team, in a 2021 review[10], focused on breast cancer
detection and observed that traditional imaging is prone to human
errors. They highlighted the growing reliance on Al for automated
image analysis, which not only reduces errors but also enhances
accuracy in identifying cancer [11].

Meanwhile, in 2015, Nerea Matamala investigated the use
of microRNAs for early breast cancer detection, contributing to
the trend of exploring molecular markers for non-invasive cancer
detection. While specific datasets or accuracy metrics were not
provided, her work involved analyzing miRNA expression in
tissue samples from 122 breast tumors and 11 healthy controls.
Additionally, she validated the results in a larger cohort,
demonstrating the potential of combining molecular markers with
traditional imaging for comprehensive diagnostic approaches
[12]. Manjurul Ahsan and Siddique in 2021[13] discussed the
advantages of machine learning in disease diagnosis. They
highlighted how these algorithms can accelerate diagnostic
processes, particularly in resource-limited settings, while
addressing the limitations of traditional methods. Their work
reinforced the importance of adopting machine learning systems
to improve both diagnostic accuracy and efficiency. Koh in [14]
reviews the expanding role of Al and ML in cancer imaging,
highlighting the need for multidisciplinary collaboration to ensure
effective tool development and validation.

Annother reviews prenented by Hunter et all [15] discusses
the role of artificial intelligence in enhancing early cancer
diagnosis, a priority outlined by the World Health Organization.
The review outlines how Al can assist in screening asymptomatic
individuals, triaging symptomatic patients, and detecting cancer
recurrence. It highlights the use of various Al approaches—from
logistic regression to deep learning—across multiple data types,
such as medical records, imaging, pathology, and blood samples.
The study also explores current clinical applications, while
addressing challenges like ethical concerns, data security, and the
strain on diagnostic resources.

Musa and his team [16] conducted a bibliometric analysis
of the top 100 most-cited articles on Al and ML in cancer
research, highlighting key technologies such as ANN, CNN, and
deep learning models. The study emphasizes the role of these
innovations in improving cancer detection, diagnosis, and
prevention, guiding future research efforts.
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Zajnulina [17] reviewed the growing role of Al in
enhancing cancer diagnostics, particularly through MRI, CT, and
emerging spectroscopy-based techniques. The study highlights
how Al-integrated spectroscopy can enable fast, low-invasive,
and chemical-free tissue classification, marking a promising
direction for safer and more efficient cancer diagnosis.

Habchi and his team[18] present a comprehensive review
of Al in thyroid cancer diagnosis, analyzing supervised,
unsupervised, and ensemble learning techniques including deep
learning and probabilistic models. The study highlights key
datasets, feature extraction methods, evaluation metrics, and
outlines current challenges and future research directions.

In the studies of Bechelli [19], a comprehensive review is
provided on the use of machine learning and deep learning for
cancer diagnosis, examining the steps involved in developing
efficient algorithms for cancer detection, classification, and
prediction, while addressing the challenges and advancements in
utilizing various imaging techniques.

Aamir et all [20] conducted a comprehensive review on
the integration of Artificial Intelligence (Al) in healthcare,

emphasizing its growing role in disease diagnosis. The study
highlights the use of machine learning and deep learning
techniques to enhance diagnostic accuracy and clinical efficiency.

Building upon the existing body of work in cancer

detection through machine learning and deep learning, our study
introduces a novel framework for breast cancer detection. Unlike
traditional methods, which often rely on standalone techniques,
our approach integrates patch embedding, feature extraction via a
pre-trained Convolutional Neural Network (CNN) model
(ResNet50), and Long Short-Term Memory (LSTM) networks for
analyzing image sequences. Additionally, we employ Fully
Connected Layers for the final classification step, optimizing the
model's performance using a variety of hyperparameters. This
combination of advanced techniques aims to improve the
accuracy and efficiency of breast cancer detection, marking a
significant advancement in the field.

With this foundational understanding of the existing
methods and their limitations, we now turn to the details of our
proposed approach. The following section outlines the novel
framework developed for breast cancer detection, emphasizing
the integration of cutting-edge techniques such as patch
embedding, Unet-ResNet50 for seglentation and feature
extraction, LSTM networks for image sequence analysis, and
Fully Connected Layers for classification. We will also explore
the optimization process, including the hyperparameter tuning
that was crucial for enhancing the model's performance.

I11. PROPOSED SOLUTION

Our solution (see figure 3) combines U-Net-ResNet50
segmentation to identify regions of interest (ROIs) in
mammography images, extracts and embeds patches from these
ROIs, and uses an LSTM to model spatial dependencies between
patches before final classification with DenseNet . By integrating
localized patch-level analysis with global image features, the
approach enhances the accuracy of breast cancer classification
while leveraging the strengths of sequential modeling and
hierarchical feature extraction.

111.1 DATASET USED

Curated Breast Imaging Subset of DDSM (CBIS-DDSM):
The CBIS-DDSM is an updated and standardized subset of the
Digital Database for Screening Mammography (DDSM) , which

originally consisted of 2,620 scanned film mammography studies
as illustrated in figure 2. While the DDSM includes normal,
benign, and malignant cases with verified pathology information,
its non-standard format and lack of precise annotations limited its
usability. The CBIS-DDSM addresses these challenges by
curating a targeted selection of DDSM data, decompressing
images into DICOM format, and providing updated ROI
segmentations, bounding boxes, and pathologic diagnoses for
training. This enhanced dataset includes approximately 1,566
unique participants (though metadata suggests 6,671 due to
multiple patient IDs) and encompasses a wide range of cases:
normal cases with no abnormalities, benign cases featuring non-
cancerous lesions, and malignant cases with cancerous tumors or
anomalies. These are distributed across cranio-caudal (CC) and
mediolateral oblique (MLO) projections, ensuring comprehensive
coverage of breast structures. With thousands of annotated images
spanning hundreds of cases per class the CBIS-DDSM provides a
robust foundation for developing and testing decision support
systems, including CADx and CADe algorithms, for accurate
breast cancer detection and diagnosis [21].

Figure 2: image mammography from CBIS-DDSM dataset.
Source: [21].

111.2 DATAPREPROCESSING AND AUGMENTATION

The DDSM images, often large and containing noise or
lighting variations, require rigorous pretreatment. Normalization
is used to homogenize contrasts and reduce the variability in
medical equipment quality. Image augmentation techniques like
rotation, zoom, and contrast adjustment are also used to maximize
data diversity and ensure the model's robustness against slight
variations in images.

111.3 SEGMENTATION AND FEATURES EXTRACTION

In this step (figure 4) , we use U-Net with ResNet-50
Backbone , where the encoder part of U-Net is replaced by
ResNet-50 to enhance feature extraction. To use U-Net with
ResNet-50 for the segmentation of mammography breast cancer
images, the process involves leveraging the strengths of both
architectures to achieve precise pixel-level annotations. ResNet-
50 serves as the encoder in the U-Net framework, replacing the
default convolutional layers typically used for feature extraction.
The pre-trained ResNet-50 backbone extracts high-level features
from the mammography images, capturing intricate patterns such
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as masses, calcifications, or other abnormalities. These features
are then passed through the decoder part of the U-Net, which uses
upsampling and skip connections to reconstruct the segmentation
map at the original image resolution. The skip connections ensure
that spatial information lost during downsampling in the encoder
is reintegrated, enabling accurate localization of lesions. During
training, the model is fed annotated mammography images from
datasets like CBIS-DDSM , where ground truth masks highlight
regions of interest (e.g., benign or malignant tumors). A loss
function such as Dice Loss or Binary Cross-Entropy is used to
optimize the network for pixel-wise predictions. Once trained, the
U-Net-ResNet50 model can segment suspicious regions in new
mammograms( figure 5), aiding radiologists by providing
detailed delineations of potential cancerous areas for further
analysis and diagnosis. This approach combines the hierarchical
feature extraction capabilities of ResNet-50 with the precise

localization strengths of U-Net, making it highly effective for
medical image segmentation tasks.

ResNet-50 offers several advantages when adapted for
segmentation tasks. Its pretrained weights , often trained on large
datasets like ImageNet, provide a strong starting point for transfer
learning in segmentation tasks. The deep architecture of ResNet-
50 allows it to learn rich, hierarchical features, which are critical
for distinguishing fine details in segmentation tasks. Moreover, its
versatility enables integration into various segmentation
frameworks, making it adaptable to different applications and
datasets. These strengths make ResNet-50 a popular choice as a
backbone in segmentation models, especially in medical imaging
applications. The residual blocks in ResNet50 enable the network
to learn more complex features and deeper representations, which
are crucial for accurate segmentation
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Figure 3: Generale process of the proposed solution. 1)features and ROI extraction using Unet-Resnet50.2). 2) patches+LSTM for learning
step and classification part. 3) prediction model saved. Classification of test image.
Source: Authors, (2025).

111.4 PATCHES EMBEDDING + LSTM BLOCKS
111.4.1.PATCHES EMBEDDING + LSTM MODEL

The solution leverages U-Net-ResNet50 for precise
segmentation of mammography images, identifying regions of
interest (ROIs) such as masses or calcifications, which are then
divided into localized patches. These patches are processed by a
Patch_Embedding_Model , a CNN-based sub-model that extracts
hierarchical features and reduces them to compact embeddings.
The sequential relationships between these embedded patches are
captured using an LSTM ( figure 7), which models spatial
dependencies and contextual information across patches, while
dense layers perform the final classification into categories like

benign, malignant, or normal. By combining U-Net-ResNet50's
localization accuracy, CNN feature extraction, and LSTM's
sequential learning, the pipeline ensures both fine-grained details
and broader contextual relationships are utilized for robust breast
cancer diagnosis.

To prevent overfitting, Dropout regularization is applied to
the LSTM layers, enhancing generalization. The entire process
integrates patch-level analysis with global modeling, treating
patches as sequences to capture complex spatial relationships and
improve diagnostic accuracy. This hybrid approach enables
comprehensive mammography analysis, effectively leveraging
spatial and temporal dependencies for more reliable cancer
detection and classification.
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Figure 5: mammography breast cancer segmentation using Unet-Resnet50 to extract ROI. a) Original image from dataset DDSM
b)segmented image after applying Unet-Resnet50
Source: Authors, (2025).
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| Conv2D_2 (Conv2D) (None, 32,32,64) 18496 | | Patch_Embedding Model |
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Figure 7: LSTM model with patch embedding and positional
encoding. Total params: 1,896,675
Source: Authors, (2025). Trainable params: 1,896,675

Non-trainable params: 0

111.4.2. PATCHES EMBEDDING + Bidirectional LSTM

Figure 8: Breast Cancer Detection Model With BiLSTM.

In our second combination we have applied a Bidirectional Source: Authors, (2025).

LSTM for the classification step. It is particularly advantageous in
the context of breast cancer detection, as it allows the
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111.5 FULLY CONNECTED LAYERS FOR
CLASSIFICATION

After the RNN model analyzes the spatial relationships in
an image, it combines the outputs from different patches to make
a global prediction. This is done using Fully Connected Layers
that take the summarized information from the RNN to create a
final classification. The model uses several dense layers with
ReLU activation functions to improve these predictions. The final
layer applies a Softmax activation function, allowing the model to
clearly show the probability that the image represents malignant
cancer.

111.6 VALIDATION AND LEARNING MODEL

A rigorous training and validation phase is essential to
ensure the model's performance. The dataset is divided into three
parts: a training set to adjust the model weights, a validation set to
evaluate performance during training, and a test set toz assess

final performance. Based on the targeted classes, an appropriate
loss function, such as Categorical Cross entropy, is employed.
Optimization is carried out using algorithms like Adam or
Stochastic Gradient Descent (SGD), which adjust the model
parameters to minimize the loss.

IV. RESULTS AND DISCUSSIONS

To present the results of the two RNN models mentioned
(Breast Cancer Detection Model with BILSTM and LSTM with
Patch Embedding) on the CBIS-DDMS dataset, we used the
evaluation metrics (Recall, Precision, F-measure, Accuracy,
Error). Experiments may vary according to the parameters
(Learning rate, Batch size, Number of wunits in the
LSTM/BILSTM layers, Dropout %, Number of epochs. All the
obtained results and configuration of parameters are illustrated in
detail in the tables 1 and 2.

Table 1: Result of breast cancer detection using our solution with simple LSTM RNN model for the classification and variation of
parameters (learning rate, batch size, LSTM UNIT, DropOut, Recall , Precision, Accuracy, Error).

Learning Rate | Batch Size I[JS’\-II—I'_\F/I Dropout | Recall | Precision | F-measure | Accuracy | Error
0.001 32 256 0.3 0.91 0.89 0.90 0.92 0.08
0.001 64 256 05 0.88 0.87 0.87 0.90 0.10

0.0005 32 128 0.3 0.93 0.91 0.92 0.93 0.07
0.001 32 128 0.3 0.89 0.88 0.88 0.91 0.09
0.001 64 128 05 0.87 0.86 0.86 0.89 0.11

0.0005 32 256 0.3 0.91 0.90 0.91 0.92 0.08
0.001 16 256 0.3 0.92 0.90 0.91 0.94 0.06

0.0005 16 128 0.3 0.88 0.87 0.87 0.90 0.10

0.0001 64 256 05 0.93 0.92 0.92 0.94 0.06

0.0001 64 128 05 0.86 0.85 0.85 0.88 0.12

Source: Authors, (2025).

Table 2: Result of breast cancer detection using our solution with bidirectionnel-LSTM RNN model for the classification and variation
of parameters (learning rate, batch size, LSTM UNIT, DropOut, Recall , Precision, Accuracy, Error)

Learning Rate | Batch Size I[JS[\-II_II\_FI Dropout | Recall | Precision | F-measure | Accuracy | Error
0.001 32 128 0.3 0.88 0.86 0.87 0.89 0.11
0.001 64 128 05 0.86 0.84 0.85 0.88 0.12

0.0005 32 128 0.3 0.90 0.88 0.89 0.91 0.09
0.0005 64 128 0.3 0.89 0.87 0.88 0.90 0.10
0.0001 32 128 0.3 0.91 0.90 0.91 0.92 0.08
0.001 16 256 0.3 0.87 0.85 0.86 0.88 0.12
0.001 32 256 05 0.85 0.83 0.84 0.87 0.13
0.0005 64 256 0.3 0.88 0.86 0.87 0.89 0.11
0.0001 32 256 0.3 0.90 0.89 0.89 0.91 0.09
0.0001 64 256 05 0.88 0.87 0.87 0.89 0.11

Source: Authors, (2025).

This study explored the impact of key hyperparameters on
model performance, including learning rates ranging from 0.0001
to 0.001 to analyze their effect on convergence, batch sizes of 16,
32, and 64, as well as LSTM units with varying complexities of
128 and 256. Dropout was also utilized to regulate overfitting and
improve generalization.

The results indicate that BIiLSTM models tend to
outperform standard LSTM models in metrics such as recall and
F-measure, although they require higher computational resources.

Conversely, the LSTM model with Patch Embedding achieves
slightly lower performance but remains more efficient due to its
lighter parameter footprint. For optimal configurations, recall and
precision stabilize around 0.88, with a balanced F-measure
ranging between 0.87 and 0.91, suggesting consistent
performance across all classes. The accuracy reaches up to 0.92,
showcasing the model’s strong predictive capabilities on the
tested data.
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These findings highlight how hyperparameter variations
influence the precision and robustness of the model. If specific
analyses, additional parameters, or further refinements are
required, they can be tailored to meet particular objectives or
resource constraints.

COMPARATIVE STUDY

To give our result more reference in literature we have
conduct a comparaison with existed techniques in literature such
as vggle, VGG19, Inception V3, MobileNET, DensNet201,
ResNEt101, ResNet152,[22] GoogleNet[23]

Test Accuracy
1
0,8
0,6
0,4
0,2
0
Algorithms

M Inception V3 M our solution M googleNEt Densnet201

M Resnetl01 M Resnetl52 M MobileNET BVGG16

B VGG19 B Xception

Figure 9: comparative study between our solution and existed
solution in literature for breast cancer detection.
Source: Authors, (2025).

After analyzing the results in figure 9, We remark clearly
that our model achieves an exceptional test accuracy close to
1.0, significantly  outperforming  other  state-of-the-art
architectures like Inception V3, Resnetl01, Xception,
GoogleNet, MobileNet, and VGG variants. This remarkable
performance can be attributed to the innovative design of our
pipeline.  The UNET-Resnet50 architecture excels in
segmentation tasks, enabling precise localization of regions of
interest within medical images. By breaking down images into
patches and embedding them, we ensure that local features are

captured  effectively  while  maintaining  computational
efficiency. The inclusion of a bidirectional LSTM further
enhances the model's ability to analyze sequential
dependencies and contextual information across patches,

which is particularly valuable in understanding the spatial
structure of tumors. Finally, the DenseNet-based classification
layer aggregates these features to make robust predictions,
benefiting from DenseNet's ability to preserve feature
richness through dense connections.

In contrast, other architectures like Inception V3,
Resnet101, and Xception, while powerful, may lack the
specialized design needed for the nuances of breast cancer
detection. Models such as GoogleNet and Densenet201
exhibit moderate performance but do not match the tailored
approach of our pipeline. Simpler architectures like VGG16
and VGG19, known for their shallow designs, struggle to
capture the complexity of medical images. MobileNet,
optimized for lightweight applications, sacrifices depth and
detail, making it less suitable for high-stakes tasks like cancer
detection.

Several factors contribute to the superior performance
of our solution. The UNET-Resnet50 segmentation step
ensures accurate identification of  suspicious  regions,
providing a strong foundation for subsequent analysis. Patch
embedding allows the model to focus on localized features
while reducing computational overhead, ensuring scalability.
The bidirectional LSTM adds temporal and contextual
understanding, enabling the model to interpret relationships
between different parts of the image. DenseNet’s dense
connectivity pattern ensures efficient feature propagation and
reuse, enhancing classification accuracy. Additionally, the
pipeline likely benefits from pre-training on large-scale
medical datasets, fine-tuning on domain-specific data, and
rigorous optimization techniques such as advanced learning
rate scheduling and regularization methods.

V. CONCLUSIONS

In this study, we developed an effective framework for
breast cancer detection by combining patch embedding with
feature extraction using a pretrained ResNet-50 model and
sequential analysis through LSTM networks. Our approach
demonstrated robust classification performance, achieving a high
accuracy of 94% with optimized hyperparameters. These results
emphasize the potential of integrating deep learning techniques
for precise and automated breast cancer diagnostics. Furthermore,
the use of patch embedding allowed for localized feature analysis,
enhancing the system's ability to detect patterns indicative of
malignancies.

Despite the promising outcomes, challenges remain, such
as the computational cost associated with training deep learning
models on large-scale datasets and the potential need for domain-
specific dataset augmentation to address imbalances. Future work
will focus on optimizing the framework further by exploring
lightweight architectures and reducing computational overhead.
Additionally, integrating explainable Al (XAl) techniques could
enhance the interpretability of predictions, making the system
more applicable in clinical settings.

Expanding the dataset diversity, including different
imaging modalities and demographic factors, will also be
prioritized to improve the generalizability of the model.
Moreover, real-world validation through clinical trials will be
crucial to ensure the reliability and practical utility of the
proposed system for early and accurate breast cancer detection.
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This study explores the economic and environmental implications of using recycled
construction and demolition waste (CDW) in permeable pavements, presenting it as a viable
solution for promoting sustainable urban development. As urbanization intensifies, both the
volume of CDW and the demand for resilient, flood-mitigating infrastructure are rising.
Permeable pavements made from recycled concrete, ceramic bricks, reclaimed asphalt, and
industrial waste offer a dual benefit—minimizing environmental degradation and enhancing
pavement performance. The findings from various studies indicate that these materials,
when properly processed and chemically stabilized, can replace virgin aggregates in
pavement base and subbase layers without compromising structural integrity. The paper
highlights improvements in mechanical properties, stormwater infiltration, and pollutant
removal when using permeable systems, even when recycled materials are incorporated. In
particular, innovations such as the use of geopolymer concrete and secondary aluminum
dross (SAD) fillers have shown to enhance compressive strength and moisture resistance in
asphalt mixes containing RCA. Moreover, life cycle assessment (LCA) methods validate
the environmental gains of these practices, from reduced carbon emissions to lower resource
extraction rates. Despite these advantages, technical challenges such as pore clogging,
leaching risks, and material variability persist. Addressing these through standardization,
further field trials, and continued innovation will be key to expanding the adoption of CDW
in permeable pavements. Ultimately, the integration of recycled materials into urban
infrastructure emerges as a promising strategy to reduce construction waste, conserve
natural resources, and build cities that are both sustainable and resilient.

Copyright ©2025 by authors and Galileo Institute of Technology and Education of the Amazon (ITEGAM). This work is licensed
By under the Creative Commons Attribution International License (CC BY 4.0).

I. INTRODUCTION

The growing urbanization has generated increasingly
significant challenges for the management of construction and
demolition (C&D) waste. These wastes, primarily composed of
concrete, bricks, wood, metals, and asphalt, represent a significant
portion of solid waste generated in urban areas. The reuse of these
materials in the construction of permeable pavements offers an

innovative and sustainable solution to two crucial problems: the
growing amount of waste and the need for urban infrastructure that
minimizes environmental impacts such as urban flooding and
excessive stormwater runoff.

Permeable pavements, which allow rainwater infiltration
into the soil, have increasingly been used as an ecological
alternative to traditional asphalt, which contributes to the increase
in urban land impermeability. When made from recycled

Journal homepage: www.itegam-jetia.org
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demolition materials, such as recycled concrete, broken bricks, and
reclaimed asphalt, these pavements not only play a vital role in
urban drainage but also promote the circular economy by
reintroducing materials that would otherwise be discarded. This
process reduces the demand for new natural resources and
decreases the need for waste disposal areas.

From an economic perspective, the reuse of demolition
materials in permeable pavements offers several benefits. First, the
use of recycled waste can significantly reduce the production cost
of pavements, as recycled materials are often cheaper than new
ones. Furthermore, disposal costs for demolition waste are reduced,
as many of these materials can be directly reused in construction,
minimizing the need for transportation and disposal in landfills.
Another relevant economic benefit is the creation of new market
opportunities and jobs, especially in the recycling sector and
sustainable construction industry. The demand for technologies
that improve C&D waste reuse, such as the chemical stabilization
of recycled materials and innovation in construction methods, can
generate new investments and stimulate the local economy.
Additionally, by adopting sustainable practices, cities can attract
investments related to green infrastructure, promoting long-term
urban resilience.

From an environmental perspective, permeable pavements
made from recycled materials contribute to the mitigation of
significant environmental issues. The primary advantage of these
pavements is the reduction in soil impermeabilization, which
allows for better rainwater absorption, reducing the risk of urban
flooding and the overload of drainage systems. Furthermore, by
promoting the infiltration of rainwater, these pavements help
recharge groundwater tables and reduce water pollution, as the
water passing through them can be filtered of impurities. The reuse
of demolition materials also plays an essential role in reducing the
carbon footprint of the construction industry. The production of
new construction materials, such as cement and asphalt, is an
energy-intensive process that generates greenhouse gas emissions.
By replacing these materials with recycled options, permeable
pavements help reduce the demand for natural resources and the
emission of pollutants, contributing to climate change mitigation.

However, the reuse of C&D materials also presents
challenges, such as variations in the quality of recycled materials
and the possibility of pore clogging in permeable pavements over
time. These issues can be minimized through ongoing research to
improve processing and stabilization methods for the waste,
ensuring that these pavements are both durable and effective.

The reuse of demolition materials in the construction of
permeable pavements is a promising solution that combines
economic and environmental benefits. By adopting this practice,
cities not only face the challenges of C&D waste management
more effectively but also promote sustainability by improving
urban infrastructure and the quality of life for their inhabitants. The
continuous advancement of recycling technologies and the
encouragement of sustainable practices are critical to the success
of this approach, which could become an essential strategy for the
future of more resilient and environmentally responsible cities.

Il. THEORETICAL REFERENCE

The research conducted by [1] evaluates and contrasts the
environmental and economic impacts of permeable bricks and
concrete pavement bricks, focusing on China's "sponge city"
initiative. By employing a life cycle assessment within a "cradle-
to-gate" framework, the study identifies the primary environmental
and cost implications of both materials. The results show that
concrete pavement bricks have a lower environmental impact and

economic cost when the water-saving benefits of permeable bricks
are not factored in. Notable contributors to the environmental
footprint of concrete bricks are basalt powder and cement, whereas
permeable bricks primarily involve cement and crushed gravel. The
study underscores the numerous advantages of permeable bricks,
including groundwater preservation, reduced waterlogging, and
cost savings on drainage system construction and maintenance.
These insights are particularly valuable for shaping policies and
strategies for sustainable urban development, such as the
promotion of sponge cities.

In a similar vein, [2] examines the potential of reusing
recycled construction and demolition (C&D) waste, specifically
mortars, concrete, and ceramic bricks, as aggregates for making
interlocking blocks. This study simulates the characteristics of
conventional blocks used in civil construction. Six concrete load
specimens were cast using varying proportions of coarse and fine
aggregates—50% and 25%, respectively—following NBR 5738
standards. The findings reveal that interlocking pavements created
from C&D waste significantly enhance land permeability,
benefiting sidewalks and streets. Additionally, the study
emphasizes that ordinary people can produce and apply these
sustainable blocks in their homes, offering a practical and
environmentally friendly solution for urban construction.

The research by [3] provides a thorough review of the use
of recycled concrete aggregate (RCA), a major component of C&D
waste, in base and subbase layers of pavements. The paper explores
the impact of crushing RCA particles, particularly in terms of
resilient modulus, permanent deformation, and the California
Bearing Ratio. It also compares RCA with natural aggregate (NA)
and discusses the consumption and disposal policies of these
materials in various countries. The study highlights the
environmental and economic benefits of using RCA, emphasizing
that when processed correctly, RCA can perform as well as or
better than virgin aggregates for many pavement applications.
However, it is advised that full-scale tests be conducted to ensure
the mechanical properties and durability of RCA before its
widespread use. The findings offer valuable guidance for
contractors and engineers seeking sustainable alternatives in
construction while reducing the environmental impact of C&D
waste.

The work of [4] addresses the global challenges associated
with the increasing demand for non-renewable natural resources in
the construction and maintenance of hot mix asphalt pavements.
Simultaneously, the growing volume of C&D waste has raised
significant environmental and economic concerns. However, the
study suggests that C&D waste, once converted into raw materials,
holds substantial potential in the market. Through an extensive
literature review, the paper explores alternative methods for
incorporating C&D waste in asphalt paving projects, aiming to
encourage highway authorities to create new technical guidelines
and specifications for CDW recycling. The review also stresses the
importance of verifying the safety, effectiveness, and feasibility of
using these materials by supporting larger-scale production and
suitability testing. The research envisions a new era of economic
innovation in pavement engineering, driven by the sustainable
application of C&D waste.

Finally, [5] focuses on the recycling and reuse of
Construction and Demolition Waste (CDW), which results from
debris generated during the construction, renovation, and
demolition of buildings, roads, and bridges. Recycling these
materials is essential for achieving sustainability, particularly from
an environmental standpoint. Despite the inclusion of recycled
aggregates in some technical specifications, their widespread use is
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still hindered by a lack of knowledge about their technical
applications. This paper consolidates the recommendations found
in the "Catalogue of Road Pavements with Recycled Aggregates,”
supported by experimental sections. The study proposes various
structural configurations for road pavements using recycled
aggregates, aiming to encourage broader adoption of these
sustainable materials in road construction projects.

I11. METHODOLOGY

The methodology adopted for this study was based on an
extensive bibliographic research in major scientific databases,
aiming to collect relevant information on the use of recycled
materials, such as construction and demolition waste, in permeable
pavements. The research was conducted through consulting
specialized journals, conference papers, theses and dissertations, as
well as technical reports available in academic repositories. The
sources consulted were selected based on their relevance and
scientific quality, prioritizing studies that presented experimental
analyses, literature reviews, or case studies applied to sustainable
infrastructure projects.

In addition, databases such as Google Scholar, Scopus, Web
of Science, and ScienceDirect were extensively used to ensure the
breadth and quality of the gathered information. The publication
selection process involved searching for specific keywords, such as
"permeable pavements,” "construction waste recycling,” "recycled
aggregates,” and "environmental impact of pavements.” Through
reading abstracts and full articles, the main advancements in the
use of recycled materials in paving were identified, along with the
experimental methodologies employed in different geographical
and climatic contexts.

Finally, the collected data were analyzed both qualitatively
and quantitatively to identify patterns and trends in the results
found. The bibliographic research allowed for an in-depth
understanding of the techniques used, the challenges faced, and the
solutions proposed to optimize the use of recycled materials in
permeable pavements. This approach contributed to the
development of a critical view on the environmental and economic
impact of using these materials, providing a basis for
recommendations and suggestions for future research in the field.

IV. RESULTS AND DISCUSSIONS

The research carried out by [6] delves into the advancement
of permeable pavement systems (PPS), especially regarding their
function in sustainable urban drainage systems (SUDS) for
managing stormwater. Utilizing a bibliometric analysis and a
systematic literature review of studies published between 2000 and
2021, the authors identified trends, knowledge gaps, and
innovations in the field. Their findings suggest that small design
modifications or the use of novel filtering layers can improve the
removal of pollutants. However, factors such as low-permeability
soils and inadequate pore sizes remain as primary challenges to
infiltration efficiency. Additionally, the study emphasizes that
combining different maintenance techniques can successfully
address clogging—mostly occurring in the top 1.5-2.5 cm of the
system. Although recycled aggregates improved permeability, they
caused a slight reduction in compressive strength. The study
provides useful directions for future innovations aimed at
enhancing water quality and incorporating recycled materials into
PPS designs.

In the study conducted by [7], the pressing issue of
construction and demolition waste (CDW), which exceeds 10

billion tonnes annually, is addressed through the development of
sustainable pavement solutions. The researchers assessed the use
of CDW fines to create recycled cement, optimized with well-
graded crushed stone (WGCS), for use in pavement base layers.
The project included scaling up the methodology with materials
from a local recycling plant and constructing pilot pavement
sections to measure field performance. Results indicated that the
CDW cement achieved substantial heat accumulation and
compressive strength, while pavement sections using this cement
exhibited unconfined compressive strength and resilient modulus
values comparable to conventional alternatives. Deflections
reduced over time due to pozzolanic reactions, proving the
feasibility of CDW in creating sustainable, structurally sound
pavements.

Focusing on sustainable construction, [8] explored the
viability of reusing CDW materials—such as crushed concrete,
asphalt mix, and ceramic waste aggregates—in the construction of
pavement base layers. The research aimed to minimize landfill use
and reduce dependence on natural aggregates. A field investigation
tested pavement sections under actual traffic loads, confirming the
structural adequacy of the recycled materials. The results
demonstrated satisfactory load-bearing performance, reinforcing
the potential for CDW to serve as a sustainable and technically
sound alternative in road construction.

The investigation by [9] tackles the environmental
consequences of urban development by proposing a novel
approach combining pervious surfaces, recycled concrete
aggregates (RCA), and industrial waste to produce pervious
geopolymer concrete. With a target porosity of 15%, the study
assessed the performance of pervious geopolymer recycled
aggregate concrete (PGRAC) using two binder blends—slag:fly
ash in 1:0 and 1:1 ratios—and varying RCA contents (0% and
100%). The concrete made with natural aggregates and a 1:0 binder
blend delivered significantly higher compressive strength
compared to its 1:1 counterpart. Although permeability remained
relatively unchanged with binder variation, full RCA replacement
reduced strength, while the 1:1 mix offered slightly better
permeability. These findings support the potential use of PGRAC
in sustainable pavement applications.

The study presented by [10] contributes to the ongoing
efforts to mitigate environmental harm caused by the accumulation
of industrial waste. By recycling materials like concrete, brick, and
breeze blocks from demolished structures, the research explores
their potential application in the base layers of flexible pavements.
The mechanical behavior of these recycled materials was evaluated
through experimental methods, revealing promising results. The
use of such materials helps preserve natural resources, reduce
transportation-related emissions, and lower energy consumption.
This approach not only optimizes pavement design but also offers
a cost-effective solution that avoids the use of expensive surface
layers like bituminous concrete.

In research by [11], attention is drawn to the challenge of
improving the performance of asphalt mixtures that incorporate
recycled concrete aggregates (RCA). Given the limitations of RCA
in traditional asphalt applications, this study investigates the use of
secondary aluminum dross (SAD) as an alternative filler. SAD was
substituted for limestone dust in varying proportions (10%, 20%,
and 30%), and its effects on mixture properties were evaluated
using the Marshall method, as well as tensile and compressive
strength tests. Results showed that SAD enhanced mechanical
performance, with 20% being identified as the most effective
dosage. When applied to mixtures containing 25% RCA, this
dosage significantly improved both the tensile strength ratio (TSR)
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and the index of retained strength (IRS). The findings underline the
potential of industrial by-products to strengthen asphalt pavements
while contributing to sustainable waste management.

Lastly, the work developed by [12] highlights the
importance of integrating C&D waste into sustainable
infrastructure practices, particularly in road construction. It
addresses both the environmental burden caused by the excessive
generation of waste and the depletion of natural aggregate
resources by the transportation sector. The study promotes the use
of recycled C&D materials in pavement layers, which not only
reduces landfill volumes but also minimizes resource extraction. A
life cycle assessment (LCA) was employed to evaluate the
environmental performance of recycled aggregate use, considering
risks related to chemical composition and leaching. The research
advocates for broader adoption of C&D waste in roadworks,
offering a viable pathway toward zero-waste construction and eco-
efficient infrastructure development.

V. CONCLUSIONS

The reuse of construction and demolition waste (CDW) in
permeable pavements presents a significant opportunity for
integrating sustainability into urban infrastructure. This practice
effectively addresses two of the most pressing challenges in civil
construction: the growing volume of waste materials and the
environmental impacts of impermeable surfaces in cities. By
substituting traditional materials with recycled alternatives such as
concrete, brick, and asphalt, permeable pavements contribute to
improved urban drainage, reduced flood risks, and the circular use
of resources that would otherwise burden landfills.

Moreover, the studies reviewed indicate that permeable
pavements made with recycled materials not only meet technical
performance standards but also offer tangible environmental and
economic advantages. Benefits include enhanced water infiltration
and quality, reduced greenhouse gas emissions from the
manufacturing of virgin materials, and significant cost savings in
waste disposal and raw material extraction. The inclusion of
industrial by-products, such as secondary aluminum dross, further
amplifies these benefits, offering a path toward more efficient and
eco-friendly pavement technologies.

However, challenges remain. Variability in the quality of
recycled aggregates, risks of pore clogging, and slight reductions
in compressive strength demand further research and innovation.
Standardization, long-term performance evaluations, and
continued investment in recycling technologies are essential to
fully realize the potential of CDW in permeable pavements. With
proper policy support and technical refinement, this approach holds
promise for transforming urban infrastructure into a more resilient,
cost-effective, and environmentally responsible system.
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The study by [7] analyzed the load capacity of moderately sized helical piles, considering
configurations such as shaft diameter, plate diameter, and penetration depth. The results
showed that increasing the shaft diameter and modifying the helical plates significantly
improved load capacity. The configuration of the plates had a greater impact on performance
than the shaft diameter. Other studies complemented these findings, such as [8], which
emphasized the importance of plate position for pull-out resistance. Study [9] highlighted
the impact of helix pitch on lateral load capacity, while [10] examined the spacing between
the helices and its effect on load distribution. Helix deflection, as shown by [11], was also a
critical factor in pile performance. Additionally, studies on pile groups [13] and pressure
grouted helical piles [14] provided valuable insights for optimizing the design of these
foundations. Research by [15] on combined loads revealed a positive correlation between
helix diameter and load capacity. Overall, the studies demonstrated that geometric factors
and soil characteristics are essential for optimizing the performance of helical piles,

especially in applications in challenging environments like offshore wind platforms.

Copyright ©2025 by authors and Galileo Institute of Technology and Education of the Amazon (ITEGAM). This work is licensed
By under the Creative Commons Attribution International License (CC BY 4.0).

I. INTRODUCTION

The load-bearing capacity of helical piles is strongly
influenced by various factors, with installation depth and helix
diameter being two of the most significant parameters. The depth
determines the reach of the piles into the soil, directly affecting the
interaction between the soil and the pile. The helix diameter, on the
other hand, is related to the area of contact between the pile and the
soil, which impacts the load transfer capacity and pullout
resistance.

The depth of the helical pile influences both compressive
and tensile resistance. The deeper the pile, the greater the resistance
provided by the soil in deeper layers, which can increase the load-
bearing capacity. However, the depth must also be optimized, as
very deep piles can result in higher installation costs and logistical
complications. Choosing the ideal depth depends on the soil type,
layer distribution, and load conditions, making it essential to
consider these variables in foundation design to maximize pile
efficiency.

On the other hand, the helix diameter has a direct impact on
the area of contact between the pile and the soil. Piles with larger
helices generate a greater area of resistance to both pullout and
compression, resulting in higher load-bearing capacity, especially
in looser soils or conditions of high liquefaction potential.

