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Voltage stability is a fundamental aspect of power system reliability, which

refers to an electrical network’s ability to maintain acceptable voltage levels

under normal operating conditions and various types of disturbances [1]. This =

involves complex, nonlinear power flow equations that capture the intricate g

relationships between bus voltages, phase angles, and power injections across =

the system [2]. As demand and system conditions change, maintaining voltage ES
stability becomes increasingly challenging, and failure to do so can lead
to voltage collapse and widespread blackouts [3]. Therefore, understanding
and monitoring the factors that influence voltage stability are crucial for

ensuring the secure, reliable, and efficient operation of modern power grids. ©The authors;

reproduction right

holder Universidad

1. Power flow equations Distrital Francisco

José de Caldas.

Consider a power system with n buses. The complex power injected at bus i is
S.=P.+jQ, whichisrelated to the bus voltage V£ 6, and the admittance matrix

Y. The active and reactive power flow equations are presented below [4].

})izViijll/j(Gij cos(@—5j)+Bij sin(é‘i—é'j)),VieN M

Sleicl

0, :KZ::IVj (Gij sin(é‘l. —5j)+Bij cos(@i—é'j)),VieN 2)
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Voltage Stability and Jacobian Determinant in Power Systems. . . O. D. MONTOYA ET AL.

where:

e Vand 6, are the magnitude and angle of the voltage at bus i,
* G, and B, represent the conductance and susceptance elements of the admittance matrix Y,.

e N denotes the set containing all the nodes in the transmission network.

1.1 Jacobian matrix and voltage stability

The power flow equations can be vectorially expressed as follows [5]:
F(x)=0,

where x = [0 ,0,V,..., V] Linearizing around an operating point yields

v [ 2 n

AF =]JAx,
where ] is the Jacobian matrix, which comprises the partial derivatives J

oP oP
a5 oP
0 00
85 ov

2. Voltage stability and Newton-Raphson power flow divergence

The stability of a power system as it approaches its operating limits is closely associated with the
behavior of the Newton-Raphson power flow method. Under normal conditions, this iterative technique
converges rapidly to a solution, indicating a stable operating point [5]. However, as the system load
increases toward its stability boundary, the power flow solutions tend to become more sensitive, and the

Newton-Raphson method may fail to converge [6].

This divergence in the power flow solution is a practical indicator that the system is nearing a
voltage collapse or severe voltage instability. This occurs when the Jacobian matrix J, derived from the
linearization of the nonlinear power flow equations, approaches singularity [3]. As the load increases,
IJ1, i.e., the determinant of the Jacobian, tends to decrease, reflecting the system’s diminishing ability to

maintain voltage stability.

When []| approaches zero, the power flow equations become unsolvable with the iterative method,
signifying that the system is at or beyond its stability margin [7]. This non-convergence signals that the

system cannot support further load increases without risking voltage collapse.
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Monitoring the convergence behavior of the power flow alongside the evolution of the Jaco- bian
determinant provides valuable early warning signals. With this information, operators can implement
preventive control actions—such as reactive power compensation or system reconfigu- ration —in order

to avoid instability and ensure a secure operation.

Remark 1 A divergence of the Newton-Raphson power flow method indicates that |J| - 0, and that a voltage
collapse may occur, highlighting the critical link between solution convergence, the Jacobian determinant, and
voltage stability. Recognizing these signs early allows for timely interventions aimed at preventing voltage collapse

and maintaining system reliability [1].

The next section presents a simple yet effective MATLAB/Matpower tool to evaluate this behav- ior,

facilitating a practical assessment of system stability limits.

3. Matpower tool for monitoring power flow divergence under load
increases

To practically demonstrate how increasing system load impacts the solvability of power flow equa-
tions and, consequently, a system’s voltage stability, a MATLAB/Matpower code is presented be- low [8].
This tool incrementally raises the load in a predefined case (e.g., case9) and monitors the success or failure
of the power flow solution at each step. Failure to converge indicates a potential approach to the system'’s

stability limit, often associated with voltage collapse.

clc;
step =0.001;
max_load_multiplier=5;
start_multiplier=1; % Assuming original load is at 1
% Loop over load multipliers load_multiplier=start_
multiplier;
for k = start_multiplier:step:max_load_multiplier
% Create a copy to avoid modifying original case
% Scale load (columns 3 and 4 of bus matrix: Pd and Qd) mpc =
loadcase('case9’); % Load the case
mpc.bus(;, 3:4) =k * mpc.bus(;, 3:4);
% Run power flow once per load level results =
runpf(mpc);
if results.success
disp(['Success at load multiplier: ’, num2str(k)]);
% Optional: Store results if needed
else
disp(['Failure at load multiplier: ", num2str(k-step)]);
break;
end
end

| Ingenierial Vol .31 | No. 1 | ISSN 0121-750X | E-ISSN 2344-8393 | €25002 | 3of 6



Voltage Stability and Jacobian Determinant in Power Systems. . . O. D. MONTOYA ET AL.

This analysis revolves around the use of a straightforward yet powerful method to determine the
load levels at which power flow equations lose solvability. These points are critical since they indicate
an approach to voltage instability, which is a major concern in power system operation. Operators can

utilize these insights for preventive measures, thereby ensuring grid reliability.

4. Numerical assessment

Table II summarizes the maximum loadability limits for several IEEE test systems:

Table II. Maximum loadability for IEEE feeders

IEEE system Maximum load multiplier Approx. loadability (% of original value)
IEEE 9-Bus 2.373 237.3

IEEE 14-Bus 4.004 400.4

IEEE 30-Bus 3.657 365.7

IEEE 57-Bus 1.785 178.5

IEEE 118-Bus 1.816 181.6

4.1 Results analysis

* Maximum load multiplier. This value indicates how many times the original load can be handled

by the system before becoming unstable.

— For example, the IEEE 9-bus system can sustain approximately 2.373 times its initial load,
while the IEEE 14-bus system can handle about 4.004 times.
— Larger systems like the IEEE 118-bus feeder support up to approximately 1.816 times the

original load, reflecting different stability margins across system sizes.

* Approximate loadability (% of the original load). This value represents the maximum load that

the system can support relative to its initial load.

—  The IEEE 14-bus system exhibits the highest loadability (400.4%), indicating a signifi- cant
load margin.
- Conversely, the IEEE 57-bus feeder’'s maximum loadability is about 178.5%, suggesting a

more constrained margin.

4.2 Main findings

* Loadability variations across systems. Smaller systems like the IEEE 9-bus and 14-bus feeders
have a higher relative load capacity compared to larger systems such as the IEEE 57-bus grid,
highlighting differences regarding their inherent system stability.
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* Practical implications. Load multipliers provide crucial thresholds for operators to prevent
voltage collapse. When the load approaches these limits, system reinforcement or control actions

become necessary.

e System size and stability margin. Generally, larger systems tend to exhibit a lower loadabil- ity,

which underscores the importance of robust stability monitoring in large interconnected grids.

5. Conclusion

Analyzing a power system’s maximum loadability and the behavior of the Jacobian determinant
provides crucialinsights withregard to voltage stability margins. As the systemload increases, the Jacobian
matrix approaches singularity, which is signified by the determinant IJI = 0. This condi- tion indicates
that the power flow equations are nearing their solvability limit, and that the system is close to voltage
collapse. Monitoring these indicators in real time can serve as an early-warning mechanism, allowing
operators to implement preventive control actions such as reactive power support, reconfiguration, or

load shedding to maintain stability and avoid catastrophic failures.

Understanding the relationship between the Jacobian determinant and system stability not only
aids in operational decision-making; it can also inform system planning processes. By quantifying load
margins, utilities can identify vulnerabilities and prioritize infrastructure upgrades or control strategies
that effectively enlarge the stability region. Furthermore, incorporating these assessments into operation
routines enhances resilience by providing a clear measure of how close the system is to its operating
limits, thereby supporting the implementation of proactive measures that help to ensure a reliable and

secure power delivery under increasing demand or unforeseen disturbances.
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Analisis de regresion de los atributos principales de barcos pesqueros

de cerco en la etapa de disefio conceptual
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Abstract

Context: In the ship concept design stage, naval architects must estimate the principal
attributes of a vessel before the final definition of hull proportions and detailed
arrangements. These estimates are essential for assessing feasibility, performance,
and operational capability. However, reliable vessel-specific predictive tools are often
unavailable for certain vessel categories.

Method: A database of 130 American-type semi-industrial purse with RSW systems
was employed to develop practical regression-based power-law models for estimating
key ship attributes directly from principal hull dimensions.

Results: The results show that the main volumetric and power attributes exhibit strong
and consistent scaling relationships with the principal dimensions, yielding moderate
to high determination coefficients, while the fuel and water capacities report a weak
geometric dependence. The proposed regression equations demonstrate improved
predictive performance when compared to existing formulations reported in the
literature for semi-industrial purse seiners.

Conclusions: This work provides a set of vessel-specific, empirically grounded
regression tools tailored to American-type semi-industrial purse seiners, which can be
directly applied during the ship concept design stage to support rapid and informed
decision-making. This study complements previous analyses focused on hull geometric
ratios by addressing a distinct and application-oriented design problem that deals with
attribute estimation rather than geometric proportion selection.

Keywords: ship dimensions, fishing vessels, hull statistics, ship concept design stage,
regression analysis
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Resumen

Contexto: En la etapa de disefio conceptual del buque, los arquitectos navales deben estimar los atributos principales
de una embarcacion antes de la definicion final de las proporciones del casco y de realizar arreglos detallados. Estas
estimaciones son esenciales para evaluar la factibilidad, el desempefio y la capacidad operativa. Sin embargo, no se
suele disponer de herramientas predictivas confiables y especificas para determinadas categorias de embarcaciones.
Método: Se empled una base de datos de 130 embarcaciones cerqueras semiindustriales de tipo americano con
sistemas RSW para desarrollar modelos practicos basados en regresion de tipo ley de potencia, a fin de estimar los
atributos clave del buque directamente de las dimensiones principales del casco.

Resultados: Los resultados muestran que los principales atributos volumétricos y de potencia presentan relaciones
de escalamiento fuertes y consistentes con las dimensiones principales, con coeficientes de determinacién
moderados a altos, mientras que las capacidades de combustible y agua reportan una débil dependencia geométrica.
Las ecuaciones de regresion propuestas demuestran un mejor desempefo predictivo en comparacion con las
formulaciones existentes que figuran en la literatura para cerqueros semiindustriales.

Conclusiones: Este trabajo proporciona un conjunto de herramientas de regresion especificas para este tipo de
embarcaciones, las cuales han sido empiricamente fundamentadas y adaptadas a los cerqueros semiindustriales
tipo americano, y pueden aplicarse directamente durante la etapa de disefio conceptual del buque para una toma de
decisiones rapida e informada. Al abordar un problema de disefo distinto y orientado a la aplicacion, este estudio
complementa analisis previos que emplean las relaciones geométricas del casco, centrandose en la estimacion de

atributos mas que en la seleccién de proporciones geométricas.

Palabras clave: dimensiones del buque, embarcaciones pesqueras, estadistica del casco, etapa de disefio conceptual

del buque, analisis de regresion
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1. Introduction

Ship concept design documents present typical data for various vessel types, in addition to defining
their main linear dimensions (length, breadth, and depth) as functions of owner-specified attributes—
e.g., the fish hold capacity for fishing vessels. Hull statistics provide meaningful estimated regression
equations to predict ship attributes as a function of linear ship dimensions. Investigations on hull statistics

have been a prominent research topic in recent years.

In the literature, [1] analyzed a database of 260 non-sister container ships built between 1979 and
2022. They developed simple regression formulas and compared them against existing equivalents in
the literature, demonstrating superior trend approximation. This study updated a set of simple and
multivariable regression models, achieving a higher goodness of fit than previous works. These formulas
were designed for ease of use, allowing designers to apply them directly in ship concept design and

multi-attribute design procedures.

[2] utilized an open dataset of 54 in-service cruise ships delivered since 2000. Their study demonstrated
the application of supervised statistical learning methods to analyze key cruise ship characteristics.
Furthermore, it established a practical formula to support naval architects in the preliminary design

phase for estimating gross tonnage.

[3] presented preliminary design formulas developed using a database of container ships built
since 2015. Their formulas establish associations between the main dimensions—i.e., length between
perpendiculars (Lpp), breadth, draught, and depth—and key operational attributes: deadweight, TEU
capacity, and ship speed.

While our previous study, titled Effect of Ship Size on the Hull Dimension Ratios of Purse Seiners [4]
focused on the influence of vessel size on geometric hull proportions (L/B, L/D, B/D) from an explanatory
perspective, this work addresses a fundamentally different design problem: the prediction of the main
ship attributes required at the ship concept design stage. In [4], hull dimension ratios were treated as
response variables and analyzed to interpret stability, speed, and seakeeping qualities in the preliminary
design stage. In this work, hull ratios are not treated as primary outcomes; instead, the response variables
are operational and volumetric vessel attributes directly required by designers at the ship concept design
stage. Consequently, the statistical analysis in this manuscript serves a predictive and instrumental role

rather than an explanatory one.

[5] introduced a procedure for determining the optimal characteristics of multi-purpose cargo vessels
(MPCVs) at the preliminary design stage. Their method is based on the statistical analysis of a database
compiled from reliable MPCV designs built over the past three decades. Using the resulting diagrams

and formulas, designers can derive ship dimensions directly from a required deadweight (key input).
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[6] developed an artificial neural network (ANN) model to predict the main particulars of chemical
tankers during the preliminary design stage. This model utilizes deadweight and vessel speed as inputs,
generating predictions for the overall length, the length between perpendiculars, the breadth, the
draught, and the freeboard as outputs. Their results demonstrate that the model determines the initial

main particulars with a high degree of accuracy when compared to actual ship data.

[7] employed statistical methods to analyze representative ship samples, establishing the relationship
between gross tonnage (GT) and vessel size. This analysis yielded a regression equation that quantifies
the GT-size relationship for typical Grand Canal vessels, in accordance with the specifications outlined

in the Standard for the Main Dimensions of Ships in the Grand Canal.

[8] presented a plot of depth vs. breadth for several vessel types, which corresponds to lines of
constant breadth-to-depth ratio. The analysis identified a distinct group —comprising fishing vessels and
cargo ships where depth is constrained by stability —exhibiting a characteristic breadth/depth ratio of
approximately 1.65.

[9] presented a collection of design diagrams derived from statistical and regression analyses of
principal ship design attributes across various vessel types. This compilation synthesizes formulations
and regressions developed by thesis students from the National Technical University of Athens (NTUA)
and the staff of the NTUA Ship Design Laboratory, utilizing data sourced from the IHS Fairplay World
Shipping Encyclopedia. For fishing vessels, the diagrams contrast power against length between
perpendiculars, reefer capacity volume (in ft’) against length between perpendiculars, reefer capacity
volume against breadth, and reefer capacity volume against depth. The regression formulas used the

determination coefficient (R?) to indicate the goodness of fit [10].

[11] investigated the main attributes of seiners, fishing tackle, and trawlers by conducting regression
analysis based on data from more than 2000 fishing vessels provided by the Ministry of Agriculture and
Rural Affairs of China. For seiners, they obtained relationships of attributes against the main dimensions,

or between GT and length and power and length, with an R? higher than 0.69.

[12] analyzed the principal dimensions and attributes of fishing vessels certified by the Russian
Maritime Register of Shipping (RMRS). Their study examined over a thousand vessels of varying
specifications. By applying analytical methods, they established relationships between key dimensions

and attributes, such as GT vs. displacement and breadth vs. displacement.

Larger fishing vessels are appearing in the world’s fishing fleet, in response to the need to save more
time for catches, improve the use of energy, fish larger species, and stay longer at sea. Ship designers
necessitate exhaustive and extensive hull statistics and estimated regression equations to obtain principal

attributes and dimensions. However, these statistics and equations are commonly unavailable for a
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given vessel type. This research was motivated by a pronounced gap in the systematic documentation
of principal dimensions and key attributes for American-type semi-industrial purse seiners within the
existing literature. Such application-driven statistical analyses have been increasingly recognized as
valuable when tailored to specific vessel categories, particularly those that are underrepresented in
global design databases. The objective of this study is not to analyze hull ratios as design outcomes,
but to develop practical, vessel-specific regression tools that allow naval architects to estimate power,
tonnage, and fish hold capacity directly from principal dimensions during the first loop of the design

spiral.

This work reports statistics, conducts regression analyses, and makes comparisons with existing
formulas while using a database of 130 vessels from the Peruvian fishing fleet, which was published by
PRODUCE [13] and DICAPI [14]. This work aimed to determine the relationships between the main ship
dimensions of a purse seiner, such as length (L), breadth (B), and depth (D), and attributes like power,
fuel, water, gross tonnage (GT), net tonnage (NT), and reefer volume or fish hold capacity (FHC).

Although our regression methodology is intentionally classical and based on simple power-law
models, the contribution is not methodological but applicative. The novelty lies in the use of an updated
and homogeneous database of American-type semi-industrial purse seiners for the systematically
deriving vessel-specific regression formulas, in addition to a quantitative comparison with existing
design equations. This provides naval architects with empirically grounded, fleet-representative
relationships tailored to fishing vessel categories that have been scarcely addressed in the statistical hull-

statics literature [15].

2. Methods

2.1 Vessel database

Thisresearchused dataon purseseinersobtained from the vessel registry of the Peruvian Government’s
Ministry of Production (PRODUCE [13]), as well as from the General Directorate of Captaincies and
Coast Guard (DICAPI [14]). To perform statistical analyses, we used a collection of 130 semi-industrial
purse seiners (Table I) with a section plan approximately as described in [16]. The ships, registered from
1996 to 2020, have a refrigerated seawater (RSW) conservation system. These semi-industrial purse
seiners are of the American type, with the bridge and accommodation forward and the working deck aft.
We conducted regressions, correlation analyses, and comparisons to investigate the interaction between
ship attributes and dimensions. It should be acknowledged that the database used herein is the same
as that used in [4]. This reuse follows the international editorial guidelines for derived publications,
as the research questions, dependent variables, analytical objectives, and engineering applications are
clearly differentiated. This manuscript does not present duplicate results; it reutilizes the data to address

a separate and practically relevant design problem.
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Table I. Main attributes and dimensions in the purse seiner database

Main characteristic Symbol SI Units Minimum Maximum
Length L m 21.7 77.0
Breadth B m 6.0 14.5
Depth D m 2.6 8.6
Power Power kW 230 2289
Fuel capacity Fuel gal. 360 52 500
Water capacity Water gal. 80 29 800
Gross tonnage GT 21.82 1006
Net tonnage NT 72.45 224
Fish hold capacity FHC m? 89.83 868

The initial dataset was extracted from the complete registry of the Peruvian fishing fleet. The
vessels were filtered based on whether they included RSW systems. Power, NT, GT, and FHC
data were fully available for all selected vessels. The fuel and water tank capacities, which are
not mandatory fields in the Peruvian fishing vessels database, were manually completed using
information retrieved from the public records of the DICAPL As a result, some vessels lack
entries for fuel and water capacity. These missing values were maintained to reflect the actual
availability of documented information, i.e., only 59% of the records for fuel capacity and 54%
for water capacity.