However, increasing the helix diameter can also lead to
higher costs and challenges during installation, such as requiring
more torque for drilling. Therefore, balancing the diameter with
other pile parameters is crucial to ensure good performance without
compromising the economic feasibility of the project.

Thus, the interaction between the depth and the helix
diameter is crucial for determining the load-bearing capacity of
helical piles. Adjusting these parameters, taking into account local
geotechnical conditions and project requirements, allows for the
optimization of foundation performance, ensuring greater stability
and durability.
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Il. THEORETICAL REFERENCE

Helical piles have gained recognition as an advanced and
versatile foundation solution in both onshore and offshore
engineering applications, providing numerous advantages over
traditional pile systems. They are particularly appreciated for their
ease of installation, minimal environmental impact, and impressive
load-bearing capacity. One of the most critical aspects affecting the
performance of helical piles is their bearing capacity, which is
significantly influenced by various design parameters. Among
these, the depth of installation and the diameter of the helical plates
are considered key factors that govern the efficiency of these
foundations.

According to [1], helical piles are defined as a type of pile
foundation equipped with one or more helices that are attached to
the shaft at specific intervals. These helices serve to enhance the
load distribution and resistance of the pile by engaging a larger
volume of soil compared to conventional piles. The geometry of
the helical plates, including their diameter and spacing, plays a
direct role in influencing the load transfer mechanism, which
ultimately affects the overall bearing capacity of the pile. The
arrangement of the helix diameters is particularly important;
experimental studies by [1] showed that a progressive increase in
helix diameter, such as 6 cm, 8 cm, and 10 cm from top to bottom,
leads to a more effective load transfer and improved bearing
capacity compared to a decreasing diameter configuration. This
progressive design allows for a more optimal distribution of end-
bearing and shaft friction contributions, resulting in superior
overall performance in comparison to other configurations.

Further studies have examined the influence of the number
of helices and the spacing between them on the bearing capacity
and failure mechanisms of helical piles. In a numerical study
conducted by [2], the effects of helix diameter and spacing were
investigated, revealing that both parameters play a critical role in
the transition between different failure modes, such as cylindrical
shear to individual bearing failure. When the spacing-to-diameter
ratio approached two, the pile transitioned to an individual bearing
failure mechanism, which significantly increased the efficiency of
the pile. This transition was shown to enhance the load-bearing
capacity, particularly in piles with a larger number of helices and
greater spacing. The study further emphasized that conventional
methods of calculating bearing capacity often fail to account for
these geometric parameters, suggesting the need for advanced
modeling techniques to more accurately predict the behavior of
helical piles. These findings underscore the importance of
considering the geometric configuration of helical plates when
designing pile foundations.

Depth is another critical factor that plays an essential role in
optimizing the performance of helical piles. As the pile is
embedded deeper into the soil, it engages denser and more stable
soil strata, thereby enhancing both compressive and tensile
resistance. Studies by [3] have highlighted the importance of
increasing the embedded depth of helical piles, especially in loose
sandy soils, where deeper embedment leads to improved
interaction between the helix and surrounding soil. This deeper
engagement helps distribute the load more efficiently, contributing
to enhanced pile stability and reduced settlement. Numerical
simulations have corroborated these findings, revealing that deeper
installation depths result in lower displacement and improved load-
carrying capabilities, particularly when combined with optimal
helix spacing and diameter configurations. In these cases, the pile's
ability to resist both vertical and lateral forces is enhanced, making
them more reliable and effective for use in a variety of soil
conditions.

Additionally, research by [4] examined the impact of the
number of helices on the bearing capacity of helical piles. This
study involved static loading tests on different types of helical
piles, including single shaft piles, piles with identical diameter
helices, and piles with helices of varying diameters. The study
concluded that adding more helices significantly increased the
bearing capacity, with helical piles exhibiting a 252% to 369%
increase in capacity compared to the single shaft. Furthermore, the
research compared the performance of helical piles with the same
diameter helices to those with varying diameters, highlighting how
the configuration of helices can further influence pile performance.
These findings are significant for understanding how to optimize
the number and arrangement of helices in order to maximize the
load-bearing capabilities of helical piles.

The performance of helical piles in partially saturated soils
has been a subject of limited research compared to their
performance in dry or fully saturated conditions. The study by [5]
focused on this gap by testing small-scale models of steel piles with
single, double, and triple helices embedded in cohesionless soils
under varying soil saturation conditions. The results indicated that
helical piles in partially saturated soils exhibited an increased
bearing capacity, ranging from 1.5 to 1.8 times greater than that of
piles in fully saturated soils. Additionally, the study demonstrated
that the addition of helices significantly improved bearing capacity,
with single, double, and triple helix configurations showing
improvements of 33.3%, 45.0%, and 108.3%, respectively, over
the shaft pile only. This research underscores the potential
advantages of using helical piles in soils with intermediate levels
of saturation, offering insights into their performance in real-world
conditions that may not always be fully saturated or dry.

Lastly, a study conducted by [6] explored the behavior of
helical piles in Iraq using the finite element method. This study
used Plaxis 3D software to model the geometry of helical piles and
performed parametric analyses to examine the effects of various
factors such as the number of helices, spacing between helices,
helix diameter, and helix configuration. The results showed that
increasing the number of helices significantly enhanced the bearing
capacity, with the maximum pile capacity for a three-helix
configuration increasing by 115.4% compared to the case without
helices. The study also found that increasing the spacing between
the helices led to a 130.7% increase in pile capacity when the
spacing was increased from 0.5D to 3.5D. Furthermore, the study
highlighted that displacement values decreased with increasing
spacing between the helices, which suggests that optimal helix
spacing can improve pile performance by reducing settlement.

Overall, the literature consistently highlights the importance
of geometric factors such as helix diameter, pile depth, and helix
configuration in determining the bearing capacity of helical piles.
These factors, when optimized according to the specific soil
conditions and load requirements, contribute significantly to the
stability and efficiency of helical pile foundations. The studies also
emphasize the need for advanced modeling techniques and
experimental validation to accurately predict the behavior of
helical piles, ensuring their reliable performance in a variety of
engineering applications.

111. MATERIALS AND METHODS

.The methodology adopted in this study was primarily based
on a bibliographic research approach, aimed at gathering and
analyzing the main studies and scientific articles that address the
behavior and performance of helical piles. The research was
conducted across major scientific databases such as Google
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Scholar, Scopus, Science Direct, and Web of Science, focusing on
recent and relevant publications on the subject. The selection of
articles was made with great care, considering the quality of the
publications, the reputation of the journals, and the relevance of the
studies regarding the load-bearing capacity and performance of
helical piles under various soil conditions. Additionally, research
analyzing different design parameters, such as helix diameter,
embedment depth, and the number of helices, was included.

This study is characterized as exploratory and qualitative
research, focusing on the analysis of secondary data from
previously conducted studies. The exploratory research allows for
an in-depth examination of various aspects of the behavior of
helical piles, including variables such as helix geometry and
installation conditions, providing a broad view of the different
analysis methodologies and experimental tests applied to the
subject. Furthermore, the qualitative nature of the research enabled
the identification of key trends and gaps in the literature on the
performance of helical piles, highlighting the importance of
specific parameters, such as helix configuration and installation
depth, for the success of these foundations in various soil types.

Finally, the bibliographic research conducted was not
limited to a simple data collection but involved a critical and
comparative analysis of the methodologies used in the selected
studies. Not only were the results obtained evaluated, but also the
experimental and numerical approaches employed to simulate the
loading conditions and behavior of helical piles in different
scenarios. This analysis allowed for the identification of best
practices and the suggestion of recommendations for the
application of helical piles in foundation projects, considering the
particularities of sandy, cohesive, and partially saturated soils,
among others.

IV. RESULTS AND DISCUSSIONS

The study conducted by [7] aimed to estimate the load
capacity of moderately sized helical piles, considering various
configurations such as shaft diameter, plate configuration, and
penetration depth. Six different types of helical piles were
constructed with shaft diameters ranging from 73 mm to 114 mm,
support plate diameters varying from 400 mm to 250 mm, and
different numbers of helical plates (one or three). Field loading
tests were carried out to assess the impact of these configurations
on the load capacity of the helical piles. The results indicated that
both the increase in shaft diameter and changes in the number or
diameter of the helical plates significantly improved the load
capacity of the pile. Notably, the configuration of the helical plates
was found to be more critical than the shaft diameter in enhancing
the pile’s load capacity.

In another study, [8] analyzed the load capacity and
resistance to pull-out of helical piles. The research used both model
tests and numerical modeling to investigate the impact of factors
such as the number, size, and position of the helices on pile
performance. The results showed that increasing the number and
diameter of the helices improved both the load capacity and pull-
out resistance of the pile. Furthermore, when the helix was installed
near the base of the pile, performance was significantly improved.
The study also included an economic analysis, highlighting the
importance of considering the installation position of the helix to
optimize performance and cost-effectiveness of the helical piles.
Based on these findings, the research suggested that the helical pile
design could be substantially enhanced by adjusting these
parameters.

The research conducted by [9] focused on the influence of
thread pitch and helix diameter on the lateral load capacity of a
single-helix helical pile, with an emphasis on installation effects.
This study, which included laboratory tests, revealed that the helix
diameter had a negligible effect on the lateral load capacity of the
pile. However, the thread pitch significantly influenced pile
performance due to the increased soil disturbance around the pile.
The results from the single-helix pile were compared with those of
steel tube piles and other foundation methods, offering valuable
insights into the behavior of helical piles for applications such as
offshore wind turbine foundations. The study reinforced the
importance of considering thread pitch when designing helical
piles for optimal lateral load performance.

In another study, [10] investigated the effects of helix
spacing on the behavior of helical piles through compressive axial
load tests on instrumented piles with strain gauges. The test piles,
which had two helices with variable spacing between them, were
installed in a homogeneous clay layer with an average undrained
shear strength of 65 kPa. Failure mechanisms of the piles were
determined by comparing the measured load distributions with
those predicted by cylindrical shear and individual load models.
The results indicated that for piles with a helix spacing-to-diameter
ratio of 1.5 or greater, the individual load model dominated the pile
behavior. The study also evaluated the load capacity factor of the
helices and the shaft adhesion factor, comparing measured
resistances with theoretical estimates, and concluded that the
recalculated load capacity and adhesion factors were lower than
those typically used in helical pile design. Additionally, the
research analyzed the impact of the soil setup on pile behavior by
comparing load and settlement responses of piles tested
immediately after installation with those tested days later.

Another relevant study by [11] investigated the effect of
helix deflection on the load-settlement behavior and ultimate load
capacity of helical piles. Recognizing that these piles have greater
ultimate load capacity due to the presence of larger helices relative
to the central shaft, the study aimed to understand the limitations
imposed by helix deformation under high load conditions. To this
end, load tests were performed on models with different helix-to-
shaft diameter ratios and varying helix thicknesses to assess the
behavior of the piles with and without significant deformations.
The tests were conducted on dense, dry Toyoura sand. The results
showed that helix deflection began to negatively affect the load-
settlement response once it exceeded a critical value. It was further
observed that the ratio of critical deflection to projection length
decreased as the helix-to-shaft diameter ratio increased, and this
relationship was presented in the study. Furthermore, Roark's
formula for flat circular plates under uniform load on a very small
area with fixed edges showed good agreement with the measured
helix deflection, enabling the development of a modified equation
to estimate the optimal helix thickness based on the critical
deflection.

The study conducted by [12] investigated the geotechnical
behavior of helical piles through experiments using the frustum
confining vessel (FCV) method. This device was chosen due to its
special geometry, which allows for a linear distribution of vertical
and lateral stresses along its height, effectively simulating field
conditions. The research focused on small-scale helical piles made
of 4 mm thick steel plates, with a shaft diameter of 32 mm and
helices ranging from 64 to 89 mm in diameter. The results indicated
that the performance of helical piles strongly depends on geometric
characteristics such as the spacing ratio between helices (S/D) and
helix diameter. It was observed that failure could occur either near
the individual helices or along a cylindrical shear surface, directly
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affecting the load capacity. Additionally, the helical piles
demonstrated the ability to support axial uplift loads comparable to
conventional steel piles with the same helix diameter, and their
compressive load capacity was sufficient to classify them as
medium-capacity piles.

In the study conducted by [13], the results of a field load
testing program were presented to investigate the group effects on
the pull-out capacity of deep single-helix helical piles installed in
sand. Due to their high pull-out capacity and quiet installation
process, helical piles have become a viable alternative to
conventional deep foundations, especially in offshore applications
for renewable energy structures. Considering new applications in
marine environments, the use of helical pile groups to resist
structural loads is being evaluated. While it is known that group
interaction effects occur in this type of foundation, there is still a
lack of field data on performance in sand under pull-out loading.
The study involved the installation and load testing of round-shaft
piles with a 152 mm diameter, tested individually and in groups,
embedded at depths equivalent to 12 and 18 times the helix
diameter. Variables such as pile spacing, group configuration
(number of piles), and soil strength (determined by CPT tests) were
analyzed. The results showed group efficiencies ranging from 0.6
to 1.0 for horizontal spacings of 2 to 3 times the helix diameter, in
sands with friction angles between 39° and 44°. The obtained data
are also valuable for calibrating and validating numerical models
to further analyze group interactions in helical pile systems.

The study by [14] investigated the performance of pressure
grouted helical piles (PGHPs), which are reinforced piles installed
using the simultaneous drilling and grouting technique. This
method promotes the formation of a soil-cement column around the
pile, whose geometry is influenced by various installation
parameters, such as the number and size of the helices and the
drilling speed. To analyze the axial behavior of these piles and the
load transfer mechanism, small-scale model tests were conducted
in clay. The results showed that the final compressive load capacity
of PGHPs was between 260% and 293% greater than that of
ungrouted helical piles. Additionally, the load capacity increased
proportionally with the number and size of the helices but
decreased with an increase in drilling speed. The adhesion between
the soil-cement column and the surrounding clay varied between
0.8 and 1.2, and the diameter of the cement column was
approximately 1.26 to 1.35 times the size of the helix. These results
demonstrate the effectiveness of the simultaneous drilling and
grouting technique in improving the axial performance of helical
piles compared to traditional ungrouted piles.

The study conducted by [15] investigated the performance
of hollow-shaft and single-helix helical piles under combined
loading, a common condition in offshore structures due to the
simultaneous action of wind, waves, currents, and the structure's
own weight. Although these piles are widely used in onshore
foundations due to their quick installation and high load capacity,
their behavior under combined loading is not well understood. To
address this gap, the study used finite element method (FEM)
analysis in 561 different cases, considering various ratios of helix
to shaft diameter, as well as helix positions. The results showed a
positive linear correlation between the helix-to-shaft diameter ratio
and load capacity, while the influence of helix position exhibited a
more complex and nonlinear behavior. Based on these analyses, a
predictive formula was developed to estimate the load capacity of
helical piles under combined loading, significantly contributing to
their application as an alternative to monopile foundations in
offshore wind turbines.

Finally, the study by [16] investigated the uplift capacity of
helical piles, focusing on the effect of helix size. Helical piles,
widely used for low-load applications, consist of helical plates
attached to a central shaft, with both the shaft and helix diameters
varying in size. When installed in appropriate soil layers, helical
piles can resist both compressive and tensile loads. The total
capacity of the pile is defined as the sum of the capacities of each
individual helical plate. This study specifically explored the
influence of helix size on uplift capacity, performing uplift load
tests on two types of helical piles — with uniform and variable-
sized plates — installed in clayey soil. The helix diameters used in
the tests were 15 cm, 20 cm, and 25 cm, with a spacing ratio (S/D)
of less than 3 for the larger helix diameters. The results revealed
that variations in helix size significantly influenced the uplift
capacity, with capacity increasing by up to 50% as the helix
diameter increased. This study provides valuable insights into the
effect of helix size on the uplift capacity of helical piles.

The results presented by the studies discussed above
provide a comprehensive view of the performance of helical piles
under various loading conditions and geometric variables. While
each study focused on different aspects of helical piles, they all
converge on the idea that the geometric configuration and soil
characteristics have a significant impact on the load-bearing
capacity and behavior of the piles.

The study by [7] emphasizes the importance of the
configuration of the helical plates, showing that both an increase in
the shaft diameter and variations in the number or diameter of the
helical plates result in significant improvements in load capacity.
However, a crucial finding was the observation that the
configuration of the helical plates is more critical to the pile’s
performance than the shaft diameter, an important insight for the
design of helical piles in terms of optimizing load capacity.

In a complementary study, [8] not only investigated the load
capacity but also the pull-out resistance of helical piles, analyzing
how the number and size of the helices influence these properties.
The study also highlighted the importance of the helix position to
improve pile performance, emphasizing that installing the helices
closer to the base resulted in significant improvements in pull-out
resistance and load capacity. This suggests that optimizing the
design of piles should consider the position of the helices, in
addition to their number and size, for optimal performance under
different soil conditions.

The research by [9], in turn, revealed that the pitch of the
screw has a more significant impact on the lateral load capacity of
the pile than the helix diameter. This study is particularly relevant
for applications in terrains with high lateral loads, such as offshore
wind farm foundations, where helical piles are frequently used. The
discovery that increasing the pitch results in greater soil
disturbance and consequently better performance under lateral load
provides valuable guidance for the design of these foundations.

Another relevant study by [10] investigated the effect of
helix spacing on the behavior of helical piles. The results indicated
that the pile behavior can be more accurately modeled when the
ratio of helix spacing to helix diameter is greater than 1.5. This
finding suggests that optimizing the spacing between helices can
directly influence load distribution and performance efficiency,
especially in homogeneous soil conditions like clay.

Studies by [11] and [12] analyzed the deflection of the
helices and the impact of geometric characteristics on the load
capacity of helical piles. Study [11] concluded that excessive
deflection of the helices can compromise pile performance, with
important implications for the design of the helices and the sizing
of their thicknesses. On the other hand, [12] investigated the
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geometric characteristics of small-scale piles, revealing that failure
in helical piles can occur both near individual helices and along a
cylindrical shear surface, reinforcing the importance of helix
distribution and size.

Regarding the performance of helical piles in groups, study
[13] provided valuable insights into the group effects on the
performance of helical piles installed in sand. The research
indicated that group efficiencies vary with pile spacing and soil
resistance, with direct implications for the design of foundations in
high-traction environments, such as offshore structures.

Additionally, the study by [14] on pressure grouted helical
piles (PGHPs) highlighted the impact of the grouting technique on
pile load capacity, showing that combining larger helices with
grouting can result in a substantial increase in load capacity. This
offers an interesting alternative to enhance the performance of
helical piles in soils with low resistance.

Finally, the study by [15] addressed combined loading, an
important condition for offshore structures, showing that the ratio
of helix diameter to shaft diameter has a positive correlation with
load capacity, while the position of the helices has a more complex
effect. These findings are essential for the design of helical piles
for applications in structures subjected to multiple types of
simultaneous load.

In summary, the studies discussed demonstrate the
importance of a detailed analysis of geometric variables, soil
characteristics, and group effects on helical piles, highlighting that
pile design should be carefully adjusted to optimize performance
under different loading and soil conditions. The combination of
different optimization strategies, such as adjusting the number and
size of the helices, modifying the screw pitch, and considering the
spacing between the helices, is essential to ensure the success of
helical piles in modern foundation projects, including those in
challenging environments such as offshore wind farms and other
submerged structures.

V. CONCLUSIONS

The research on the performance of helical piles under
various load conditions and geometric characteristics reveals that
factors such as shaft diameter, helix configuration, and penetration
depth play crucial roles in the load capacity of these piles. The
studies showed that both increasing the shaft diameter and
modifying the number and size of the helical plates significantly
improved load capacity. However, the configuration of the helical
plates was found to be more important than the shaft diameter in
optimizing the pile’s load-bearing capacity.

Additionally, the results indicated that positioning the
helical plates near the base of the pile improves pull-out resistance,
which is an important consideration for designs in more
challenging soils. The research also highlighted the importance of
the spacing distribution between the helical plates and the shaft
thickness, as factors that can negatively impact pile performance if
not properly dimensioned.

In specific conditions, such as soils subject to high lateral
loads, modifying the helix pitch was crucial to improving lateral
load capacity. This finding is particularly relevant for the use of
helical piles in offshore wind turbine foundations, where lateral
load conditions dominate.

Studies on helix deflection indicated that excessive
deformations could compromise pile efficiency, emphasizing the
need to consider critical deflection limits during design. The
combination of different optimization strategies, such as adjusting

the number and size of the helical plates, and a detailed analysis of
group interactions, ensures more efficient and safer performance.
In summary, these studies provide valuable insights into
improving the design of helical piles, being essential for
applications in challenging environments, such as offshore
platforms and submerged structures. Ongoing research on the
behavior of helical piles will allow for the adaptation of
foundations to different soil types and load conditions.
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I. INTRODUCTION Exemplar-based Deep Learning Super Resolution Generative
Adversarial Network (DLSRGAN) specifically designed for
recovering deteriorated signals. The proposed method
demonstrates superior performance across key metrics higher Peak
Signal-to-Noise Ratio (PSNR), lower Mean Squared Error (MSE)
and higher Structural Similarity Index Measure (SSIM) compared
to the exemplar method.

Recovering deteriorated signals is equally important in
domains such as audio restoration, seismic data processing and
communication systems. In audio restoration, eliminating noise
and artifacts enhances the quality of historical recordings. For
seismic data processing, addressing noise and interference is
crucial for accurately interpreting subsurface structures and
identifying hydrocarbon reservoirs. Advanced techniques like
deconvolution and filtering can help recover original signals and
improve interpretation accuracy. In communication systems,
effective signal recovery ensures reliable data transmission through

Signal inpainting is an essential modern technique used
for restoring and enhancing visual data. It plays a critical role in
data recovery, maintaining the integrity of information affected by
loss or corruption. By filling in missing areas, inpainting [1]
improves the visual quality of images, making them more coherent
and aesthetically pleasing. This technique is particularly valuable
in areas such as signal processing and digital content creation. In
addition to visual enhancement, inpainting facilitates the recovery
of lost or obscured information, which aids in better analysis and
decision-making. It also contributes to data compression by
reconstructing missing parts of signals, thereby reducing overall
data size without compromising quality. In medical imaging, for
instance, it can restore corrupted scans, leading to more accurate
diagnoses and improved patient care. Overall, signal inpainting is
vital across various fields, providing solutions for data restoration
and information recovery. This paper introduces a Hybrid
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methods like error-correction codes and adaptive filtering. Overall,
investing in advanced signal processing techniques enhances the
quality, accuracy and reliability of processed data.

I1. DEVELOPMENT OF HYBRID EXEMPLAR BASED
DLSRGAN INPAINTING TECHNIQUE

This section offers an in-depth look at the
proposed Hybrid Exemplar based DLSRGAN Inpainting method,
which combines the advantages of exemplar-based techniques with
Deep Learning Super Resolution Generative Adversarial Networks
(DLSRGAN) [2] to achieve high-quality image inpainting. The
hybrid approach starts with exemplar-based inpainting, which
effectively fills in missing areas with coherent textures and
structures. Subsequently, DLSRGAN enhances the resolution of
the inpainted image, particularly targeting regions that lack detail.

Exemplar-based inpainting is a technique that fills
missing regions of an image by propagating similar patches from
known areas [3]. The process involves patch matching through data
propagation and confidence propagation [4]. In this method, the
confidence propagation ascertains the presence of known
information. This process is repeated iteratively until the entire
patch or hole is filled. However, exemplar-based inpainting has
limitations such as the inability to synthesize novel content and
blending artifacts. It is highly sensitive to patch size. This method
will give inaccurate results if the patch size is large. Further this
method lacks the semantic understanding.

The Super-Resolution Generative Adversarial Network
(SRGAN), introduced by Ledig et al. in 2017, aims to improve the
resolution of images. SRGANs employ adversarial training to
produce high-resolution images from low-resolution inputs,
resulting in a substantial enhancement in image quality and the
level of detail. Later studies have expanded upon SRGAN to
further improve its effectiveness [5]. The perceptual loss function
of SRGAN enables the production of high-fidelity, aesthetically
attractive and lifelike images. The model also utilizes residual
blocks to extract features, capturing complex details and textures,
hence improving the authenticity of the image. The discriminator
in SRGAN distinguishes between super-resolved photos and
genuine high-resolution images, guaranteeing their close
resemblance to real-world data [6-9]. Furthermore, SRGAN
integrates a content loss that relies on perceptual similarity,
resulting in high-resolution images that preserve the visual
attributes and intricacies of the original material.

The integration of these two techniques provides several
benefits over traditional inpainting methods, including enhanced
resolution and better texture and structure propagation. Initially,
the input image is processed using exemplar-based inpainting to
enhance texture coherence. This is then followed by the application
of DLSRGAN to improve overall resolution and recover finer
details in low-resolution areas. This hybrid method has a wide
range of applications in video processing, including image video
inpainting and video outpainting.

Key features of the hybrid Exemplar-based DLSRGAN
technique include its capacity to combine the strengths of both
methods for improved image reconstruction and quality. It employs
a tensor-based data term for more effective pixel selection when
filling in missing regions, surpassing conventional techniques.

JAdditionally, a fast patch lookup strategy is utilized to
ensure improved geometric coherence in the results. The hybrid
approach also addresses common issues faced by traditional
methods, such as blurriness in large damaged areas, by leveraging
both exemplar-based and deep learning advantages. The limitations
of conventional inpainting methods are well-recognized and

include problems like blurriness in large damaged regions, high
computational complexity, insufficient perceptual similarity
between inpainted areas and their surroundings, and challenges in
handling complex structures and textures. While traditional
methods often yield blurry results for extensive missing areas, the
hybrid technique alleviates this issue through a tensor-based data
term for better pixel selection and a fast patch lookup strategy to
enhance coherence. Moreover, although traditional methods can be
resource-intensive, literature suggests modifications that can
reduce processing time without significantly affecting quality. The
hybrid method demonstrates potential for producing more realistic
results by utilizing deep neural networks to replicate complex
textures. By merging exemplar techniques with DLSRGAN, this
new approach referred to as Hybrid Exemplar-based DLSRGAN
aims to effectively address these limitations.

I11. RESULTS AND DISCUSSIONS

In this work, the proposed Hybrid Exemplar based
DLSRGAN technique is applied to recover the deteriorated signals.
To analyze the performance of Hybrid technique for signal
inpainting, Received Signal Strength Indicator (RSSI) signal is
wantedly distorted in three ways; large, medium and small. This
RSSI signal is taken as input from RSSI dataset for Indoor
Positioning Fingerprinting [10].

Dataset:

The RSSI Dataset for Indoor Localization Fingerprinting
is a comprehensive dataset created by Petros Spachos to support
research in indoor localization using fingerprinting techniques. The
dataset aims to improve the accuracy and robustness of localization
systems relying on Received Signal Strength Indicator (RSSI)
values. The dataset includes RSSI readings from three different
wireless technologies such as Zigbee, Bluetooth Low Energy
(BLE) and Wireless Fidelity (Wi-Fi). The dataset was collected in
diverse indoor environments to provide a realistic testing
environment for algorithms that need to operate under different
conditions and interferences typical of indoor spaces.

The dataset is suitable for research and development,
testing and validation and machine learning, as it enhances indoor
localization algorithms and techniques, provides a benchmark for
evaluating the performance of different localization methods, and
trains models to predict locations based on RSSI values. The
dataset is available on Institute of Electrical and Electronics
Engineers (IEEE) Data port and can be accessed via the provided
DOI (Digital Object Identifier) link. By making this dataset
available, Petros Spachos has contributed a valuable resource to the
research community, enabling advancements in indoor localization
technologies.

\ | ! ()
Figure 1: Output of Exemplar based signal inpainting for less
distorted signal.
Source: Authors, (2025).
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Figure 2: Output of Exemplar based signal inpainting for medium
distorted signal.
Source: Authors, (2025).

Figure 3: Output of Exemplar based signal inpainting for more
distorted signal.
Source: Authors, (2025).

The resultant processed signals through Exemplar
technique for corresponding input signals are shown in upper part
of the Figure 1, Figure 2 and Figure 3 are respectively presented in
lower part of Figgure 1, Figure 2 and Figure 3.

Figure 4: Output of Hybrid DLSRGAN based signal inpainting
for less distorted signal.
Source: Authors, (2025).

Figure 5: Output of Hybrid DLSRGAN based S|gnal inpainting
for medium distorted signal.
Source: Authors, (2025).
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Figure 6: Output of Hybrid DLSRGAN based signal inpainting
for more distorted signal.
Source: Authors, (2025).

The upper signals shown in the Fig. 4, Fig. 5 and Fig. 6
correspond to the distorted signal and the lower signals corresponds
to their respected super resolution signals. The resultant processed
signals through hybrid technique are shown in Fig. 4, Fig. 5 and
Figure 6.

Table 1: Comparison of various metrics of Exemplar technique
and Hybrid method for inpainted signals.

Inpainting Method

Exemplar Method Hybrid GAN

Sl. Metrics M

No 9 | Mediu Mediu
re m Less More m Less
dISF distorti distortio |distortio distorti distorti
orti n n on

on on

on

1. PSNR 10.6 117 12.0 13.7 14.5 15.2
7

2. MSE 556 | 4118 4088 2805 2465 | 1958
5

3. SSIM 0.46 | 057 0.59 0.71 0.75 | 0.785

Source: Authors, (2025).

The metrics MSE, PSNR and SSIM are used to evaluate the
performances of the hybrid and exemplar techniques [11]. Results
are tabulated for all these distorted signals in Table 1.

From Table 1, it is very clear that signal with less
distortion has high PSNR, high SSIM and low MSE. To explore
this for more distorted signals deeper studies should be carried on
by assessing more number of variants.

IVV. CONCLUSIONS

Signal inpainting is an essential process for accurately
repairing images in Signal Processing and Biomedical applications.
The hybrid method effectively improves the resolution, quality,
and visual coherence of images by integrating exemplar-based
inpainting which fills in missing areas by replicating similar
patches from known regions with the super-resolution capabilities
of Generative Adversarial Networks (GANs). This combined
approach seeks to address the challenges of signal enhancement
and restoration by leveraging the strengths of both inpainting and
super-resolution techniques, leading to better inpainting results.

The proposed hybrid exemplar-based DLSRGAN Signal
Inpainting method for less distortion demonstrates significant
improvements, achieving a 26.6% increase in Peak Signal-to-Noise
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Ratio (PSNR), a 52.1% reduction in Mean Squared Error (MSE)
and a 33% enhancement in Structural Similarity Index Measure
(SSIM) compared to traditional exemplar method. Further research
in signal inpainting using GANs is anticipated to bring
advancements in signal processing, data recovery and information
extraction in diverse fields.
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Efficient water management is a critical challenge in large-scale agriculture, especially in
remote areas where manual monitoring and control of irrigation systems are impractical.
This paper presents the design and implementation of a scalable, LoRa-based Internet of
Things irrigation system with dual control mechanisms, offering both local and remote
control of irrigation processes. The system comprises field sensor nodes that transmit
environmental data—such as soil moisture, temperature, and pump status—to both a local
control node and a cloud gateway. Users can manage irrigation remotely via a cloud-based
dashboard, while local control is achieved through manual intervention at the control node.
A synchronization mechanism ensures that changes in actuator states are reflected across
the system, regardless of where the control originates. By employing Long Range
technology for extended communication distances and MQTT (Message Queuing Telemetry

Transport) for efficient cloud connectivity, the system supports reliable, low-power
operation over distances of up to 5.76 kilometers. Field tests validate its effectiveness,
showcasing its potential to enhance water use efficiency in agriculture and reduce the need
for constant human oversight in irrigation management. The scalable design ensures the
system can adapt to various agricultural field sizes, making it practical for wide-area

irrigation management.

Copyright ©2025 by authors and Galileo Institute of Technology and Education of the Amazon (ITEGAM). This work is licensed
under the Creative Commons Attribution International License (CC BY 4.0).

I. INTRODUCTION

Efficient water management in agriculture is increasingly
critical due to growing water scarcity and the need for sustainable
practices. Agriculture accounts for approximately 70% of global
freshwater withdrawals, emphasizing the importance of optimizing
irrigation systems [1]. Traditional irrigation methods often require
significant human intervention and are inefficient, leading to water
wastage and suboptimal crop yields [2]. These challenges are
exacerbated in remote or large-scale agricultural settings where
manual monitoring and control are impractical. The Internet of
Things (loT) offers transformative solutions by enabling
automation and optimization of irrigation processes through
interconnected, low-power devices that communicate wirelessly
[3]. loT-based systems facilitate real-time monitoring and control,
allowing for precision agriculture where inputs like water are
applied only when and where needed, enhancing sustainability and

productivity [4]. Scalability is a crucial aspect of these systems,
designed to accommodate the expansive and varying sizes of
agricultural fields [5].

One primary challenge in deploying IoT for agriculture is
maintaining wide-area coverage while keeping energy
consumption low. Traditional wireless technologies like Wi-Fi are
limited in range and consume significant power, making them
unsuitable for large-scale agricultural applications [6].
Technologies like Zigbee and Bluetooth are more energy-efficient
but are not optimized for long-range communication, which is
often necessary in rural environments [7]. Low-Power Wide-Area
Networks (LPWAN) have emerged as a solution for loT
applications requiring extended communication range and low
energy consumption [8]. Among LPWAN technologies, LoRa
stands out due to its ability to provide reliable data transmission
over many kilometers while operating on minimal power [9]. LoRa
employs chirp spread spectrum modulation, which is robust against
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interference and can achieve long-range communication with low
power consumption [10]. This makes it ideal for large agricultural
areas with complex terrains, where maintaining connectivity is
challenging. LoRa's scalability features are particularly
advantageous for accommaodating a growing number of devices in
expansive fields [11].

Previous studies shows that precise control over irrigation
can significantly reduce water consumption while maintaining crop
health [12]. An loT-based smart irrigation system was proposed by
H. Zhang et al. [13] utilizing wireless sensor networks to monitor
soil moisture and environmental conditions in real time, reducing
the need for manual intervention and improving water use
efficiency. A. Kumar and B. Singh [14] emphasized the importance
of designing scalable 10T solutions that can expand to
accommodate varying field sizes, ensuring that the benefits of 10T
technologies are accessible to farms of all scales. M. Ali, S. Khan,
and L. Wang [15] designed and implemented an loT-based smart
irrigation system using LoRaWAN technology, demonstrating
enhanced energy efficiency and reliable data transmission over
long distances suitable for large agricultural fields. Additionally,
integrating advanced data analytics into loT-based irrigation
systems has shown promise in optimizing irrigation scheduling. M.
Patel and D. Roy [16] demonstrated how predictive analysis using
historical and real-time data can improve water use efficiency and
crop yield. While previous studies have made significant strides in
developing loT-based irrigation systems, several challenges
remain unaddressed, particularly concerning energy efficiency, the
integration of local and remote-control mechanisms, and the
seamless scalability of such systems in remote or large-scale
agricultural settings. Existing solutions often focus primarily on
either local control or cloud-based management but rarely provide
a unified approach that combines both effectively.

This paper presents the design and implementation of a
scalable, LoRa-based IoT agricultural irrigation system that
integrates both local and cloud-based control mechanisms. The
system's dual approach adds robustness and flexibility. The local
control node provides real-time, on-site decision-making and
allows manual intervention when needed, crucial in environments
where internet access is intermittent or unavailable.
Simultaneously, cloud integration enables users to monitor and
control irrigation remotely, providing a broader scope for
managing the system from any location. The modular and scalable
design allows for easy addition of field sensor nodes, ensuring the
system can expand to cover larger agricultural areas.

By incorporating these features, the system is well-suited
for large-scale agricultural applications, addressing challenges
related to water management, energy efficiency, and the need for
automation. The scalable architecture ensures that the system can
adapt to various field sizes and complexities, making it a practical
cost-effective solution for wide-area irrigation management.

I1. SYSTEM ARCHITECTURE

The system architecture includes three core components: a
field sensor node, a local control node, and a gateway node
connected to a cloud platform. The field node collects real-time
environmental data such as soil moisture, temperature, and
humidity. This data is transmitted to both the control node and the
gateway node using a point-to-multipoint communication scheme.
The control node enables local decision-making, and the gateway
facilitates remote monitoring via a cloud-based control and
monitoring platform. The platform, named Kolibrio, has been
developed for the purpose of this application.

The system is designed with scalability at its core. The
modular architecture allows for the easy addition of field sensor
nodes and actuators without significant reconfiguration.

The MQTT protocol plays a key role in enabling efficient
communication between the gateway node and the Kolibrio
dashboard, ensuring lightweight, reliable data transmission for
remote management [17]. The use of MQTT protocols supports
scalability by efficiently managing increased data traffic from
additional nodes. By employing LoRa technology for long-range,
low-power communication, the system can cover extensive
agricultural areas in an energy efficient manner.

11.1 LORA MODULE CONFIGURATION

The E32-433T20DC LoRa module is pivotal in enabling
long-range communication in an energy-efficient manner.
Firmware was created to manage the configuration of parameters
such as frequency, spreading factor, bandwidth, and power output,
ensuring optimal performance in long-range, low-power data
transmission [18], [19]. In all nodes, communication between the
microcontroller and the LoRa module is established through the
UART interface, using the E32LoRa open-source library [20]. This
library simplifies data encapsulation for transmission and handles
the module’s operation modes, including Normal, Wake-up,
Power-Saving, and Sleep, to optimize energy efficiency in wide-
area deployment.