No observations were removed. To assess data quality, an outlier screening was performed
using standardized Z-scores (|1z1>3). All detected outliers correspond toreal vessels with extreme
but plausible physical characteristics (larger tonnage, higher installed power, or unusually high
tank capacities), as shown in Fig. 1. Since these values represent the true variability in the fleet
rather than measurement errors, they were preserved in the analysis.
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Figure 1. Boxplot for all variables showing outliers

2.2 Regression analysis methodology

Owner requirements are translated into technical characteristics during the ship concept design stage.
This is the first loop of the design spiral. The design stage corresponds to the preliminary estimation of
the main attributes (power, GT, NT, FHC, and range, as expressed by the fuel and water capacity, among
others). To aid the designer in choosing the main attributes, a compilation of hull statistics for the most
relevant dimensions must be available. For fishing vessels, this would include the principal dimensions
vs. the GT, the NT, the FHC, and the fuel and water capacity.

The ship's linear dimensions are L, B, and D. L is the main linear dimension of the ship, which
includes the overall length L, the length between perpendiculars Lpp, and the water line length Lwl. All
these lengths are roughly the same, but L is generally found in public registries. B is the molded vessel

breadth, measured at the midship station. D is the height between the molded baseline and the molded
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depth line of the uppermost deck at the side of the midship section [17]. Naval architects choose these
linear dimensions while considering the geometric restrictions of the port. Then, they use them to select
the ship’s attributes by means of estimated regression equations. Similarly, when the designer requires a
linear dimension for a given volume attribute (e.g., GT), he or she can use the same estimated regression

equations to determine it.

Fundamentally, a fishing vessel is a volume carrier, not a deadweight carrier [18]. The volume
attributes related to fishing vessels are FHC, GT, and NT. FHC refers to the refrigerated fish hold volume,
GT denotes the total enclosed volume of the vessel, and NT only represents the cargo volume and the

passenger spaces.

Estimated regression equations are used to predict the response variable values as a function of a
predictor variable. These equations are usually the result of simple regressions. We conducted simple

regressions with the following form:
Y=aX’ 1)

All power-law regressions were obtained using the classical log-log linearization approach [19], i.e.,
applying an ordinary least-squares fit to the transformed variables, or Iny and Inx. This procedure
is consistent with the methodology used in hull-scaling studies and preliminary design formulations
in naval architecture. The coefficient of determination is often quantified and compared to assess the

accuracy of simple regressions:

n *\2
Zi;l(yi _}2)2 )
Zi:](yi _y)

where y, denotes the values of n observations, y * the predicted values, and y the mean value.

R =1-

3. Results

3.1 Ship statistics

Normality tests (Shapiro-Wilk, D’ Agostino-Pearson, and Anderson-Darling, with a 95% confidence
level) showed that no variables follow a normal distribution. Breadth is the closest to normality. This
behavior, characterized by skewness, kurtosis, and long-tailed histograms, is typical of heterogeneous
tishing fleets, where technological variation, vessel age dispersion, and operational heterogeneity produce
non-symmetric distributions. As a consequence, the median was considered to be a more representative
measure of central tendency than the mean for all variables. It should be noted that the lack of normality

does not invalidate the regression analysis, since normality is required for model residuals rather than for
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the raw variables themselves [19], and simple potential regression remains appropriate for uncovering

structural scaling relationships in conceptual ship design.

Table II shows that the ship attributes do not exhibit a normal distribution. This table also includes
the p-value of the Shapiro-Wilk normality test, rejecting normality of the variables for a 95% confidence

level. The distribution of B is the closest to normality.

Fig. 2 reports that, in this vessel category, power ranges between 750 and 1250 kW. There are a few
ships with levels higher than 1500 kW in the Peruvian fishing fleet. The average power is about 1000 kW.
Fig. 3 shows that the fuel ranges between 800 and 1100 gallons. This variable does not have a normal
distribution, but the distribution peak marks a high concentration near its median. A high concentration

of ships is also found around the medians for L, power, fuel, water, NT, GT, FHC, and D.

The Peruvian fishing fleet ranges from about 33 to 55 m in length, 8.8 t0 9.2 m in breadth, 4.4 to 4.6 m
in depth, 750 to 1250 kW, 8000 to 11000 gal fuel capacity, 1000 to 5000 gal water capacity, 300 to 500 GT,
100 to 120 NT, and 300 to 500 m® FHC. In addition, a few large vessels belong to another category, with
lengths over 60 m, power values over 1500 kW, fuel capacities over 20 000 gal, water capacities over 9000
gal, NT over 175, GT over 600, and FHC over 600 m>.

Table II. Descriptive statistics for the ship attributes of American-type semi-industrial purse seiners in
the Peruvian fleet

Length Breadth Depth Power Fuel Water Netton-  Gross FHC

Statistic (m) (m) (m) (kW) (gal) (gal) nage tonnage (m’)
Mean 435 9.0 44 965 12939 5196  113.7 376.5 446
Standard 0.8 0.1 005 304 1091 642 3.62 14.5 12.3
error
Median 433 8.9 44 969 10500 4000 1105 366.5 440
Mode 405 8.9 4.4 969 12000 5000  127.0 248.3 450
Standard 8.7 1.1 0.55 346 9572 5371 4136 16472 140
deviation
iiiple var o5 g 12 03 11985 91E6 28E6 17109 27134 1974
Kurtosis 155 -0.34 0.9 265 400 7.4 417 16 1.49
Skewness 0.21 -0.01 04 099 164 251 0.94 0.83 0.13
Shapiro-Wilk 0 0.035 0 0 0 0 0 0 0
Range 52.3 6.6 3.1 2059 52140 29720  290.81 934.2 779
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3.2 Regression analysis

Note that the response variables are power, fuel capacity, water capacity, GT, NT, and FHC, and
the predictor variables are L, B, and D. Table III presents the estimated regression equations and the
determination coefficients (R?) for all variables. The regression equations rely on simple potential
regression. The determination coefficients are higher than 0.64 for all response variables except fuel and
water. Since R? > 0.64, it could be said that the predictor variables explain 64% of the variance in power,
GT, NT, and FHC. The estimated regression equations for fuel and water capacity yield values with high

variation.

Fig. 4 shows a strong positive relationship between power and L. The data points are uniformly
dispersed about the trend line. The data points concentrate between 30 and 55 m, and between 750 and
1250 kW. Fig. 5 shows a strong positive association between GT and L. This association has an R? of nearly
1. L explains 91% of the variation in GT. A power function closely approximates the GT-L relationship,
as the data points adhere to the regression curve. Fig. 6, the scatter plot of NT vs. L, also reveals a strong
relationship. L explains 75% of the variation in NT. The data points align closely with the regression line.
Moreover, Fig. 7 shows a strong positive association between FHC and L. L explains 74% of the variation

in FHC. The data samples closely fit the regression curve.

Table III. Regression analysis coefficients for the attributes of American-type semi-industrial purse
seiners

Power (kW) Fuel (gal) Water (gal)

Estimated equa- R Estimated equa- R® Estimated equation R

tion tion
Length (m) 3.44-L148 0.68 2.73-L>1 0.24 2.76-L'% 0.13
?;iadth 3.78B2° 0.69 7.67-B* 0.18 14.12:B* 0.08
Depth (m) 29.1-D** 0.64 39.3-D* 0.25 35.5:D3%® 0.12
Net tonnage Gross tonnage FHC (m?)

Estimated ) Estimated ) Estimated equa- )

equation R equation R tion R
Length (m) 0.19-L1¥ 0.75 0.11-L>1 0.91 1.09-L1¥ 0.74
Breadth (m) 0.30-B>¢" 0.67 0.20-B>* 0.80 1.59-B>* 0.67
Depth (m) 2.00-D>¢ 0.72 3.24-D31 0.74 9.34-D>¥ 0.74
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Figure 4. Power vs. length scatter plot and regression equation of for the American-type semi-industrial
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Figure 5. GT vs. L scatter plot and regression equation of for the American-type semi-industrial purse
seiners in the Peruvian fleet
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Although L, B, and D strongly influence structural, volumetric, and power-related attributes, the fuel
and water capacities of purse seiners are less dependent on the ship’s linear dimensions. These tanks
are typically sized according to operational requirements —such as desired autonomy, fishing grounds,
and mission profile—rather than hull geometry alone. As discussed in standard naval design literature,
consumables like fuel and freshwater are mission-driven capacities defined primarily by endurance
criteria, propulsion plant characteristics, fuel consumption [21], and the expected operational range,
which may vary regardless of the vessel’s main dimensions. Therefore, it is reasonable that the fuel and

water capacities exhibit weak correlations with L, B, and D in analyzed dataset.

Table IV demonstrates that power capacity, GT, NT, and FHC are strongly dependent on vessel
dimensions. Across the three predictors (length, breadth, and depth), these variables consistently show
high coefficients of determination ( R?>~0.64—0.91) and comparatively low error metrics, with root
mean square error (RMSE) and mean absolute error (MAE) values corresponding to their data ranges.
This indicates that their scaling behavior is largely governed by hull dimensions. In particular, tonnage
measures and the hold capacity follow expected dimensional relationships, while the installed power
increases predictably with vessel size, as a consequence of propulsion requirements and hydrodynamic

resistance.

In contrast, the fuel and water capacities show very low R? values, combined with high RMSE and
MAE, regardless of whether L, B, or D is used as the predictor variable. These error patterns demonstrate
that the fuel and water capacities are not directly determined by principal dimensions but instead depend
on mission-specific, operational, and regulatory factors, which vary regardless of hull scaling. As a result,

their variability cannot be captured through simple geometric regression models.

Table I'V. Power-law regression coefficients and error metrics (RMSE, MAE) for principal vessel
attributes regressed against length, breadth, and depth

Length (m) Breadth (m) Depth (m)

RMSE |MAE RMSE |MAE RMSE |MAE

Power (kW) 237.52 171.21 203.82 157.86 |226.51 174.68
Fuel (gal) 9660.40 | 6326.25 | 9117.37 | 5927.89 |8967.28 |5795.70
Water (gal) 5459.11 | 3241.92 | 5439.20 | 3194.88 |5345.40 |3149.84
Net tonnage 23.92 18.62 21.18 16.85 |19.85 14.18

Gross tonnage 62.20 45.42 85.43 58.26 |98.48 70.29

FHC (m?) 88.97 69.79 78.07 61.55 |70.85 52.13
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3.3 Model validation results

A statistical validation of the power-law models was performed to assess the three classical regression
assumptions: (i) error normality, (ii) homoscedasticity, and (iii) residuals independence. The Shapiro-
Wilk test was used for normality, the Breusch-Pagan test for homoscedasticity, and the Durbin-Watson

statistic for independence.

The results indicate that residuals normality is not strictly satisfied for any of the variables. This
does not affect the validity of the models, since normality is required for parametric inference rather
than for predictive relationships, and power regressions in naval architecture are not typically used for
hypothesis testing. For example, [22] and [23] use power regressions for predictions but not for hypothesis
testing. Residuals independence was confirmed for all variables, with Durbin-Watson values close to 2.0.
Heteroscedasticity was more pronounced for the fuel and water capacities, which is consistent with their

weaker geometric dependence.

4. Discussion

The methodological approach adopted in this study is intentionally simple, relying on classical
potential regressions that ensure interpretability and direct use in the concept ship design stage. The
innovation, therefore, does not reside in the statistical technique itself, but in the development of updated,
vessel-specific regression formulas for American-type semi-industrial purse seiners, a category for which
systematic design data are largely absent. By integrating a recent fleet-wide database and benchmarking
the resulting regressions against existing formulations in the literature, this study provides a refined and
more accurate set of predictive relationships. These results aid in closing a documented gap in design

knowledge and offer practical benefits for naval architects working with this class of fishing vessels.

4.1 Modern statistical techniques

Although modern statistical and machine learning-based techniques—such as multiple regression,
artificial neural networks, or ensemble-based models —can offer predictive improvements, their use is not
a standard requirement in ship concept design. At this early stage, naval architects rely primarily on low-
dimensional empirical relationships derived from hull statistics, where proportionality laws, geometric
similarity, and scaling behavior dominate the governing trends. The foundational literature emphasizes
the long-established use of simple models for estimating ship main particulars and attributes, given
their interpretability, robustness, and compatibility with classical naval architecture principles [19],
[25]. Moreover, conceptual design decisions typically require transparent and physically meaningful
formulations that can be applied quickly during iterative design loops, which favors simple power-
law regressions over more complex black-box approaches [10]. Therefore, our use of simple regression

methods aligns with standard and widely accepted practices in preliminary ship design.
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4.2 Model validation

Power-law regression models of the form Y =aX? were estimated using log-log linear regression,
following the standard procedure adopted in preliminary ship design tools. After fitting the models,
their performance was assessed by means of the R? the RMSE, and the MAE on the original scale of
the variables. For the main design attributes (power, GT, NT, and FHC), the resulting models exhibited
moderate to high goodness of fit, with R2 values ranging from approximately 0.64 to 0.91 and error levels
compatible with the accuracy that is typically expected during the conceptual design stage. In addition,
the residuals were inspected to check for systematic patterns, revealing no clear structural bias with
respect to the predictor and indicating that the power-law form is adequate for capturing the dominant
trends in the data. In contrast, the models for fuel and water capacity exhibited very low R2 values
and comparatively high dispersion, confirming that these attributes are poorly explained by principal

dimensions alone and should be used with caution.

These validation steps confirm that power-law regressions are suitable as first-order predictors for
key volumetric and tonnage attributes, while also highlighting the limitations of simple models for range-

related variables such as fuel and water capacity.

4.3 Assessment of scaling models for preliminary design parameters

b

In addition to the classical power model y =ax”, anonlinear regression was also performed using the

extended formulation, i.e., y=ax’+c, following the approach employed by [26]. Although this model
introduces an additional degree of freedom, the estimated constant c resulted in a large negative value,

revealing two issues:

i. The parameters lose physical interpretability, as the model predicts unrealistic offsets for small

values of the independent variable.

ii. The constant term acts as a numerical compensator instead of representing a meaningful

contribution to the vessel’s geometric or scaling behavior.

Conversely, the classical power-law model produced stable coefficients and a monotonic trend

consistent with well-established naval architectural scaling patterns [20], where hull-related attributes

often follow proportionality laws of the form yocx?. The absence of a constant term also preserves the

log-linear transformability of the model, ensuring statistical robustness and allowing direct utilization in

b

preliminary design contexts. Therefore, the power model y=ax" is considered to be an appropriate and

physically meaningful representation for the analyzed characteristics.
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4.4 Comparison with previous studies

Table V presents the estimated regression equations, derived from the database and formulations
found in the literature [10], [11], for power, FHC, and GT. Figs. 8-10 compare the regression formulas for
FHC from this study’s database against those from [10]. For all dimension ranges, FHC’s dependence on
B and D follows a similar trend in both regressions. However, for L values exceeding 35 m, the estimated
and referenced regressions for FHC exhibit two different trends. The database in [10], which included
ships up to 130 m and 400 000 ft3, yields a regression equation that overestimates values for the shorter
vessels in our database. Fig. 11 shows that the estimated formulation for GT vs. L fits the present database
well, but the equation in [11] overestimates the values of of GT when L is greater than 35 m. Fig. 12 shows
that the equations in [10] and [11] can overestimate power values, but our regression equation provides
a good approximation across all dimension ranges. Therefore, the regression equations for the analyzed
database yield more precise estimations. Table VI reports the calculated R* for FHC, GT and power as a
functions of ship dimensions. Although the R? values of the cited regression equations are higher than
those of our database—except FHC=f(D)—, our estimated regression equations are appropriate for

predicting the ship attributes of American-type semi-industrial purse seiners.

Table V. Comparison of estimated formulas of attributes of semi-industrial purse seiners

Present Database Units Papanikolau [10] Bin et al. [11]
Power = 3.44-1.'4 kW vs. m Power=65.945-L & 1266.22 Power=50.19-L-971
FHC = 38.40-L'¥ ft? vs. m FHC = 7.9873-LPPZ'“778
FHC = 56.33-B>%» ft? vs. m FHC = 15.144-B3%%

FHC = 329.68-D*¥ ft? vs. m FHC = 774.89-D'%%%
GT =0.11-L> GT vs. m GT = 0.0057-1.>%*

Table VI. Comparison of the R? values for the attributes of semi-industrial purse seiners

R? Power=f(L) FHC={(B) FHC=£(D) FHC=£(L) GT=f(L)
Our database 0.68 0.67 0.74 0.74 0.91
Papanikolaou [10] 0.8481 0.8001 0.6557 0.8059 -
Bin et al. [11] 0.6929 --- --- 0.9613
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Figure 8. FHC vs. B comparison against previous studies. The blue line corresponds to our database,
and the orange points to [10].
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Figure 9. FHC vs. D comparison against previous studies. The blue line corresponds to our database,
and the orange points to [10].
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Figure 10. FHC vs. L comparison against previous studies. The blue line corresponds to our database,
and the orange points to [10].
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Figure 11. GT vs. L comparison against previous studies. The blue line corresponds to our database, and
the orange points to [11].
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Figure 12. Power comparisons against previous studies. The blue line corresponds to our database, the
orange points to [10], and the light blue points to [11].

The results of our regression analysis show that, when previously published formulas [10], [11] are
applied to our dataset of Peruvian American-type semi-industrial purse seiners with RSW systems, the
predicted key attributes are systematically higher than observed. This discrepancy can be attributed
to the differences in the underlying populations: earlier works utilized broader fishing-vessel fleets,
encompassing diverse gear types and operational profiles, whereas our dataset was limited to a highly
specialized vessel class with distinct operational requirements and design optimizations (e.g., mid-size
RSW purse seiners). Therefore, the over-estimation is not indicative of a methodological error, but rather
of the need to derive tailored regression models for specific vessel populations. These findings emphasize
the value of focused empirical datasets in ship design regressions and the potential limitations faced

when generalizing from broader fleets.

5. Conclusions

Designers can use the median for all linear dimensions and attributes during the early design of
American-type semi-industrial purse seiners with an RSW systems. Although the medians and means of

L, B, and D are close, statistically, B is the variable with the closest distribution to normality.

The Peruvian fishing fleet, specifically when it comes to American-type semi-industrial purse seiners
with an RSW system, ranges from about 33 to 55 m in length, 8.8 t0 9.2 m in breadth, 4.4 to 4.6 m in depth,
750 to 1250 kW, 8000 to 11 000 gal fuel capacity, 1000 to 5000 gal fuel capacity, 300 to 500 GT, 100 to 120
NT, and 300 to 500 m?* FHC. Ships with lengths over 60 m, installed power over 1500 kW, fuel capacity
over 20 000 gal, and water capacity over 9000 gal would belong to another category of ships: larger purse

seiners with a tall tower to spot tuna or industrial purse seiners.
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The combined interpretation of the RMSE, MAE, and R? confirms that the power-law regressions
provide reliable estimations for GT, NT, FHC, and power. The fuel and water capacities exhibit very high
RMSE and MAE values and should therefore be used with caution, as they are not primarily governed

by geometric scaling.

The regression models developed in this study are specifically tailored to American-type semi-
industrial purse seiners with RSW, a vessel class of high regional relevance. Because they are derived from
ahomogeneous and representative dataset, these models provide more accurate early-design predictions
than some broader formulas in the literature. Their application supports more reliable dimensioning and

capacity estimation in the conceptual design stage of this type of fleet.