As detailed in our previous study [21] and shown in Figure
(1), the power consumption pattern of the E32-433T20DC was
analyzed to understand its impact on battery life. While in sleep
mode, the module consumes only 4.6 WA, before transitioning to a
wake-up phase where it draws 15.4 mA for approximately 410 ms.
During transmission, the current spikes to 102 mA for 820 ms as it
sends a 58-byte packet at 2.4 Kbps. This analysis informs the
current system's design, ensuring efficient operation within the
constraints of battery powered 10T deployments.

110.0 ms

Figure 1: Signal of transmitted data while in the Sleep mode.
Source: [21].

11.2 SENSORS AND ACTUATORS

The system integrates two primary environmental sensors:
the DHT11 for temperature and humidity monitoring [22] and a
soil moisture sensor to measure soil water content [23], [24]. The
firmware initializes these sensors and processes the data collected,
ensuring reliable transmission of environmental data to both local
and cloud systems.
e DHT11 Sensor: Provides 40-bit humiture data via a digital

signal, measuring temperature and humidity.
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e Soil Moisture Sensor: Outputs analog signals corresponding
to soil moisture levels.

The system controls a low-cost submersible water pump
using a relay, which is activated based on sensor data and user
commands. The pump's operation is crucial for automating
irrigation based on environmental analysis, and the relay ensures
efficient, reliable activation/deactivation of the pump [25].

11.3 FIRMWARE AND MICROCONTROLLER
OPERATIONS

The system's functionality is driven by firmware that
handles interactions among sensors, actuators, microcontrollers,
and communication modules. The Arduino platform is utilized due
to its versatility and ease of use for rapid prototyping [26].
Firmware was developed for both the Arduino Nano and the
NodeMCU v3 boards, each selected for its suitability in specific
parts of the system.

The Arduino Nano microcontroller specifically handles the
field sensors and actuators. It processes sensor readings and
communicates with the LoRa module for transmitting data to both
the local control node and the gateway, allowing real-time
decision-making at the local level [26]. Communication between
the Arduino Nano and the OLED display occurs via the 12C
interface, providing real-time feedback on sensor readings,
actuator status, and system conditions. The NodeMCU v3 board
[27], acts as the gateway, connecting to the Kolibrio dashboard via
Wi-Fi. It manages data exchange between the field sensor and the
cloud platform, allowing for remote monitoring and control
through the Kolibrio platform. The microcontroller firmware is
designed to support scalability by allowing easy integration of
additional sensors or nodes, as illustrated in Section Ill, which
describes the nodes.

11.4 COMMUNICATION MANAGEMENT

The communication architecture integrates both local and
cloud-based systems using LoRa and Wi-Fi. The communication
protocols and network topology are designed to support scalability,
efficiently managing increased data traffic as more nodes are
added.

* Field Node Communication: The field node transmits
environmental data and actuator status in a point-to-multipoint
configuration. Data is broadcasted to all addresses within a specific
channel, allowing simultaneous data exchange. See Figure (2) [18].
Both the control node and the gateway, identified by their common
channel, can receive the data. The field node sends the status of the
actuator with every transmission, ensuring synchronization
between local and remote controllers.

Control Node

Jcire . Data

vl 0001 01
FFFF 01 AABBCC Ak Chstns
lnput\’ ;..‘:E' Gateway

0001 02

tdonss Shanned AABBCC

Figure 2: Transmission of field data.
Source: Authors, (2025).

 Control Node and Gateway Communication: Both the
control node and gateway node communicate with the field node in
a point-to-point manner using specific address and channel
configurations. See figure (3) [18].

Control Node % el fomel B
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Figure 3: Transmission of control commands.
Source: Authors, (2025).

« MQTT Protocol for Cloud Integration: The NodeMCU
board, serving as the gateway, communicates with the Kolibrio
platform based on a publish-subscribe model using the MQTT
protocol [17]. Figure (4) illustrates the communication architecture
using the MQTT protocol.

Publish "30""

- - -

Publish “30°
Topic “Temp”

Publish “20%"
Topic “humidity”

Gateway

Publish “on/of [*
V' Topic “pump/st’
\

~

B

Subscribed to “pump”

Publish “onjef 2.

Topic “pump”

Figure 4: Communication architecture using the MQTT protocol.
Source: Authors, (2025).

The gateway connects to the local Wi-Fi network and acts
as the intermediary between the field sensors and the cloud
dashboard. It gathers sensor readings and publishes this data to
specific  MQTT topics: /FieldNodel/temperature,
/FieldNodel/humidity, and
/FieldNodel/soil moist. Thisdatais serialized into JSON
format using the ArduinoJson library before being sent via the
mgtt client.publish() function [28]. The Kolibrio
dashboard, subscribed to these MQTT topics, visualizes the sensor
data, allowing the user to monitor environmental conditions in real
time. The dashboard also provides a control interface, enabling
users to turn the pump on or off remotely by publishing to the
/FieldNodel /pump topic. The NodeMCU, subscribed to these
control topics, listens for incoming commands, and forwards them
to the field node using LoRa.

The system’s bidirectional communication is robust; the
NodeMCU sends updates about the actuator status back to the
Kolibrio dashboard by publishing actuator states to the
/FieldNodel/pump st topic. This ensures the cloud platform
is always synchronized with the local system, regardless of where
the control action originates. Additionally, the system publish-
subscribe model as well as the two-level MQTT topic design
ensures flexibility and scalability for larger agricultural
deployments. For instance, the addition of a field node would only
require the addition of a topic such as
/FieldNode?2/temperature, and
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/FieldNode3/temperature and so on. The gateway
matches the first level to the appropriate field node address, and the
second level to the sensor data.

I11. SYSTEM COMPONENTS

The system is a robust energy-efficient 1oT-based LoRa
irrigation solution with cloud integration, designed for both local
and remote control in large-scale agricultural irrigation.

Internet
Marr

Kolibrio
Dashboard

N3 Gateway

NodeMCU 1
o

woR®
N1 Field Node
o0 N2 Control Node

Figure 5: System diagram.
Source: Authors, (2025).

The architecture integrates a field node, a control node for
local decision-making, and a gateway node for cloud-based
management through the Kolibrio platform. Each component is
designed with scalability in mind, ensuring the system can grow
without significant reconfiguration. Figure (5) illustrates the
system and corresponding components of the nodes. The system
can be scaled with minimal intervention to incorporate additional
field nodes. Sensors and actuators can also be easily integrated into
the respective nodes, as illustrated in the schematics and flowcharts
below, where a redundant actuator is incorporated in the form of a
relay to demonstrate the scalability of the system.

111.1 FIELD NODE

The field node is responsible for gathering real-time
environmental data and executing actuator control. Equipped with
the DHT11 sensor for temperature and humidity measurement and
a soil moisture sensor, it monitors key environmental parameters.

Figure 6: Schematic diagram of Field Node (N1).
Source: Authors, (2025).

Figure (6) shows the schematic of the field node, including
sensor connections and communication pathways. The node
incorporates the E32-433T20DC LoRa module, which facilitates
long-range communication between the field node, control node,
and gateway. Data collected by the sensors is transmitted to both
the local control node and the cloud gateway. Field node is
designed for easy replication and deployment, allowing the system
to scale by adding more nodes to cover larger agricultural areas.
Simply adding a replica having a distinct address and channel
configurations, configured to transmit data to the same gateway
channel.
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Figure 7: Flowchart of Field Node (N1).
Source: Authors, (2025).
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Figure (7) illustrates the flowchart of how the node
processes sensor readings and determines whether to activate the
water pump, relaying the pump's status to both the control node and
the cloud. The figures demonstrate how additional actuators (or
sensors), such as a redundant relay, can be incorporated to enhance
functionality and scalability.

Figure 8: actual deployment of the field node.
Source: Authors, (2025).

Figure (8) shows the actual deployment of the field node,
demonstrating the connected sensors, LoRa module, and actuator
control setup. The picture provides a visual representation of how
the components are laid out in the field, ensuring the reader has a
practical understanding of the system’s physical layout.

111.2 CONTROL NODE

The control node provides localized decision-making
capabilities, enabling manual intervention when necessary. It is
equipped with an OLED screen displaying real-time environmental
data and pump status, allowing on-site monitoring without relying
on cloud access.

The control node, as described in section |1, sends specific
commands to the field node via a point-to-point link such as
activating or deactivating the irrigation pump. It also listens for
broadcasted data from the field node, including sensor readings
(e.g., soil moisture, temperature) and pump status. Users can
manually control the irrigation pump through the control node
using push buttons that issue commands to the field node. With
minor adjustments, the node can manage data from multiple field
sensor nodes and control multiple actuators, ensuring seamless
scalability as the number of nodes increases.

i

Figure 9: Schematic diagram of control node (N2).
Source: Authors, (2025).
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Figure 10: Flowchart of Control Node (N2).
Source: Authors, (2025).
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Figure (9) details the schematic of the control node,
highlighting the OLED display, buttons, and LoRa communication
module. Figure (10) explains the flowchart of how the control node
processes incoming data and allows for manual override.

As illustrated, the system is scalable to control multiple
actuators by merely increasing the physical number of push buttons
and minimal modification to the firmware. The addition of a
redundant actuator in the form of a relay is illustrated in both
figures below. Different buttons can be dedicated to specific field
nodes; hence, the control of actuators in different field nodes can
be easily enabled, scaling the system to incorporate several field
nodes.Figure (11) shows a picture of the control node setup
featuring an OLED screen displaying live environmental data and
buttons used for manual control of actuators.

Figure 11: Control node.
Source: Authors, (2025).

111.3 GATEWAY

The gateway node bridges the local irrigation system and
the cloud-based Kolibrio platform. Built on the NodeMCU v3

board with an integrated ESP8266 Wi-Fi module, it collects data
from the field node and sends it to the cloud. It is designed to handle
communication with multiple field nodes, supporting network
expansion. This is realized by transparently relaying any received
message regardless of the transmitter and publishing it based on the
first level of the MQTT topic, as discussed in Section II. The
gateway is also responsible for relaying control commands from
the Kolibrio platform and transmits them back to the appropriate
field node depending on the first level of the MQTT topic.

4
K

P
t *

Figure 12: Schematic circuit diagram of gateway.
Source: Authors, (2025).

Figure (12) demonstrates the schematic of the gateway
node, showing its connections.

Figure (13) explains the communication flow between the
gateway and the cloud, including data transmission and processing
of control commands. Figure (14) illustrates an image of the
gateway node in operation.
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Figure 13: Flowchart of the gateway.
Source: Authors, (2025).
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Figure 14: Gateway node.
Source: Authors, (2025).

111.4 KOLIBRIO DASHBOARD

The Kolibrio dashboard, developed specifically for this
application, serves as the cloud-based user interface for the
irrigation system. It is an open-source platform providing
customizable dashboards to monitor sensor data and control
actuators remotely. Features include:

o Real-Time Visualization: Live sensor readings such as soil
moisture, temperature, and humidity.

Historical Data Analysis: Graphs displaying historical data
trends, allowing users to identify patterns and optimize
irrigation schedules.

Remote Control: Toggle switches to control actuators like the
irrigation pump.

Accessibility: Accessible from any internet-connected
device, including computers, smartphones, and tablets.

Scalability Support: The dashboard can handle data from
multiple field sensor nodes, making it suitable for larger
deployments.

Dashboards

Management

\ /

Figure 15: Example of the Kolibrio dashboard.
Source: Authors, (2025).

Communication between the gateway and Kolibrio is
handled using the MQTT protocol, as discussed in section II,
ensuring reliable and efficient data transmission. The dashboard is
customizable, allowing users to create multiple dashboards with
widgets tailored to their needs. As the number of field nodes
increases, the dashboard can be easily configured to include
additional data streams and control elements. An example of the
Kolibrio dashboard is illustrated in figure (15).

IV. RESULTS AND DISCUSSIONS
IV.1 RANGE MEASUREMENTS

The range performance of the E32-433T20DC LoRa
module was tested to assess its capability in long-range data
transmission under various configurations.
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Figure 16: Data Rate vs. Communication Range.
Source: Authors, (2025).

As shown in Figure (16), LoRa technology, renowned for
its extended range, confirms that the module can transmit data up
to 5.76 kilometers at a data rate of 0.3 Kbps under ideal line-of-
sight conditions. As the data rate increases, the effective
communication range decreases; however, reliable transmission
was sustained over several kilometers even at higher rates. This
confirms the system’s suitability for large-scale agricultural fields,
ensuring reliable monitoring over extensive areas, which is ideal
for spatially distributed farms and environmental monitoring in
remote locations (see Table 1). The long-range capability reduces
the need for additional infrastructure, supporting scalability by
allowing more nodes to connect over wide areas without significant
network changes.

Table 1: coverage areas for various air data rates.

Air Data Rate Communicaition Range Area
[Kbps] Distance [km] [Hectares]
0.3 5.76 10,418
1.2 3.30 3,420
2.4 2.83 2,516

Source: Authors, (2025).
IV.2 SYSTEM FUNCTIONALITY

The loT-based irrigation system effectively manages and
monitors environmental conditions in real time. The system
employs point-to-multipoint communication from the field sensor
node to both the gateway and the local control node. Meanwhile,
point-to-point communication between the gateway and control
node ensures bidirectional control and feedback.

Data Flow and System Responsiveness

Field nodes, equipped with moisture and temperature
sensors, gather critical environmental data, and transmit these
values to both the local control node and the gateway. The data is
visualized in real time via the Kolibrio cloud dashboard on any
connected device (laptop, mobile, etc.). This facilitates remote
management and analysis of environmental conditions and system
statuses, such as pump operation. The cloud integration ensures
real-time synchronization between the local control node and the
cloud, allowing for seamless irrigation management regardless of
network availability.
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Flgure 17 Real world deployment.
Source: Authors, (2025).

Figure (17) illustrates the real-world deployment of the
system, showing how the sensor nodes, control node, and gateway
interact. This demonstrates the system’s practical setup,
emphasizing its robustness and flexibility in field operations. To
clarify, the cloud-based control platform can be accessed from
anywhere in the world via internet. Accessing the Kolibrio
dashboard using the laptop as in figure (17) is only for
demonstration purposes.

Real-Time Monitoring and Control

The Kolibrio dashboard, as shown in Figure (18), provides
users with live sensor readings such as soil moisture, temperature,
and humidity levels. In addition, the dashboard showcases the
status of actuators, enabling remote control of the irrigation pump.
Users can toggle the pump's operation through the cloud platform,
which is immediately reflected on both the cloud dashboard and
the OLED display of the local control node, maintaining
synchronization between remote and local control.

\

[i—s" )

Figure 18: Live sensor readings with control switch.
Source: Authors, (2025).

Historical Data and Analysis

The system stores historical environmental data in the
cloud, accessible through the Kolibrio dashboard’s graph widget as
illustrated in figure (19). This feature allows for trend analysis over
time, enhancing irrigation scheduling. By analyzing past sensor
data, users can identify patterns in moisture levels and other
parameters, enabling optimization of irrigation schedules and
reduction of water consumption.

As more field sensor nodes are added, the system can handle
increased data volumes. The cloud-based storage and processing
capabilities ensure that historical data from additional nodes can be
managed effectively, supporting scalability in data analysis. Figure
(19) demonstrates the graph widget's capability to display historical
data trends, empowering users to optimize long-term irrigation
strategies.

Figure 19: Graph displaying historical temperature data.
Source: Authors, (2025).

V. CONCLUSIONS

This paper presents the development and implementation of
a scalable, loT-based LoRa-Cloud Integrated irrigation system
designed to address the challenges of water management in remote
agricultural areas. By integrating low-power, long-range
communication with cloud connectivity, the system provides a
robust, energy-efficient, scalable solution for monitoring and
controlling irrigation processes both locally and remotely.

The real-time data acquisition, control capabilities, and
historical data analysis make it a valuable tool for optimizing water
usage in agriculture. Field tests confirmed the system's ability to
maintain reliable communication over distances up to 5.76
kilometers, making it suitable for large-scale agricultural
deployments. The system’s architecture, with dual control options,
ensures continued operation even during network outages,
demonstrating adaptability in both connected and disconnected
environments.

The scalable design of the system ensures that it can be
expanded to accommodate larger agricultural areas, making it a
practical and adaptable solution for wide-area irrigation
management. The modular components, efficient communication
protocols, and flexible software support growth without significant
reconfiguration or increased complexity.

Future research could explore enhancements such as
renewable energy integration, advanced data analytics, and the
implementation of adaptive transmission intervals to further
improve resource efficiency. Additionally, scalability can be
further tested by deploying the system in larger networks and
integrating more diverse sensor types to monitor additional
environmental parameters.
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This study develops and designs a Type 2 fuzzy controller technique for application in wind
turbines directly linked to the grid and incorporating variable-speed doubly fed induction
generators (DFIG).

Type 2 fuzzy theory is proposed with the aim of enhancing system performance. Unlike
Type 1 fuzzy systems, it accommodates a wide range of uncertainties and dynamic
nonlinearities that may constrain the system's operational efficiency.

Type 2 fuzzy logic provides an effective approach to managing linguistic uncertainty by
modeling the ambiguity and limited reliability of information, thereby reducing the overall
level of uncertainty within the system.

Both Type 1 Fuzzy Logic Control (T1FLC) and Type 2 Fuzzy Logic Control (T2FLC)
techniques were employed in direct and indirect modes. The two control methods were
developed, their performances were evaluated, and the most effective control method in
terms of reference tracking and robustness was identified. This comparative analysis is
derived from a series of tests performed under identical conditions during both transient and
steady-state operations of the system.

The simulation results demonstrate that the proposed method exhibits significant resilience
to parameter variations and unstructured uncertainties.

Copyright ©2025 by authors and Galileo Institute of Technology and Education of the Amazon (ITEGAM). This work is licensed
T under the Creative Commons Attribution International License (CC BY 4.0).

I. INTRODUCTION

Over the past few decades, global interest in renewable
energy sources has grown considerably. At this stage, electricity
generation using wind turbines is among the most promising
sustainable energy alternatives [1].

Wind energy is a promising technology for electricity
generation due to its well-known environmental advantages over
conventional generation systems [2]. To effectively exploit the
potential of wind energy, Doubly Fed Induction Generators
(DFIGs) play a crucial role [3]. With their advanced technology
and design, DFIGs are specifically designed to convert wind
energy into electrical energy with remarkable efficiency [4]. They
achieve this by using a rotor or blade system that interacts with the
force of the wind, converting its kinetic energy into usable

electricity [5]. The electricity generated by DFIGs is intelligently
integrated into the existing grid.

Type-2 fuzzy sets have recently been included into Fuzzy
Logic Systems (FLS) across a range of application fields.

This study focuses on controlling the electrical power
produced by the DFIG using a Type-2 Fuzzy Logic Controller
(T2FLC). The control method aims to manage the active and
reactive power transfer between the stator and the grid, considering
variations in rotor resistance, inductance, tip speed ratio, and power
coefficient [6-8].

When handling external disturbances, uncertainties, and
nonlinearities in nonlinear systems like WEC Systems, robust
control is an essential component of renewable energy technology

[9].
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In recent years, various control methodologies based on
T2FLC theory for DFIG have been proposed. In this section,
several studies will be presented to show the different applications.

In [10], the authors offer an innovative control technique
that employs interval type-2 fuzzy sets for enhanced grid
synchronization of DFIG-based wind energy conversion systems.
The methodology's distinctive three-dimensional membership
function architecture provides parametric adaptability to
accommodate stochastic variations and measurement inaccuracies
inherent in distributed generation environments.

In [11], the authors presents an adaptive control architecture
for DFIG rotor-side converters, where interval type-2 fuzzy logic
dynamically optimizes proportional-integral (PI) controller
parameters. This methodology demonstrates enhanced robustness
against generator parameter variations and grid disturbances
compared to conventional Pl implementations.

Another method proposed in [12], where a neuro-fuzzy
controller for DFIG that uses adaptive sliding mode to regulate
power. To improve the efficiency of the suggested control
technique, the parameters of the type-2 fuzzy system membership
functions are trained online using sliding mode control (SMC)
theory.

In [13], the authors use a Type 2 adaptive fuzzy controller
approach to evaluate the efficiency of the system in maximizing
power generation from wind turbines with variable-speed doubly-
fed induction generators connected directly to the grid. The control
technique is employed to sustain the optimal value of the stator's
reactive power.

Another method for regulating a DFIG in hyposynchronous
mode has been discussed in [14]. The approach relies on maximum
power point tracking (MPPT). To regulate Ird and Irg, a novel class
of fuzzy logic known as adaptive type-2 fuzzy logic control has
been created as an alternative to standard proportional integral
derivative (PID) controllers. A three-level neutral point clamped
(NPC) converter was used to provide power to the rotor side
converter (RSC).

Another architecture combines type-2 fuzzy logic control
with sliding mode control (SMC) has been presented in [15]. It was
used to control effectively the active and reactive powers of the
DFIG. This technique reduces chattering and increase the system's
performance in speed monitoring and stator side power regulation.

In this work, we will propose a T2FLC strategy. The
structure of this paper is organized as follows: In Section II, we
present the mathematical model of the wind turbine system, which
comprises DFIG driven by a variable pitch turbine. This system is
regulated through rotor variables using two bidirectional Pulse
Width Modulation (PWM) converters, allowing for effective
management of power output and operational efficiency. In
Sections 111 and 1V, the control strategy and synthesis of the type 2
fuzzy logic control algorithm (direct and indirect modes) is
discussed. Section V presents and discusses the simulation results,
using Matlab/Simulink software, along with an evaluation of the
proposed controller's effectiveness. Finally, we conclude the
reported work.

I1. SYSTEM MODELLING

The wind energy conversion system examined in this study
utilizes a Doubly Fed Induction Generator (DFIG). From a system
perspective, the conversion chain consists of three key interacting
components, each modeled separately: the wind turbine, gearbox,
and DFIG topology. As illustrated in Figure 1, the rotor is linked
to the grid through a back-to-back AC-DC-AC PWM converter,
while the stator is directly connected to the grid.

Wind turbine P, Q ststor Trasformer Gnd
—_— -
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Figure 1. Wind energy conversion system.
Source: Authors :[16].

11.1 WIND TURBINE

The aerodynamic power generated by a wind turbine is
determined by several key factors, including wind speed, turbine
design, and its geometric characteristics. The relationship can be
mathematically described using the following equation[17],[18]:

1
Prer = EanZCp(/L ﬂ)US (1)
Then the aerodynamic torque is given by:

P
Toer = % 2

In this context, p denotes the air density, which has a value
of p=1.225 kg/m>. R refers the length of the blade in meters (m),
and V indicates the wind velocity in meters per second (m/s). The
power coefficient C;, (A, B), depends on two factors: the pitch angle
of the turbine (B, in degrees®) and the tip speed ratio (TSR),
represented as A.

The tip speed ratio () is expressed as:

=" 3)

where (), represents the angular shaft speed of the wind
turbine.

The power coefficient C,, and the tip speed ratio A are related
by the following function:

=21
116

C,(1,B) = 05176 (T —0.4f—5)e™ +0.0068 (&)

1 1 0.035

A A+0.088 B3+1

®)

The turbine is connected to the generator shaft via a
gearbox, which has a gear ratio G selected to ensure that the
generator shaft operates within a specified speed range:

T
T — aer
g
o, _ (6)
t=7

Where Tythe driving torque of the generator and €, is the
generator shaft speed, respectively.
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1.2 DYNAMIC MODEL OF A DFIG

The electrical expressions in the (d, q) reference frame are
written as follows [19], [20]:

do

Vi =Rl + dtds -,
do,

s = Rolgs + at + o, Dy @)

do,,

V, =Rl , + dtd — (0, —0)®,,
do,,

Vo =R+ pm + (0, — ) D,

Where R, and R, stand for the phase resistances of the stator and
rotor, respectively.

® = Q p. is the electrical speed and p is the number of pair poles.
The expressions for the stator and rotor fluxes in the (d, q) reference
frame are:

Pys = Lslgs + Mgy

JCPqS = Lglgs + My, ®
Py = Lylgy + Mlgs

@ = Lylgy + Ml

Where L, and L, represent the stator and rotor self-
inductances, respectively, while M denotes the mutual inductance
between windings. Additionally, Iy , I4s.14y, and Ig.correspond to
the direct and quadrature components of the stator and rotor
currents, respectively.

The following expression expresses the electromagnetic torque of
the DFIG:

PM
Tem = —(Pyslar — Paslyr ©9)

The model of the DFIG can be represented using state
equations in the synchronous reference frame, with the d-axis
aligned with the orientation of the stator flux, as indicated in
the equation below:

Vgs =0
{vds =V, = wg® (10)
qr s s *ds

The stator's active and reactive powers, together with those that
are provided to the grid, are described as follows:
Py = Vys. Igs + Vgs- 1
{ S ~ ds-'ds qs-'gs (11)
Qs - Vqs- Ids - Vds- Iqs

Here are the formulas for rotor voltages as a function of
rotor currents:

dlgr

dt

dI M.V
Vgr = R Igr + 0. Lr.ﬁ + g wso. L. Ig +g LSS

Vgr = Rp.Igr + 0. L,

— 8 Ws.0. Ly Igr
(12)

where the DFIG's dispersion coefficient is denoted by

0= (1 N LA:I:)'

I11. CONTROL OF THE STUDIED SYSTEM

This section will discuss the utilization of a Type 2 Fuzzy
Logic controller (T2FLC )to manage the active and reactive power
DFIG.

111.1 DIRECT CONTROL OF THE DOUBLY FED
INDUCTION GENERATOR

Figure 2 illustrates the block design of the DFIG that
shows the direct control technique. By using separate regulators on
each axis and ignoring the coupling factors, this method allows the
active and reactive powers to be separately controlled.

Figure 2: Direct control of the DFIG.
Source: Authors, (2025).

111.2 INDIRECT CONTROL OF THE DOUBLY FED
INDUCTION GENERATOR

The indirect control strategy for the DFIG is depicted in
Figure. 3. This method focuses on addressing the coupling terms
and compensating for them by utilizing a dual-loop system
designed to regulate both power output and rotor currents. This
technique, referred to as the indirect method, facilitates the
management of rotor currents, which is crucial for safeguarding the
DFIG by limiting excessive currents and enhancing the operational
flexibility of the machine.

{Ps ref}_' MV; P
s

Ve
Qs ref Fé“ A ] Q

Figure 3: Indirect control of the DFIG.
Source: Authors, (2025).

IV. TYPE-2 FUZZY LOGIC CONTROL SYNTHESIS

Artificial intelligence methods are widely recognized for
their significant potential in addressing industrial process
challenges, especially in areas such as control, parameter
estimation, and system identification [21]. Fuzzy logic, a notable
technique within artificial intelligence, is increasingly utilized for
controlling induction machines and adapting their vector control -
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[22]. The overarching goal of artificial intelligence is to develop
systems capable of emulating human reasoning behavior in various
cognitive tasks [23].

Type-2 fuzzy logic is an advancement of classical fuzzy
logic that expands upon type-1 fuzzy logic. This novel logic will
allow us to integrate uncertainties into the regulations, positively
influencing the system's output under examination [24]. Type-2
fuzzy logic is particularly efficacious in scenarios when
establishing precise membership functions for a fuzzy system
proves challenging.

A Type 2 fuzzy system is structured similarly to a Type 1
fuzzy system, consisting of a fuzzification block, a rule base, and
an inference mechanism. The primary difference lies in the output,
which introduces a reduction block before the defuzzification block
in Type 2 systems [25], [26].

Figure 4 shows the Type-2 fuzzy logic controller's structure:

T2FLC

; dv* U
1=

Figure 4: Schematic diagram of T2FLC.
Source: Authors, (2025).

The controller continuously analyzes the error signal and its
derivative within the active and reactive power control loops.
Based on this analysis, it adjusts the output U to ensure that the
active power Ps aligns with its desired reference value P;", while
also ensuring that the reactive power Qs matches its corresponding
reference value Q;. Each Type-2 fuzzy controller processes two
input signals: the error signal E and its derivative dE/dt. These
signals undergo normalization using their specific scaling
factors, K, for the error and K, for its derivative. The control
output signal Uis computed by multiplying the rate of
change du/dt by the output scale factor K,;, followed by
integration to produce the final command signal.

The primary goal of this control method is to enhance the
effectiveness of the results obtained through Type-1 fuzzy control.
By implementing this advanced approach, the system can achieve
significantly lower static errors, ensuring a more accurate response.
Additionally, it provides a robust and swift reaction to changes,
which is crucial for maintaining stability and efficiency in dynamic
operating conditions.

The defuzzification employs the center of gravity method,
and the controller block is founded on a Mamdani-type inference
system. A distinctive set of criteria was established to ascertain the
appropriate defuzzification procedure according to the quantity of
input/output parameters. We implemented this control utilizing the
Type-2 fuzzy control technique and integrated it into our system.
Three Gaussian fuzzy sets represent the error and its variance in the
membership functions of the fuzzification block. Our choice of
three Gaussian fuzzy sets aligns with the defuzzification block,
which determines the order variation.

Figure 5a illustrates the error, Figure 5b depicts the rate of
change of the error, and Figure 5c presents the corresponding
control action. Table 1 offers a comprehensive summary of the
inference rules employed to identify the control variable.

100 ) (1] 4 N 0 Zlo & 60 8 109
{b) Input variable (de) / (c) Gutput variable [u)

Figure 5: T2FLC membership functions.
Source: Authors : [25].

Table 1: Inference Rules for the T2FLC.

Control Error
N EZ | P
Rate of change of error N N N EZ
z N EZ |P
P Z P P

Source: Authors : [26].
V. SIMULATIONS AND RESULTS

We conduct comparative MATLAB/Simulink simulations
to evaluate the dynamic performance of Type-1 (T1FLC) and
Type-2 (T2FLC) fuzzy logic controllers in achieving decoupled
active/reactive power regulation for DFIG-based wind turbines.
The experimental framework utilizes the wind turbine
specifications and DFIG electrical parameters detailed in Appendix
A, with particular focus on transient response characteristics during
grid interconnection scenarios.

Case I: Setpoint Tracking Test

This evaluation investigates DFIG performance under controlled
rotational speed (1440 rpm) during bidirectional active/reactive
power transitions:

Att =3 sec: an active power step (Prf) changes from 1M W to
-1IMW.

At t=2 sec: a reactive power step (Qrer) changes from O var to
-5000 var

Concerning this initial test, Figures 6 and 7 illustrate the results of
the simulations for the two DFIG power control methods, the direct
and indirect techniques.

The results indicate that the DFIG effectively rejects disturbances
and maintains to the power set points for both active and reactive
power for both control methods.
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Figure 6: Direct control of the DFIG (setpoint tracking).
Source: Authors, (2025).

As shown in Figure 6, for both power control methods (T2FLC and  using the T1FLC controller, the coupling effect between the two
T1FLC), the reactive and active powers of the DFIG closely follow  axes is evident. In contrast, the T2FLC controller effectively
their reference values. However, in the direct control approach ensures decoupling between them.

x
1.5X 10
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1 il -
= o
So 5 150 J <>E |
5 10000}~ x 10" = "
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Figure 7: Indirect control of the DFIG (setpoint tracking).
Source: Authors, (2025).
The simulation results show in Figure 7 demonstrate that TI1FLC T2FLC TI1FLC T2FLC
both controllers effectively achieve decoupling, power regulation, Rise time(s) | 1.4752e+3 | 0.4000e+3 | 77.8339 | 149.6292
and accurate tracking of the reference values. Consequently, the Overshoot | 5.8596e+3 | 2.4317e+3 | 4.1447e+3 | 3.7551e+3
suggested control technique for each converter, as well as the (%)
established simulation model, can be validated. Furthermore, a L SettlingTime | 4.9998e+5 | 4.9998e+5 | 5.000e+5 | 4.9998e+5
comparison between the results of the T2FLC and T1FLC Source: Authors, (2025).
controllers reveals a strong similarity in their dynamic behavior. . . . .

Table 2 provides a comprehensive summary of the The simulation results, under nominal conditions of
controllers' performance, highlighting factors such as decoupling, operation show _that the_ designed T2FLC and T.lFLC (_:ontrol
response time. and power tracking abilit strategy can achieve satisfactory performance. It is possible to

P ' P g Y. individually regulate active and reactive power, with the power
Table 2: Step response of the controllers. responses closely following their reference values.
Active power . . .
Performances Direct control Indirect control Case I1: Real wind profile
TIFLC T2FLC T1FLC T2FLC . : : :

Rise time(s) 1.5758e+3 | 1.3501e+3 | 148.9657 271.6274 T-O assess_ tf_]e System > dynamlc- behav-lor' re_gul_atlng Fhe
Overshoot '13 3101 '13 0162 3 6529 13 5152 DFIG with a realistic wind speed profile is crucial. This simulation
(%) ' ' ' ' was conducted using the wind profile presented in Fig. 8, where the
SettlingTime | 4.9956e+5 | 4.9990e+5 | 3.0140e+5 | 4.9413e+4 mean wind velocity fluctuates between 7.5 m/s and 15 m/s. This
Reactive power wind speed profile was rescaled and processed over 5 seconds, as
Performances | Direct control [ Indirect control illustrated in Fig. 9 and 10, to align with the simulation and ensure
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the controllers operated at maximum efficiency. The T2FLC Figures 9 and 10 depict the simulation results obtained from
controller exhibited a faster response time and reduced undershoot  direct and indirect control implemented on the DFIG, utilizing the
compared to the T1FLC controller. MPPT control technique for the complete wind turbine system.
12
=
= 10
=
=
)
= 8
.$_
6
0 0.5 1 1.5 2
Time (s)

Figure 8: Wind Profile.
Source: Authors, (2025).
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Figure 9: Direct control of the DFIG (Real wind profile).
Source: Authors, (2025).

As illustrated in Fig. 9b, the reactive power waveforms for the  featuring lower overshoot, minimal undershoot, and better
evaluated control techniques maintain a reference value of Qs =0  damping characteristics compared to the T1FLC.
Var. The T2FLC demonstrated improved performance,

' ' ' 4000
or F>sref o F’smesFLC1 o F’smesFLCZ 1 - eref - QsmesF Lc2 QsmesF LC1
: 3000+ 1
- % 3000
E5000 Z
& 2000r 1000 1
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(o]
P 0 005 o01
r§,0000 1000+ 1
<
0 Hl il w‘!h,; i ‘L‘h\mw AR M “”“‘H}}h} \Uhhh‘» MY “Hi‘m“\,‘ M

-15000

0 0.5 1 15 2 -1000, 0.5 1 15 2

Time (S) Time (S)
(a) Stator Active Power (b) Stator Reactive Power

Figure 10: Indirect control ofl the DFIG (Real wind profile).
Source: Authors, (2025).
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We assessed the decoupling of reference active and reactive
powers under varying wind speed conditions by obtaining suitable
dynamics.

To optimize wind turbine efficiency, the MPPT control
method enables the stator's active power to correspond with the
turbine's mechanical power, which fluctuates with wind variations.
The reactive power is null as we aim for operating at a unity power
factor.

The results clearly indicate that the T2FLC provides
enhanced performance regarding maximum power tracking and
system stability restoration.

Compared to the two controllers, the T2FLC demonstrates
exceptional performance in terms of rise time, overshoot, and
settling time. It is particularly notable for its low overshoot when
compared to the T1FLC controller. However, it does show a
noticeable undershoot.

Table 3 provides a summary of the dynamic and static
performances of the two controllers.

Table 3: Step response of the controllers.

Active power
Performances Direct control Indirect control
TI1FLC T2FLC T1FLC T2FLC
Rise time(s) | 1.7018e+5 | 7.0800e+4 | 1.7006e+5 | 1.7003e+5
Overshoot 14.7001 21.6464 15.1533 16.3602
(%0)
SettlingTime | 1.9997e+5 | 1.9990e+5 | 1.9997e+5 | 1.9995e+5
Reactive power
Performances Direct control Indirect control
TIFLC T2FLC T1FLC T2FLC
Rise time(s) 83.5158 951.5273 170.5732 77.8431
Overshoot 2.1221e+3 | 0.8012e+3 | 1.7387e+3 | 1.7233e+3
(%0)
SettlingTime | 2.0000e+5 | 2.0000e+5 | 2.0000e+5 | 2.0000e+5

Source: Authors, (2025).
VI. CONCLUSIONS

This study designs a Type-2 Fuzzy Logic Controller
(T2FLC) to independently regulate active and reactive power
exchange in a Doubly Fed Induction Generator (DFIG)-based
Wind Energy Conversion System (WECS). The research further
evaluates and contrasts the efficacy of Type-1 and Type-2 fuzzy
logic control strategies to identify optimal solutions for
maintaining reliability and adaptability amid parameter
fluctuations and shifting operational setpoints. Rigorous testing
was conducted under consistent operating conditions, analyzing
both steady-state and transient behaviors of the system. The
primary objective is to identify controllers that deliver consistent
stability and high performance across varying scenarios. Results
conclusively demonstrate that the T2FLC outperforms its Type-1
counterpart (T1FLC) in the examined WECS, exhibiting superior
dynamic response, robustness, and operational effectiveness under
diverse conditions.