In light of the present findings, our proposal for incorporating artificial intelligence and other
advanced predictive techniques arises directly from the limitations identified in this analysis.
Attributes such as the fuel and water capacity exhibited low determination coefficients under
classical power-law regression, suggesting that their behavior may depend on nonlinear or multi-
factor interactions not captured by single-dimension predictors. This motivates the exploration
of data-driven approaches—such as multiple regression, robust regression, or machine learning
models—to assess whether these methods can better represent complex operational or design
dependencies. Thus, the recommendation for future integration of said techniques is not external
to the study; it emerges naturally from the statistical patterns and modeling gaps observed in the

analyzed dataset.
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Abstract

Context: Evaluating third-party logistics (3PL) providers is a complex task since
multiple criteria assessed by experts with potentially diverse perspectives are involved,
leading to varying scores based on individual prioritizations. This study attempts to
evaluate 3PL providers for a mid-sized fishery company in Jakarta, Indonesia, focusing
on refrigerated transportation within cold chain logistics.

Method: A methodology integrating rough stepwise weight assessment ratio analysis
(R-SWARA) and complex proportional assessment (COPRAS) is employed to address
expert uncertainty and rank six providers based on seven criteria: security, punctuality,
cost, delivery area, customer service, assurance, and logistics experience. R-SWARA
assigns weights using rough set intervals, while COPRAS ranks providers.

Results: The integrated methods yield Vendor A as the top choice, with a utility degree
of 100%, followed by Vendor D and others ranging from 96.7 to 98.4%. These rankings
highlight the critical role of punctuality and security in refrigerated transportation,
aligning with the fishery industry’s need to ensure product freshness and reliability.
A sensitivity analysis that varies the weight of punctuality by + 20% confirms the
ranking's stability, highlighting the methodology’s robustness. The findings align with
prior studies emphasizing performance and quality in logistics, while R-SWARA'’s use
of intervals offers a novel approach to handling uncertainty.

Conclusions: The proposed method recommends Vendor A to ensure timely and secure
seafood delivery, with implications for perishable goods logistics. The limitations
include a small expert panel and a single-case focus, suggesting the need for future
research with larger samples and broader applications. Another limitation of the
proposed approach is its reliance on expert judgement for criteria weighting, as well as
its sensitivity to the selected criteria and case context. Therefore, the findings should be
interpreted as a decision support rather than universal rankings.

Keywords: third-party logistics, R-SWARA, COPRAS, multi-criteria decision-making,
fishery industry, vendor selection
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Resumen

Contexto: Evaluar proveedores de logistica tercerizada (3PL) es una tarea compleja, pues involucra multiples criterios
evaluados por expertos con perspectivas potencialmente diversas, lo que conduce a puntuaciones variables segun
las priorizaciones individuales. Este estudio busca evaluar proveedores 3PL para una empresa pesquera de tamafno
medio en Yakarta, Indonesia, con enfoque en el transporte refrigerado dentro de la logistica de cadena de frio.
Método: Se emplea una metodologia que integra el andlisis de razon de evaluacion de pesos por etapas aproximado
(R-SWARA) y la evaluacién proporcional compleja (COPRAS) para abordar la incertidumbre de los expertos y
clasificar seis proveedores en funciéon de siete criterios: seguridad, puntualidad, costo, area de entrega, servicio al
cliente, garantia y experiencia logistica. R-SWARA asigna los pesos mediante intervalos de conjuntos aproximados,
mientras que COPRAS clasifica a los proveedores.

Resultados: Los métodos integrados sittian al Proveedor A como la mejor opcion, con un grado de utilidad del 100
%, seguido del Proveedor D y otros, con valores que oscilan entre 96.7 y 98.4 %. Estas clasificaciones destacan el
papel fundamental de la puntualidad y la seguridad en el transporte refrigerado, en concordancia con la necesidad
de la industria pesquera de garantizar la frescura y confiabilidad del producto. Un analisis de sensibilidad que
varia el peso de la puntualidad en + 20 % confirma la estabilidad de la clasificacién, subrayando la robustez de la
metodologia. Los hallazgos coinciden con estudios previos que enfatizan el desempefio y la calidad en la logistica,
mientras que el uso de intervalos de R-SWARA ofrece un enfoque novedoso para el manejo de la incertidumbre.
Conclusiones: El método propuesto recomienda al Proveedor A para garantizar una entrega de comida marina
que sea oportuna y segura, con implicaciones para la logistica de bienes perecederos. Las limitaciones incluyen un
panel reducido de expertos y el enfoque en un solo caso, lo que sugiere la necesidad de futuras investigaciones con
muestras mas amplias y aplicaciones mas generales. Otra limitacion del enfoque propuesto es su dependencia del
juicio experto para la ponderacion de criterios, asi como su sensibilidad a los criterios seleccionados y al contexto
del caso. Por lo tanto, los hallazgos deben interpretarse como un apoyo a la toma de decisiones mas que como

clasificaciones universales.

Palabras clave: logistica tercerizada, R-SWARA, COPRAS, toma de decisiones multicriterio, industria pesquera,

seleccion de proveedores

Contents 3.3 Result and discussion 11
3.4 Sensitivity Analysis 14
1. Introduction 3 4. Conclusions 15
2. Methodology 5 5. Authors contribution 17
2.1 Phase 1: determining rough criteria 6. Ethics Statement 17
weights using the R-SWARA method 6
2.2 Phase 2: evaluation of alternatives using 7. Artificial Intelligence Statement 17
COPRAS 7 REFERENCES 17
3. Results 9
.. . ADHIE PRAYOGO 21
3.1 Defining the criteria 10
3.2 Collecting the data 10 M. MUJIYA ULKHAQ 21

|Ingenieria| Vol .31 | No.1 | ISSN 0121-750X | E-ISSN 2344-8393 | €24130 | 2 of 21


https://orcid.org/0000-0002-8209-8333

R-SWARA and COPRAS Integration for Evaluating. . . ApHIE PrRAYOGO, AND M. Mujrya ULKHAQ

1. Introduction

Efficient logistics are the backbone of modern supply chains, but selecting the right third-party
logistics (3PL) provider remains a critical challenge in competitive markets. Industries increasingly focus
on boosting productivity while maintaining operational efficiency by partnering with reliable suppliers,
vendors, and service providers [1]. This strategy allows companies to concentrate on core activities while
delegating critical support functions (e.g., transportation) to specialized experts [2], [3]. Transportation
is vital for ensuring timely, cost-effective, and customer-aligned delivery of goods. Given its complexity
and significance, many industries opt for 3PL providers to manage distribution [4]. Benefits like cost
reduction, operational flexibility, and access to advanced technology and expertise further drive the

adoption of 3PL strategies [5], [6].

Selecting an appropriate 3PL provider requires thorough analysis to avoid potential setbacks [7].
Organizations must first identify key criteria aligned with their operational priorities before evaluating
vendors [8]. Previous studies highlight diverse criteria tailored to specific industries. For instance, [9]
proposed criteria for fast-moving consumer goods (FMCG), including the freight cost per kilometer, fleet
capacity, vehicle quality, driver quality, order acceptance rate, distance target achievement, flexibility,
on-time delivery, financial strength, customer support, and training and development. [10] identified six
criteria for 3PL selection in the oil and gas industry through expert interviews: cost, performance, services,
intangible factors (e.g., brand reputation and relationship trust), quality assurance, and IT systems.
Similarly, [11] emphasized logistics costs, responsiveness, location, information technology, and service
quality for FMCG 3PL providers. Cost and service quality are universal criteria, while industry-specific

factors like flexibility in FMCG or intangible factors in oil and gas reflect distinct operational needs.

Evaluating 3PL providersis a complex task since multiple criteria assessed by experts with potentially
diverse perspectives are involved, leading to varying scores based on individual prioritizations [12].
This challenge becomes even more critical in cold chain logistics, where delays and service failures can
directly affect product freshness and quality, and where expert judgments often involve uncertainty
and hesitation. To address this challenge, multi-criteria decision-making (MCDM) approaches employ
weighting techniques to systematically evaluate vendors [13]. Several MCDM methods have been
applied, including the analytical hierarchy process (AHP) and its extensions [10], [11], [14]-[16], fuzzy
AHP [17]-[20], analytical network process (ANP) [21], stepwise weight assessment ratio analysis
(SWARA) [22]-[26], decision-making trial and evaluation laboratory (DEMATEL) [12], [27], the preference
ranking organization method for enrichment evaluations (PROMETHEE) [28] and a recent hybrid
model combining entropy and critic: EC-PROMETHEE [29]. Experts assign scores to criteria, which are
then evaluated using weights. To enhance robustness, prior studies have integrated these weighting
approaches, with scoring methods such as the technique for order preference by similarity to the ideal
solution (TOPSIS) [30]-[33], VIsekriterijumsko KOmpromisno Rangiranje (VIKOR) [14], [30], [34], [35],
complex proportional assessment (COPRAS) [9], [12], [36], multi-objective optimization on the basis of
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ratio analysis (MOORA) [26], and additive ratio assessment (ARAS) [37], [38]. Combining weighting and
scoring methods allows for a better approximation to the complexity of 3PL evaluation in comparison

with the use of a single method.

The SWARA method has gained traction for determining criteria importance, but its reliance on
precise expert evaluations makes it sensitive to variations, with imprecise or less knowledgeable opinions
introducing vagueness [36], [39]. Recent systematic reviews and field assessments of MCDM methods
highlight a growing trend towards hybrid framework for overcoming uncertainty and subjectivity
[40], [41]. To address this, rough set theory has been integrated, using interval data with upper and
lower bounds to account for uncertainty and reduce bias, unlike single-value assessments in traditional
SWARA. This is called R-SWARA [13]. While prior studies often overlook expert uncertainty, this study
advances 3PL evaluation by integrating R-SWARA with COPRAS.