VII. APPENDIX

Table 4: Wind power parameters.

Rr Rotor Resistance 0.62Q

los Stator leakage inductance 0.084 H

lor Rotor Leakage Inductance 0.081H

M Main inductance 0.078 H

j Inertial 0.3125 kgm?
f Viscous coefficient 6.73.10°N.m.s?
p Pole pairs number 2

Components Parameter Name Rated Value
P Nominal power 1.5 MW
U Nominal voltage 380/690 V
F Frequency 50 HZ
n Rotation speed 1440 tr/min
R Wind Radius 35.25m
G speed multiplier gain 90
Rs Stator Resistance 0.455 Q

Source: Authors : [19].
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Over the years, the Internet has been exploited to carry out a range of cyber attacks, with
phishing being the most prominent one. Increasingly sophisticated techniques of phishing
have threatened the security of many Internet-based systems. To be able to detect
suspicious websites is a potential first step in reducing the amount of phishing attacks
occurring daily. This paper outlines the development and implementation of a platform to

Keywords: detect phishing websites. It highlights the pressing need for early detection of possible
Phishing, phishing attacks to prevent data theft, frauds, etc. The system uses machine learning
Machine Learning, algorithms to distinguish legitimate websites from phishing websites and generate a
Python, prediction to be used for the platform. A user interface is implemented to have two parts.

The first part includes a text field for entering a URL, which the ML model processes to
give a prediction that gets displayed to the user. Another module gathers URLs as they
arrive from an APl and scans them for potentially suspicious websites. The final ML
model, a Random Forest classifier with 27 estimators, had an accuracy of 96.12% and F1
score of 95.94%. Future enhancements and research directions are also discussed for
further development of the system.

Random Forest,
Real-time detection.
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I. INTRODUCTION a phishing attack, attackers seek to exploit the trust that users
have to certain entities, particularly banks and government

A phishing attack is a form of fraud in which attackers \\apsites 18], [9].

lure victims into a fake website, manipulating them to enter
sensitive details so they can be stolen. It is a prominent cyber
attack, responsible for huge financial losses, data theft, users
losing trust over Internet services [1], [2] and damaging the
reputation of well-known industries [3]. Moreover, such attacks
have shown a drastic increase in recent years [4], [5].

In the modern landscape, the Internet is being used for a
wide variety of tasks, including conducting transactions between
a retailer and a buyer of a product, mobile banking, healthcare,
entertainment, social networking and education [6]. All such
domains share one aspect in common: they require the user's data
in order to operate properly. Usually, web platforms or mobile
applications are used to facilitate communication between
different parties, and allow sharing and storing important
information so they can be accessed anywhere at any time [7]. In

Although most attackers employ fake emails for
phishing, there are many different types of phishing, such as:

1) Smishing: Uses SMSs to lure victims to fake websites.

2) Spear Phishing: Highly targeted phishing; the target can
be an individual or an organization [8].

3) Vishing: Steals sensitive data through voice calls.

4) Whaling: Targets high-profile individuals, such as
celebrities or higher authorities in an organization [8].

5) Pop-up Phishing: Uses fake pop-ups with a seemingly

urgent tone (eg. a security flaw detected in the victim’s computer)
to trick victims into downloading malware.

6) Social Engineering: Pressures the victim into revealing
sensitive information.
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Figure 1 depicts a typical phishing attack, which takes
place as follows: (1) A fake email or SMS is sent to the victim.
The attacker, posing as a genuine entity like a well-known brand
or the victim's bank, sends the victim a message that has false
offers or an urgent action to be taken, that involves entering
sensitive credentials (eg. credit card numbers, account numbers,
passwords, etc.). (2) The victim inherently trusts the bank or the
brand, making them inadvertently open the email and read it. (3)
The victim then opens the attached link.]

They are sent to a fake website that was carefully
constructed by attackers to make it indistinguishable from the real
website [10]. There, the victim enters their credentials as
demanded. (4) The credentials are sent to the attackers and hence,
they get stolen. (5) The attacker may use the stolen credentials to
impersonate the victim and log in to another website to possibly
carry out malicious activities.

These may include making a transaction of a very large
amount, posting explicit or offensive messages on social media

sites or even tampering with stored data in online repositories like
Google Drive. The outcome of phishing attacks can range from
identity theft to severe organization-level losses. The attacker can
use stolen credentials of the victim to impersonate the victim and
conduct fraudulent transactions using them [10]. If employee
credentials, especially those of higher-level employees are stolen,
the attacker can gain access to highly sensitive organizational data
and cause data breaches.

The rise of evolving phishing techniques makes it
extremely difficult to develop a reliable security system to work
against all of them [8], [11]. Detecting suspicious websites before
the victim loses their data can ensure safer browsing. Hence, there
is a need to develop an automated system that can reliably
distinguish between genuine websites and phishing websites [9].
Machine Learning (ML) is one of the techniques by which
phishing URLSs can be inspected for their authenticity.

M.
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Attacker Victim
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@ Sensitive
=1 data
T — : Opening attached
Stolen link
credentials @
Phishing website
Genuine website
Figure 1: A Typical Phishing Attack.
Source: Authors, (2025).
1.1 OBJECTIVES 4. To develop a platform for real-time phishing

The objectives of this paper are as follows:
1. To utilize website URL data using appropriate
datasets: Finding the best dataset that has all the necessary
attributes to describe website URLs, while also allowing for
appropriate ML usage.
2. To implement an ML algorithm to distinguish
phishing websites from genuine ones: Finding the appropriate
algorithm that gives optimal performance, particularly accuracy,
to allow the system to be as reliable as possible.
3. To design and develop a User Interface (Ul): Using
Python Flask to develop an application that allows users to enter a
potentially suspicious URL to check whether it is a genuine or a
phishing URL.

detection: To utilize API calls from a source of website URLSs to
display phishing URLSs as they arrive in real time.
5.

1.2 LITERATURE SURVEY

The paper [1] proposes a hybrid model for phishing
detection. Its aim is to counter the problems of relying on a single
model for classification, since different models have their own
benefits and problems. The two best algorithms were found, then
combined into a hybrid model. The top-performing models were
found to be SVM (Simple Vector Machine), Gradient Boost,
Random Forest (RF) and Neural Networks. The approach used is
better than traditional approaches for detection; the weaknesses of
one algorithm would be balanced by the strengths of another
algorithm, hence stacking these together created a better-
performing approach.
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The study [2] explores different ML algorithms to detect
spam emails. The dataset included nine features to distinguish
legitimate emails from spam and phishing emails. Each of these
features described emails and their content by presence of specific
words (eg. ‘bank’, ‘paypal’), the number of attached links, hidden
JavaScript and other relevant features. Of the five algorithms
tested, SVM and RF were the best-performing models. The
method offers high accuracy, and limits the number of features to
the most important ones, giving good performance.

The study [3] proposes a stacked model to detect
phishing websites, combining multiple ML algorithms. The most
important features were selected through feature reduction. The
obtained features were then fed to a multitude of algorithms,
including Random Forest, Neural Network, Bagging and SVM.
The best-performing models were then stacked. The results were
two stacked models: Stackingl, a combination of RF, bagging
and Neural Network; and Stacking2, a combination of RF,
bagging and k-Nearest Neighbour. Both gave high classification
accuracy, but Stackingl proved to be the best stacked model,
giving the highest accuracy of 97.4%.

Paper [4] explores different ML algorithms to develop a
phishing detection model and designs a user interface
implementing the model. The algorithms tested were RF, ANN
and KNN. All tested models showed extremely high accuracy.
The best algorithm, the RF model, was then integrated into a
Django-based web application. The interface displays a field for
the user to enter a URL, which would then be processed by the
ML model to return a prediction. A feedback mechanism was also
implemented, allowing the user to directly state if the prediction
was correct or not, and how can the site be further improved. In
this way, the website facilitates real-time phishing detection and
allows user feedback to further refine future predictions.

The study [5] aimed to develop an improved dataset
intended for URL-based phishing detection. It focused on features
within URLSs to distinguish malicious websites. The dataset was
developed by combining various reliable sources, including
OpenPhish. 41 features were generated: 31 from previous studies
and 10 novel features. These features describe the characteristics
of the URL itself, the domain, and any subdomains. They also
include Shannon entropies (degree of randomness of characters)
of the URL and domain. They, too, can help identify phishing
websites, as they tend to have higher Shannon entropies. The
dataset does not include features related to the actual content of
the web pages, which makes it faster to process while sacrificing
some accuracy. However, it can still be relied on for research.

1.3 EXISTING SYSTEMS

Given the particularly common occurrence of email
phishing [3],[4], email clients employ spam filtering to discard
any suspicious emails. Email content is analyzed, especially links
and attachments, to verify the authenticity of the email being
received [6]. Such systems have a major drawback: they may
miss targeted emails from social engineering attacks. These
attacks seek a specific target rather than mass-sending to a large
number of receivers.Hence, the email filter may pass the
malicious emails as legitimate, especially ones that appear to be
so. Moreover, attackers can adjust the language and content of
their phishing email to avoid detection by many email filters.

Identifying phishing websites has multiple approaches.
Some systems rely on examining the domain of the website,
checking whether the secure HTTPS protocol is used instead of
HTTP [6]. While some phishing websites do use the insecure

HTTP protocol, attackers are increasingly switching to HTTPS to
avoid detection and appear trustworthy.

The most common phishing detection approach is called
‘Blacklisting’ [1], [6], [8], [10]. Here, a list of suspicious websites
is created and maintained. It uses up heavy amounts of computing
resources, since each website must be first registered and then
verified to be a phishing website. Moreover, with the constant
emergence of new phishing websites, a blacklist would continue
to grow and become difficult to maintain [8]. A similar approach
called ‘Whitelisting’ lists all authentic sites, but is similarly
difficult to maintain.

Anti-phishing sites like PhishTank allow users to identify
suspicious websites that then get added into the growing list of
phishing websites. However, as of today, new users cannot
register into the site; the site was abused in 2020, leading to the
removal of this feature. Existing users can continue submitting
potential phishing websites.

The popularity of ML algorithms and availability of
multiple datasets of phishing websites makes it possible to
explore the best-performing algorithms and implement a
predictive detection based on the characteristics of the URL or
web page content, depending on the requirements [8], [11].

1.4 PROBLEM STATEMENT

Phishing attacks continue to evolve and become
increasingly difficult to detect. Many phishing attacks occur as a
result of the user having poor knowledge of phishing websites,
emails, or SMSs. They do not always check for the authenticity of
domains, or whether any organization actually sends them urgent
messages. If a victim is unable to recognize a phishing website at
the earliest, the loss of valuable data cannot be avoided.

It should be possible to scan URLs in real-time and
detect phishing websites without the risk of opening suspicious
links. There are numerous features of URLSs that would have to be
examined in order to distinguish a genuine website from phishing
sites [10]. Also, the user should be alerted to any detected
phishing websites.

This paper aims to utilize Machine Learning to predict
whether a URL is genuine or phishing. The choice of dataset,
algorithm used and its performance are important factors in
accurately predicting the nature of the URL. A probability-based
prediction method can help users identify the likelihood that a
website is phishing or genuine. The Ul consists of two simple
modules: one for predicting the nature of a user-entered URL, and
another for real-time fetching of URLs from an API to detect
phishing websites.

I1. PROPOSED SYSTEM

The system contains two web pages. The first page
features an input field to accept user-entered URLs. The second
page collects website URLs from an API, namely OpenPhish. In
both cases, the ML model returns a probability-based prediction,
which is displayed as a percentage likelihood that a URL is
genuine or phishing. The system is developed using Python,
Flask, HTML, CSS and Bootstrap. The main structure of the web
page is developed using HTML, CSS and Bootstrap. Python code
for the ML model was implemented using Jupyter Notebook. The
model and front-end code were integrated using Python Flask to
develop a simple web interface.

The choice of ML algorithm is made to be suitable for
large data, have good accuracy, and the minimum possible false
negative rate. The dataset was obtained from paper [5].
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Figure 2: System Architecture.
Source: Authors, (2025).

In Figure 2, the system architecture of the proposed
system is shown. The User Interface (Ul) features two separate
modules to obtain input URLS: in one module, the user manually
enters a URL into an input field, and in the second, URLs are
fetched from OpenPhish API. The URLSs are then passed into the
Data Processing layer, where the features of the URL are
extracted.

These extracted features are passed to the ML algorithm,
which returns a probability-based prediction: the likelihood that a
given website link is phishing or genuine. Based on this value, the
label for the website URL is decided. The predicted value lies
between 0 and 1, so it is then converted into a percentage value
which is then displayed to the user along with the label for the
URL (either ‘Genuine’ or ‘Phishing’).

I1. METHODOLOGY
111.1 DATASET CHARACTERISTICS

The dataset, obtained from [5], has 41 features,
encompassing the entire URL, its domains, and subdomains. The
target feature is ‘Type’, which labels each tuple as ‘1’ for
phishing and ‘0’ for legitimate.

0

1
Figure 3: Data Distribution in Obtained Dataset.
Source: Authors, (2025).

The dataset has 247,950 tuples; 128,541 of them are of
type 0, while the remaining 119,409 are of type 1. Figure 3 shows
the distribution of the data within the dataset. It shows that the
dataset is nearly balanced, with type 0 comprising 52% of the
dataset, and type 1 comprising the remaining 48%. This reduces
the chances of biased ML results. Hence, the dataset can be used
without resorting to any sampling techniques.

The dataset contains 10 new features in total, but two
particular ones are the Shannon Entropies of the URL and the
domain. Shannon Entropy is defined as the randomness or
uncertainty of the domain. If P; is the probability of the it
character in the domain, Shannon Entropy is given by:

H(@D) == ) P <log,(P) &

The dataset was free from null or missing values,
eliminating the need for any steps to handle missing values.
However, the dataset contained three attributes that had no non-
zero values:

1) having_hyphen_in_subdomain,
2) average_number_of_hyphens_in_subdomain
3) having_path.

To compare the performance of each ML algorithm, two

versions of the dataset were created:

1) dataset_A: the original dataset, with all 41 attributes.

2) dataset_B: the dataset with the above three attributes removed,
leaving 38 attributes.

Each dataset was split in a 70:30 ratio for training and
testing tuples, leaving 74,385 testing tuples.

111.2 ML ALGORITHMS TESTED

On each of the two versions of the dataset, the following
ML models were tested:

1) Decision Tree Classifier: This is a supervised
classification algorithm that creates a tree-like structure to classify
tuples. Each non-leaf node is a feature that is tested, each branch
is the result of testing that feature, and each leaf node is a class
label (in this case, 0 or 1). Since this dataset contains purely
numerical values, the nodes are split based on a threshold value
for each feature, such as > >, <or <.

2) AdaBoost: This is a popular variant of the Boosting
algorithm; it combines together a number of ‘weak learners’,
which are ML models trained incrementally on the dataset [12].
Each tuple is assigned a weight, which indicates how difficult it is
to classify. All weights are equal at the start of the training. When
a model has been trained and tested, the weights of misclassified
tuples are increased, while those of tuples that were correctly
classified are decreased. The tuples with updated weights are used
to train the next model. Once all the base models have been
trained, they will have a weight assigned to their vote based on
how well they performed. To classify an unknown URL, each
model will return a vote for its class label, which is combined
with its weight. The class with the highest weighted sum will be
labelled final. Here, the algorithm was used with 100 estimators
and a learning rate of 1.

3) Gradient Boosting: It is another variant of the Boosting
algorithm, where each new base model must reduce the errors
produced by the previous model. Since there are only two class
labels in this dataset, the loss function used is log-loss,
determining the deviation of the predicted label from the actual
label.
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4) Artificial Neural Network: This supervised learning
technique relies on Artificial Neurons, which are information
processing systems analogous to biological neurons. The three
main layers in an ANN are the input layer which accepts raw
inputs, hidden layers which process the input to pass to
subsequent layers, and output layers which yield the final class
label. Here, three hidden layers were used, each using Rectified
Linear Unit (ReLU) as their activation function, and having 40,
30, and 20 neurons respectively. The output layer used the
Sigmoid activation function. The number of training epochs was
chosen as 100.

5) Random Forest Classifier: It is a popular ensemble
method for ensuring high accuracy while balancing the variances
introduced by individual classifiers. It is a variation of the
Bagging (Bootstrap Aggregating) algorithm. The base classifiers,
which are decision trees, are trained in parallel on the dataset. To
implement it for this dataset, an appropriate number of decision
trees must be discovered so that the maximum accuracy can be
achieved. Then the ensemble can be trained and tested to predict a
label based on majority voting; each base decision tree returns a
class label for the URL, and the label with the highest votes is the
final label. Here, dataset A was used to repeatedly train the
algorithm using different numbers of estimators from 1 to 40
trees. The training and testing accuracies were then plotted to find
the best number of estimators.

After each model was trained on the datasets, their
performance metrics were computed. Since the task performed is
a binary classification, the tuples with phishing URLs (Type ‘1’
in the dataset) are considered as the ‘positive’ tuples denoted by
‘P’. The genuine URLs (Type ‘0’ in the dataset) are considered
‘negative’ tuples, denoted by ‘N’. There are four possibilities of a
prediction of the model:

1) True Positive (TP): The given URL was correctly
labelled as ‘Phishing’ or ‘1°.
2) True Negative (TN): The given URL was correctly
labelled as ‘Not Phishing’ or 0’.
3) False Positive (FP): A genuine URL was incorrectly
labelled as ‘Phishing’ or ‘1°.
4) False Negative (FN): A phishing URL was incorrectly
labelled as ‘Not Phishing’ or ‘0°.

False  negatives  have potentially  disastrous

consequences, since a phishing URL may be marked as genuine.
Hence, they should be minimized as much as possible. Hence, the
choice of the final ML model will not just factor in accuracy, but
also the false negative rate. A model of a small size is preferred to
allow it to be loaded faster in the web page. In Python, when an
ML model is used to give a prediction, there are two possible
ways to get a prediction: a class label, achieved using the predict()
method, and a probability-based prediction, achieved using the
predict_proba() model. For this system, the latter is used.

111.3 DEVELOPING THE USER INTERFACE

Once the best model is obtained, it is to be used to
predict a URL’s nature based on its features. This means that for
every URL being inputted by the user or obtained from the API,
all features of the URL must be extracted, matching their order in
the original dataset. Hence, a Python program was written to
perform the following:

1) Compute Shannon Entropy of Input: The formula
from Equation (1) is applied to obtain the Shannon Entropy of the
input URL or extracted domain.

2) Check for Repeated Digits: The URL is examined for
repeated digits, returning ‘1’ if they exist, otherwise ‘0.
3) Extract all URL Features: Each of the 40 features are

extracted from the URL; the first two functions are called to
return their respective features. These are formed into a Python
dictionary, i.e. as key-value pairs. The values are appended into a
Python list, and finally converted into a Pandas DataFrame.
4) Fetch URLs from an API: The OpenPhish API is used
to obtain URLS in real-time to be run through the algorithm.

The interface web pages are developed using HTML,
CSS, Bootstrap and JavaScript. The input-based page is
developed as a simple input field, with the results of the
prediction to be displayed below the field. The real-time detection
page implements JavaScript and Bootstrap to render cards
displaying the URLSs and their nature.

The application is developed using Python Flask. First,
the final ML model is loaded into the application. Then, as the
user interacts with the application, it displays the input and output
to the user.

111.4 SYSTEM FLOW

<_Stortn>
No Prompt user
to enter URL
Yesl

Is URL
Extract features from
ML Model Processing

Accep} URL /
from user /‘
entered?

URL

Is URL No Display ‘Waebsite 4
phishing? is safe’
Yes
b];‘,;i';.’;’-W;i;;.;7
is phishing’
b
Cend D

Figure 4: System Flowchart.
Source: Authors, (2025).

Figure 4 shows the system flow for the input-based
phishing detection. First, a user has to enter a URL that they think
is suspicious. The system checks for the field being filled, sending
an alert to fill the field if left empty. The URL entered is
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forwarded to the feature extraction process, which creates a
complete list of URL features. These are passed to the ML model,
which returns a prediction. This prediction is represented as two
probabilities: the probability of the website being genuine, and the
probability of the website being phishing. The prediction is based
on the probability that is greater; the user is shown the prediction
and the two probabilities.

IV. RESULTS AND DISCUSSIONS
IV.1 PERFORMANCE METRICS

All six ML algorithms were tested on the two created
datasets to determine the one with the best classification metrics.
The metrics computed for each model were as follows:

1) Accuracy: This is the proportion of test tuples that were
labelled correctly, i.e. out of the total test tuples, how many of
them were correctly labelled 0 or 1. Accuracy is given by:

4 _TP+TN 5
ccuracy = I N 2)
2) Recall: This is the proportion of positive tuples that were

labelled correctly, i.e. out of the total phishing URLS, how many
of them were correctly labelled 1. Recall is given by:

R ll—TP 3
ecall = — 3)

3) Precision: It is a measure of exactness, and is the
proportion of tuples labelled positive by the model that are
actually positive. In other words, since the ML model labels
TP+FP tuples as 1, precision measures the proportion of TP
tuples. Precision is given by:

Precision = e 4
recision = 3 T FP 4)
4) F1 Score: This measure combines the Recall and

Precision to give a single result. It is the harmonic mean of the
Recall and Precision, and is given by:

F1s _ 2 * Precision * Recall .
core = Precision + Recall ®)

As the classification task involved two classes, a
confusion matrix was developed after each algorithm was tested.
This structure compares the actual class of the tuple to the labels
predicted by the model. It includes each of the four labelling
types, which are TP, FP, FN and TN.

Table 1: Performance Metrics of Tested Algorithms.

Algorithm dataset A dataset B
Accuracy | Precision | Recall | F1 Score | Accuracy | Precision | Recall | F1 Score
AdaBoost 80.98% 81.94% | 77.6% | 79.71% | 80.98% 81.94% | 77.6% | 79.71%
Gradient Boost | 86.31% 88.1% | 82.75% | 85.34% | 86.31% 88.1% | 82.74% | 85.34%
ANN 90.41% 93.01% | 86.57% | 89.68% | 90.08% 91.15% | 87.95% | 89.52%
Decision Tree | 94.55% 94.5% | 94.16% | 94.33% | 94.57% 94.56% | 94.14% | 94.36%
Random Forest | 96.12% 96.56% | 95.33% | 95.94% 96.1% 96.59% | 95.27% | 95.93%

Source: Authors, (2025).

Table 1 shows the final performance metrics of all the
tested algorithms. Out of the five, the only algorithms to give an
accuracy of 90% or higher were ANN, Decision Tree, and
Random Forest with 27 estimators.

The Random Forest Classifier was initially tested with
10 estimators. The accuracies shown for dataset A and dataset B
were 95.52% and 95.61% respectively. Given the high initial
accuracy, the model was then tested using dataset_A with varying
numbers of estimators. The graph of accuracies for the tested
classifier is shown in Figure 5. The testing accuracy peak occurs
between 25 and 30 estimators, and the position of the peak
implied that the best number of estimators is 27.

Figure 5: Accuracy Graph for Réhdom Forest Classifier Measured
from 1 to 40 Estimators
Source: Authors, (2025).

Using 27 estimators, a Random Forest Classifier was
developed for each dataset. This was followed by testing the
classifier and generating a confusion matrix.

Figure 6 shows the confusion matrix generated for the
Random Forest for dataset A, indicating that most tuples were
correctly classified. There were 1,217 false positives and 1,672
false negatives.

Figure 7 shows the confusion matrix for dataset_B. It has
a similar amount of false positives and false negatives, at 1,166
and 1,701 respectively.

Not Phisheing

True label

Phishing

Not Phishing
Predicted label

Figure 6: Confusion Matrix for Random Forest for dataset A
Source: Authors, (2025).

Phishing
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Figure 7: Confusion Matrix for Random Forest for dataset_B
Source: Authors, (2025).

For dataset_B, Random Forest showed a slightly better
accuracy, precision and F1 score than for dataset A. However,
the Recall metric was slightly lower, at 95.27%, compared to
95.33% for dataset_A. This was also reflected in the confusion
matrices, showing that the false negative rate was slightly lower
for the original dataset. Based on the good performance and
overall lower false negative rates, the final classification model
chosen was Random Forest, using all 41 attributes and 27 base
classifiers.

1V.2 USER INTERFACE INTERACTION

e e Dwtecton

Phishing URL Predictor

Enter n URL

Figure 8: User Interface with a Prompt to Enter a Website URL.
Source: Authors, (2025).

Figure 8 shows the screen displayed upon opening the
application, featuring a simple form-like window with an input
field to accept a URL. Should the user leave the field blank and
press ‘Submit’, they are prompted to fill out the field.

Phishing URL Predictor

Enter a URL

Prediction for this URL

Figure 9: Prediction for a Genuine Website
Source: Authors, (2025).

Figure 9 shows the results shown when the ML model
predicts a website as genuine, in this case, Google. The
probability of the website being genuine is higher than its
phishing probability, accordingly causing the ‘Genuine’
prediction to be shown.

In Figure 10, the prediction of a phishing website is
shown. It displays a higher probability of the website being a
phishing site, causing it to be labelled as such.

Figure 11 shows the real-time detection module, where
URLs are fetched and then run through the ML model. It shows
the predicted nature of the website detected and their probabilities
of being phishing.

Froate HIson Rew-sove Dutococn

Prediction for this URL

Plimbing

Figure 10: Prediction for a Phishing Website
Source: Authors, (2025).

Prishing Detection

Few-tme Deocson

Real-time Phishing Detection

=TT

Figure 11: Real-time Phishing Detection Page
Source: Authors, (2025).

IV.3 COMPARATIVE ANALYSIS

Table 2: Comparative Analysis of Other Proposed Methodologies.

. Proposed
Sr.no. | Title of Paper Meth(F))doIogy Drawbacks
Integrate the best
Application of | ML algorithm intoa | May be
machine Python Flask affected by
1 learning for application, use user’s input,
real-time probability-based possibility of
phishing attack | prediction, and incorrect
detection include a URL predictions
fetching module
Machine Hybrid model High False
2 learning combining well- Positive
approach  for | performing ML rates, slower
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Source: Authors, (2025).

The Python Flask application thus developed is capable
of performing real-time detection of potentially harmful URLSs.
However, the ML model is not without its flaws. Given that the
dataset was purely focused on the features of the URL, and that
the ML model was not fully accurate, it is easy to miss potentially
harmful websites and return the wrong prediction, or mislabel a
known genuine website as phishing. The user may enter the same
URL in many ways, and that can further lead to varying
predictions. This would require mechanisms to validate user
input, like checking for the presence of certain characters typical
of a URL. The fetching of URLs is also limited based on the rate
at which it can be performed and ethical considerations. It is
possible to explore different sources to fetch URLSs, but adhering
to their terms of service is vital to ensure proper functioning of
such applications while avoiding ethical issues.

V. CONCLUSIONS

The development of a phishing attack detection has
numerous approaches, but usage of ML algorithms opens the
possibility to automate such a process. A number of datasets were
available online, including the one from [5] which was
sufficiently large, nearly balanced and included novel attributes.
The availability of updated datasets is very important in training
any ML algorithm; outdated data leads to a much poorer
accuracy. The final choice of the algorithm, the Random Forest
Classifier, proved to have the best performance out of the five
tested algorithms.

The Python Flask application integrated the algorithm,
using it to predict the nature of the site by showing how likely it
was to be a phishing website. Some improvements that can be
made include improving input validation for the URL and
experimenting with a variety of ML algorithms with different
combinations of hyperparameters. The most reliable model not
only provides highly accurate predictions on the dataset itself, but
also on real-world data. This raises the need for development of
large and updated datasets that also represent real-world websites
to the highest accuracy.
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To mitigate the impacts of rising power consumption and new technologies for distributed
generation, microgrids are being developed. Another consequence of this is the expansion
of the distribution network to include more microgrids, often known as multi-microgrid
systems. Undoubtedly, renewable generators contribute to today's electrical energy
networks. However, when it comes to scheduling, this might introduce uncertainty into the
entities' mathematical models. Therefore, the future of a multi-day microgrid is planned
using chance-constrained programming in this study. A system operating in an
unpredictable setting. The traditional units are being utilized alongside the renewable
energy units, which might have negative effects on the environment, such as increasing
greenhouse gas emissions.

Copyright ©2025 by authors and Galileo Institute of Technology and Education of the Amazon (ITEGAM). This work is licensed
By under the Creative Commons Attribution International License (CC BY 4.0).

I. INTRODUCTION

Cost savings, improved economics, and environmental
advantages from reduced greenhouse gas emissions have
contributed to a rise in the adoption of renewable-based DGs in
the last decade [1]. Using MGs (Microgrids) may solve a number
of problems that this growth is causing in the functioning
electrical power networks.

Anyway, as a result of the integration of a range of new
technologies with MGs, their structures are growing more
complicated, potentially exposing them to a slew of new issues,
such as high investment costs, market challenges, and regulation
challenges [2].

The advancements in technology section and industry,
population expansion, and increasing economic comfort all
contribute to a rise in energy use. Investments and planning based
on accurate estimates are essential for the well-being and
economics of both the producer and the consumer as energy
demand rises [3].

Electrical energy consumption may be influenced by
differences between developed and developing nations in socio-
economic factors including population, energy exports and
imports, and gross domestic product. For instance, studies
comparing the established economy of the United States with that
of Iran (a developing economy) found that, in 2030, Iran's EEC

would be 2.73 times higher than in 2009, while the United States'
EEC will be 1.09% lower [4].

In order to discover real-time optimum energy
management solutions for a standalone hybrid wind-microturbine
(MT) energy system, the particle swarm optimization algorithm
(PSO) was used. PSO is a biologically driven direct search
approach [5]. Unfortunately, the power flow limits and
uncertainties were disregarded. Optimizing the control process of
microgrid batteries while ignoring uncertainties and security
limitations was also achieved by [6] by modifying the PSO
algorithm for real-time optimum energy management.

According to [7] In order to control demand response
and optimize costs, this study proposes a broad definition of the
optimal operating strategy. To develop an energy management
system for optimization objectives, a multi-period imperialist
competition algorithm-based expert heuristic technique is used,
but the network constraints are not taken into account. Also, the
multi-layer ant colony optimization algorithm was used as a
metaheuristic method to solve the day-ahead scheduling problem
of microgrids.

Researchers are currently trying to pin down the exact
advantages of metaheuristic techniques, such as their capacity to
solve complicated issues and the optimality of the solutions they
uncover. Consequently, methods such as mixed integer non-linear
programming, liner programming, non-liner programming, mixed

Journal homepage: www.itegam-jetia.org
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integer  liner  programming, mixed integer non-linear
programming (LP, MILP, NLP, and MINLP) have been tested for
energy management of isolated MGs in [8], ignoring the
penetration of renewable-based distributed generation (DG) and
uncertainties. In contrast, the authors of [9] addressed energy
management on two levels: optimum power flow and unit
commitment.

The biggest problem with these two books was that they
didn't address the presence of uncertainty. Uncertainties in
electrical power system are resulted because of load changing,
solar radiation and wind speed variations which lead to unstable
output power of the renewable energy power plants and problem
was introduced under the name of stochastic programming
optimization problem.

A plethora of models and methods, including CCP and
the Resource-Based Model for Expected Value, were proposed to
address this issue. A method for managing the energy
consumption of a mixed-generation (MG) system that includes
renewable power sources, batteries, diesel generators, and loads
has been suggested in [10].

However, the limitations of the network and the
unpredictability of renewable energy sources were disregarded in
this study. In their study, the researchers from [11] introduced a
microgrid system that uses combined heat and power units that
are based on biomass.

The goal of the algorithm is to minimize operational
costs by using an anticipated value model. Both electrical and
thermal loads have been subjected to a demand response program
in this issue. In this study, the computations have been done
without the power flow limitations. With a limited model of the
uncertainties and neglecting the network constraints [12]
presented a mixed integer linear programming (MILP) method for
energy management for MGs in the means of expected value form
to model the uncertainties.

According to [13] Have introduced a fresh method for
managing energy that makes use of updated mathematical models
to account for a wide range of unpredictable demands. In order to
determine the best operating points while taking into account
diverse sources of uncertainty, stochastic scheduling for MGs
with WTs, fuel cells as combined heat and power units, energy
storage devices, and variable loads has been proposed [14]. For
day-ahead scheduling of an MG disregarding security restrictions,
a two-stage stochastic robust model-based optimization method
was suggested in [15].

For energy management for the next day, the rigorous
optimization may be too cautious. Using conditional value at risk,
the authors of [16] provide a data-driven charging strategy for
EVs that takes into account EV behavior and demand levels as
sources of uncertainty. This approach has the potential to be
refined for usage in MGs.

A different way to represent the unknowns is using
Chance Constraints Programming (CCP), which solves all the
issues mentioned. The optimization issue in CCP may be handled
utilizing several ways that transform chance-constraints into
deterministic ones, given a reliability level that is set for certain
uncertain constraints [17].

As a result, CCP increases system stability and
dependability by keeping the likelihood of breaching certain
unknown requirements at the desired level. Solving nonlinear
problems with uncertainty is also possible with the help of
deterministic CCP counterparts. Stochastic power system
challenges have so attracted the attention of several scholars who
have used CCP. An optimization model for MG energy

management that is data-driven and nonparametric is provided in
[17]. Taking into account network and security limits might
enhance the value of the job, notwithstanding the noble
intentions.

The presence of greenhouse gases in the atmosphere is
typically responsible for the emergence of environmental
concerns over global warming, which is now one of the most
pressing issues facing our planet. It is important to reduce the use
of traditional units and replace them with cleaner manufacturing
methods in order to reduce emissions. Therefore, a penalty cost
associated with emissions has been taken into account in several
researches. In [18], the authors provide a CCP-based
methodology for managing the energy consumption of MGs that
are linked to the grid. The authors have made nice work with this
reference; however the research may be much better if they took
into account energy storage devices and network restrictions, two
crucial tools in MGs. For power system planning, [19] have laid
out a multi-stage CCP framework to help in dealing with various
types of uncertainty.

The researchers in [20] proposed an improved particle
swarm optimization (PSO) algorithm is proposed to solve a multi-
objective optimal load dispatch model of microgrid with the
stochastic access of electric vehicles. Then they have discussed
the dispatch results under three different scheduling scenarios,
i.e.,, uncoordinated charging scenario, coordinated charging
scenario with and without DGs.

The task will be of higher quality if many microgrids are
considered. Additionally, a multi microgrid system is a high-level
structure that is formed by the presence of several dispersed
generating units and loads in the distribution system. In [21], a
hybrid stochastic-robust framework for MMGs system optimum
scheduling is suggested. Energy management takes both the
current and future cost of energy into account.

As an additional tool for improved MG operation, time-
of-use demand response programs are being considered.
Stochastic programming is also used to simulate energy pricing,
electric cars, PV systems, WTs, and other sources of uncertainty.
In order to minimize the overall cost of the system, which
includes the cost of power generation by units as well as the cost
of power exchange among the interconnected MGs and the main
grid, the authors of this research have presented a new stochastic
framework for optimal energy management of interconnected
MGs [22].

One method for managing energy in MMG systems that
takes contingencies into account is shown in [23]. This method
takes the possibility of a contingency into account and uses
energy management as a tool for addressing MMG-style
contingency situations. Energy management of MMG-based DNs
in the context of demand response programs and uncertainties
related to renewable energy supplies, loads, and pricing is
addressed in a new way by the authors of [24].

We use a meta-heuristic method called NSGA-II to
solve the energy management issue, which is modeled as a multi-
objective problem. The authors of [25] laid forth a unified
strategy for managing energy consumption in MMG systems. In
this paper, a novel metric is proposed for evaluating energy
management procedures in conditions of uncertainty, including
those involving load, WTs, and PV systems.

We can summaries the conclusion of the previous works
in the following points:

« The ignorance of uncertainties caused by wind and solar
units and load changes.
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« Power flow constraints was not included in the
calculations in one paper.

» Network and security constraints of have been ignored.

» Only the presence of one MG has been studied in most of
the studies.

As a conclusion there is no research that took into
account the uncertainties resulted by load, PV and wind turbines
with the emission consideration in multi microgrid systems in
solving the day-ahead scheduling problem using chance

constrained programming approach.

ILMATHEMATICAL MODELING OF THE
SYSTEM

Within microgrids are one or more kinds of distributed
energy (solar panels, wind turbines, combined heat and power,
generators) that produce its power. In addition, many newer
microgrids contain energy storage, typically from batteries. Some
also now have electric vehicle charging stations Figure 1.

Figure 1: Microgrid scheme.
Source: Authors, (2025).

1.1 INTERNAL COMBUSTION GENERATORS:

The internal combustion (IC) unit technology transforms
the fuel-based source of energy into electricity. The production
costs are calculated as a quadratic function of the output power of
the unit P during a time period t.

operation __ 2
Costc, = a,Picy + ayPicr + as @)

Where:

a,, @y, as Cost function coefficients of diesel generator,
besides to the operation cost there is the unit startup cost:

COStISctzp =Yice X Ci 2
Where:

y First, the total cost, followed by a binary variable
representing the unit's status:

Costic; = Costfgftemmn(ﬂc) + COStISCtzp 3)

The complicated power limits and the ramp up pace of the
generating units are the limitations of these sorts of units:

0 < Pict < victPIc™ vice €0,1 (4)

max max
—ramp;c X Pic™ < Py — P Srampc X Pe (%)

Pite + Qice < Sic (6)

11.2 WIND GENERATORS

When it comes to harnessing renewable energy sources for
electrical power, wind production units are among the most
exciting and rapidly evolving technology. They include wind
turbines, which convert the wind's kinetic energy into electricity.
Because its output power is dependent on the wind speed, an
inherently stochastic variable, the amount of electrical energy that
is produced is never guaranteed.

Below is an example of how the wind speed follows a
Weibull PDF, which uses two WT-site characteristics, called the
shape factor and the scale factor:

=B @osvca 0

The following shows the relationship between wind speed and
the electrical power produced by the wind system:

0 VSV, V=7,

V—Vin Prated
wt

rated
yrated_y, Vin SV=V (8)

Pwt =
P‘;%ted vrated <v< v,

11.3 SOLAR POWER GENERATION

One of the most prevalent and straightforward methods of
generating renewable energy is the use of photovoltaic (PV)
devices to convert sunlight into electricity. The rapid expansion of
PV panel installations may be attributed to their compact design
and reduced price tag as compared to WTs.

Solar irradiance is a stochastic phenomenon that affects the

power output of PV systems. This relationship is often
represented by the lognormal PDF, which looks like this:
1 —(Inlr— p)?
flr(lr) - Ir.o'.\/ﬁexp[ nZZ'ZM ] Ir =0 (9)

Depending on the amount of sunlight reaching the PV system,
its output power is proportional to the following:

prated x ) Ir < I

( Ir
Irstq Ircer

Ir?
), Iger = I
d

(10)

Ppy =

rated
oy (1

Tst.
1.4 ENERGY STORAGE SYSTEM

Energy storage system is considered as a battery, charging and
discharging power limitations:

bat bat pbat
0 < Pcha,t < Uch,tpca% (11)

Page 172



ITEGAM-JETIA, Manaus, v.11 n.53, p. 170-176, May/June., 2025.

bat bat bat
0 < Pdisch,t < vdisch,tpcap

(12)
The limitation on not charging and discharging at the same
time:

bat bat

bat . bat
Uch,t + Vdisch,t <1lwv

ch,ty 1]disch,t € O' 1

(13)

Battery system limitations with respect to charge or energy
level:

SOC, = SOCy-1 = ez (Piiens — it (14)
0<S0C, <1 (15)
SO0Cr, = SOCpn; (16)
SOCt a1 = SOCtinar (17)
The stored/released power constraints:
PP = Pet = Pafsens (18)
11.5 LOADS

One source of uncertainty in electrical power system modeling
is loads, which are a result of users' stochastic behavior. When
trying to model the load's uncertainty, the normal distribution
function is often used:

—(load— p)?

5 load =0
20

fuoaa(load) = —=exp | (19)

11.6 NETWORK MODELING

Radial networks are the standard representation for MGs and
distribution systems. Assumption #1 in this thesis is that Bus #1 is
upstream-connected to the grid and has a 1 P. u. apparent power
flexible power injection:

Ske = Ski’ + St — S (M
11.7 EMISSION MODELING

May learn how much pollution a typical unit produces as a
function of fuel used by looking at the following equation:

Costﬁgfraﬁon
Emyce = Y. 7 21
fuelIC
The emission coefficient:
¥ic = PTVic.ECic. OCyc ()

Where: PTV: Pure thermal value, EC: Emission factor OC:
Oxidation factor

To calculate the emission cost the amount of emission is
multiplied to a penalty factor h:

Costfiission = b, x Emyc, (23)

START

Get system Data

Seti=1 |«

Calculate the ith generator average
cost of use

Calculate the ith generator average
emission

Calculate the ith generator penalty
factor

A

Figure 2: calculating penalty factor algorithm.
Source: Authors, (2025).

Objective function:

T P
Min0.F g o= Delr (Bec@[Costic, + Costimission] +

t=To\&IC=1
Zra R N o S I )

Simulation results

The electrical energy prices in the distribution network
estimated in $ for MWh are shown in Figure 3.

145
135
125
115
105

95

Price (MW h)

TO T2 T4 T6 T8 T10 T12 T14 T16 T18 T20 T22

Time (hour)

Figure 3: Electrical energy prices.
Source: Authors, (2025).
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VARIABLE Xpv.L. binary variable fot PV placement
18 1,000, 33 1L.000

VARIABLE Xwt.l. binary variable fot PV placement

In the simulation of the deterministic case the distributed
generation units weren’t taken into account. The results for this
simulation:

PARAMETER SS_PV = 0.000 Total PV Capacity

PARAMETER SS WT = 0.000 Total WT Capacity

VARIABLE CostL = 1935517.665 Totall Cost($)

VARIABLE EMI = 15090.772 Totall Emission (ton)

VARIABLE C_Ploss.I. = G6BIRS.147 Cost of Loss Power

VARIABLE Ploss. L. - LBIS power Loss

VARIABLE DG _Cost.LL = 0.000 DG Investement and operation Cost

VARIABLE C_energy.L. = 1799147371 Enrgy Price that Parchase fram Grid

According to the above results the losses in one day are
1.825 MWh and the cost of these losses is 68185.1 dollars. The
amount of pollution emission related to the power purchased from
the grid in one year is 15090 tons and the cost of buying energy
from the net for one year is 1799147 dollars. For this case the
voltage range for the busses in every hour is shown in Fig. 4. In
this figure every curve is related to one hour of the day. It’s clear
that the worst case for the voltage value 0.918 pu. The amount of
the purchased power from the net in every hour is depicted in Fig.
5, and it can be noticed that the maximum limit is equal to 3.8
MW in the hour 17.

The second case is related to the uncertainty case. The

results of this case are as follow. And it’s clear that in this case a
0.787 MVA PV and a 1.969 MVA WT are installed.

PARAMETER SS_PV = 0.787 Total PV Capacity

PARAMETER SS_WT = 1.969 Total WT Capacity

VARIABLE Cost.l = 249654.824 Totall Cost(S)

VARIABLE EM.L = 72169491 Totall Emission (ton)

VARIABLE C_Ploss.L. = 40973710 Cost of Loss Power

VARIABLE Ploss.L. = 1.103 power Loss

VARIABLE DG _Cost,L. = 1579681.979 DG Investement and operation Cost

VARIABLE C_energy.l, = 829025425 Enrgy Price that Purchase from Grid

In this case the energy loss in one day is equal to 1.103 MWh
which is 40 % decreased compared to the previous case (without
DG). The amount of pollution in one year has also reached 7216
tons, which has decreased by 52% compared to the previous
situation. The cost of exchanging energy with the grid in one year
is 829025 dollars, which has decreased by 53% compared to the
previous state.

In this case, the location and capacity of PV and WT sources
are obtained as follows. It is clear that two PVs are installed in 18
and 33 buses and two wind turbines are also installed in 15 and 30
buses. The capacities are also stated below that for PV it is equal
to 0.301 and 0.486 megavolt ampere (MVA) respectively. For
wind turbine capacities are 0.726 and 1.243 megavolt ampere.

VARTARLE Spv.T. MV A OF PV
INOSOL, 55 0.4%6

VAILIAIL B Swil, MY A OF W
150.726, 30 1.243

For this case, the bus voltage range is shown in Fig. 6 and the
amount of power exchanged with the network is shown in Fig.7.
Is. It is clear that the minimum voltage range is equal to 0.95 pu,
which is improved compared to before. The maximum power
received from the network is also 2.6 megawatts, which shows a
decrease of 1.2 megawatts compared to the previous state.

And finally, the uncertainty of the PV and WT is taken into
account, 2.778 MVA PV and 0.115 MVA WT were installed. The
amount of installation Scattered production has not changed
significantly compared to the previous state, but the amount of
PV installation has increased and the amount of turbine
installation has increased Badi is greatly reduced. The reason for
choosing more PV is also due to the coincidence of its production
hours with peak demand which makes its uncertainty
management easier than wind turbine.

PARAMETER SS_M = 2.778 Total PV Capacity

PARAMETERSS_WT = 0115 Total WT Capacity

VARIABLE Cost.l = 2663961310 Totall Cost(S)

VARIABLE EM.L = 7586.545 Totall Emission (ton)

VARIABLE C_Ploss.1 = 57994843 Cost of Lass Pawer

VARIABLE Ploss L = 1554 power Loss

VARIABLEDG Cest = 1740191645 DG Investement and operation Cost

VARIABLE C_energy.L = B9719.978 Enrgy Price that Purchase from Grid

In this case, the loss is equal to 1.554 megawatts, which is
15% compared to the first case (without DGs). The amount of
contamination in one year has also reached 7586 tons, which has
decreased by 49% compared to the first case.

The cost of exchanging energy with the network in one year is
809779.9 dollars, which has decreased by 54% compared to the
first case.

In this case, the location and capacity of the resources are
obtained as follows. It is clear that 5 PV in buses 16, 17, 18, 32
and 33 are installed. The capacities of these resources are
respectively 0.235, 0.292, 0.425, 1.417 and 0.408 MVA. One
wind turbine is also installed in bus 15 with a capacity of 0.155
megavolt ampere.

VARIABLE Xpv. L. bhinary variable fot PV placement

16 1,000, 17 LODD, I8 1.000, 321000, 33 1L.000O

VARIABLE XwtL. binary variable fot PV placement

15 1.000

VARIABLE Spv.l. MV A OF PV

16 0.235, 170292, 180425, 321417, 330408

VARIABLE Swil, MV A OF WT

15 0.115
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For this case, the average voltage range of the buses is shown
in Fig. 8. Based on this figure the minimum voltage range is equal
to 0.96 pu, which is improved compared to the first case. Also,
the amount of energy exchanged with the network every hour and
every scenario are shown in Fig. 9. From this figure we can notice
that from hour 7 to 20 when PV sources produce power, the
amount of energy exchanged with the grid is also decreased. The
maximum amount of demand from the network is 2.8 megawatts,
which is a decrease compared to the first case (LMW).

Figure 4: Voltage range of each bus per hour for deterministic
case without distribution generation.
Source: Authors, (2025).

Figure 5: The amount of energy purchased from the grid every
hour.
Source: Authors, (2025).
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Figure 6: Voltage range of each bus per hour for deterministic
case without distribution generation.
Source: Authors, (2025).

Figure 7: The amount of energy purchased from the grid every
hour in the deterministic case.
Source: Authors, (2025).

Figure 8 Average voltage range of each bus per hour for
contingency mode.
Source: Authors, (2025).

Figure 9: The amount of energy exchanged with the network per
hour and per scenario for the probability case.
Source: Authors, (2025).

V. CONCLUSION

All the researches and the results of this work indicates to the
increasing importance of the renewable energy. And the new
electrical system which includes the microgrid (MMG system in
the case of many MGs) is associated with more complicated
energy management problems. In this work a day ahead
scheduling of a 33-bus system containing 3 microgrids with
renewable resources PV and wind turbine optimization problem
was solved using GAMS software in 3 cases: deterministic, and
with renewable energy penetration in tow levels.

The results show that the more penetration of the renewable
energy the total cost and the energy purchased from the network
decrease besides to the pollution reduction. So, the only problem
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is the associated difficulty in the energy management calculation
which can be solved using the powerful optimization algorithms
and software. A linearization to represent the issue as a linear
problem and find a global optimum is proposed for use in future
investigations. Additionally, it may be very intriguing for future
research to suggest a method of bidding for the MMG system that
takes emissions and CCP modeling into account. To further
improve optimization while protecting MG privacy, a
decentralized approach to the issue in a CCP context should be
considered.
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Medical images are useful for diagnosis of medical disorder in human body. Image
enhancement has received significant attention in the literature in a bid to help medical
personnel in ascertaining the cause of ailment in human body. Conventional techniques for
enhancing medical images suffer from over contrast enhancement, noise and poor picture
quality. As a result, this work proposes a bimodal technique that combines Histogram

Keywords: Equalization (HE) and Contrast Limited Adaptive Histogram Equalization (CLAHE) for
Bimodal technique, improving the picture quality of medical images. The performance of the proposed model
Contrast, in enhancing the picture quality of gray scale X-ray, Computed Tomography (CT) and

Magnetic Resonance Image (MRI) images is compared with HE and CLAHE. It is observed
that the proposed bimodal technique performs better than HE and CLAHE in all images
used as candidates of investigation. It produces better picture quality and better structural
quality than HE and CLAHE. It is found that the proposed model exhibits 59% picture

Image enhancement,
Medical disorder,
Picture quality.

quality while HE and CLAHE, respectively, exhibit 11% and 30% picture qualities.

Copyright ©2025 by authors and Galileo Institute of Technology and Education of the Amazon (ITEGAM). This work is licensed
By under the Creative Commons Attribution International License (CC BY 4.0).

I. INTRODUCTION

In medical profession, medical images assist health personnel in
disease diagnosis with a view to providing comprehensive report
about an ailment in the human body. Poor quality medical image
may be difficult to examine by the medical person and may lead to
wrong diagnosis of the ailment in the internal structure of the body.
The presence of noise in medical images hides the essential
features which may cause inaccurate diagnosis of medical disorder
[1]. In essence, a clear image devoid of noise and artefact is the
foundation upon which an accurate diagnosis of medical ailment is
built. Image enhancement concerns with increasing the visual
appeal of an image by heightening the contrast or brightness and
the picture quality of the image [2]. Various traditional methods
have been proposed in the literature for improving the contrast
content, increasing the picture quality and removing the noise in
medical images in a bid to improve their visual representation.
These methods include Histogram Equalization (HE) [3] and its
variations [4-7], Adaptive Histogram Equalization (AHE) and its

variations [8], Contrast Limited Adaptive Histogram Equalization
(CLAHE) [9].

Others are Unsharp Masking (UM), sigma filtering,
Logarithmic Transformation (LT), wavelet transform and discrete
wavelet transform [10], [11], spatial domain methods such as
Median filter, Weiner filter [12], fuzzy logic and Fuzzy inference
models, Compressed Sensing (CS) methods and machine learning
techniques etc. These techniques have been deployed by
researchers with mixed performance and varying degree of success.
Zhu et al. [13] proposed wavelet transform for enhancing contrast
of X-ray images. Zaafouri et al. [14] proposed UM for brightening
the dark area of human facial image where high pass filter was used
to reduce the noise. Bilcu and Vehvilainen [15] combined UM and
sigma filtering for contrast enhancement and removal of noise. Qiu
et al. [2] introduced a method based on convolution neural network
and frequency band broadening for enhancement of quality of
medical images. Mirza et al. [7] utilized different versions of HE
for increasing the quality of CoVID-19 Computed Tomography
(CT) images. Sarath and Sreejiths [16] employed Fuzzy logic and
homographic filtering for enhancement of visual quality of medical
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image. Agarkar [17] employed Fuzzy logic to enhance the picture
quality of image in submarines and sea while Sharma and Bhatia
[18] deployed Fuzzy logic for contrast enhancement in common
images. These methods have inherent drawbacks which limit their
performance. Though HE and UM enhance the brightness level of
the images, the noise in the image is also increased in the process.
HE produces images with too much lightening (over contrast)
effect while AHE suffers from slow speed and noise. Though
CLAHE limits noise level in the image, its contrast level is low.
Fuzzy logic is poor when it is deployed to enhance images taken
from crowded area. Convolution neutral network enhancement of
image may lead to deterioration or distortion in the quality of the
image.

Moreover, a number of hybrid models have also been presented
by researchers [19],[20] that combined the characteristics of
conventional enhancement techniques. These hybrid models
require greater amount of computational effort for implementation.
Hence, this work introduces a bimodal technique that requires less
computational time. It combines the features of HE and CLAHE
for enhancing the visual appeal of medical images. While HE is
utilized to increase the contrast level in images, CLAHE on the
other hand limits the noise level in the image and overly high
contrast effect of HE.

Il. MATERIAL AND METHODS
11.1 DATASETS

The dataset employed in this study consists of several X-
ray, Computed Tomography (CT), and Magnetic Resonance
Imaging (MRI) images which are sourced from the public
repositories. The sourced images are preprocessed by resizing them
to 255 x 255 pixels in order make them compatible with the models
considered as candidate examples of enhancement.

1.2 HISTOGRAM EQUALIZATION (HE)

Histogram equalization is usually employed to increase the
brightness or contrast of image. It transforms the pixel value of
image into image of uniform distribution. It is useful in images with
overly dark area by uncovering the hidden details.. The grayscale
distribution of an image assumes expression of the form

h(f,) =d, @)

where f, is the nth gray level with 0< n < L-1, in which, L is
the total number of gray levels in the image, d, represents the
number of pixels in the image with a grayscale value of f, . Thus,

the probability density of the histogram equalized image can be
expressed by

P(f,)=-" (2)

in which N represents the total number of pixels in the image, and
P( fn) denotes the proportion of the total number of pixels in the

image that has n-th grayscale level. Histogram equalization
produces an enhanced image by applying histogram to the entire
image via cumulative distribution function expressed by

T()=2P(1)= 3 @

In eq. (3), the input image is mapped into entire range given by
[f,. L, f_,] for which cumulative distribution function serves
as a transform function [4].

11.3 CONTRAST LIMITED ADAPTIVE HISTOGRAM
EQUALIZATION (CLAHE)

Unlike HE that works on the entire image, CLAHE divides
the original image into a number of non-overlapping images of
equal sizes. It operates on these non -overlapping small portions,
otherwise known as tiles. The brightness of each tile is enhanced
and adjacent tiles are combined using bilinear interpolation to
prevent the creation of artificial boundaries. CLAHE limits the
contrast level in homogeneous regions and in such a manner avoids
increasing the noise level in the image. The following steps are
implemented when using CLAHE to enhance medical images.

Step 1: Start
Step 2: Input X-ray, CT scan, and MRI images

Step 3: Determine the number of regions in images, dynamic
range and clip limit

Step 4: Split the images into regions after padding

Step 5: Process each mapped region, and create gray level
mapping

Step 6: Carry out interpolation of gray level mapping in order to
aggregate CLAHE images

Step 7: Output enhanced image
Step 8: Stop
11.4 PROPOSED BIMODAL TECHNIQUE

The proposed method integrates the concept of HE and CLAHE for
improving the visual appeal of medical images. It enhances
medical image quality by leveraging on the strength of both
techniques. Specifically, the proposed model utilizes HE to
enhance brightness level of medical image while CLAHE is used
to remove noise and reduce over contrast effect of HE. Thus, the
overall visibility and quality are improved without the adverse
effect of noise amplification. The steps followed when
implementing the proposed technique are as follows:

Step 1: Input X-ray, CT scan, and MRI images

Step 2: Convert the input X-ray, CT scan, and MRI images into
Gray level image.

Step 3: Apply HE on the input images to enhance the contrast of
the image.

Step 4: Apply CLAHE on the Histogram Equalized images to
reduce noise and over contrast enhancement resulting from HE.

Step 5: Output enhanced images.
Step 6: End

Figure 1 illustrates the block diagram for implementing the
proposed model
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Figure 1: Illustration of steps for implementing the proposed
hybrid model.
Source: Authors (2025)

I111. RESULTS AND DISCUSSION

Here, simulation results were presented using HE, CLAHE and
bimodal technique to enhance the quality of X-ray images showing
bone femur with tumour, chest and knee, CT images depicting
human kidney, human chest and human brain with tumor, and MRI
images showing human lumber spine, human brain and human
spine. The results were generated via simulation code written with
python and implemented on Intel ® Corre ™ i5-6300U CPU
@2.40GHz.. Figures. 2-4 illustrated the results of enhancement of
X-ray images via HE, CLAHE and proposed (bimodal) method.

(b)
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(d)

Figures 2: Simulation results for X-ray image showing bone
femur with tumour, (a) original image (b) HE, (¢) CLAHE and (d)
proposed (bimodal) model
Source: Authors (2025)
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It was found in Figures 2(b) and 4(b) that the brightness
level of HE was higher than CLAHE and the proposed model. This
was expected as HE has specific application in improving the
contrast or brightness of an image. It was found in these images
that HE produced images with too much light effect which covered
internal structures of the images and which may hinder accurate
clinical diagnosis. It was seen also that CLAHE images were a bit
darker as seen in Fig 2-4(c). It was however observed that the
proposed bimodal technique performed better than HE and
CLAHE in enhancing the picture quality of X-ray images as seen
in Figures 2-4(d), producing images with little light effect and
moderate brightness that maintained important details of the image.

Figure 3: Simulation results for X-ray image showing Human Figsures 5-7 illustrated the results of enhancement of CT images
chest, (a) original image, (b) HE, (c) CLAHE and (d) proposed  via HE, CLAHE and the proposed model.

(bimodal) model
Source: Authors, (2025)

Figure 4: Simulation results for X-ray image illustrating Human Figure 5: Simulation results for CT scan of human kidney, (a)
knee, (a) original image, (b) HE, (c) CLAHE and (d) proposed original image (b) HE, (c) CLAHE and (d) proposed (bimodal)
(bimodal) model model
Source: Authors, (2025) Source: Authors, (2025)
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(b)

(d) (d)
Figure 6: Simulation results for CT scan of Human chest, (a) Figure 7: Simulation results for CT scan of human brain with
original image (b) HE, (c) CLAHE and (d) proposed (bimodal) tumor, (a) original image, (b) HE, (c) CLAHE and (d) proposed
model (bimodal) model
Source: Authors, (2025) Source: Authors, (2025)
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It was observed in Figures 5-7 that the proposed bimodal technique
produced better CT images than other models considered. It
revealed internal features and structures of CT images better than
HE and CLAHE which made it a better technique for clinical
diagnosis. In addition, Figures 8-10 compared the performance of
the proposed model with HE and CLAHE for enhancing MRI

images.

(d) (d)

Figure 8: Simulation results for MRI image of a human lumbar Figure 9: Simulation results for MRI image of human brain, (a)
spine, (a) original image, (b) HE, (c) CLAHE and (d) proposed original image (b) HE, (c) CLAHE and (d) proposed (bimodal)
(bimodal) model model
Source: Authors, (2025) Source: Authors, (2025)

Page 182



ITEGAM-JETIA, Manaus, v.11 n.53, p. 177-185, May/June., 2025.

It was observed in Figures 8-10 that HE produced images
with too much light effect as revealed in Figure 8-10(b) which
could obstruct important structural details of the image and
consequently affect its performance for clinical diagnosis. In
addition, it was found that CLAHE images were better than those
produced by HE. It was however observed in Figures 8-10 that the
proposed bimodal technique had the best picture quality as seen in
Figures 8-10 (d).

Furthermore, nine medical personnel (radiologists) were
contacted to assess the quality of enhanced images shown in Figs.
2-10 in terms of brightness level, structural quality and picture
quality. The opinion results of this assessment were presented in
Table 1.

Table 1: Results of subjective evaluation of HE, CLAHE and the
proposed model

Performance Proposed
Image category indicators HE |CLAHE (Bimodgl) model
Bone femur X- Brightness 9 - -
ray
Picture quality - 6 3
Structural
similarity with 6 3 -
original image
Chest X-ray Brightness 3 3 3
Picture quality 3 3 3
Structural
similarity with 3 3 3
original image
Knee X-ray Brightness 3 - 6
Picture
quality ) 6 3
Slml_larlty with 3 3 3
original image
Hu(r:'n1a_1 r;mK[;ggey Brightness 9 - -
Picture quality 3 - 6
Structural
similarity with 3 6 -
original image
H(L;??rgqgggst Brightness 6 - 3
Picture quality - 3 6
Structural
similarity with - - 9
original image
Human brain
with tumor CT Brightness - 6 3
image
Picture quality - 3 6
Structural
similarity with 3 - 6
original image
Human lumber
spine MRI Brightness 3 - 6
image
Picture quality - 3 6
Structural
similarity with - 6 3
original image
Hl\l/ljgf ?n?ggén Brightness 6 - 3
Picture quality - - 9
Structural
similarity with ) ) 9
original image
age
(d) Human spine Brightness 6 3
Figure 10: Simulation results for MRI image of human spine, (a) MRI image — - . -
original image, (b) HE, (c) CLAHE and (d) proposed (bimodal) 'cSturLeC?uurzll Y
model similarity with - 3 6
Source: Authors, (2025) original image

Source: Authors, (2025)
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It was seen in table 1 that 45 radiologists out of 81 possible
outcomes, polled HE as producing the brightest image while 9
polled CLAHE as producing the brightest image. On the other
hand, 27 out of 81 possible outcomes polled the proposed bimodal
technique as generating the brightest image.

The corresponding percentage scores of the subjective
evaluations by the medical personnel resulting from the analysis
presented in table 1 were illustrated in Figure 11 which revealed
the rating of the brighness level of all the models considered for

investigation.

HE CLAHE Proposed
Model

N w B wu D
o o o o o

Brightnes level of the
=

images produced by models

o

Figure 11: Comparison of brightness level of the models.
Source:Authors, (2025)

It was observed in Figure 11 that HE, CLAHE and the
proposed model had the percentage scores of 56%, 11% and 33%,
respectively. This implied that majority of the evaluators agreed
that HE produced brighter images than others. This is in line with
the expectation as the model has specific application in increasing
the contrast or brightness level of images but suffer from over
contrast enhancement [9]. Images in Figs 2(b), Fig. 8(b) and Fig.
9(b) supported this observation

It was observed in table 1 that the picture quality of the
bimodal technique received highest poll with 48 medical personnel
out of 81 preferring the model to other models. CLAHE received
24 polls while 9 medical personnel prefered HE to other models.
Figure 12 presented the graphical representation of the rating of
the picture quality of the images produced by different model.

HE CLAHE Proposed
Model

ratingof pictyze qyality ofghey
models

Figure 12: Comparison of picture quality of the models.
Source:Authors, (2025).

It was seen in Figure 12 that the picture quality scores of
HE, CLAHE and the proposed model were 11%, 30% and 59%,
respectively which indicated that the proposed bimodal technique

had higher preference than other models. This implied that most
evaluators prefered the picture quality of the model to others.
Also, in terms of structural quality when compared with the
original image, 39 evaluators indicated that the proposed bimodal
technique had the best structural quality while 24 and 18 prefered
CLAHE and HE, respectively. Figure 13 therefore compared the
evaluators’ rating of the structural quality of all the models when
compared with original image.

u
o O

gnogels 5

=
o

Structural quality of the

o

HE CLAHE Proposed

Model

Figure 13: Comparison of the structural quality of the models
Source: Authors, (2025)

Figure 13 revealed that the proposed model had the percentage
score of 48% while CLAHE and HE had 30% and 22%,
respectively. This implied that majority of the evaluators chose the
proposed model as having better structural quality than the other
models.

IV. CONCLUSIONS

This work proposed a bimodal technique that combined
Histogram Equalization (HE) and Contrast Limited Histogram
Equalization (CLAHE) for enhancing the picture quality of
medical images. The proposed method utilized the advantage of
HE and CLAHE to enhance the picture quality and structural
appearance of medical images by reducing the over contrast effect
resulting from HE. Nine set of images comprising three modes of
CT, X-ray and MRI images were sourced from different
repositories and were used as candidates for enhancement.

The performance of the proposed model was compared with HE
and CLAHE. It was found that the proposed model produced
images with better picture qualities than the other models.
Moreover, subjective assessment of the performance of these
models by radiologists revealed that HE suffered from over
enhancement which was in line with what has been previously
reported in the literature. It was observed that the proposed model
had better picture quality and better structural similarity with
original image than other models considered for assessment and
required less computational time when compared with hybrid
models existing in the literature.
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Tuning PID controllers to enhance longitudinal control and speed planning of Electric
Autonomous Vehicles is a challenge, which can be effectively addressed by evolving
metaheuristic algorithms. This paper evaluates the performance of the Jellyfish Search (JS)
optimizer and Genetic Algorithms (GA) against conventional PID tuning methods in
longitudinal control systems. A modified objective function combining Time-weighted
Absolute Error (ITAE) and Integral Square Error (ISE) is proposed based on the weighted
sum method, aiming to balance performance metrics and overcome the limitations of
conventional objective functions. This function is optimized by both genetic and jellyfish
techniques. The simulations are conducted through realistic scenarios in accordance with
road safety standards, using a sinusoidal profile as speed reference. The results demonstrate
the effectiveness of both GA and JS in outperforming conventional PID, achieving zero

overshoot, reduced settling times, and lower steady-state errors. Observably, JS optimizer
exhibits a slight advantage over GA in the overall performance, especially fast convergence.
These outcomes validate the contribution of the proposed approaches in enhancing the field

of autonomous driving.

Copyright ©2025 by authors and Galileo Institute of Technology and Education of the Amazon (ITEGAM). This work is licensed
under the Creative Commons Attribution International License (CC BY 4.0).

I. INTRODUCTION

Autonomous driving has been the subject of significant
research and development for many years to this day. The control
system consists of lateral and longitudinal control. This work
presents a contribution in longitudinal control for Electric
Autonomous Vehicles (EAVS), specifically addressing optimized
techniques and speed profiles to ensure safety, comfort and
efficiency. A wide array of control strategies has been employed
for longitudinal control, including PID control [1]. However,
tuning PID gains is a challenging task, as traditional approaches
such as trial-and-error methods often fall short. This matter is
addressed via optimization-based tuning techniques such as
metaheuristic algorithms [2]. In the literature, the Integral
Absolute, Square, Time-weighted Squared, and Time-weighted
Absolute Errors (IAE), (ISE), (ITSE), and (ITAE), are generally

the most used metrics for the cost function [3],[4], which can give
suboptimal performance in certain scenarios.

This paper proposes a combination of these performance metrics to
build the cost function based on the weighted sum method [5],
where ITAE and ISE are combined to build a robust objective
function to guarantee a better tuning and high performance. The
weights are selected through observation of the output’s behavior
and performance, including overshoot, settling time and steady-
state error. Moreover, the two optimization techniques used to
optimize the selected cost function are Genetic Algorithms (GASs)
and the Jellyfish Search (JS) optimizer.

GAs are widely used in several applications, being a class of
evolutionary algorithms inspired by the principle of natural
selection, their contribution is proven effective, in particular in
control systems and PID tuning [6]. JS optimizer is a recently
developed nature-inspired optimization algorithm that mimics the
motion patterns of jellyfish in the sea. It balances exploration and
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exploitation to find optimal solutions using passive and active
motions. This algorithm demonstrates high performance in certain
optimization tasks due to its dynamic adaptation and enhanced
global search capability [7].

The configuration of this paper is arranged as follows. The
speed control system is presented in section Il. Section 11l
discusses the optimization methods. In section 1V, simulation
results and discussions are given to validate the proposed methods,
followed by a conclusion.

Il. SYSTEM DESCRIPTION

In this section, the design of the speed control system for an
EAV is introduced. The system employs a direct current (DC)
motor as the speed actuator and a Proportional-Integral-Derivative
(PID) as the main controller.

11.1 DC MOTOR MODELLING

The DC motor is described by the equations given below [8].

DC motor Equations

. dig
V=Ra'la+e+La'E (1)
e=k-Q 2)

dQ
]'EZTem_f'Q_TL (3)
Tom = kem " la 4

Where, V is the input voltage, e is the back electromotive
force (EMF), i, is the current in the motor winding, T,,, is the
electromagnetic torque, and Q is the angular velocity.

The parameters of the DC motor are given in Table 1. These
latter are selected to approximate the characteristics of a Tesla
Model S, with atorque of T, = 430Nm , as specified in the catalog
provided in [9].

Table 1: DC Motor Parameters.

Parameter value
Armature resistance R, 0.193 12
Armature inductance L, 0.00383 H

Back EMF constant k 2.332232V.s
Torque constant k., 21717 N.m/A
Moment of inertia J 0.6 kg -m?
Coefficient of friction f | 2.632177 N.m.s

Source: Authors, (2025).

To simulate the motor's performance, it has been modeled in
MATLAB Simulink, as shown in Figure 1.

5
o L 1] i W

-"-' i .
s u

Figure 1: DC motor block diagram.
Source: Authors, (2025).

11.2 PID CONTROLLER

PID controllers are the basis of control systems, they
provide a simple yet powerful framework. The transfer function
describing a PID controller is given in Equation 5. K, K;, and K,
are the proportional, integral, and derivative gains, respectively
[10].

PID transfer function

K;

The performance of this controller is based on the selection of its
gains. However, the outcome of the conventional methods is
limited and often demonstrates inadequate disturbance rejection,
which highlights the need for more advanced optimization
techniques.

I11. OPTIMIZATION METHODS
111.1 OBJECTIVE FUNCTION

In order to satisfy the performance criteria, including
minimal overshoot, rapid settling time, and low steady-state error.
The optimization process focuses on minimizing an objective
function (cost function), denoted f, a mathematical expression that
quantifies the system’s performance for optimization. This latter is
formulated based on the performance metrics. IAE, ISE, ITSE, and
ITAE [4].

The Integral Absolute Error

IAE = [ le(t)|dt (6)
Integral Square Error
ISE = [e?(t)dt (7
Integral Time-weighted Absolute Error
ITAE = [tle(t)|dt (8)
Integral Time-weighted Squared Error
ITSE = [te?(t)dt 9

The selection of the cost function in this study is based on
the weighted sum method [5], by combining ITAE and ISE. Where
w; = 0.2 and w, = 0.8. These latter are selected to emphasize
steady-state performance, while ensuring reasonable transient
performance [11].

Obijective function

f=w; - ITAE +w, - ISE (10)

111.2 GENETIC ALGORITHM

Genetic Algorithms (GAs) are metaheuristic algorithms
inspired by the biological evolution process that employ an
intelligent exploitation of a stochastic search. These algorithms
evolve a group of potential solutions across multiple generations
through selection, recombination, and mutation. [12]. The
mechanism’s process is illustrated in Figure 2.
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[ Initialize population ]

!

Evaluate fitness

—

[ Mutation ]
f

[ Crossover ]

Optimal
Solution?

[ Select population }

4{ Output results ]

Figure 2: GA process flowchart.
Source:[13].

1.3 JELLYFISH SEARCH OPTIMIZER

The Jellyfish Search (JS) optimizer is a recent
metaheuristic optimization algorithm developed by Jui-Sheng
Chou et al. [14]. It is built based on an inspiration of the behavior
of jellyfish food-seeking process in the ocean. The first step
involves following the ocean current to find regions rich in food
resources (optimal solutions), this step is called the exploration
phase. Over time, a jellyfish swarm is created, and each jellyfish
pursues the motion within the swarm to discover a more optimal
location, which is translated as active and passive motions,
representing the exploitation phase. Meanwhile, time control is
introduced to identify the varied motion types and regulate the
transition, which makes the optimum phase [15]. The overall
process is illustrated in Figure 3.

Jellyfinh in Ovenn

O

Aoy Tish Blowom

Passave motions

Figure 3: Jellyfish behavior process.
Source: [14].

The mechanism process of the Jellyfish Search (JS) optimizer is
governed by a series of mathematical equations given below. These
latter are detailed in [14].

Trend Calculation

tr =27"— B xrand(0,1) X u (11)
Active Motion Update
Z;(t+1) = Z;(t) + rand(0,1) X (Z* — B x rand(0,1) X p) (12)

Passive Motion Update

Z;(t+1)=Z;(t) +y xrand(0,1) x (U, — L) (13)
Direction Calculation
. {Z,-(t) - Zi(v), iff(Z) 2 (%)
Dr = (14)
Z(0) - Z;(0), iff(Z) < f(Z)
Position Update
Zi(t +1) = Z;(¢) + Step (15)
Step = rand(0,1) X Dr (16)
Time Control Function
c(t) = |(1 —- ‘ ) x (2 x rand(0,1) — 1) 17)

max

Where tr is the direction of the ocean current, Z;(t) is the
location of the i™" jellyfish at time t, U, and L, are upper and lower
bounds, g is a distribution coefficient, u is the mean location of all
jellyfish, y is a motion coefficient, and 1., is the maximum
number of iterations.

Algorithm 1 represents the pseudocode of the JS
optimization based PID tuning. The corresponding flowchart is
illustrated in Figure 4.

Algorithm 1: JS PID tuning pseudo-code
Begin
Intialize PID parameters
Objective function f(Z) calculation (Equation 10)
Set: population size n,,,=100
maximum iteration 1, =50
Initialization of the population of jellyfish Z; (i=1, 2, ..., n,,,)
through logistic chaotic map
Calculation of the quantity of food at each Z;, f (Z;)
Search of jellyfish at current location with most food (Z*)
Initialize time: t=1
Repeat
Fori=1:n,,, do
Calculation of the time control function c(t) (Equation 17)
If c(t) > 0.5:
Jellyfish pursuit of the ocean current
1. Determination of the ocean current (Equation 11)
2. New location calculation (Equation 12)
Else: Jellyfish motion inside a swarm
If rand (0,1) > (1 - c(t)): Passive motions
Location update by Equation 13
Else: Jellyfish exhibits Active motions
1. Calculation of the direction of jellyfish (Equation 14)
2. Location of jellyfish is updated by Equation 15
End If
End If
Boundary check and calculation of the quantity of food at new
location
Location update (Z;, Z*)
End For
Time Update: t ++
Until stop criterion is met
Output: convergence iteration
the best results: K_P, K_I,and K_D
the best optimal value of the objective function
End
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Figure 4: JS Flowchart for PID tuning.
Source: Authors, (2025).