Toapply the proposed method, this study evaluates 3PL providers foramid-sized fishery in Indonesia,
focusing on refrigerated transportation to ensure product freshness in cold chain logistics. R-SWARA is
employed to rank criteria assessed by experts, with rough set theory mitigating judgment uncertainty to
enhance decision robustness. The COPRAS method then ranks vendors based on these weighted criteria.
This technique was selected for its comprehensive ranking of alternatives and its ability to balance trade-
offs across all criteria, including those of lower weight, which s critical in logistics systems. In comparison
with TOPSIS and VIKOR, which require calculating the distance from the ideal solution, COPRAS allows
the normalized criterion values to be multiplied directly by the corresponding rough weight without
defuzzification, ensuring an uncertainty structure throughout the process. The utility degree in COPRAS
also supports decision-makers in directly comparing overall performance levels, unlike PROMETHEE,
with outranking flows from the pairwise comparisons. Our integrated methodology offers a replicable
framework for industries requiring precise 3PL selection under uncertainty, such as perishable goods

logistics.

The originality of this study lies in the proposed integration of R-SWARA and COPRAS into a single
evaluation framework to support provider selection under uncertainty in the cold chain logistics sector.
Specifically, R-SWARA is used to derive criteria weights while accommodating uncertainty in expert
judgements, and COPRAS is then applied to generate an interpretable utility-based ranking across
alternatives using both benefit and cost criteria. In addition, a sensitivity analysis is performed to examine
the stability of the ranking with respect to changes in key criteria weights, strengthening the robustness
of the proposed decision support approach. This combined approach provides transparent, decision-

oriented prioritization for the studied context.

This paper is structured as follows. Section 2 reviews the proposed method, detailing the R-SWARA
and COPRAS methods and their integration. Section 3 presents the case study, including data collection

from experts and criteria selection for the fishery industry. The result of the case study is also provided in
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this section. Section 4 discusses findings and conclusions, comparing them to prior studies and addressing

practical implications.

2. Methodology

This section outlines the methodology for evaluating 3PL providers using the R-SWARA-COPRAS
integrated approach. Initially, the studied firm conducted a preliminary screening process to eliminate
the 3PL providers that did not satisfy its standards, considering the nature of the products being
transported —which require safety assurance, on-time delivery, and regulatory compliance. In this vein,
the proposed methodology enabled a compensatory decision-making approach to rank the remaining
feasible alternatives. The integrated methodology first applied R-SWARA to derive robust criterion
weights, accounting for expert uncertainty through rough set intervals. These weights were then used
in the COPRAS method to rank 3PL providers based on expert scores. Fig. 1 illustrates the integrated
framework based on R-SWARA, COPRAS, and sensitivity analysis. This combination leverages
R-SWARA'’s ability to handle subjective judgments and COPRAS’s comprehensive ranking, making it
suitable for complex logistics decisions. The computational procedures were conducted manually by
strictly following the formulations. Repeated calculations and checks were performed to ensure accuracy
and consistency.
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Figure 1. Flow process — R-SWARA and COPRAS
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2.1 Phase 1: determining rough criteria weights using the R-SWARA method

SWARA, introduced by [42], allows experts to assign weights to criteria based on their relative
importance. Unlike the AHP, SWARA is efficient for group decision-making, requiring experts to rank
criteria and estimate their comparative significance. However, SWARA'’s reliance on precise expert
judgments can introduce subjectivity and uncertainty [43]. To address this issue, [43] developed
R-SWARA by integrating rough set theory, which uses interval data with upper and lower bounds to
handle vague or conflicting subjective opinions. Their study validated R-SWARA in selecting wagons
for internal transport, demonstrating a strong correlation with the rough best-worst method (BWM) and

rough AHP in sensitivity analysis, thus confirming its robustness.
The R-SWARA method consists of the following steps [43]:

Step 1.1: defining the criteria

Let a set of 1 criteria be defined as: C={C1,C2,. . .,Cn} .
Step 1.2: ranking the criteria

A group of k experts then provides rankings of the criteria from most to least important. Let r, denote

the ranking value assigned by expert i to criterion C,.
Step 1.3: constructing a rough group matrix

Since experts may provide different values, each criterion is represented by a rough number (RN) as
an interval rather than a single value. For each score 1y two limits are calculated: (i) the lower limit,
whichis the average of all scores that are lower than or equal to r,, and (ii) the upper limit, which is the

average of all scores that are greater than or equal to r,. This is shown in Egs. (1) and (2), respectively.

P
RNlower = CJL — ]”,\,/——V,j]# (1)
L

RN =CU:L

upper J N
U

# 2)

where N, and N, are number of scores lower than or equal to r, and the number of scores greater than

or equal to T respectively. Therefore, for criterion C]., the rough number is RN (Cj) = I:C,L R CJU:I .
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Step 1.4: normalizing comparative importance

Once the rough numbers RN(C) have been obtained for each criterion C, they are converted into

comparative importance values s.. Formally:

* For the most important criterion (ranked first), the comparative importance is fixed as s, = [1, 1].
This means that the top-ranked criterion is treated as the reference baseline.
e For every other criterion j > 1, the comparative importance is obtained by adding 1 to the rough

number interval: s,=RN(C) +1.
Step 1.5: recalculating weights

After obtaining the comparative importance intervals s, the next step is to compute the recalculated

coefficients g; as follows:

* For the most important criterion (the reference baseline), the recalculated coefficient is fixed as g,
=[1,1].
e Forevery subsequent criterion j > 1, the coefficient is computed iteratively by dividing the previous

coefficient by the current comparative importance: g,= g, /s.
Step 1.6: calculating the relative weights

Once the recalculated coefficients g, have been obtained, the final step is to normalize them to produce
the relative rough weights w . This is formally expressed in Eq. (3):

wo=—di ©3)

n
: Zi:ﬂj

where both the numerator and the denominator are intervals, so the division is again performed

using interval arithmetic. The normalization ensures that the weights sum to 1. Each w, = [WJL , Wijj

[Wj , Wy:l is the final rough weight interval for criterion C, representing its relative importance after

accounting for expert disagreement and uncertainty. These rough weights are then applied as inputs

in the COPRAS method to evaluate and rank the alternatives under consideration.

2.2 Phase 2: evaluation of alternatives using COPRAS

The COPRAS method, proposed by [44], ranks alternatives by comparing their performance across
multiple criteria, distinguishing between beneficial (maximizing) and cost (minimizing) criteria. The
integrated R-SWARA-COPRAS method involves the following steps:
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Step 2.1: defining alternatives and criteria

Letthealternativesbe A={A , A,, ...
into a beneficial set J* € {1, 2, ..., n} and a non-beneficial set |- € {1, 2, ..., n}, where 'nJ- =@ and JfU |- =

{1,2, ..., n}.

,A, }and the criteriabe C={C,,C,, ..., C }. The criteria are partitioned

Step 2.2: establishing the decision matrix

A decision matrix X = [x ]mxn X = [xij ]mxn is created in which each alternative A, is evaluated against

ij
each criterion C. The matrix entries x, represent expert-assigned performance scores for alternative A,
under criterion C,. These scores can be individual expert values or aggregated through rough number
logic, if multiple expert evaluations per entry are available. In this study, the individual expert scores

were aggregated via the simple average.
Step 2.3: normalizing the decision matrix

The decision matrix is normalized to eliminate the influence of differing units across criteria. For each
* *
criterion j, the normalized value X; X; is computed using Eq. 4.

.

ij m
Z izlxij

This ensures that each value is expressed as a proportion of the total performance under that criterion.
Step 2.4: applying the criterion weights

Let w, be the weight of criterion C, from R-SWARA. Next, the weighted normalized matrix D =[d,] is
defined as shown in Eq. (5)

4 5
d; =x,xw, )

Step 2.5: Computing maximizing and minimizing indices

The next step is to separate the contributions of beneficial criteria (the higher the better) and non-

beneficial criteria (the lower the better).

e Egq. (6)is used for the beneficial criteria J*:
+ . 6
S; —Zjeﬁdij,z—l,&...,m (6)
e Egq.(7)is used for the non-beneficial criteria /=

S =Y dyi=12...m @)
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Step 2.6: calculating the relative significance

Once the maximizing and minimizing indices have been calculated, COPRAS combines them into

a single measure of performance for each alternative called the relative significance Q, as defined by

Eq. (8)

0= +— 2 _y(s)

o [ ] (8)
S 2l g
Step 2.7: computing the utility degree and ranking the alternatives
Finally, the utility degrees U, are computed by Eq. (9)
U = g x100% )

1
r

where () is the best (maximum) relative significance among all alternatives. The alternative with the
highest utility score (i.e., U,=100%) is considered to be the most preferred. Other alternatives are scaled

proportionally relative to the most preferred one.

The proposed framework provides structured decision support, but it involves several assumptions
and limitations. First, the weighting stage depends on expertjudgement; although the method is designed
to structure and aggregate these judgements, different expert panels may yield different weights and
rankings. Second, the results are sensitive to the definition and operationalization of criteria (including
the way in which benefit and cost criteria are specified) and to the quality of the input assessments.
Third, the analysis reflects the context of the case and the set of evaluated alternatives. Consequently,
the ranking should not be interpreted as universally generalizable beyond the study setting. Finally,
as with many MCDM approaches, the method does not fully capture dynamic changes over time (e.g.,

performance variability or market shocks) unless updated inputs are provided.

3. Results

To apply the proposed method, a case study was conducted to evaluate 3PL providers in the
refrigerated transportation sector for a mid-sized fishery in Indonesia. We applied the integrated
R-SWARA and COPRAS methodology outlined in Section 2 to select the most suitable 3PL provider
who ensured product freshness in cold chain logistics. This case study details the selection of criteria, the
expert panel, the data collection process, and the input data, providing the foundation for the analysis

presented in Section 4.
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3.1 Defining the criteria

The company aims to select a 3PL provider from six candidates (A, B, C, D, E, F) based on criteria
tailored to cold chain logistics requirements. Based on the company’s operational needs and prior

literature [9]-[11], seven criteria were identified for 3PL evaluation:

e Security (C1) measures the provider’s ability to ensure safe handling and protection of perishable
goods against theft, damage, or contamination.

®  Punctuality (C2) evaluates the provider’s reliability in meeting delivery schedules, critical for
minimizing spoilage in cold chain logistics.