IV. RESULTS AND DISCUSSIONS

The designed PID longitudinal control system is evaluated
on a 2 km road segment. Initially, the PID gains are determined
using the conventional trial-and-error method. The performance of
this approach is then compared to the optimized PID gains via the
Jellyfish Search (JS) optimizer and Genetic Algorithm (GA). The
overall control system is illustrated in Figure 5.

, .{,—

apoed cuput
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‘{SCecd‘rcI} u‘-\‘/‘ . q‘cu:u,} >
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T

DC oy

Figure 5: PID longitudinal control system.
Source: Authors, (2025).

The speed input selected for this scenario is the optimized
sinusoidal profile (Figure 6), characterized by the following
parameters:

A speed limit V,, of 28.8km/h (8m/s), suitable for urban
environments as per the 1ISO 2631 standard. An acceleration limit,
A, = 0.4m/s? chosen based on the 1SO 22737 standard. This
speed input considers urban travel whilst maintaining safety,
smooth driving, and passenger comfort.

The initialization parameters for both GA and JS
optimizer are given in Tables 2 and 3 respectively.

Table 2: GA Parameters.

Parameter value

Number of variables | 3

Lower bounds [0,0,0]

Upper bounds [20, 500, 10]

Max generation 50

Population size 100

Crossover fraction 0.8

Mutation Adaptive feasable mutation

Source: Authors, (2025).

Table 3: JS Parameters.

Parameter value

dimensions 3

Lower bounds [0,0,0]

Upper bounds [20, 500, 10]

Max Iterations 50

Population size 100

Stopping Condition Convergence Check
Initialization Method | Logistic Map

Source: Authors, (2025).
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Figure 6: Sinusoidal profiles.
Source: Authors, (2025).
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The GA corresponding results are illustrated in Figure 7. The 37 3620 5.083 5.083 0

statistical indices of the algorithm’s outcome are given in Table 4. 38 3715 5.083 5.083 1

39 3810 5.082 5.083 0

) Best: 5.08247 Mean: 5.08322 40 3905 5.082 5.083 1

ol | E——— 41 4000 5.082 5.083 2

S h == Mean fitness | 42 4095 5082 | 5.083 0

> [" 43 4190 5082 | 5083 0

8. |i 44 4285 5.082 5.083 0

= L—L 45 4380 5082 | 5.083 0

N i : 46 4475 5.082 5.083 0

0 B > 15 20 25 30 35 40 45 SO 47 4570 5.082 5.083 0

Generation 48 4665 5.082 5.083 0

. PP 49 4760 5.082 5.083 0

Sapping Criterta 50 4855 5.082 5.083 1

Source: Authors, (2025).
1

— The results obtained from the Jellyfish Search (JS)
C""E"“"_ algorithm demonstrate its effectiveness in PID tuning, converging
‘ e A B Th B e s at it_eratio_n 7 with optimal parameters. The best cost function_ va_1|ue
) ' Xofcitetaimet achieved is 5.083. In Table 5, The performance of the JS optimizer

- - - is compared to those of GA and conventional PID.
Figure 7: Genetic algorithm results. P

Source: Authors, (2025). Table 5: Comparative study of PID gains.
Table 4: Progress of the Genetic Algorithm. Technique Ky Ki Kq Sféiglt(;\;‘e

Generation | Func-count | Best f(z) | Mean f(z) zt;:lerations Convetional PID | 19 100 05 247791
1 200 5103 44930 0 JS optimizer 4.3455 | 499.998 | 9.7863 | 5.083
2 205 5094 11.300 0 GA 0.00087 | 499.999 | 4.2312 | 5.082
3 390 5092 8.905 0 Source: Authors, (2025).
g ggg :'ggg ;'fgi (1) In tgrms of objective fl_Jnctio_n optimization,_ metaheuristic

: : algorithms (JS & GA) effectively improve PID tuning compared to
6 675 5.087 5.937 0 conventional methods. These algorithms, produce very similar
! 70 5.087 5.328 0 performance. However, JS algorithm has a slightly more balanced
8 865 5.087 5.097 0 gain distribution. Furthermore, The GA algorithm converged to the
9 960 5.087 2.095 0 best solution around iteration 39 as it’s highlighted in Table 4,
10 1055 5.087 | 5.094 0 while JS optimizer converged at the 7 iteration, reducing time cost
11 1150 5.087 | 5.093 0 while maintaining optimization quality.
12 1245 5.087 5.093 ! The speed outputs and their corresponding Error plot, of
13 1340 5.084 5.092 0 the Jellyfish algorithm (JS), Genetic algorithm (GA), and
14 1435 5.084 5.091 1 conventional PID (Conv PID) are depicted in Figures 8 and 9
15 1530 5.084 5.087 0 respectively.  All methods perform good tracking performance.
16 1625 5.084 5.087 1 However, the zoomed-in inset highlights an overshoot exhibited by
17 1720 5.084 5.086 2 conventional PID response while, GA and JS optimizers perform
18 1815 5.083 5.086 0 smoother responses with less deviation, indicating better control
19 1910 5.083 5.086 0 performance.
20 2005 5.083 5.086 1 Figure 9 shows that the Conv PID output falls short in the
21 2100 5.083 5.085 0 transitory phase, with larger transient errors, and also struggles
22 2195 5.083 5.084 1 with steady-state accuracy. In contrast, GA and JS are proven
23 2290 5.083 5.084 2 effective. Table 6 highlights the results discussed earlier, where
24 2385 5.083 5.083 3 both JS Optimizer and GA outperform conventional PID tuning,
25 2480 5.083 5.083 0 with zero overshoot, faster settling times, and lower steady-state
26 2575 5.083 5.083 0 errors. JS Optimizer slightly outperforms GA in rapidity
27 2670 5.083 5.083 0 performance.
28 2765 5.083 | 5.084 1 Table 6: Performance criteria comparison.
29 2860 5.083 5.083 2 ] Rise Steady-State
30 2955 5.083 5.083 3 Technique Ove(r)shoot settling | e Error
31 3050 5083 | 5.083 4 (%0) Time (s) | ) (mis)
32 3145 5.083 5.083 0 Convetional 052 41.64 34236 10
33 3240 5.083 5.083 0 PID
34 3335 5.083 5.083 1 JS optimizer 0 38.93 34.153 10
35 3430 5083 | 5.083 2 GA 0 4041 | 34.156 10°
36 3525 5.083 5.083 3 Source: AUthOfS, (2025)
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Figure 8: Speed response of the longitudinal PID control system.
Source: Authors, (2025).
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Figure 9: Error plot.
Source: Authors, (2025).

V. CONCLUSIONS

This paper presented a contribution to the implementation
of Metaheuristic optimization algorithms in the field of Electric
Autonomous Vehicles, by comparing Jellyfish Search (JS) and
Genetic Algorithm (GA) to conventional methods in tuning PID
controllers for the construction of a robust yet simple longitudinal
control system.

Furthermore, simulation results were conducted on a
realistic driving scenario using a sinusoidal speed profile, adhering
to road standards, leading to smoother, safer, and more efficient
driving performance.

The effectiveness of metaheuristic optimization techniques
(Jellyfish Search and Genetic Algorithm) has been proven in tuning
PID controllers for their significant improvements in key
performance metrics such as overshoot, settling time, rise time, and
steady-state error.

Both GA and JS eliminated the delay and overshoot
exhibited by the conventional PID. Notably, JS provided the fastest
convergence and required less computation time due to its ability
to balance between exploration and exploitation, making it an
excellent metaheuristic algorithm for EAV’s speed control.

However, further work should be considered to explore
hybrid optimization techniques and real-time implementation to
further validate these findings.
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The development of intelligent, cost-effective vehicle speed monitoring systems is critical
for enhancing road safety, improving traffic regulation, and enabling efficient law
enforcement particularly in developing regions with limited infrastructure. This paper
introduces a robust, Al-based framework for real-time speed estimation of multiple vehicles
from monocular video streams. The proposed system integrates two advanced deep learning
models -YOLOV7 for high-precision vehicle detection and DeepSORT for consistent multi-
object tracking- ensuring accurate localization and identity preservation across frames.
Speed estimation is performed by measuring the time it takes for each vehicle to travel a
predefined distance between two virtual reference lines. The elapsed time is calculated based
on frame count, and speed is derived using the basic motion formula. Experimental results
show that the system achieves 100% detection and tracking accuracy, with an average speed
estimation error of less than 3%, outperforming comparable methods in terms of efficiency
and precision. The study also identifies and discusses key factors affecting estimation
accuracy, such as frame rate variation, distance measurement error, and line placement
precision. The approach’s simplicity, accuracy, and use of open-source tools make it well-
suited for deployment in resource-constrained environments. Future directions include
bidirectional speed tracking, integration with vehicle classification systems, and the use of
license plate dimensions for dynamic calibration—offering a scalable foundation for
intelligent traffic surveillance.

Copyright ©2025 by authors and Galileo Institute of Technology and Education of the Amazon (ITEGAM). This work is licensed
By under the Creative Commons Attribution International License (CC BY 4.0).

I. INTRODUCTION

Conventional methods of traffic monitoring, such as speed
radars [6],[7], inductive loops [8],[9], and closed-circuit television

Efficient vehicular transportation forms the backbone of
economic development and daily urban mobility, providing
individuals with rapid access to services and facilitating the
seamless movement of goods [1]. However, the rising volume of
road traffic has led to a corresponding increase in traffic violations
and road accidents [2], particularly in developing regions where
traffic law enforcement remains inconsistent and infrastructure is
often underdeveloped [3].

Speeding, in particular, is recognized as a primary
contributor to severe road incidents, frequently resulting in injury
or loss of life [4],[5].

(CCTV) [10],[11], offer limited scalability and often require costly
installation and maintenance [12],[13]. Moreover, these systems
typically struggle in scenarios involving multiple vehicles, varying
lighting or weather conditions [14], and dynamic environments—
challenges that are especially pronounced in resource-constrained
settings [15]. As urbanization accelerates and vehicle density
increases, there is a critical need for intelligent [16], automated
solutions capable of real-time, multi-vehicle speed estimation that
are both cost-effective and infrastructure-light [17].

Recent advancements in artificial intelligence (Al) and deep
learning have enabled significant progress in computer vision-
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based traffic monitoring [18-20]. Object detection algorithms,
particularly the YOLO (You Only Look Once) family [21-23],
have demonstrated exceptional speed and accuracy in detecting
vehicles in real-time video streams [24]. YOLOv12 [25], the latest
iteration, builds on this foundation by enhancing feature extraction
and localization capabilities, making it highly suitable for real-time
vehicular detection in complex traffic scenes [26].

Equally important is the task of multi-object tracking, which
ensures persistent identification and localization of vehicles across
video frames. DeepSORT [27],[28], an extension of the Simple
Online and Real-time Tracking (SORT) framework, integrates
motion modeling via Kalman filtering with deep appearance
features extracted using convolutional neural networks (CNNS)
[29], enabling accurate and continuous tracking even under
occlusions or abrupt motion changes [30]. The combination of
YOLO-based detection and DeepSORT-based tracking offers a
robust framework for real-time, multi-vehicle tracking under
diverse conditions [31],[32].

Despite the promise of these technologies, current literature
reveals several limitations: many solutions assume ideal conditions
and perform poorly in scenarios with partial occlusions or low
visibility [33],[34]; speed estimation accuracy often degrades with
multiple targets due to tracking ambiguity [35]; and most existing
systems are designed for deployment in developed regions and rely
on expensive sensors such as radar or LiDAR [36], rendering them
impractical in low-resource settings [37].

To address these challenges, this paper proposes an Al-
powered framework that leverages YOLOvV7 for real-time vehicle
detection and DeepSORT for robust multi-object tracking,
enabling simultaneous estimation of vehicle speeds in live video
streams. The proposed system is designed with an emphasis on
affordability, scalability, and adaptability to real-world constraints
commonly encountered in developing regions—such as
inconsistent lighting, suboptimal camera placements, and the
absence of specialized hardware.

Moreover, the study examines the root causes of deviation
between estimated and actual vehicle speeds, incorporating
environmental, computational, and tracking factors into the
analysis. These insights are critical for refining system
performance and enhancing its applicability across diverse
operational contexts.

The principal contributions of this work are as follows:

* A novel, low-cost framework for simultaneous detection,
tracking, and speed estimation of multiple vehicles using only
video feeds.

* Integration of YOLOV7 and DeepSORT, tailored to the
constraints of developing regions, without reliance on additional
Sensors.

o Comprehensive  evaluation and error analysis,
highlighting factors that impact speed estimation accuracy under
real-world conditions.

The remainder of the paper is organized as follows: Section
2 reviews relevant literature on video-based vehicle speed
estimation and object tracking. Section 3 details the proposed
methodology, including system architecture, detection, tracking,
and speed computation techniques. Section 4 presents experimental
results, performance evaluation, and error analysis. Finally,
Section 5 concludes the study and outlines future research
directions.

Il. RELATED WORKS

Vehicle speed estimation has been the focus of extensive
research in the domains of computer vision and intelligent
transportation systems [38], particularly with the rise of Al-driven
approaches [39],[40]. Numerous techniques have emerged,
leveraging deep learning [41], geometric modeling [42], and image
processing to enable real-time, multi-object vehicle tracking and
speed measurement [43]. In this section, we review relevant
literature, grouped by methodological themes, and highlight their
contributions and limitations to position the novelty of our
proposed approach.

Recent developments in object detection, particularly the
YOLO (You Only Look Once) architecture and its derivatives,
have significantly improved the accuracy and efficiency of vehicle
detection in dynamic scenes [44]. When integrated with tracking
algorithms such as DeepSORT, these methods allow for consistent
multi-vehicle tracking in real-time video streams [45].

Nguyen et al. [46] employed YOLOv4 and DeepSORT for
vehicle detection and tracking on highways, transforming pixel-
based displacements into real-world measurements via static
reference landmarks. To mitigate tracking errors caused by frame
loss, a recycling mechanism was introduced, improving
computational efficiency while maintaining multi-object speed
estimation accuracy. Similarly, Luo et al. [47] designed a speed
estimation system using YOLOV5s and DeepSORT, augmented by
a Swin Transformer block to enhance performance under
challenging surveillance conditions, eliminating the need for
camera calibration.

In a related study, Cvijetic et al. [48] proposed an
approach combining YOLO-based vehicle detection with a 1D
convolutional neural network (1D-CNN) to estimate vehicle
speeds by analyzing the changing bounding box area (CBBA)
across frames. This method circumvents the need for explicit scene
calibration, thereby offering flexibility for deployment in
heterogeneous environments.

Several studies have adopted geometric reasoning to
translate image-based observations into accurate speed
estimations. Vahid Dastgerdi Vahid et al. [49] introduced a zone-
based speed estimation method leveraging YOLOV8 for detection
and projective geometry for road scene analysis. The approach
defines speed computation zones using detected traffic cones as
spatial references, enabling localized speed estimation with
enhanced interpretability.

Kisingo et al. [50] addressed the challenges of multi-lane
speed estimation by integrating inter-frame image processing with
Mahalanobis distance-based matching. Their system detects
speeding vehicles for traffic enforcement, yet relies heavily on
consistent camera viewpoints and well-calibrated lanes, which
limits generalization in unstructured settings.

In contrast to end-to-end deep learning approaches, some
methods employ handcrafted features and traditional vision
techniques for speed estimation. Bhatlawande et al. [51] presented
a cost-efficient strategy based on a monocular camera system using
FAST and FREAK feature descriptors, coupled with a voting-
based classifier. While computationally lightweight, this method
may struggle with occlusions and complex traffic environments.

Tayeb et al. [52] utilized Gaussian Mixture Models
(GMM) for foreground segmentation and Kalman filtering for
tracking, incorporating perspective transformation to estimate real-
world speeds. Their framework emphasizes adaptability to
dynamic lighting and cluttered backgrounds, yet remains
dependent on accurate geometric modeling of the scene.

Page 194



ITEGAM-JETIA, Manaus, v.11 n.53, p. 193-200, May/June., 2025.

Alternative strategies leverage indirect cues such as
shadows or headlights to infer motion. Lu et al. [53] bypassed
conventional feature extraction by estimating speed based on
vehicle shadow motion via projection histograms. While
innovative, this approach is sensitive to lighting conditions and
shadow clarity. For nighttime surveillance, Kim [54] developed a
speed estimation method based on headlight detection using a
moving mean algorithm, providing a lightweight solution for low-
visibility environments but offering limited scalability.

Kumar et al. [55] tackled the issue of false positives by
refining the region of interest (ROI) using a cropping mechanism
optimized for pole-mounted cameras. While effective in reducing
occlusions, the system’s dependence on fixed-camera placement
constrains its applicability in diverse traffic settings.

Several studies explored vehicle speed estimation in
embedded or mobile environments, addressing challenges
associated with platform motion and scene variability. Garcia-
Aguilar et al. [56] proposed an onboard system using CNNs for
detecting and tracking surrounding vehicles, followed by speed
estimation via regression. Their system operates solely on
monocular images without requiring LIDAR, making it a cost-
effective solution for driver assistance systems.

In aerial surveillance contexts, Chen et al. [57] combined
YOLO detection with depth features to re-identify vehicles across
frames and applied exponential mapping to adjust for UAV altitude
variations. The approach is particularly suited for dynamic aerial
monitoring, yet computational demands and re-identification
challenges limit its performance in congested scenes.

Although not directly related to road-based vehicle
monitoring, several studies in adjacent domains highlight the
versatility of speed estimation techniques. For instance, Tedesco et
al. [58] utilized machine learning with inertial sensors to estimate
human gait speed for clinical assessments. In military contexts,
Biswas et al. [59] developed a UAV-based multi-object speed
estimation framework using aerial imagery, while Chmielewski et
al. [60] designed an optical ground speed estimator for miniature
UAVs. Kamnardsiri et al. [61] extended vision-based tracking to
sports, proposing a system for monitoring sprint performance
during 100-meter races.

While substantial progress has been made in vehicle
detection, tracking, and speed estimation, key limitations persist.
Many state-of-the-art solutions assume ideal environmental
conditions or require costly hardware (e.g., LIDAR, radar) [36].
Others lack scalability in multi-vehicle scenarios or perform poorly
in complex, resource-constrained urban settings typical of
developing regions [62]. Furthermore, the impact of environmental
variables (e.g., lighting, camera angles) and tracking errors on
speed estimation accuracy is often overlooked [38].

To bridge these gaps, the current study proposes a unified,
real-time framework that combines the detection capabilities of
YOLOv7 with the robust tracking of DeepSORT to estimate the
speed of multiple vehicles from standard video feeds. Unlike prior
methods, our approach is specifically optimized for low-cost
deployment in developing regions, requiring no specialized sensors
or calibration. Additionally, a comprehensive error analysis is
conducted to assess and interpret the deviation between estimated
and actual speeds under real-world conditions—an area that
remains underexplored in the literature.

I11. MATERIALS AND METHODS

The proposed approach for vehicle speed estimation is
structured into three principal stages: (i) vehicle detection, (ii)
multi-object tracking, and (iii) speed estimation through temporal

frame analysis. The system is designed to be computationally
efficient and hardware-agnostic, requiring only a low-cost
monocular camera -such as a smartphone- and a basic processing
unit. This design ensures accessibility and scalability in real-world
applications, particularly within resource-constrained
environments. An overview of the system architecture is presented
in Figure 1.

01+ Input 02+ Vehicle
Acquisition Detection
- YOLO identifms sedicieos in
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Asaly g nestangs S eecSONT Secks vebé
Yt o Hlﬂ‘.l:. A'y" " )
05- Output
f ehicis 0% sndl
oot

Figure 1: Flowchart of the Proposed Vehicle Speed Estimation
System Using YOLOvV7 and DeepSORT.
Source: Authors, (2025).

1.1 VEHICLE DETECTION

The initial phase focuses on robust and real-time vehicle
detection. For this purpose, YOLOv7
(https://github.com/WongKinYiu/yolov7) a  state-of-the-art
convolutional neural network for object detection—is employed
[43]. Trained on the COCO dataset, YOLOvV7 can identify 80
object classes, including various types of vehicles (e.g., cars, buses,
and trucks). Its real-time detection capabilities and high
localization accuracy make it particularly suited for dynamic traffic
environments.

Once a vehicle is detected, YOLOvV7 assigns a bounding
box based on class confidence scores (see Figure 2). This bounding
box delineates the spatial coordinates of the vehicle in the image
frame and serves as the input for the subsequent tracking
stage.Analyzing and interpreting the results.

Figure 2: Real-time Vehicle Detection via YOLOV7.
Source: Authors, (2025).

111.2 VEHICLE TRACKING

Following detection, the system transitions into tracking the
motion of the identified vehicles across successive video frames.
The DeepSORT algorithm (https://github.com/nwojke/deep_sort)
[28] is integrated for this purpose due to its ability to maintain
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object identities over time, even in the presence of partial occlusion
or momentary disappearance from the camera view.

DeepSORT leverages both motion (via Kalman filtering)
and appearance descriptors (via a deep association metric) to assign
a unique ID to each tracked vehicle, thereby ensuring temporal
consistency and robustness across multiple frames. The algorithm
supports concurrent tracking of several vehicles, enabling scalable
multi-object monitoring. A visual example of DeepSORT tracking
is illustrated in Figure 3.

Figure 3: Real-time Multi-Vehicle Tracking Using DeepSORT.
Source: Authors, (2025).

111.3 SPEED ESTIMATION VIA FRAME-BASED
TEMPORAL ANALYSIS

The final stage involves the quantitative estimation of
vehicle speed using a frame-counting strategy between two
predefined spatial landmarks: a starting line (L1) and an ending line
(L2) (refer to Figure 4). This method does not require any intrinsic
camera calibration or geometric transformation, simplifying
deployment in uncontrolled outdoor environments.

The estimation process is performed as follows:

a) Frame Counting: Speed measurement is initiated when
the vehicle’s bounding box intersects the starting line (L1) and
terminates when the same bounding box crosses the ending line
(L2). The total number of frames (denoted as nbrF) required for
this traversal is recorded.

A Dutoncel 102
-

Figure 4: Visualization of Frame-Based Speed Estimation Using
L1 and L2 as Reference Points.
Source: Authors, (2025).

b) Time Calculation: Once the frame count is found, the
time is calculated by dividing the number of frames (nbrF) by the
frame rate (fR), as specified in Equation (1). This ensures that the
time measurement (Time) is accurate and truly reflects the
vehicle's velocity.

F
Time = (second) (@8]
c) Speed Calculation: The actual speed (Speed,s) is
derived by dividing the known physical distance (Distance(L1 —
L2)) between L1 and L2 by the computed time (Time), as shown
in Equation (2).

Distance(L1 — L2)
Time

Speedy, ;s = 2)

d) Unit Conversion: For practical interpretation, the speed
is converted to kilometers per hour using the standard conversion
factor (1 m/s = 3.6 km/h), as expressed in Equation (3)

Speedym n, = Speed,, ;s X 3.6 3)

This lightweight yet accurate estimation framework
makes the system suitable for real-time deployment in smart city
infrastructures, especially in regions where expensive sensing
technologies such as radar, LIDAR, or stereo cameras are
impractical.

IV. RESULTS AND DISCUSSIONS

It This section presents a comprehensive evaluation of the
proposed vehicle detection, tracking, and speed estimation system
based on YOLOvV7 and DeepSORT. The primary aim is to assess
the system’s effectiveness in real-world scenarios and its potential
applicability in intelligent traffic monitoring, especially in
developing regions where infrastructure may be limited and cost-
efficiency is paramount.

To evaluate the performance of the proposed method, two
video sequences were recorded in Djelfa, Algeria, using distinct
vehicle types under varying speed conditions. To further
demonstrate generalizability, additional publicly available video
sequences depicting multi-vehicle traffic flows were included. All
experiments were executed on the Google Colab platform [63],
which provides a cloud-based Python environment equipped with
essential libraries (e.g., NumPy [64], OpenCV [65], Matplotlib
[66]) and optional GPU acceleration, facilitating efficient
prototyping and rapid deployment.

The following subsections discuss the detection and
tracking performance, evaluate the accuracy of the speed
estimation algorithm, and provide a critical analysis of the factors
influencing system performance.

IV.1 VEHICLE DETECTION AND TRACKING
PERFORMANCE

Accurate vehicle detection and tracking are foundational to
reliable speed estimation in video-based traffic monitoring
systems. This study employs YOLOv7 for real-time object
detection and DeepSORT for multi-object tracking, capitalizing on
their respective strengths in recognition accuracy and temporal
coherence.

Table 1 provides statistics on moving vehicles across
several frames, showing both the real number of vehicles and the
number detected and tracked. The results make obvious the
effectiveness of the YOLOv7-DeepSORT combination in
successfully detecting and tracking moving vehicles, even in
complex scenes with multiple vehicles traveling at diverse speeds
and directions. Furthermore, Figure 5 illustrates another frame,
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showcasing the true detection and tracking of all vehicles within
the region of interest. These findings prove that our approach is
highly efficient and reliable.

Compared to the prior approach by Kumar et al. [55], which
reported an overall detection accuracy of 87.7%, the current system
significantly improves detection robustness under real-world
conditions, including occlusion, varying lighting, and diverse
traffic behaviors.

Table 1: Detection and tracking results using the YOLOv7—

DeepSORT framework.
Frame Actual Detected and Accuracy
Number Vehicle Count Tracked
121 12 12 100%
151 10 10 100%
170 6 6 100%
260 5 5 100%

Source: Authors, (2025).

' L
p'l* £
Figure 5: Multi-Vehicle Detection and Tracking Using YOLO

and DeepSORT.
Source: Authors, (2025).

IVV.2 SPEED ESTIMATION RESULTS

Following the successful detection and tracking of road
vehicles, this section evaluates the performance of the proposed
system in estimating vehicular speeds under varying real-world
conditions. The assessment was conducted using two different
vehicle types—a DFSK minivan and a Toyota Yaris sedan—
operating at distinct speed ranges. The objective was to examine
the precision of the proposed speed estimation methodology by
comparing estimated speeds with actual values reported by the
onboard vehicle computer systems.

Table 2: Comparison of Real and Estimated Vehicle Speeds.

Video Ty_pe Actual Estimated Error
vehicle speed speed
Vehicle 1 o
1 (DFSK) 60 km/h 62 km/h 3.33%
2 Venicle 2 | gokmih | 79kmm | 1.25%
(aris)

Source: Authors, (2025).

Two experiments were conducted using two different cars
at varying speeds, as illustrated in Table 2. The results demonstrate
the robustness of the proposed YOLOvV7-DeepSORT-based
framework for vehicle speed estimation. The observed error rates
were consistently low, with a maximum absolute error of 3.33%
and an average error of 2.29%. These findings highlight the
effectiveness of the system in practical scenarios where high
reliability and real-time performance are critical.

A comparative analysis with recent literature further
underscores the merits of the proposed method. Nguyen et al. [46]
reported an average error of 4.16% in their system, while Kisingo
et al. [50] achieved a slightly better rate of 2.7%. In contrast, our
approach attains comparable or improved accuracy despite using a
straightforward, computationally efficient mechanism based on
frame-counting and known physical distances.

Figure 6: Detection, tracking and speed estimation of vehicle 1.
Source: Authors, (2025).

As illustrated in Figure 6, the frame captured from the video
stream is structured into three key components that facilitate the
speed estimation process. The first component consists of two
predefined reference lines, which are strategically positioned to
determine the number of frames a vehicle requires to traverse a
known physical distance (30 meters in this study).

This frame count is then used to calculate the vehicle's speed
based on the elapsed time and known distance. The second
component represents the vehicle of interest—i.e., the object
currently under analysis—whose movement between the two lines
is tracked. The third component displays real-time metadata
associated with the detected vehicle, including the estimated speed
and tracking 1D.

Furthermore, Figure 7 demonstrates the robustness of the
proposed system in more complex scenes involving multiple
vehicles. The framework accurately detects, tracks, and estimates
the speed of several wvehicles concurrently, validating its

effectiveness in dynamic and high-traffic environments. This
multi-object handling capability is essential for real-world
deployment in urban scenarios where traffic congestion and vehicle
diversity are common.

’ N o Dty
= J ..
Figure 7: Simultaneous Detection, Tracking, and Speed
Estimation of Multiple Vehicles.
Source: Authors, (2025).
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IV.3 CHALLENGES AND LIMITATIONS IN ACHIEVING
ACCURATE SPEED ESTIMATION

This section highlights the potential sources of error in the
speed estimation process and outlines the challenges that must be
addressed to enhance precision. A deeper understanding of these
limitations allows for the formulation of strategies to improve the
reliability and accuracy of the proposed system.

While the estimated speeds are close to the actual speeds
with only minor errors, the methodology should theoretically result
in zero or very negligible error, approaching 100% precision. This
is because the method relies on the basic speed computation
formula, using the traveled distance and elapsed time to find the
average speed. Our scheme detects vehicles as they cross specified
lines (points) in the scene, computes the number of frames (with 30
frames representing to 1 second), and uses a field-measured
distance. Despite this, a variety of factors impact the results, and
addressing these challenges is essential for achieving optimal
accuracy. The key challenges are:

a) Inaccuracies in Field Distance Measurement: The
precision of the distance measured between reference lines directly
affects the speed estimation. Inaccuracies may arise from the
measuring instruments used or human error during manual
measurement, which in turn propagates into the speed computation.

b) Line Positioning via Image Editing Tools: The start and
end lines used for calculating vehicle crossing times were manually
placed using simple image editing software (e.g., Microsoft Paint).
This introduces uncertainty in the exact pixel positioning of the
reference lines. Given the sensitivity of the system, even a minor
error (e.g., a one-pixel or one-centimeter discrepancy) can
significantly impact the final speed estimate.

¢) Vehicle Speedometer Inaccuracy: The actual speeds
used for comparison are obtained from the vehicle’s onboard
speedometer. However, speedometers may not provide precise
readings due to calibration issues, mechanical inconsistencies, or
slight delays in measurement, contributing to the observed
discrepancies.

d) Frame-Based Timing Resolution: Since video footage is
composed of discrete frames (typically 24 to 40 FPS), there is a
possibility that the exact moment a vehicle crosses the reference
line is not captured. This leads to reliance on the nearest available
frame for time calculation. Such rounding in frame detection
introduces timing error, which affects the estimated speed,
especially over short distances.

The challenges outlined above significantly influence the
accuracy of the estimated speeds. To enhance the system's
precision and approach theoretical accuracy, it is crucial to refine
the distance measurement process, automate the calibration of
reference lines with higher precision, account for vehicle
instrumentation uncertainty, and improve temporal resolution.
Addressing these factors comprehensively will contribute to more
reliable and robust speed estimation results in real-world
applications.

V. CONCLUSIONS

This study proposed a cost-effective and accessible
approach for real-time vehicle speed estimation using freely
available deep learning frameworks—YOLOv7 for object
detection and DeepSORT for tracking. The system is well-suited

for deployment in resource-constrained settings due to its reliance
on open-source tools and its ability to operate efficiently without
high-end hardware.

Accurate speed estimation is critically dependent on the
robustness of vehicle detection and tracking. Once these tasks are
reliably performed, computing the vehicle’s speed using distance
and elapsed time becomes straightforward. Experimental results
demonstrated that the proposed system achieves 100% detection
accuracy and delivers highly satisfactory speed estimation, with
average errors below 3%.

However, certain factors significantly influence the
precision of the estimated speeds. These include (2) the accuracy
of field distance measurements, (b) the precise positioning of start
and end reference lines, and (c) the limitations of video framing in
capturing exact crossing moments. Addressing these challenges is
essential to further improve the reliability and accuracy of the
system.

In future work, this methodology can be extended to
estimate vehicle speeds in both directions of traffic and incorporate
vehicle classification based on legal speed limits, which may vary
by type (e.g., trucks, passenger cars, motorcycles). Moreover,
instead of relying on predefined reference lines, license plates can
be utilized as scale-invariant reference objects, leveraging their
known dimensions to calculate speed based on pixel displacement
over time. This extension also opens the door to integrating driver
identification modules, enabling the system to serve as a more
comprehensive traffic monitoring and law enforcement solution—
particularly valuable in developing regions where cost and
infrastructure constraints are prevalent.
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Modern air threats, such as drones and missiles in salvo, pose significant challenges to the
defense of vital objects. Traditional air defense systems are limited to small, agile and low-
cost targets, and are constrained by cost, complexity and latency. This creates an urgent need
for a new approach that is fast, automated, precise and cost-effective. To address this gap,
this study proposes the development of a 90mm autonomous MLRS platform equipped with
smart missiles with thermal seekers, specifically designed to provide robust and responsive
automatic protection for vital objects within a 5 km radius. This research focuses on
analyzing the performance of a 90mm caliber Multi Launcher Missile System (MLRS)
integrated with an anti-air attack radar system to protect vital strategic objects. This study
was designed as an experimental research with a quantitative approach, where variables such
as flight speed, navigation deviation, and fire accuracy were systematically measured. As
part of the conceptual framework, library research was also conducted to review the theory,
method of loiter control, and waypoint navigation system on drones, as well as previous
studies related to the integration of light weapons on multirotor platforms. The results
demonstrated that the MLRS maintained an interception accuracy rate above 95% in all
scenarios. The system achieved effective firing distances between 16-20 km and radar
detection ranges up to 40 km. The High-Speed Cruise Missile was identified as the most
critical threat due to its extremely high speed and low-altitude profile, demanding rapid early
detection, priority targeting, and salvo firing with minimal delay. Stealth drones also posed
significant challenges due to their radar evasion capabilities. Visual data analysis through
bar charts and pie charts confirmed that cruise missiles and stealth drones dominate threat
severity. Overall, the MLRS proved highly effective, responsive, and adaptable, making it
a robust and scalable solution for modern battlefield air defense against complex aerial
threats.

Copyright ©2025 by authors and Galileo Institute of Technology and Education of the Amazon (ITEGAM). This work is licensed
By under the Creative Commons Attribution International License (CC BY 4.0).

I. INTRODUCTION

The protection of vital objects has always been a major
concern in national defense strategies, especially in an era marked
by the rapid development of aerial threats. Throughout history, air
defense systems have evolved to counter increasingly sophisticated
airborne attacks, ranging from fighter jets to unmanned aerial
vehicles (UAVs) [1]. Early approaches to securing vital
installations relied heavily on anti-aircraft missile systems
(Surface-to-Air Missiles/SAMSs) that were designed to detect and
destroy enemy aircraft at considerable distances. Systems such as

the Patriot Missile System, S-300, and NASAMS became
benchmarks in anti-aircraft defense due to their high interception
success rates [1]. Parallel to missile systems, the use of traditional
artillery for air defense purposes also gained significant attention.
Anti-aircraft artillery units were deployed extensively during the
World Wars and continued to develop into the Cold War era. These
systems offered rapid firing rates but were often limited in range
and accuracy [2]. Missiles have also been adapted for air defense,
with multiple launch missile systems (MLRS) modified to fire
specialized anti-aircraft munitions. These adaptations allowed for
rapid area denial but often struggled with precision targeting,
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especially against fast-moving or small targets like drones [3].
Despite the advancements, studies and field observations indicate
that traditional missile, artillery,

and missile-based defenses still exhibit several
vulnerabilities. One of the primary concerns is their limited
effectiveness against new-generation aerial threats, particularly
small, agile drones and low-cost enemy missiles [2]. Drones from
adversarial countries have demonstrated their ability to penetrate
sophisticated air defense shields by exploiting gaps in detection and
interception capabilities. Their small radar cross-sections, low
flight altitudes, and swarm attack tactics have overwhelmed
traditional defense systems [4].

Similarly, short-range and medium-range missiles launched
by hostile forces have often succeeded in breaching defense
perimeters, particularly when fired in large salvos that saturate the
interception capabilities of the defending forces [5]. Numerous
previous research efforts have sought to enhance anti-aircraft
capabilities by integrating radar, electro-optical sensors, and
artificial intelligence into existing missile and artillery systems.

However, the complexity and high operational costs have
limited widespread deployment, particularly for protecting smaller,
dispersed vital objects [6]. Another critical issue is latency.
Traditional missile and artillery systems often exhibit delays
between target detection and engagement. Even minor delays can
be critical, especially when countering fast-moving drones or
missiles [7].

Efforts to automate threat detection and interception have
shown promise but are still under development. Many current
systems require significant human input during the engagement
process, introducing opportunities for error and slower response
times [8]. Given these vulnerabilities, it is evident that the existing
air defense systems are not fully capable of ensuring the complete
protection of vital assets against modern aerial threats. A new
approach that emphasizes speed, automation, precision, and cost-
effectiveness is urgently needed [9].

The concept of utilizing a dedicated MLRS (Multi-Launch
Missile System) unit equipped with smart missiles offers an
innovative solution. By enabling rapid salvo firing, real-time
targeting, and autonomous pursuit capabilities, such a system could
close the current gaps in air defense [10]. Moreover, integrating
thermal sensors into each missile allows for improved target
acquisition, especially against low-signature aerial vehicles like
drones. Thermal tracking minimizes dependence on radar
signatures alone, which can be diminished by stealth technology
[11].

In this research, the development of a 90mm caliber MLRS
platform is proposed, equipped with 16 launch tubes, a dedicated
radar system, a real-time monitoring system, and an automated fire
control system. Each missile is enhanced with an onboard thermal
seeker. The MLRS unit is specifically designed to automatically
protect vital objects within a 5 km radius, creating a dynamic and
self-sufficient defensive bubble.

The system operates with a salvo latency of only 0.2
seconds between missiles, ensuring overwhelming firepower
against multiple simultaneous threats. The missiles, traveling at
speeds up to Mach 3, have a maximum engagement range of 20
kilometers, providing adequate buffer zones around strategic
installations. This rapid engagement capability is expected to
neutralize incoming threats before they can reach their targets.
Additionally, by automating threat detection, prioritization, and
interception, the system minimizes human intervention and
reaction times, thereby significantly reducing the chances of error
under combat stress conditions [12]. This study aims to bridge the

gap left by previous air defense efforts by delivering an affordable,
scalable, and highly responsive system specifically tailored for the
modern battlefield environment where drones and missile threats
are increasingly prevalent [13]. In conclusion, the development of
this autonomous MLRS platform is expected to offer a robust,
reliable, and practical solution for the automatic protection of vital
objects from a broad spectrum of aerial threats within a 5 km
radius.
I1l. MATERIALS AND METHODS

I111.1 Materials

The development of the 90mm caliber Multi Launch Missile
System (MLRS) integrated with an automated air defense system
utilized the following components:

Missile Specification

Caliber: 90 mm, Length: 1.8 meters, Weight: 35 kg per
missile, Propellant: Composite solid propellant with high specific
impulse, Speed: Maximum 3 Mach, Effective Range: 20
kilometers, Special Features: Equipped with a thermal infrared
seeker for autonomous target tracking. Contains a small onboard
guidance computer for trajectory correction.

Launcher Unit

Configuration: 16 launch tubes mounted on a rotating turret.
Mechanism: Hydraulic-powered elevation and azimuth control.
Material: High-strength aluminum alloy (for reduced weight and
increased corrosion resistance). Features: Rapid salvo firing
capability with 0.2 second latency between missile launches. Fully
stabilized platform to maintain accuracy during vehicle movement.
Radar System

Type: X-band Active Electronically Scanned Array (AESA)
radar. Detection Range: Up to 50 kilometers. Target Capacity:
Track up to 20 simultaneous airborne targets. Special Features: 3D
volumetric scanning, anti-stealth capability, all-weather operation.
Fire Control System (FCS)

Components: Real-time targeting computer. Threat
prioritization algorithm. Autonomous engagement decision
module. Communication; Encrypted digital link (military-grade)
between radar, fire control, and launcher.

Monitoring System

Display Units: Touchscreen monitors with real-time
battlefield mapping. Data Integration: Merges radar data, missile
telemetry, and engagement logs.

Vehicle Platform

Chassis: 6x6 wheeled armored vehicle. Power Supply: Dual
energy system (diesel generator + lithium battery pack) to support
continuous radar and firing operations.

Figure 1: MLRS 16 Launcher
Source: Authors, (2025).
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111.2 METHODS

System Design

The overall MLRS system was designed using SolidWorks CAD
software. Finite Element Analysis (FEA) was conducted to validate
the structural integrity of the launcher frame under firing loads.
Dynamic simulation was performed to optimize the hydraulic
movement of the turret for minimum target acquisition time.
Thermal Seeker Calibration

Thermal sensors were calibrated in a controlled environment
against dummy targets heated to simulate aircraft engine
temperatures. Sensitivity settings were adjusted to minimize false
positives from environmental heat sources.

Radar and Tracking System Integration

The AESA radar was connected to the fire control system via
secure data links. Algorithms were developed to automatically
prioritize targets based on threat level, speed, distance, and flight
path prediction. System testing included radar performance
validation in various weather conditions: clear, rainy, and foggy.

Fire Control Algorithm Development
A custom threat evaluation and weapon assignment (TEWA)
algorithm was implemented. The fire control computer uses real-
time data to calculate the optimal firing sequence and assign
missiles dynamically.
Launch Sequence Optimization
The salvo firing mechanism was engineered to launch missiles with
a 0.2-second interval. Timing synchronization between the
launcher hydraulic movement and missile ignition was refined
through hardware in the loop simulation testing.
Testing Scenarios

Simulation Environment: Digital simulations were
performed using STK (Systems Tool Kit) to model interception
trajectories and target behavior. Operational Testing: Field trials
involved simulated air attacks with UAVs and target drones
approaching at various speeds and altitudes. MLRS system
performance was recorded in terms of detection time, engagement
time, accuracy, and number of targets neutralized.

Table 1: Target Test and Speed Specifications.

No Target Test Approximate Speed Speed Unit Notes

1 Single UAV Attack 150 — 250 km/h =~ 41-69 m/s Typical medium drone flight speed.

2 Single Fighter Jet Mach 1.5 — Mach 2.0 = 510-680 m/s Supersonic speed depending on jet type.

3 Swarm Drone Attack (5 units) 100 — 200 km/h ~ 28-56 m/s Smaller swarm drones are slower but agile.
4 Fast Moving Missile Mach 2.5 — Mach 3.0 =~ 850-1020 m/s | Extremely high speed; reaction time is minimal.
5 Low-Altitude UAV 120 — 180 km/h ~ 33-50 m/s Flying low to avoid radar; slower than jets.
6 Multiple Drones + Jet (Combined Attack) | Mixed: 150 km/h (drones) + Mach 1.8 (jet) |41 m/s+612m/s | Simultaneous attack with different velocities.
7 Kamikaze Drone Attack 250 — 400 km/h =~ 69-111 m/s High-speed impact-focused drones.

8 High-Speed Cruise Missile Mach 2.0 — Mach 2.5 =~ 680-850 m/s High speed combined with low altitude flight.
9 Stealth Drone Attack 200 — 300 km/h = 56-83 m/s Optimized for stealth rather than speed.

10 Heavy Bomber Aircraft 700 — 950 km/h ~ 194-264 m/s Large aircraft with subsonic cruising speed.

Source: Authors, (2025).

Strateglc Vital object Area
protected by MLRS Army Polythecnic
16 Launcher equipped on the vehicle mobile

Range : 5- 20 km
Altitude: 10-12 km

Figure 2: MLRS Protects Areas of Vital Objects Based on
Distance and Height.
Source: Authors, (2025).

As shown in figure 2. Defense structure by Distance
Zone, the 90mm MLRS builds a layered defense system with
three distance zones: Zone 1: 5 km Radius (Red), Closest
protection to vital objects. Ideal for stopping kamikaze attacks
from drones, low-altitude UAVs, and multiple drone swarms
escaping from the outer layer. Zone 2: 10 km Radius (Yellow),
Intermediate interception zone. Focus on stopping stealth drone

attacks and multiple drones + fighter jets entering vital approach
areas. Zone 3: 20 km Radius (Black),

Farthest interception zone. To detect and destroy fast-
moving missiles, high-speed cruise missiles, as well as bomber
aircrafts before they approach strategic areas. Capabilities Based
on Range and Altitude Horizontal Interception Range: 5 km to 10
km effective, covering the entire perimeter of the initial to medium-
range threat. Altitude: 10-12 km (typical of cruise missile and
fighter jet flying zones), the MLRS can target not only drones and
low-altitude missiles, but also mid-air threats.

IV. RESULTS AND DISCUSSIONS

As shown in figure 3. The MLRS Missile Ambush
Technique against Air Targets shows three 90mm caliber missiles
launched from the MLRS. Each missile has a different flight path
(with a dotted red line) that leads to each air target. The air target
being attacked was a delta-wing type drone (most likely resembling
a stealth kamikaze drone like the Shahed-136) [14]. Interpretation
of Attack Path, First Missile (left): Glide straight directly towards
the drone, indicating a static or slow-moving target [15], attack
mode: Direct Pursuit Mode. Second (center) missile: The flight
path veers slightly before reaching the drone, indicating that the
missile uses mid-course correction or in-flight guidance to adjust
to the change in the target's position, attack mode: Semi-Active
Pursuit [16]. Third Missile (right): A large turning flight path with
a wide curve, indicating a maneuvering target to avoid attack. The
missile responds with dynamic re-targeting (changing direction in
flight), attack mode: Full Active Homing Pursuit.
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Figure 3: Missile Technique out of MLRS in Pursuit of Targets.
Source: Authors, (2025).

The results of the MLRS shooting test to protect vital
objects with a wide range of 5 km to 10 km, the target of firing
various types of UAV and low missile drones [17]. The test results
are shown in table 1, where the accuracy of the firing results of

each drone and the area of the area of vital objects and the ability
of the radar range are between 30 km to 40 km.
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Source: Authors, (2025).

Table 2: Results of Shots Accuracy Tests to Protect Vital Objects.

Figure 4: Graph of MLRS Shot Accuracy to Test Target.

No Target Test Accuracy (%) | Protected OV Eff Range (km) Effective Firing Range (km) Radar Detection Range (km)
1 | Single UAV Attack 100% 5 16 30
2 | Single Fighter Jet 98% 5 18 32
3 | Swarm Drone Attack (5 units) 96% 6 17 34
4 | Fast Moving Missile 97% 7 19 36
5 Low-Altitude UAV 99% 6 18 35
Multiple Drones + Jet (Combined 0
6 Attack) 96% 8 17 37
7 | Kamikaze Drone Attack 97% 9 19 38
8 High-Speed Cruise Missile 98% 9 20 39
g | Stealth Drone Attack 96% 10 18 40
10 | Heavy Bomber Aircraft 97% 10 20 40
Source: Authors, (2025).
As shown in table 2. it is explained as follows: Accuracy _ T mmy——
(%): The percentage of success of the MLRS missile destroying the 2 10 _—— .
target in the simulation. Protected OV Area (km?): The area of vital x g pe
areas that can be protected during the scenario. Effective Firing e S e 3
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Figure 5: Graph of Effective Firing Range to Target Test '

Source: Authors, (2025).

Figure 7: Radar Detection Range to Test Target.

Source: Authors, (2025).
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This research aims to develop an air defense system based
on the 90 mm caliber Multi Launcher Missile System (MLRS)
integrated with anti-air attack radar. The system is designed to
automatically protect vital objects with a protection radius ranging
from 5 to 10 square kilometers, facing various types of air threats
[18]. To test its effectiveness, a series of simulations were
conducted against a variety of attack scenarios, ranging from single
UAV strikes to complex attacks such as swarm drones and high-
speed missiles. Table 1. The test results showed four main
parameters: accuracy level, area of protection, effective firing
range, and radar detection range.

The results showed that the system maintained a very high
level of accuracy, ranging from 96% to 100% in all test scenarios
[18]. In a single UAV attack scenario, the MLRS manages to
destroy the target with 100% accuracy, protecting an area of 5 km?
with an effective firing range of 16 km and detection radar up to 30
km. Faced with a single fighter jet attack, the accuracy rate
remains high at 98%, with a slightly longer firing range of 18 km,
and radar extending detection to 32 km.

When tested against a five-unit drone swarm attack, the
system was able to maintain 96% accuracy, protecting a vital area
of 6 km. In high-speed missile strikes, the system shows an
accuracy of 97%, with the protection area increased to 7 km2 and
the radar range increased to 36 km. When dealing with low-
altitude UAVSs, which are usually difficult to detect, the system still
manages to achieve an accuracy of 99%, demonstrating the
effectiveness of the thermal seeker mounted on the missile [19].

In a combination attack scenario between multiple drones
and jets, the MLRS maintains an accuracy of 96% with an area
protection of up to 8 km. The kamikaze drone attack, which is
known to be difficult to intercept due to its fast maneuvers, was
successfully thwarted with 97% accuracy and 9 km? of area
protection. Against the threat of high-speed cruise missiles, the
system shows a robust performance with 98% accuracy and a
maximum firing range of 20 km. In the face of stealth drones,
which are generally difficult to detect by ordinary radars, the
accuracy of the system remains high at 96%, thanks to the
integration of thermal sensors.

Against heavy bombers, the MLRS managed to maintain an
accuracy of 97%, while being able to protect a large vital area of
up to 10 km. The first graph, Accuracy per Target Test, depicts the
stability of system performance with near-perfect accuracy trend
lines for all types of attacks. The second graph, Protected OV Area
per Target Test, shows that the more complex the threat, the more
the system expands the coverage of the protected area. The third
graph, Effective Firing Range per Target Test, shows small
variations in effective firing range between 16 to 20 km depending
on the type of threat.

The fourth graph, Radar Detection Range per Target Test,
shows a gradual increase in radar range, from 30 km to 40 km, in
line with the target's difficulty. These four graphs together form a
comprehensive picture of how the system performs optimally in the
face of various air threat scenarios. An effective firing range of 16
to 20 km provides sufficient time buffer for the missile to intercept
the threat before reaching the vital zone.

The X-band AESA radar used is capable of tracking up to
20 targets simultaneously, supporting the effectiveness of the
system in the face of cluster attacks. Missile-mounted thermal
seeker technology strengthens heat-based target acquisition,
overcoming the weaknesses of conventional radar against small
objects such as UAVs. A missile launch interval in a salvo of 0.2
seconds guarantees a very high rate of fire, increasing the
possibility of rapid neutralization of the threat. Full integration

between radars, fire control systems, and launcher units via an
encrypted network maintains speed and security of data
communication between components. The coverage of an area
between 5-10 km? makes this system ideal for the protection of
strategic installations such as military bases, airports, or
government centers. A consistent accuracy rate above 95% proves
that the system is highly reliable in real-world combat situations
that demand high precision.

When compared to conventional air defense systems, these
MLRS offer advantages in the form of high mobility, lower
operational costs, and faster reaction times. With consistent
performance across all parameters, the 90mm MLRS deserves to
be considered the future defensive solution against modern air
threats. Overall, the tables and graphs of the test results prove that
this system is an effective, responsive, and adaptive innovation in
the face of the dynamics of today's air threats.

Table 3: Target test is Analyzed from the Threat Level

Threat .
Target Test Level Explanation
Single UAV .
Attack Low Easy to detect, slow, small size.
Single Fighter Medium Fast, maneuverable, but still a
Jet single target.
Swarm Drone High Multiple small targets at once,
Attack (5 units) & overwhelming air defenses.
Fast Moving . Extremely high speed, very
Missile Very High little reaction time.
Low-Altitude Medium Difficult for radar to detect but
UAV typically slower.
Multiple Complex, multi-vector attack
Droneslw)t Jet High disrupting defense
coordination.
Kamikaze Hish Direct impact attacks with
Drone Attack 8 speed and unpredictability.
. High speed + low altitude
High-Speed Very High | flight, difficult to detect and
Cruise Missile intercept
Stealth Drone Verv Hich Designed to evade radar
Attack Yy g detection, highly dangerous.
Heavy Bomber Hieh Carries massive payloads, but
Aircraft & slower and easier to detect.

Source: Authors, (2025).

Figure 8: The Most Dangerous Test Target Levels
Source: Authors, (2025).

The generated bar chart compares the performance of the
MLRS system against the three most dangerous target tests: Fast
Moving Missile, High-Speed Cruise Missile, and Stealth Drone
Attack. The four main parameters displayed accuracy, protected
area size, effective firing range, and radar detection range provide
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a comprehensive overview of the system's adaptability against
various threat characteristics. In terms of accuracy, all targets
achieved excellent results, with values above 95%. The High-
Speed Cruise Missile showed the highest accuracy at 98%, proving
that despite the target's extremely high speed, the MLRS
maintained a high level of firing precision. This highlights the
superiority of the fire control system’s speed and responsiveness.

Regarding the Protected OV Area, it was evident that the
Stealth Drone Attack presented the greatest challenge, leading the
system to expand its protective coverage up to 10 km2. This
indicates that when facing stealth threats, a larger defensive
perimeter is necessary to account for detection uncertainties. Inthe
Effective Firing Range parameter, the High-Speed Cruise Missile
demanded the maximum performance from the system, with an
effective firing range reaching 20 km. This demonstrates that
intercepting a high-speed cruise missile requires engaging from as
far away as possible to allow enough reaction time.

Radar Detection Range showed a significant increase,
especially when confronting the Stealth Drone Attack, reaching a
maximum range of 40 km. This proves that the AESA X-band radar
system must work much harder to detect stealth-based threats,
which are typically difficult to identify with conventional radar
technology. Overall, the MLRS's performance against these three
dangerous targets demonstrated excellent flexibility and
adaptability. The system was able to adjust detection, target
acquisition, and firing characteristics according to the type of threat
without any significant drop in effectiveness. Observing all
parameters in the chart, it can be concluded that the High-Speed
Cruise Missile is the most dangerous target but was optimally
handled by the MLRS.

hart of Most Dangurous Thrmats to Vital Onjects |

Figure 9: Threats to Vital Objects.
Source: Authors, (2025).

As shown in figure 9. High-Speed Cruise Missile dominates
as the most dangerous threat (highlighted in red and exploded out).
Stealth Drone Attack also takes a significant portion, indicating its
high danger level. Other threats like Fast Moving Missile,
Kamikaze Drone Attack, and Multiple Drones + Jet make up
smaller but still serious parts of the risk. High-Speed Cruise
Missile It is extremely dangerous because it is very high at speeds
above 3 mach diman this target flies at incredible speed, giving the
defense system a very short reaction time.

Flying at low altitude, flying low makes it more difficult for
radar to detect and intercept in time. With great destructive power,
cruise missiles generally carry large warheads capable of
destroying vital objects completely if not intercepted. High
accuracy, in addition to being dangerous, in MLRS simulations,

these targets have the highest interception accuracy rate (98%),
meaning that defenses must be highly precise. The maximum firing
range is required, it must be intercepted at the maximum firing
range (20 km) to allow sufficient time for the reaction and stop the
threat. Radar detection ranges are high, requiring a radar with a
detection range of at least 39—40 km just to anticipate the speed of
the attack.

The combination of all factors, the combination of speed,
attack accuracy, low flight profile, and destructive power make the
High-Speed Cruise Missile more dangerous than stealth drones,
swarm attacks, or heavy bombers. MLRS Solutions Facing High-
Speed Cruise Missile, Early Detection uses an AESA X-band radar
with a maximum range of 40 km to detect cruise missiles as quickly
as possible. 3D volumetric scanning must be fully enabled to
capture objects flying low below the normal radar horizon. Pre-
Programmed Interception zones, establish automatic interception
zones at a distance of 18-20 km from the MLRS. If the target enters
this zone, the direct missile launch is automatic without having to
wait for manual validation. Salvo firing with a latency of only 0.2
seconds between missiles. Launch at least 2-3 missiles against a
cruise missile to increase the probability of interception.

Priority Targeting Algorithm, uses the threat evaluation and
weapon assignment (TEWA) algorithm to automatically prioritize
cruise missiles over all other targets. Set cruise missiles as High
Threat Level 1 in the firing priority system. Thermal seeker
activation, ensuring thermal infrared seekers on the missile are
fully active. This allows the missile to chase the cruise missile's
engine heat mark even if the radar lock is lost. Mobile launcher
maneuvering, MLRS must move dynamically (shoot-and-scoot) to
avoid a second counterattack or cruise missile. The hydraulic turret
system facilitates quick rotation following the target path.
Integrated monitoring system, the monitoring system touchscreen
should display the real-time trajectory projection of the incoming
missile. The operator only performs a manual override if the
automated system fails focus on maximum automation. Backup
power systems, ensure that the backup lithium battery pack is ready
to be used so that the radar and fire control remain alive even if the
main generator is disrupted.

V. CONCLUSIONS

The MLRS 90mm system integrated with radar and fire
control technologies demonstrates a highly effective defense
mechanism, capable of autonomously protecting vital objects
within an area range of 5 to 10 km? against diverse aerial threats.
The performance metrics Accuracy, Protected OV Area, Effective
Firing Range, and Radar Detection Range consistently show strong
results across all target test scenarios.

The system maintains accuracy rates above 95%, with firing
ranges between 1620 km and radar detection up to 40 km. Among
all target types tested, High-Speed Cruise Missile emerged as the
single most dangerous threat. It combines very high speed, low
altitude flight, and high destructive capability, requiring extremely
fast response and maximum system readiness. To counter such a
lethal threat, the MLRS must apply strategies like early detection
via AESA radar, automatic prioritization of incoming threats, salvo
firing sequences, and thermal seeker-based autonomous targeting
to ensure successful interception.

Other threats such as Stealth Drone Attacks and Fast
Moving Missiles also present significant dangers, particularly by
exploiting stealth technology or extreme speed, making detection
and reaction more challenging. Through bar charts and pie charts,
it is clear that High-Speed Cruise Missiles occupy the largest
proportion of risk when defending vital objects, followed closely
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by Stealth Drones and Kamikaze Drones, based on their threat level
contribution. Overall, the MLRS demonstrates excellent
adaptability against modern aerial threats, balancing speed,
automation, and firepower to effectively neutralize even the most
complex and dangerous attacks. In conclusion, with the right
tactical adjustments especially emphasizing early radar detection,
salvo firing, and thermal guidance the 90 mm MLRS system offers
a highly robust, scalable, and responsive solution for the protection
of vital strategic assets in modern and future battlefield
environments.
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professional training.

This study analyzed the effectiveness of rigid and flexible waterproofing agents in treating
pathologies caused by moisture and infiltration in masonry residences in the northern
region of Manaus (AM), Brazil. Technical visits were conducted in 50 residences, with
experimental application of products in 6 selected cases. Results showed that the proper
use of waterproofing agents, such as modified mortars, asphalt membranes, and liquid
rubber, prevented infiltration in 100% of treated cases. Lack of technical knowledge and
planning were identified as critical factors for the emergence of pathologies. It is
concluded that waterproofing is an essential investment to ensure durability, safety, and
habitability in residential buildings, emphasizing the need for specific projects and
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I. INTRODUCTION

The Brazilian civil construction sector has undergone
profound transformations over the past few decades, shaped by a
complex interplay of socioeconomic development, accelerated
urbanization, technological evolution, and the persistent housing
deficit that still affects millions of citizens [1]. Driven by
government housing programs, private sector investment, and
growing demand for urban infrastructure, the industry has
expanded rapidly. However, this expansion has not always been
accompanied by the necessary structural reforms, regulatory
enforcement, or improvements in construction quality. As a
result, various systemic issues persist, especially in peripheral
urban areas and regions with challenging environmental
conditions.

In particular, regions with humid tropical climates, such
as the Amazon, present unique challenges to the construction
industry. Manaus, the capital of the state of Amazonas, stands as a
compelling case study. With an annual rainfall exceeding 2,300
mm and an average relative humidity of 85%, the city experiences
intense and prolonged exposure to moisture throughout the year

[2], [3]. Under these conditions, the absence of effective
waterproofing systems has led to the emergence of recurrent
pathologies, especially in masonry buildings. These pathologies,
including infiltration, mold, efflorescence, and structural
degradation, compromise not only the durability and mechanical
stability of constructions but also their habitability, aesthetic
integrity, and sanitary conditions.

Waterproofing—defined as the set of techniques,
materials, and procedures used to prevent the intrusion of water or
moisture into structures—is a critical and strategic stage of the
construction process [4]. Its relevance is reinforced by technical
standards such as ABNT NBR 15575 [5], which establishes
performance criteria for residential buildings, emphasizing the
need to ensure water-tightness, resistance to moisture, and long-
term structural reliability. Water, in its various states (liquid,
vapor, or even ice), is considered one of the most aggressive
agents of physical and chemical degradation. It infiltrates
buildings through microcracks, capillary rise from the ground, or
percolation, leading to pathologies such as efflorescence,
corrosion of reinforcement bars, fungal colonization, peeling of
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coatings, and eventual compromise of load-bearing elements [6],

[7].

These manifestations not only reduce the useful life of
buildings but also represent serious health risks, particularly when
fungi and mold proliferate in indoor environments. Inhabitants are
exposed to respiratory illnesses, allergies, and general discomfort
due to poor air quality [8]. Thus, addressing waterproofing
failures is not merely a matter of structural maintenance but of
public health and social well-being.

Despite the development of advanced materials—such as
polymer-modified  cementitious  mortars, asphalt-based
membranes, and liquid-applied elastomeric membranes—the
implementation of these solutions often falls short. In Manaus and
similar urban centers, the rapid and unregulated expansion of the
city has resulted in the proliferation of self-built housing,
constructed without adequate planning, inspection, or adherence
to building codes [9]. These buildings are often erected by
informal labor, using low-quality or incompatible materials, and
with little or no technical specification regarding waterproofing.
As a result, construction errors, neglect of maintenance, and
misuse of materials are common, creating a fertile ground for the
emergence of chronic pathologies.

Moreover, many homeowners and small-scale builders
underestimate the importance of waterproofing in the lifecycle of
a building. Due to its relatively low initial cost, it is often
considered dispensable, particularly when budget constraints
arise. This short-sighted view, focused on short-term savings,
inevitably leads to higher future expenses due to corrective
maintenance, deterioration of property value, and even legal
disputes. Studies have shown that the cost of preventive
waterproofing is significantly lower than that of subsequent repair
interventions, especially when damage extends to structural
components or finishes [10].

In light of these challenges, the general objective of this
research is to investigate the occurrence, causes, and
manifestations of moisture-related pathologies in residential
buildings located in the northern region of Manaus. The study
seeks to identify the most affected building components, evaluate
the materials and construction techniques used, and propose
practical and technically grounded solutions based on the
application of rigid and flexible waterproofing systems adapted to
local climatic and soil conditions.

The specific objectives of the study are as follows:

e To identify, classify, and map pathologies such as damp
stains, efflorescence, and spalling of concrete layers,
particularly in slabs and exterior walls;

e To select and apply appropriate waterproofing systems
for various structural elements, including foundations,
masonry walls, and roof slabs, considering both static
and dynamic performance requirements;

e To analyze the effectiveness of different waterproofing
systems—rigid systems such as additive-modified
mortars, and flexible systems like asphalt-based
membranes or elastomeric coatings—under real-world
conditions;

e To formulate technical recommendations for preventive
and corrective measures, aligned with the ABNT
normative framework, including standards NBR 9575,
NBR 15575, and NBR 9952.

This research aims to offer a detailed and contextualized
diagnosis of the most common pathologies observed in the region,
linking them to construction failures, design oversights, or
material inadequacies—particularly in regard to waterproofing.
By combining empirical observation, field interviews, and
technical analysis, the study demonstrates the feasibility of
practical solutions that are cost-effective, sustainable, and locally
adaptable.

Furthermore, the contribution of this work lies in
bridging the gap between theory and practice, reinforcing the
importance of interdisciplinary collaboration between engineers,
architects, builders, public agencies, and the communities
involved. By raising awareness about the strategic importance of
waterproofing, this research encourages stakeholders to view it
not as a marginal expense but as an investment in longevity,
safety, and environmental performance.

As noted by Jesus [11], preventive maintenance is
essential to preserve the intended performance of buildings and
avoid premature obsolescence. Buildings are expected to last for
decades—often up to 50 years [9] — but without regular
inspection and proactive intervention, especially in regard to
water control, their lifespan and functionality are drastically
compromised.

Finally, this study seeks to address a critical gap in the
literature and in applied engineering practice: the lack of
systematic research on waterproofing performance in humid
equatorial environments, such as the Amazon basin. In these
contexts, intense rainfall, high ambient moisture, and clayey,
poorly draining soils demand tailored solutions. By focusing on
the city of Manaus, this research contributes not only to technical
advancement but also to the formulation of more inclusive,
sustainable, and resilient construction practices, strengthening the
connection between academia, industry, and civil society [12].

Il. THEORETICAL REFERENCE

Pathologies in buildings are structural or non-structural
anomalies that compromise not only the functionality and
performance of constructions but also their safety, comfort, and
aesthetic appeal. These manifestations demand a thorough
technical diagnosis, careful analysis, and targeted intervention to
avoid long-term deterioration and user discomfort [3]. Luduvico
[12] compares this process to that of medical treatment: a
building, much like a human body, may develop "illnesses" such
as cracks, stains, or water infiltration, which require proper
identification of causes (diagnosis), prediction of impacts
(prognosis), and implementation of corrective measures (therapy).

Thomaz [2] provides a detailed conceptualization of
building pathologies, classifying them into categories such as
physical deterioration, chemical degradation, and biological
attack. He emphasizes the importance of early detection and
systematic classification of anomalies to inform the choice of
rehabilitation techniques. Among the various strategies for
preventing structural degradation, waterproofing stands out as a
fundamental line of defense. According to the ABNT NBR 15575
standard [3], waterproofing is a mandatory preventive measure in
all types of buildings, especially in regions with high rainfall and
humidity indexes, such as Manaus, where annual precipitation
exceeds 2,300 mm [13].

One of the most recurrent and impactful pathologies in
masonry structures is water infiltration. It occurs when water
penetrates through microcracks, poorly sealed joints, or capillary
suction from the ground. The consequences are diverse: coating
disintegration,  paint  deterioration, efflorescence  (salt
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crystallization), mold proliferation, and, eventually, structural
compromise [14]. These effects are not only aesthetic or material;
as Schreiber [11] warns, persistent moisture within homes and
buildings can severely worsen the living conditions of residents,
particularly those with pre-existing respiratory conditions.

In specific geological contexts, such as areas with clayey
soil, water has the capacity to ascend through masonry by
capillary action, a phenomenon that allows groundwater to rise up
to 1.5 meters within walls [6]. This leads to dark stains near floor
levels, flaking of paint, disaggregation of plaster, and a
characteristic musty odor. In buildings with exposed slabs and flat
roofs, percolation — the slow migration of water through porous
surfaces—is another common mechanism of infiltration. These
areas often lack adequate slope for water runoff, requiring the
application of flexible waterproofing membranes that can
accommodate expansion and contraction caused by thermal cycles

[al.
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Figure 1: Estimation of the cost of waterproofing on a project.
Source: Authors, (2025).

Despite its critical function, waterproofing is often
undervalued, both in financial and technical terms. As shown in
Figure 1, waterproofing typically represents only around 3% of a
project's overall cost, a proportion that belies its crucial role in
ensuring durability and habitability over time. This low
investment often results in higher costs later due to repairs,
maintenance, or legal disputes with property owners.

Pressao sobre
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Figure 2: Infiltration rising up the masonry wall through the soil.
Source: Authors, (2025).

Among the visible consequences of infiltration is
efflorescence, which presents as white crystalline deposits of salts
(mainly calcium carbonate) on the surface of walls or floors.
These deposits indicate chronic moisture penetration and are often
accompanied by internal pressure caused by salt crystallization,

leading to microcracking and weakening of the concrete [5]. More
critically, moisture facilitates corrosion of steel reinforcement
bars, particularly in beams and columns, which can reduce their
service life by up to 20 years in tropical climates with high
humidity and aggressive environmental exposure [15].

Additionally, biological agents such as fungi—including
Stachybotrys—can proliferate on damp surfaces. These organisms
not only affect indoor air quality but also release allergenic
spores, increasing the risk of respiratory illnesses and allergic
reactions [7]. Cracks themselves can vary in severity: microcracks
(less than 0.1 mm wide) are often due to drying shrinkage or
thermal fluctuations, whereas fissures (greater than 0.5 mm wide)
are typically related to deeper structural problems such as
foundation settlement or mechanical overload [16].

Figure 3: Appearance of efflorescence on the masonry wall.
Source: Authors, (2025).

To prevent and mitigate these pathologies, the selection
and proper application of waterproofing systems are essential.
The ABNT NBR 9575 standard [17] defines waterproofing as the
use of materials and techniques to block fluid ingress into
building components. These systems are generally classified into
three main types:

e Cementitious systems, typically composed of
waterproofing mortars mixed with chemical additives,
are rigid and recommended for use in foundations and
water tanks.

e Asphalt-based systems, such as polymer-modified
bitumen membranes (e.g., torch-on membranes), are
more flexible and suitable for roofs and terraces.

e Polymeric systems, including PVC membranes and
liquid-applied membranes like elastomeric rubber,
provide high elasticity and are ideal for areas subjected
to constant movement or temperature fluctuations [18].

Rigid systems, while effective in static zones like
underground tanks or base walls, often fail when applied to areas
that experience structural movement above 0.3 mm. In such cases,
flexible waterproofing solutions—such as EPDM membranes—
are more appropriate. These materials accommodate expansion
and contraction and offer increased durability, though at a slightly
higher cost. On average, waterproofing can represent 2% to 5% of
a building's total construction value, depending on the system and
complexity of application [19].
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Standards such as NBR 9952 (focused on asphalt
membranes) and NBR 15575 (building performance
requirements) provide guidance on the minimum physical,
chemical, and mechanical resistance that waterproofing materials
must meet to ensure their effectiveness over time [20]. Modern
waterproofing strategies also benefit from integration into
Building Information Modeling (BIM), where detailed
information about materials, compatibility with other systems
(e.g., plumbing), and structural joints can be digitally simulated
and documented in the design phase [21].

Finally, the success of any waterproofing system depends
not only on proper design and material selection but also on
professional execution. According to data from VEDACIT [9],
the use of trained and certified professionals (e.g., engineers with
CREA accreditation) reduces the likelihood of waterproofing
failures by up to 80%, underscoring the importance of expertise in
both the planning and execution stages.

I11. MATERIALS AND METHODS

The research was conducted in the Northern Zone of
Manaus (Amazonas State, Brazil), a region marked by rapid urban
expansion and a predominance of self-built single-family homes.
According to IBGE data (2022), the municipality had an
estimated population of 2,063,547 inhabitants, distributed across
an area of 11,401.09 km?, with a GDP per capita of BRL
45,782.75 [22].
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Figure 4: Map of the city of Manaudivided by zones.
Source: [13].

The Northern Zone of Manaus comprises a diverse set of
neighborhoods, including Colénia Terra Nova, Novo Israel,
Monte das Oliveiras, Cidade Nova, Santa Etelvina, Lago Azul,
Piorini, Colbnia Santo Antonio, and Fazendinha. These districts
are marked by accelerated urban growth, heterogeneous urban
morphology, and high rates of self-constructed housing. As such,
they provide a relevant and complex field for investigating
recurring construction pathologies—particularly those linked to
moisture and lack of waterproofing.

The sample for this study consisted of 50 residential
buildings, strategically selected along the main thoroughfares of
the aforementioned neighborhoods. Selection criteria were
defined based on accessibility, typicality, and evidence of
deterioration, particularly in structures showing visible signs of
moisture-related pathologies, such as damp spots, water
infiltration, mold proliferation, efflorescence, and partial
degradation of plaster and paint. Homes exhibiting these

anomalies were considered as units of analysis, allowing for
targeted observation and empirical intervention.

The methodological framework adopted for this research is
qualitative in nature, focusing on a comprehensive, exploratory,
and interpretive approach. Fieldwork was conducted through on-
site technical inspections, developed in collaboration with local
civil engineers, construction companies, and building
maintenance professionals. These visits allowed the team to
identify critical failure points in masonry structures, especially in
elements directly exposed to environmental conditions, such as
roof slabs, retaining walls, beams, baldrames, and external
vertical surfaces.

From the full sample, a subset of six residences was
selected to receive experimental application of waterproofing
products, enabling practical, in situ evaluation of different
systems. The goal was to examine the performance of rigid
systems (such as waterproof mortars with chemical additives) and
flexible systems (including asphalt membranes, polymeric
coatings, and elastomeric products) in the specific environmental
conditions of Manaus.

During field assessments, a recurring challenge identified
was the residents’ limited technical knowledge regarding
waterproofing materials and procedures. Many homeowners
lacked basic understanding of the causes and consequences of
infiltration, leading them to adopt ineffective or inappropriate
solutions. Frequently, incompatible or substandard paints, non-
certified sealants, or improvised mixtures were found to be
applied to problem areas, exacerbating rather than mitigating
moisture-related issues. In some cases, additives were improperly
dosed, or applied without following manufacturer specifications,
resulting in failures of adhesion, coverage, and impermeability.

To facilitate meaningful engagement with the communities
involved, the research team adopted an open and participatory
communication approach, conducting semi-structured interviews
and collaborative  discussions with key stakeholders:
homeowners, construction workers, site foremen, and local
engineers. These conversations provided valuable insights into the
decision-making processes related to construction and
maintenance, highlighting knowledge gaps, financial limitations,
and behavioral patterns. They also allowed for the co-
identification of priorities for intervention, fostering a sense of
ownership and trust among participants.

To ensure the health and safety of all involved, particularly
during the phases of product application and testing, strict
Personal  Protective  Equipment (PPE) protocols were
implemented. The use of boots, PVC or rubber gloves, helmets,
protective eyewear, solvent-resistant masks, and appropriate
clothing (long sleeves and trousers) was mandatory, in line with
standard construction site safety regulations [23].