® Cost (C3) assesses the total logistics cost, including transportation and handling fees, as a
minimizing criterion.

o Delivery area (C4) gauges the provider’s coverage and ability to serve diverse geographic markets,
including remote regions.

e Customer service (C5) reflects the provider’s responsiveness and communication quality in
addressing client needs and issues.

*  Assurance (C6) measures the provider’'s compliance with quality standards (e.., ISO certifications,
cold chain protocols) and reliability guarantees.

o Logistics experience (C7) evaluates the provider’'s expertise and track record in refrigerated

transportation for perishable goods.

3.2 Collecting the data

Three experts with extensive experience in fishery logistics were engaged to assess the evaluation
criteria and alternative vendors. Although the number of experts was limited, it remained within the
range of commonly reported in previous research works, involving panels of three [36], [45], [46], four
[47], or five experts [48]-[50]. The three experts in the study possess experience and knowledge related
to cold logistic providers (Table I), ensuring a reliable assessment. The data collection process ensured
a diversity of perspectives while maintaining consistency through structured questionnaires, and it
facilitated discussions to resolve ambiguities. The questionnaire was divided into two main sections. The
first section aimed to determine the relative importance of each criterion. The experts ranked the criteria,
with a lower score representing the most important and higher score indicating the least important. The
result is shown in Table II. The second section focused on the performance evaluation of each 3PL parties.
The experts scored the six 3PL providers (A, B, C, D, E, F) regarding each criterion via a 0-100 scale, based

on historical performance data, service agreements, and site visits. The result is shown in Table IIL

Table I. Expert background

Experts Position Work experience
1 Head of logistics division 3 years
2 Head of marketing division 4 years
3 Head of marketing division 4 years
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Table II. Result of the ranking

No Criteria Weights
Expert 1 Expert 2 Expert 3 Average rank
1 C1 security 1 2 2 1.667
2 C2 punctuality 1 1 1 1.000
3 C3 cost 2 1 2 1.667
4 C4 delivery area 2 1 1 1.333
5 C5 customer service 1 2 1 1.333
6 C6 assurance 2 1 2 1.667
7 C7 logistics experience 2 2 2 2.000
Table III. 3PL provider scores
— 3PL Provider’s Score
No Criteria A B C N E F
From Expert 1
1 C1 security 91 87 89 88 85 90
2 C2 punctuality 94 85 91 95 93 87
3 C3 cost 90 80 83 89 87 94
4 C4 delivery area 85 89 87 93 94 90
5 C5 customer service 91 87 88 93 92 86
6 C6 assurance 88 90 94 89 87 89
7 C7 logistics experience 90 88 93 86 87 89
From Expert 2
1 C1 security 89 83 91 90 88 87
2 C2 punctuality 91 90 87 89 92 84
3 C3 cost 94 86 88 91 90 89
4 C4 delivery area 93 92 91 86 88 94
5 C5 customer service 89 86 86 91 90 87
6 C6 assurance 86 83 91 89 86 94
7 C7 logistics experience 97 89 89 90 91 89
From Expert 3
1 C1 security 93 89 87 91 92 90
2 C2 punctuality 89 90 94 86 82 89
3 C3 cost 87 87 86 93 92 91
4 C4 delivery area 94 91 93 88 85 83
5 C5 customer service 89 83 86 89 92 93
6 C6 assurance 94 92 93 91 83 86
7 C7 logistics experience 90 91 87 85 85 88

3.3 Result and discussion

The R-SWARA method was applied to determine the weights of the seven criteria identified. Using

the expert ranks from Table I, the criteria were first ranked by averaging the ranks to establish a strict
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order. The order from the most to the least preferred can be presented as follows: C2 > (C4 and C5; tie)
> (C1, C3, C6; tie) > C7. Using Egs. (1) and (2), the rough numbers for each criterion are calculated. For
instance, criteria C4 = {2,1,1} has Lim(1)=1,Lim(1) :§(2+1+1) =1.33 and @(2):%(2””)11-31 Lim(2)=2
. Thus, C;=[1.33,200] and C;=C;=[1.00,133]. Therefore, c:_ Ci+Ci+C _133+41.0041.00 |\ and
ch= Ci+Ci+Cy _200+133+1.33 —1.55- Using the same procedure, the rough numbers for each criterion
are as follows: RN(C4) = [1.11,1.55], RN(C2) = [1.00,1.00], RN(C5) = [1.11,1.55], RN(C1) = [1.45,1.89],
RN(C3) =[1.45,1.89], RN(C6) = [1.45,1.89], RN(C7) = [2.00,2.00]. The normalization of the matrix yielded
the following rough numbers for each criterion: RN(C2) =[1, 1], RN(C4) = RN(C5) = [0.55, 0.775], RN(C1)
=RN(C3) = RN(C6) =[0.725, 0.945].

Afterwards, the comparative importance (s,) was set to [1, 1] for C2 and computed as s, + 1 for others.
For instance, RN(C4) = [0.55, 0.775] becomes RN(S4) = [1.55, 1.775]. The recalculated welght q; and the

relative weights are then computed using Eq. (3). For C4, O; = 100, 563 and OY —% =0.645. Thus,

RN(Q,) =[0.563,0,645]. With the same equation, each criterion calr17l7)z3 calculated. The result is shown in
Table IV. The COPRAS method was then applied to rank the six 3PL providers using the averaged scores
from Table III, with cost (C3) as a minimizing criterion and the others as beneficial ones. The normalized
decision matrix x;. is given in Table V. The results of the weighted normalized decision matrix, relative

significance, and utility degrees are presented in Tables VI and VII.

Table IV. Result of the R-SWARA method

No Criteria RN(C ]) s; q; w,
1 Cl1 security [0.725, 0.945] [1.725, 1.945] [0.797, 1.029] [0.113, 0.175]
2 C2 punctuality [1, 1] [1, 1] [1, 1] [0.142, 0.170]
3 C3 cost [0.725, 0.945] [1.725, 1.945] [0.887, 1.127] [0.126, 0.192]
4 C4 delivery area [0.55, 0.775] [1.55,1.775] [0.563, 0.645] [0.080, 0.110]
5 C5 customer service [0.55, 0.775] [1.55,1.775] [0.873, 1.145] [0.124, 0.195]
6 C6 assurance [0.725, 0.945] [1.725, 1.945] [0.887, 1.127] [0.126, 0.192]
7 C7 logistics experience [1, 1] [2, 2] [0.863, 0.973] [0.122, 0.166]
Table V. Normalized decision matrix
No Criteria A B C D E F
1 C1 security 0.171 0.162 0.167 0.168 0.166 0.167
2 C2 punctuality 0.170 0.165 0.169 0.168 0.166 0.162
3 C3 cost 0.170 0.158 0.161 0.171 0.168 0.172
4 C4 delivery area 0.168 0.168 0.168 0.165 0.165 0.165
5 C5 customer service 0.168 0.160 0.163 0.171 0.171 0.166
6 C6 assurance 0.167 0.165 0.173 0.168 0.160 0.168
7 C7 Logistics experience 0.173 0.167 0.168 0.163 0.164 0.166
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Table VI. Weighted Normalized Decision Matrix

No Criteria A B C D E F
U Cluamy 009 (050019 (0010 (0019
2 C2 punctuality [(;)(;)22;]’ [(;)(;)2251’ [5)822;]’ [(%)22;]’ [5)822;’ [0.023, 0.027]
s Gww 00RO 0D 002 (0021 o0
4 C4 delivery area [(;).'(;)1193]’ [00_3)1193]’ [00"(;)11%’ [(?.'(;)1183]’ [()()"(?11;’ [0.013, 0.018]
5 C5 customer service [5)33231]’ [5)5)3210]’ [(())5)3220]’ [5)33231]’ [5)5)32;]’ [0.021, 0.032]
6 C6 assurance [(;)(;)3221]’ [(;)(;)3221]’ [5)8532]’ [(?(;)3221]’ [(3)83210]’ [0.021, 0.032]
7 (7 logistics experience [5)32291]’ [(?5)22;]’ [(())5)22;]’ [é)(?zz%’ [(?5)227%’ [0.020, 0.028]

Table VII. Relative significance and utility degrees

No Alternatives Q, U,
1 A [0.141, 0.203] [100%, 100%]
2 B [0.136, 0.196] [96.5%, 96.6%]
3 C [0.139, 0.200] [98.5%, 98.6%]
4 D [0.140, 0.201] [99%, 99.3%]
5 E [0.138, 0.199] [97.9%, 98%]|
6 F [0.139, 0.200] [98.5%, 98.6%]|

As summarized in Table VIII, the findings align with prior studies on 3PL selection, particularly in
emphasizing criteria like punctuality and security for perishable goods logistics, in order to ensure product
freshness and reliability. The high weight assigned to punctuality underscores its importance in maintaining
strict delivery schedules to prevent spoilage, while security reflects the necessity of protecting perishable
goods from contamination or damage. For instance, [9] highlighted on-time delivery and vehicle quality as
key factors in FMCG logistics, which share similarities with fisheries’ cold chain requirements. Similarly, [10]
identified performance and quality assurance as critical in the oil and gas industry, supporting the relevance
of criteria like assurance (C6) and customer service (C5) in this study. However, unlike the aforementioned
studies, which used single-value weights (e.g., via AHP or TOPSIS), the integration of R-SWARA addresses
expert subjectivity by incorporating rough set intervals, offering a methodological advancement over
traditional approaches. This is consistent with [43], who demonstrated R-SWARA’s robustness in handling
uncertainty regarding transport-related decisions. The use of COPRAS further complements R-SWARA by
providing a comprehensive ranking that balances trade-offs across all criteria, including the minimizing
criterion cost (C3), which aligns with the emphasis placed by [11] on cost efficiency in FMCG logistics. The
close utility degrees suggest competitive performance among vendors, but the leading provider’'s dominance

reflects its balanced excellence across all criteria, particularly those critical to cold chain logistics.
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Table VIII. Comparative table of related works