The application of waterproofing products required
specific tools and equipment, adapted to each material’s nature
and intended surface. These included trowels, smooth and
notched screeds, wide brushes, paint rollers, torches for torch-on
membranes, plastic or metal buckets, and wheelbarrows for
material transportation. Tool selection and handling were
conducted strictly following technical datasheets and
manufacturer guidelines, ensuring optimal performance and
accurate assessment of product behavior under field conditions
[24].

The sampling strategy was intentionally non-probabilistic,
based on purposive sampling techniques. This choice was guided
by the need to access buildings that exhibited clear and relevant
symptoms of water-related damage, while also ensuring logistical
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feasibility for technical interventions. According to established
qualitative research practices, purposive sampling allows for the
in-depth exploration of complex phenomena within specific
contexts, providing rich and meaningful data [25].

The selected buildings were, in most cases, single-story
homes built more than ten years prior to the study. A large portion
had been constructed by local masons, construction workers, or
even by the residents themselves, without the support of qualified
professionals or engineering supervision. As such, many of the
structures lacked architectural and technical planning, presenting
construction deficiencies that directly contributed to the
emergence of moisture-related pathologies. These include the
absence of foundational sealing systems, inadequate external
paving, and misapplication of finishing materials.

Additionally, the lack of investment in skilled labor—often
due to financial constraints—was identified as a key factor in the
poor implementation of waterproofing solutions. Many
households reported that they opted for the cheapest available
materials, or skipped the waterproofing step entirely, believing it
to be unnecessary or unaffordable.

Post-inspection interviews with residents were essential in
complementing the visual diagnoses made during site visits.
These interviews were divided into two parts: initially, a
structured script with open-ended questions was used to
understand residents’ general perceptions regarding moisture
control, thermal comfort, structural quality, and maintenance
practices. In the second phase, targeted follow-up questions were
posed, addressing specific topics such as knowledge of
waterproofing systems, experience with rigid or flexible products,
and familiarity with Brazilian technical standards, notably ABNT
NBR 9575 and NBR 15575 [3], [17].

The combination of visual inspections and resident
interviews enabled the triangulation of data, reinforcing the
validity of the findings. Based on these observations, the team
created comparative charts and frequency tables to analyze the
recurrence and distribution of pathologies across the sample. The
most common anomalies included:

e Accumulation of sludge on external walls due to poor
rainwater drainage;

e  Moisture infiltration into retaining walls;

e Absence of perimeter pavement, allowing water ingress
near the foundations;

e Cracks at beam-column junctions, often caused by
differential settlement or thermal stress.

Each pathology was quantified in terms of occurrence rate,
allowing the team to identify patterns and critical areas. These
insights directly informed the selection of techniques and
materials for the experimental applications, as well as the
development of a set of technical recommendations for broader
application.

The systematized knowledge derived from this study holds
the potential to guide construction companies, independent
professionals, and public agencies in the implementation of
preventive and corrective strategies. By identifying the main
technical gaps and behavioral trends affecting waterproofing
efficacy, this research promotes the improvement of construction
quality standards and the adoption of long-term, sustainable
solutions.

Moreover, the findings underscore the urgent need for
investment in technical training, capacity-building programs, and
public awareness campaigns. Promoting better understanding of
waterproofing techniques and their importance is not only
essential for improving construction practices but also for
encouraging the development of safer, more efficient, and more
accessible materials in line with national standards for durability
and performance [3], [17], [20].

IV. RESULTS AND DISCUSSIONS

The findings of this research are grounded in empirical
evidence and technical concepts previously outlined in specialized
literature on waterproofing (Section 2). While this study adhered
to technical criteria in the handling and application of
waterproofing materials, it is recommended that such services be
executed by qualified professionals, strictly following surface
preparation, system selection, and application steps in compliance
with current technical standards.

The applied systems demonstrated  satisfactory
performance until the conclusion of the research. However, if
end-users lack familiarity with product behavior under specific
conditions, preliminary testing is advised prior to definitive
application.

As per ABNT NBR 15575 [3], an effective waterproofing
system must meet the following performance requirements:

e Resistance to static and dynamic loads;

e  Accommodation of substrate expansion and contraction
due to thermal variations;

e Resistance to climatic, chemical, and biological agents;

e  Watertightness under hydrostatic pressure and soil
moisture;

e Adhesion, flexibility, and physico-mechanical stability
aligned with design specifications;

e  Adequate service life under projected conditions.

Data collection involved technical visits to 50 residences
in the Northern Zone of Manaus. Purposive sampling targeted
areas with high incidence of moisture-related pathologies, such as
leaking slabs, damp walls, and deteriorated retaining walls.
Interviews with residents, foremen, masons, and civil engineers
enabled a comprehensive analysis of factors contributing to
pathological manifestations.
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Figure 5: Number of residences per pathology-affected area.
Source: Authors, (2025).
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Figure 5 illustrates the profile of those responsible for
constructing the surveyed residences, revealing that homeowners
predominantly executed or supervised the work. This reality

directly impacts the adoption (or absence) of proper

waterproofing practices.
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Figure 6: Parties responsible for residence construction.
Source: Authors, (2025).

Practical application of waterproofing systems was
conducted in six residences, with data organized in Table 1. The
table details waterproofing types, building age, and percentage of
estimated 50-year residential lifespan achieved [26].

Table 1: Service life of waterproofed residences relative to
estimated lifespan.

Residence Waterproofing Service Life L_ifespan
Type (Years) Achieved (%)
Street A Rigid 18 36%
Street B Rigid 15 30%
Street C Rigid 17 34%
Street D Rigid 4 8%
Street E Flexible 12 24%
Street F Flexible 20 40%

Source: Authors, (2025).

As Ferreira [18] notes, building longevity is directly tied to
proper waterproofing system execution, which acts as a protective
barrier against infiltration and structural degradation. Absence of
such systems leads to pathologies like stains, mold, coating
detachment, compromised habitability, and structural instability.

During interviews, residents reported critical infiltration
and thermal discomfort issues. Per NBR 15575 [3], such
conditions violate minimum habitability and safety requirements,
particularly when structural integrity or occupant mobility is
compromised.

Resident dissatisfaction with cracks, mold, and infiltration
directly impacts physical and psychological well-being,
underscoring the need for buildings ensuring long-term
performance. Most pathologies stemmed from design flaws, poor
execution, lack of technical product knowledge, or absent
preventive maintenance.
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Figure 7: Root causes of pathologies in surveyed residences.
Source: Authors, (2025).

V. CONCLUSIONS

The findings presented in this case study reaffirm that no
building—whether residential, commercial, or industrial—is
inherently immune to water infiltration. Regardless of
architectural design, construction quality, or intended use, the
presence of moisture in masonry structures represents a consistent
and latent risk, especially in regions characterized by humid
equatorial climates, such as Manaus. When waterproofing
systems are improperly designed, inadequately applied, or
entirely neglected, pathological manifestations inevitably emerge,
compromising both the physical integrity of the structure and the
quality of life of its users.

One of the most concerning consequences of moisture
infiltration is its direct impact on human health, particularly in
households with occupants suffering from respiratory conditions
or allergies. The proliferation of mold, mildew, and fungi on
interior surfaces, often accompanied by foul odors and visual
deterioration, creates environments that are not only
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uncomfortable but also clinically unsafe. Additionally, water
ingress through slabs has been observed to cause concrete
deterioration, corrosion of reinforcement bars, and fragment

detachment, leading to safety hazards for the building's
inhabitants and visitors.
From a structural and performance standpoint,

waterproofing must be treated as a fundamental and non-
negotiable element of the construction process. It is not merely a
protective finish or optional step, but rather a technical necessity
that should be planned and integrated into all phases—from
architectural design and material specification, to execution,
inspection, and maintenance. Building users and property owners
must be educated and empowered to demand compliance with
waterproofing standards and to recognize watertightness as a key
performance indicator of any construction project.

The study revealed that the application of well-specified
waterproofing  systems—whether  rigid or  flexible—can
significantly reduce the occurrence of critical anomalies. These
systems not only prevent fissures in exposed slabs and enhance
the performance of retaining walls and foundation beams, but also
block moisture penetration toward steel reinforcements, thus
extending the structural life cycle. As a result, indoor comfort
improves, the value of the property is preserved, and the
maintenance costs associated with deterioration are drastically
reduced.

As Gatto [27] insightfully points out, housing plays a
foundational role in the development of individuals and
communities, especially in developing countries like Brazil,
where housing conditions are intrinsically linked to social
mobility and urban equity. In this regard, ensuring the quality,
safety, and durability of residential construction—through
practices such as proper waterproofing—is not just a technical
objective, but also a social imperative.

This research also calls attention to the fragmentation
within the construction chain, where manufacturers, designers,
applicators, and consumers often operate in silos. Overcoming
this disconnect requires establishing more integrated workflows,
multidisciplinary collaboration, and greater awareness of
waterproofing as a specialized subfield within Civil Engineering.
This would support not only technical consistency but also
innovation in materials, methods, and regulatory frameworks.

The systematic evaluation of 50 residences in the Northern
Zone of Manaus revealed a pattern of pathologies that mirror
those found throughout the city and across similar climatic
regions, largely stemming from economic constraints, lack of
technical oversight, and limited understanding of waterproofing
systems among both professionals and end users. These
conditions are further aggravated by the absence of legal and
regulatory mechanisms that mandate the inclusion of
waterproofing strategies in standard project documentation. The
lack of enforcement and oversight leaves ample room for
omission, improvisation, and error, ultimately affecting the safety
and longevity of buildings.

Consequently, one of the key conclusions of this study is
that waterproofing should be regarded not as a dispensable cost,
but as a long-term investment—an integral part of sustainable
building design that ensures structural integrity, property
valuation, and the well-being of its occupants. Even in cases
where waterproofing is successfully applied during construction,
its long-term effectiveness is contingent upon regular
maintenance and periodic inspections, particularly in high-risk
environments subject to intense rainfall and humidity fluctuations.

The current demand for high-performance materials,
combined with increasing awareness of building failures, is
already fostering positive shifts in the waterproofing sector. New
products with enhanced physical, chemical, and environmental
resistance are being introduced, alongside growing investments in
technical training, certification programs, and digital modeling
technologies, such as BIM, that allow for precise waterproofing
planning and simulation. These developments signal a broader
paradigm shift in construction culture, where quality and
performance standards are becoming central rather than peripheral
concerns.

Moreover, empirical studies like this one, which document
the frequency and distribution of pathological manifestations,
have the potential to inform material development, guide public
policy, and optimize construction practices. They provide
actionable insights for researchers, industry professionals,
regulatory bodies, and municipal authorities, contributing to a
more robust and resilient building sector.

Through this research, not only were key areas of water-
induced deterioration identified, but they were also treated using
appropriate products and protocols, reinforcing the importance of
evidence-based interventions. The outcomes validate the
application of waterproofing systems grounded in technical rigor,
local feasibility, and long-term durability.

In conclusion, the pursuit of quality, longevity, and health
in civil construction—especially in humid and climatically
vulnerable regions such as Manaus—demands a comprehensive,
systemic, and interdisciplinary approach. Waterproofing, far from
being a minor detail, must be elevated to the status of critical
infrastructure within every construction project. Only then will it
be possible to safeguard built heritage, promote healthier living
environments, and build a more equitable and resilient urban
future.
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I. INTRODUCTION performance motor drives in contemporary applications like
robotics, industrial automation, and electric cars has led to a great
deal of research into the management of PMSMs [3].

The simplicity, ease of implementation, and adequate
performance of traditional control techniques—Iike proportional-
integral-derivative (PID) controllers—make them popular in many
real-world systems. That being said, the proper choice of a PID
controller's gain parameters is crucial to its performance, with
performance including overshoot, lengthy settling times, and
steady-state error that can be caused by improper tuning.
Particularly for nonlinear and time-varying systems like PMSMs,
traditional PID tuning techniques like Ziegler-Nichols and trial-
and-error procedures frequently fail to achieve optimal
performance.

Advanced optimization methods have been investigated to
improve and automate the PID tuning procedure in order to
overcome this constraint. Particle Swarm Optimization (PSO) is a
potential metaheuristic technique among these algorithms because

The remarkable progress in electric motor technology has
increased the need for high-efficiency motor control systems. The
Permanent Magnet Synchronous Motor (PMSM) is widely used
among motor types due to its high power density, excellent
efficiency, and precise torque control [1]. The PMSM is now
widely regarded as a key drive technology in industrial applications
such as robots, electric vehicles, and aircraft. Still, achieving
perfect results in Permanent Magnet Synchronous Motor (PMSM)
operation remains difficult, especially with relation to energy
efficiency, torque ripple reduction, and speed control.

Permanent Magnet Synchronous Motors (PMSMs) are
often regulated with traditional Proportional-Integral-Derivative
(PID) controllers. They need to be enhanced, nevertheless, to
function efficiently with load fluctuations, nonlinearities, and
outside disturbances. [2].

However, it is still difficult to precisely and reliably manage
PMSM speed, especially when there are external disturbances and
parameter deviations. The growing need for dependable, high-
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of its fast convergence features, global search capabilities, and ease
of use [4], [5].

For instance, Field-oriented control (FOC) [3] is a
common approach of controlling AC motors. FOC separates torque
and flux by changing stationary phase currents into a rotating d-q
frame. The FOC approach simplifies the AC motor control
challenge to a DC motor control problem. FOC is not without its
potential failures, significant shortcomings, and restrictions such as
relies on accurate motor parameters, variations due to temperature
changes and magnetic saturation. Furthermore, FOC needs to know
the rotor location. Incorrect commutation due to sensor damage or
noise can result in instability and torque ripple [6].

Furthermore, DTC was originally introduced by I.
Takahashi and T. Noguchi in (Takahashi and Noguchi (1986)) as a
powerful systematic design solution for improving the dynamic
torque and speed response without using Park transformation and
P1 controller. DTC achieves direct control of flux and torque, while
it also enjoys design simplicity, and less dependence on parameter
values. However, DTC may cause time varying switching
frequency, and can also be prone to introduce relatively large
torque and flux ripples, since the inverter keeps the same switching
sequence as long as the flux and torque hysteresis controller
outputs remains the same.[7], [8].

Moreover, many advanced control methods have been
proposed to control PMSM including: Model Predictive Control
[9], Sliding Mode Control [10], Sliding Mode Control and
Artificial Neural Networks [11]. The combined use of predictive
algorithms and intelligent control is anticipated to propel additional
developments in PMSM control, while enhanced Al and
optimization strategies are boosting performance and adaptability.
Kumar and Palani (2020) achieved reliable performance under load
variation by using a modified PSO method for adaptive PID tuning
in electric car applications [12].

Furthermore, utilized a modified PSO technique for
adaptive PID tuning in electric vehicle applications, resulting in
dependable performance under load variation. For PID tuning in
PMSM control, [13] suggested a hybrid GA-PSO algorithm, which
produced better optimization accuracy and greater adaptability. In
[14] combined fuzzy logic with PSO to produce a fuzzy-PID
controller with optimized gains, which provided smoother and
more dependable performance.

In this context, the present study proposes a PSO-based
PID controller specifically tailored for PMSM speed control with
the aim of optimizing both transient and steady-state responses.
The controller is evaluated using standard performance indices
(e.g., IAE, ITAE) and tested under varying load and disturbance
conditions using MATLAB/Simulink, contributing to the growing
body of research on intelligent motor control systems.

The rest of this paper is organized as follows: Section 2
presents the mathematical modeling of the PMSM and the control
strategy. Section 3 describes the design and implementation of the
PSO algorithm for PID tuning. Section 4 discusses the simulation
results and performance evaluation. Finally, Section 5 concludes
the paper with future directions.

Il. THEORETICAL REFERENCE
11.1 Mathematical Modeling of the PMSM:

A mathematical model in the rotating dg-reference frame provides
an accurate description of the dynamic behavior of a Permanent
Magnet Synchronous Motor (PMSM). By transforming three-
phase time-varying values into two steady-state quantities, this
transformation streamlines the analysis and enables decoupled
torque and flux control, much like in DC machines as shown in
figurel[5][6].

+ a

Figure 1: The stationary and synchronous frame.
Source: Authors, (2025).

In PMSM, the d-q axis reference frame (rotating frame of
reference) is commonly used for modeling because it simplifies the
dynamic equations. The following are the core equations [7]:

Voltage Equations in d-gq Frame:

d-axis voltage: vd = Rig + L(‘% —WQ) (1)
g-axis voltage: vq = Rig + L (‘% +w. id) +wWly, ... 2)

Where: v,& v, are the voltage components along the d-q axes,
iq &, are the current components along the d-q axes, L is the
Inductance, R is the Resistance, w is the Angular Speed of the
motor, 4,, is the permanent magnet flux linkage (Wb) and L,, is
the Magnetizing Inductance.

The electromagnetic torque given by the PMSM is:
3 . P
T = EP(lmlq + (L= Lp)igig)e (3)

Where: T is the torque, A, is the flux leakage of the permanent
magnet and P is the number of poles in the motor. Also, The
mechanical dynamic of the PMSM can be module as:

d_W _ Te—Ty
QT g e—— (4)
Where: w is the angular speed, T, is the electro-magnetic torque,

T, is the load torque and j moment of inertia.

11.2 CONTROL STRATEGY USING PSO AND PID:

The presented work employs a Particle Swarm
Optimization (PSO) in order to -tunning a PID controller to
automatically optimize the PID settings for improved performance.
Motor control systems have used a traditional PID tuning
techniques, including as Ziegler-Nichols, Cohen-Coon, and trial-
and-error methods. These techniques might not always provide the
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best results because they frequently rely on linear approximations.
Additionally, they are usually unavailable and do not adjust to
changes in parameters or outside interruptions. Researchers are
increasingly using intelligence and optimization-based techniques
to get beyond the drawbacks of conventional tuning methods. To
adjust PID parameters for a variety of applications, metaheuristic
algorithms including Genetic Algorithms (GA), Artificial Bee
Colony (ABC), Differential Evolution (DE), and Particle Swarm
Optimization (PSO) have been popular in recent years. PSO has
become well-known among them because of its powerful
worldwide search capabilities, simplicity of use, and computing
economy.

The Proportional-Integral-Derivative (PID) controller is a
common way to control things, but it needs to be fine-tuned to work
well and stay stable, especially when loads change and the system
isn't linear [8]. We use the Particle Swarm Optimization (PSO)
algorithm to quickly optimize the PID's parameters for enhanced
efficiency [15].

The standard PID control law is defined as:

u(t) = Kpe(t) + K; [ e(t)dt + Kg<-e(t) .......... (5)

Where e(t) is the error (difference between the reference
and actual values). K,, K;, K, are the proportional, integral and
derivative respectively. The proportional, integral, and derivative
components of the PID controller then generate a control signal that
modifies the PWM duty cycle. By adjusting the PWM inputs, the
controller effectively controls the motor's torque and current,
thereby matching the motor speed with the reference value. This
direct control of the PWM signal allows precise and dynamic speed
regulation, allowing quick responses to changes in load or desired

11.3 PSO - PID PARAMETER OPTIMIZING:

Particles Swarm Optimization (PSO) is an optimization
method that was created in 1995 by Drs. Eberhart and Kennedy and
was motivated by the social behavior of fish schools and flocks of
birds. PSO, an optimization technique inspired by nature, enhances
the controller's adaptability by minimizing overshoot, accelerating
response time, and enhancing system stability. The social behavior
of fish schools or flocks of birds, in which a population of particles
searches the search space for the best answer, serves as the model
for PSO. Based on both its own and its neighbors' experiences, each
particle modifies its course.

The Integral of Absolute Error (IAE), Integral of Time-
weighted Absolute Error (ITAE), or Integral of Squared Error
(ISE) are examples of performance criteria that can be efficiently
minimized by using PSO in PID tuning [17]-[16]. The PSO concept
uses a swarm of agents, or particles, to move around the search
space in pursuit of the optimal answer. Every particle in the search
area modifies its "flying" based on both its own and other particles'
flying experiences; the best are referred to as "pbest.” Additionally,
individual particles know the group's values the best (gbest). To
adjust their location, each agent uses the data pertaining to their
current position (X, y), current velocity (vx, vy), and the distance
between their current position and the best group. Equations (18)
and (19) below alter each agent's position and velocity.peed while
maintaining system stability and performance [9].

position x(t)

Xl'(t + 1)
vi(t + 1) - " Social acceleration
d infl
Global best . Ei: p ln_uin?:)
candidate g(t)’\\ 2729 — X1 (L,
N
\
W _MCognitive acceleration
»—>" c1r (P — x:(0))
Particle's initial wo(t + 1)

New position

Figure 2: Primary Procedures of PSO.
Source: Authors, (2025).

The update method is as follows [17]:

Position Update:

xi@+1D) =x;®) +v(t+1) oo (6)
Velocity Update:
vit + 1) =wr, () + ani(p — () + eara(g — (D) (7)
Where:
. x; is the position of the particle (representing the PID
parameters).
. v; is the velocity of the particle.

o w is the inertia weight.

. ¢, and ¢, are the cognitive and social coefficients,
respectively.

. r; and r, are random numbers between the [0, 1] range.
. p; is the particle's personal best position.

o g is the global best location the swarm discovered.

Usually the Integral of Time-weighted Absolute Error (ITAE) or
Integral of Squared Error (ISE), the fitness function is defined as
the error in the system evaluated using the current PID settings
[16]-[17].

Fitness = foTle(t)lpdt ..................... 8)

Page 218



ITEGAM-JETIA, Manaus, v.11 n.53, p. 216-224, May/June., 2025.

Where p is a constant typically chosen as 2 for ISE (Integral of
Squared Error).

[ For each iteration () to 10} [

— - o
I For each particie (1 ta 50| I
e e

Fvaluate objective funcrion
a

-

Uptate personil best values

Continuw with next partcle
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Figure 3: Particle Swarm Optimization (PSO) flowchar.
Source: Authors, (2025).

The flowchart represents the Particle Swarm Optimization
(PSO) algorithm applied to optimize the PID parameters [18].
Initially, the necessary variables, including the number of particles
(50), iterations (10), and constants w, ¢1, and c2, are defined. The
swarm (population of particles) is initialized, with each particle
having an initial value (swarm(i).value), best value
(swarm(i).bestValue), and velocity (swarm(i).velocity). For each
iteration, each particle evaluates the objective function by
calculating its performance based on the PID values. The algorithm
compares the particle’s value with its personal best
(swarm(i).bestVValue) and the global best (globalBest.value). If a
better value is found, the particle's personal best and the global best
are updated. The particle's position and velocity are then updated
using the PSO velocity update equation, which incorporates the
inertia weight (w), personal attraction constant (c1), and global
attraction constant (c2). The process repeats for all particles and
iterations. Once the optimization completes, the best PID
parameters are displayed, and the reference speed is verified

1.4 PULSE WIDTH MODULATION (PWM):

The PWM technique is applied to control the voltage and
current fed to the PMSM. PWM ensures efficient motor
performance and enables precise control of speed and torque by
adjusting the duty cycle of the switching signals [19], [20]. Pulse
Width Modulation (PWM) is also used to control the voltage and
current data going to the motor, which gives precise control over

how the PMSM works. Using PSO-optimized PID control along
with PWM switching methods makes the system more efficient,
cuts down on power losses, and boosts motor performance under a
range of load conditions. [3] [4]. This study looks at how PSO-
optimized PID controls and PWM signal handling affect the
performance of PMSMs, focusing on important factors like
controlling speed, lowering torque ripple, saving power, and
making the system strong. The study's goal is to make it easier to
make high-performance motor control systems that use less energy
by combining smart optimization and advanced switching
methods.

I11. MATERIALS AND METHODS

Different load conditions were applied to the system. We
operated the Permanent Magnet Synchronous Motor (PMSM) at a
reference speed of 750 rpm under the specified circumstances:
Case 1 features an open-loop state without a controller, Case 2 has
a closed-loop condition with a proportional-integral-derivative
controller, Case 3 uses a PSO-PID controller, and Case 4 features
a PSO-PID controller with a two-step load.

Table 1: PMSM SPECIFICATION.

Stator Phase Resistance (RS) 0.0485 ohm
Stator Phase Inductance (Ls) 0.000395 H
Voltage Constant 300[Vrms/krpm]
Moment of Inertia 0.02 J(kg.m"2)
Rated Speed 750 r.p.m

Source: Authors, (2025).
IV. RESULTS AND DISCUSSIONS

A block diagram of a PSO-tuned PID control system for
PMSM speed regulation is displayed in Figure (3) . By modifying
the PID gains in response to feedback on system performance, the
PSO algorithm minimizes a specified objective function.

Figure 4: PMSM drive system without controller (open loop)
Source: Authors, (2025).

The diagram represents a Simulink model of a Permanent
Magnet Synchronous Motor (PMSM), designed to control and
monitor the motor's performance. The system receives control
signals such as voltage and current, which are processed through
logical gates to regulate the motor's speed and torque. The motor
model simulates the behavior of the PMSM, producing outputs like
torque, rotor speed, and current in both the stator and rotor. Key
parameters such as rotor speed, stator current, stator voltage, rotor
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angle, and rotor current are measured to evaluate the motor’s
efficiency and performance. This model helps in simulating and
analyzing motor operation, ensuring optimal control and
monitoring of the system in applications like electric vehicles and
industrial machinery.

The following figures represent the speed and torque
profiles of the PMSM under open-loop control, where no feedback
control is applied to adjust the motor's performance. In an open-
loop system, the motor operates based on predefined input signals
without any real-time adjustments. As a result, the speed and torque
may exhibit fluctuations and may not maintain optimal
performance, especially under varying load conditions. These
profiles highlight the behavior of the motor when it is running in
an uncontrolled open-loop configuration, providing a basis for
comparison with closed-loop controlled systems, where feedback
mechanisms are used to stabilize and optimize

e |
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Figure 5: Speed response at open-loop condition.
Source: Authors, (2025).
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Figure 6: Torque response at open-loop condition.
Source: Authors, (2025).

Figure (7) represents a closed-loop control system for a
Permanent Magnet Synchronous Motor (PMSM), where PID
control is applied to regulate the motor’s performance. The system
consists of a PID controller that takes feedback from the motor’s
performance parameters, such as speed and torque, to adjust the
input signals accordingly. The feedback loop ensures that any
deviations from the desired motor speed or torque are corrected in
real time.

The motor operates under this closed-loop configuration,
where the PID controller adjusts the control signals to maintain
stable and optimal motor operation, improving performance and

reducing the effects of external disturbances or load variations.
This system provides enhanced control compared to open-loop
configurations, ensuring the motor's speed and torque remain at
desired levels throughout operation.

Figure 7: PMSM drive system with PID Controller.
Source: Authors, (2025).

In Fig(7)and Fig(8) respectivly, the speed and torque waveforms of
the PMSM are shown under closed-loop PID control. Compared to
the open-loop system, where the motor operates without feedback,
the closed-loop control significantly improves performance. The
speed waveform becomes much more stable and smooth as the PID
controller adjusts the input signals to maintain a consistent motor
speed, minimizing any fluctuations caused by load variations.
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Figure 8: Speed response with PID controller.
Source: Authors, (2025).
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Figure 9: Torque response with PID controller.
Source: Authors, (2025).
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PID controller-driven speed control of a Permanent
Magnet Synchronous Motor (PMSM) is investigated in this work.
Simulated performance of the PMSM drive system in open-loop,
that is, without control, and with the PID controller operating to
regulate the motor's speed is achieved.

Figure (7) illustrates that the input voltage significantly
affects the motor speed in an open-loop condition, as depicted in
Figure (4), leading to substantial oscillations and prolonged settling
times. The PID controller significantly enhances speed control by
minimizing steady-state error, enabling the motor's speed to attain
the goal setpoint more swiftly, with less overshoot and expedited
settling time. As depicted in Figure (8). The PID controller
facilitates the system's transition from a critically damped state to
an underdamped state in open-loop settings, thereby optimizing the
balance between swift response and minimal overshoot.

The PID controller enhances overall system performance
through more precise speed regulation and smoother operation,
which are essential for PMSM applications. Adjusting the PID
parameters according to motor specifications and control
requirements will enhance the system's maximum performance.
This study emphasizes the significance of feedback control in
motor systems by illustrating the real-time response of the PID
controller to variations in motor speed. The PID controller
continuously monitors the motor's speed and adjusts the control
signal accordingly, thereby stabilizing the system and enhancing
its responsiveness.

The comparison of open-loop and closed-loop
performance underscores the necessity of employing a controller
for accurate and consistent speed regulation in PMSM applications,
thereby ensuring the motor operates within its specified range.
Particle Swarm Optimization (PSO) was employed to optimize the
gains of the PID controller. Inspired by the social behavior of birds
flocking and fish schooling, Particle Swarm Optimization (PSO) is
an evolutionary algorithm.

The optimal configuration of proportional gain (Kp),
integral gain (Ki), and derivative gain (Kd) that minimizes the
discrepancy between the reference speed and the actual speed of
the PMSM, resulting in an effective control response, was
established. A block diagram of a PSO-tuned PID control system
for PMSM speed regulation is displayed in Figure(10) By
modifying the PID gains in response to feedback on system
performance, the PSO algorithm minimizes a specified objective
function.

Figure 10: block diagram of PSO-tuned PID control system for
PMSM.
Source: Authors, (2025).

In the PSO process, particles (potential solutions) move
through the search space, adjusting their positions based on their
own experiences and the experiences of neighboring particles. The
optimization objective was to minimize the integral of time-
weighted absolute error (ITAE) or another similar error metric that
quantifies the control system's performance.

Figure 11: PMSM drive system with PSO-PID Controller.
Source: Authors, (2025).

Figure 12: PSO Optimization Results for PID Gains Tuning.
Source: Authors, (2025).

The Particle Swarm Optimization (PSO) results for tuning
the PID controller to control the Permanent Magnet Synchronous
Motor (PMSM) speed show that the PSO algorithm essentially
optimized the PID gains (Kp, Ki, Kd) to minimize the error
between the reference speed and the motor's output speed (yout) as
shown in Figure (11). The PSO Convergence Plot Figure(12)
shows a consistent declining fitness value, therefore validating the
effective optimization process.

The PID Gains Evolution Plot shows that while Kp stayed
constant after the first adjustments, Ki settled around 0.8 and Kd
about 0.0002, and the PID gains stabilized rapidly. Reference speed
and motor speed are compared to find that, with some slight
oscillations typical of an underdamped system, the motor speed
closely after a transitory period follows the reference speed. With
minimum steady-state error and regulated transient behavior, the
optimized PID controller—tuned by PSO—produced good
performance by closely tracking the motor speed from the
reference speed.

After applying the PID-PSO (PID controller optimized by
Particle Swarm Optimization), the speed response has significantly
improved. The waveform now shows a smoother and faster
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transition to the desired speed, with minimal overshoot and
oscillations. The motor reaches the target speed more quickly, with
reduced overshoot and less fluctuation around the steady-state
value. This indicates better system control, resulting in a faster
settling time, smoother operation, and overall more stable
performance. The PID-PSO optimization has thus enhanced both
the efficiency and stability of the motor control system.
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Figure 13: Speed response with PSO-PID Controller.
Source: Authors, (2025).

With a total speed over-shoot of 0.0263%. A low
overshoot value indicates that the system responds quickly to
changes without excessively exceeding the desired target, which is
a sign of a well-tuned system. It ensures stability and minimizes
the risk of oscillations, making the system more reliable and
efficient in its operation as shown in Figure (13). After applying
the PID-PSO optimization, the electromagnetic torque response
has significantly improved as well.

The Open-loop waveform shows large fluctuations and
oscillations in the torque, indicating instability and poor control.
However, in figure(14) after optimization, reveals a much
smoother and more stable torque signal. The torque reaches a
steady value quickly, with minimal oscillations and fluctuations
around the target. This indicates that the PID-PSO optimization has
enhanced the torque control by reducing instability, leading to a
more efficient and reliable system. The improvements include a
faster settling time, reduced overshoot, and a more stable
performance overall.
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Figure 14: torque response with PSO-PID controller.
Source: Authors, (2025).

The presence of some oscillations in the torque waveform
Figure(14) is due to several factors inherent to the system. Firstly,
the physical limitations of the motor, such as friction and
mechanical imperfections, can introduce small, unavoidable
oscillations that cannot be entirely eliminated, even with optimal
tuning. Additionally, electrical noise or interference, often
generated by the motor or surrounding equipment, can cause minor
fluctuations in the torque signal. The non-linear dynamics of the
system, where the motor’s behavior may change under varying
conditions, can also lead to subtle oscillations despite careful
optimization. Furthermore, the use of a PWM (Pulse Width
Modulation) circuit for motor control can contribute to these
oscillations. The switching nature of PWM can introduce high-
frequency ripples and voltage variations, which may manifest as
slight oscillations in the torque waveform. These factors combined
contribute to the persistence of minor oscillations in the system.

ESS Calculation:

The ESS (Steady-State Error) was calculated using the
initial PID values and the final values after applying the PSO-PID
optimization, based on the equation outlined below. The results
obtained from this calculation are as follows:

ESS=| otimizepdKP - initiat KP | + | optimizedKi - initialKi | + | otimizeaKd -
initial Kd |

The initial values of Kp, Ki , and Kd were, respectively,
as follows (0.0015, 0.8 , 0.0006) And the final values of the same
parameters after using PSO-PID controller were ( 0.0029 ,0.65 ,
0.0012) so ESS = 0.152 .An ESS value of 0.152 for the PMSM
indicates a relatively small steady-state error, which is generally
considered acceptable in many applications

Stator Current Response at Constant Load:

In addition to the speed and torgque responses, the stator
current waveforms for phases a, b, and ¢ at constant load are
shown in figure(15)(16) . The currents in each phase exhibit
smooth, sinusoidal waveforms, characteristic of steady-state
operation in a PMSM. These waveforms indicate that the
system has stabilized after initial transients and is now
operating under a constant load without significant
fluctuations

The currents remain around 200 A for all three
phases, reflecting a balanced load distribution across the
motor’s stator. Figure(15) shows the current waveforms over
a longer time span, with consistent oscillations around the
steady-state value. This steady current profile is expected in
PMSM motors operating at constant load, confirming the
system’s efficiency and balance figure(16) zooms in to
provide a closer view of the current oscillations within one
cycle, showing minimal variation and smooth transitions,
indicating the motor's stable operating condition. This
behavior further confirms that the PSO-PID controller is
effectively managing the motor’s electrical characteristics to
maintain stability and performance, even under constant load
conditions

Page 222



ITEGAM-JETIA, Manaus, v.11 n.53, p. 216-224, May/June., 2025.

Uil

Wi
lef tﬂf;ui[dl : I

n.,m 1|| y .l ."g|r.L|:2;|n; PQ. qs ih: ;"* "'" .}“ M lk ""!
“ JFII } H \ ﬂ:

'u.ufhm u‘ﬁ Ll -WH -‘M M‘Alhhﬂ fn||/'|!‘a|4»md fw

ff

Figure 15: current waveforms.
Source: Authors, (2025).
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Figure 16: a closer view of the current oscillations within 0.3sec.
Source: Authors, (2025).
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Figure 17: Speed response with PSO-PID Controller and Two
step load.
Source: Authors, (2025).

The speed response in Figure (17) shows the behavior of
the system with a PSO-PID controller when subjected to a two-step
load change. Upon the first load change around 2 seconds, a brief
oscillation in the speed is observed as the system reacts to the
disturbance. This oscillation can be attributed to the sudden load
variation, causing a temporary deviation in the speed. However, the
system quickly stabilizes, and the speed returns to its target value.

The settling time after the load change, where the system
regains stability, is observed to be approximately 0.06 seconds.
Specifically, the speed begins stabilizing around 2 seconds and
fully settles by 2.06 seconds, demonstrating a fast and effective
recovery of the system from the disturbance with minimal

oscillation. This behavior indicates the controller's strong
performance in maintaining the desired setpoint even in the
presence of sudden load changes
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Figure 18: Torque response with PSO-PID Controller and Two
step load.
Source: Authors, (2025).

Similarly, in the torque response shown in Figure (18), the
system exhibits a sharp spike in torque at exactly 2 seconds due to
the load change, followed by oscillations. However, the torque
quickly stabilizes and settles back to its target value within about
0.15 seconds by 2.15 seconds. This demonstrates that the PSO-PID
controller effectively handles both speed and torque disturbances,
ensuring that the system returns to a steady state with minimal
fluctuation in both parameters following the load change.
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Figure 19: Compression of Speed Waves.
Source: Authors, (2025).

Figure (19) shows three responses from different control
systems, with the comparison happening only in the first second.
Speed PSO_PID (blue) shows a rapid response and good stability
after an initial fluctuation, thanks to the combination of the PSO
algorithm with PID control. Speed PID (red) responds more slowly
but with excellent stability, showing small oscillations after
reaching the desired speed.

In contrast, open Loop (purple) shows an uncontrolled
response with large oscillations, as it lacks any form of control,
leading to instability. Since the time range was limited to 1 second
(Xiim [0 1]), the comparison focuses solely on the initial behavior
of the systems within this short time frame, highlighting their
different response characteristics during the first second after
startup.
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