N - . Uncertainty
Study  Application MCDM Methods Criteria Emphasis Modeling
This Fishery cost, assurance, punctuality, rough set
study industry rough SWARA, COPRAS customer service theory
; i freight cost/km
Fast-moving AHP, data envelopment &
9] consumer analysis, COPRAS - G driver’s quality and grey number
goods acceptance rate/order
[10] O.ﬂ and gas AHP cost, performance, services -
industry
price of the wagon, load
[43] Selection of rough SWARA, rough capacity, maintenance rough set
railway wagons BWM, rough AHP condition, manipulative theory
convenience
Fast moving
[11] consumer AHP price, service quality -

goods

3.4 Sensitivity Analysis

To evaluate the robustness of the integrated R-SWARA and COPRAS methods for selecting 3PL
providers for a mid-sized fishery in Jakarta, Indonesia, a sensitivity analysis was conducted by varying
the weight of the highest-ranked criterion, punctuality (C2), established with a rough weight interval of
[0.142, 0.170]. Punctuality was selected due to its critical role in cold chain logistics, as timely delivery
is essential to prevent the spoilage of perishable seafood. The midpoint of C2’s weight, calculated as
(0.142 + 0.170) / 2 = 0.156, was adjusted by * 20%, resulting in a reduced weight of 0.125 (80% of 0.156)
and an increased weight of 0.187 (120% of 0.156). To maintain the normalization requirement (criterion
weights must sum to 1), the weight difference of 0.031 was redistributed equally across the six remaining
criteria: security ([0.113, 0.175]), cost ([0.126, 0.192]), delivery area ([0.080, 0.110]), customer service
([0.124, 0.195]), assurance ([0.126, 0.192]), and logistics experience ([0.122, 0.166]). In the reduced case,
each criterion’s midpoint weight increased by approximately 0.005 (0.031/6), whereas, in the increased
case, each decreased by 0.005. The COPRAS method was then reapplied, recomputing the weighted
normalized matrix, the maximizing and minimizing indices, the relative significance scores, and the
utility degrees for the six 3PL providers (A, B, C, D, E, F).

In the reduced weight scenario (C2=0.125), the recalculated utility degrees were approximately as
follows: Vendor A at 100%, Vendor D at 99.0%, Vendor C at 98.6%, Vendor F at 98.5%, Vendor E at
98.0%, and Vendor B at 96.9%. The ranking order remained stable (A > D > C > F > E > B), with slight
increases in utility degrees for non-top vendors, as the reduced emphasis on punctuality, where Vendor
A scored highly with an average of 91.33, slightly narrowed the performance gap. In the increased weight
scenario (C2=0.187), the utility degrees were approximately as follows: Vendor A at 100%, Vendor D at

|Ingenieria| Vol .31 | No.1 | ISSN 0121-750X | E-ISSN 2344-8393 | €24130 | 14 of 21


https://orcid.org/0000-0002-8209-8333

R-SWARA and COPRAS Integration for Evaluating. . . ApHIE PrRAYOGO, AND M. Mujrya ULKHAQ

98.7%, Vendor C at 98.3%, Vendor F at 98.2%, Vendor E at 97.6%, and Vendor B at 96.5%. The ranking
order was unchanged, with slightly decreased utility degrees due to the greater emphasis on punctuality,
amplifying Vendor A’s advantage. The tie between Vendors C and F persisted in both scenarios, reflecting

their closely matched performance across criteria, particularly in customer service and delivery area.

100% ° ® ®
999% . e -
98% — = 9
97%

96%
Utility Degree (Lower  Utility Degree (Reduced  Utility Degree (Reduced
Value) Punctuality 20%) Customer Service 20%)
== | =D C =@=] =@=F F

Figure 2. Sensitivity analysis

To further validate robustness, an additional sensitivity analysis varied the weights of customer
service ([0.124, 0.195]) and delivery area ([0.080, 0.110]) by + 20% simultaneously, redistributing the
weight changes across the remaining criteria. The results consistently maintained the ranking order, with
Vendor A at 100%, followed by D, C, F, E, and B, though utility degree gaps narrowed slightly (e.g., D at
99.1%, C and F at 98.5% in the reduced case), as shown in Fig. 2. This stability, driven by R-SWARA’s use
of rough set intervals to capture expert uncertainty, aligns with the findings of [43], who demonstrated
R-SWARA's reliability in transport-related decisions. However, extreme weight changes, such as + 50%
for punctuality, could potentially disrupt the tie between Vendors C and F, indicating sensitivity to

significant shifts in critical criteria.

4. Conclusions

The findings of this study contribute to the literature on 3PL evaluation by addressing several
limitations identified in previous research. Unlike conventional studies that rely on crisp expert inputs,
the proposed framework incorporates uncertainty-aware weighting through R-SWARA, allowing expert
hesitation and variability in judgments to be systematically represented. This particularly relevant in
cold-chain logistics, where performance assessment involves complex trade-offs between punctuality,

reliability, and service quality.
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The originality of this study also lies in the integration of R-SWARA and COPRAS, which produces
a utility-based ranking that remains transparent and interpretable for decision-makers. By avoiding
reliance on distance-based ideal solutions, the COPRAS approach facilitates a direct comparison of
alternatives and preserves the influence of all criteria, including those with relatively lower weights. The
inclusion of sensitivity analysis further strengthens the robustness of the results, demonstrating that the

ranking of 3PL providers remains stable under variations in key criteria weights.

In practical terms, these results offer actionable guidance for the fishery company. Vendor A’s top
ranking indicates that it is the most reliable choice for ensuring timely and secure delivery of seafood,
critical for maintaining product quality and customer satisfaction in domestic and international markets.
Vendor D’s strong performance regarding customer service and delivery area suggests it as a viable
alternative, particularly if cost negotiations or expanded market coverage are prioritized. The tie between
Vendors C and F highlights their comparable suitability, potentially allowing the company to consider
additional factors (e.g., contract terms, scalability). The lower rankings of Vendors E and B, driven by
weaker scores in punctuality and security, suggest that they may require improvements to meet cold
chain standards. These findings can inform contract negotiations, performance monitoring, and strategic
partnerships, ensuring alignment with the company’s operational goals of minimizing spoilage and
meeting stringent temperature controls (e.g., 0-4°C for fresh fish). Furthermore, the study supports the
studied fishery in promoting sustainable logistics practices by systematically comparing alternatives
that align economic efficiency with environmental and social responsibility through reduced food losses,
improved energy efficiency in refrigerated transport via punctual deliveries, and sustained product

quality.

Despite its contributions, the study has limitations that warrant consideration. The reliance on
three experts, while sufficient for R-SWARA’s group decision-making, may limit the diversity of
perspectives, potentially overlooking nuances in vendor performance. Future studies could involve
a larger expert panel or incorporate stakeholder inputs (e.g., customers, regulators) to enhance
robustness. Additionally, this study assumes equal weighting of expert opinions, which may not
account for varying levels of expertise, so weighted aggregation methods could be explored. The
use of averaged vendor scores in COPRAS simplifies the analysis but may dilute the uncertainty
handling of the rough set approach, suggesting a need for fully rough-based ranking in future work.
Finally, the case study’s focus on a single fishery in Indonesia limits generalizability, so applying
the methodology to other perishable goods industries (e.g., dairy, pharmaceuticals) could validate
its broader applicability. Future research could also compare R-SWARA-COPRAS with other MCDM
methods to assess relative performance or integrate real-time data (e.g., GPS tracking, temperature

logs) for dynamic 3PL evaluation.
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Abstract

Context: In recent times, access to electricity in non-interconnected areas has been
a constant challenge. Therefore, this article evaluates the technical feasibility of
implementing direct-current (DC) microgrids in these areas, focusing on food
conservation. Our evaluation focuses on the region of Chacén Playa (Timbiqui) in the
Cauca Pacific, Colombia.

Method: This work analyzes the advantages and disadvantages of DC microgrids vs.
alternating-current (AC) systems, selecting a radial topology for its simplicity and
expandability. A simulation is performed in MATLAB-Simulink with a control system
based on the incremental conductance algorithm, which incorporates solar photovoltaic
generation, battery backup, power converters, and a load composed of four DC coolers.
Results: The results and simulations show that DC microgrids are effective in meeting
voltage and current demands in response to changes in solar radiation and power
demand. Our findings highlight the ability of DC microgrids to provide a stable and
efficient power supply suitable for food conservation in non-interconnected areas.
Conclusions: DC microgrids represent a viable solution to cover energy needs in
isolated areas. This study supports their implementation as a sustainable and reliable
alternative, opening new opportunities for the development of regulatory frameworks
that facilitate the expansion of this type of technology in similar regions.

Keywords: DC microgrid, MATLAB, non-interconnected zones, distributed generation,
incremental conductance
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Resumen

Contexto: En los tiltimos tiempos, el acceso a la electricidad en zonas no interconectadas ha sido un desafio constante.
Por ello, este articulo evalta la viabilidad técnica de implementar microrredes de corriente continua (DC) en estas
areas, centrando su atencién en la conservacion de alimentos. Nuestra evaluacion se enfoca en la region de Chancén
Playa (Timbiqui) en el Pacifico del Cauca, Colombia.

Método: Este trabajo analiza las ventajas y desventajas de las microrredes DC frente a los sistemas de corriente
alterna (AC), seleccionando una topologia radial por su simplicidad y capacidad de expansion. Se desarrolla una
simulacién en MATLAB-Simulink con un sistema de control basado en el algoritmo de conductancia incremental, la
cual incorpora generacion solar fotovoltaica, respaldo de baterias, convertidores de potencia y una carga compuesta
por cuatro refrigeradores DC.

Resultados: Los resultados y las simulaciones muestran que las microrredes DC son efectivas para satisfacer las
demandas de tension y corriente en respuesta a cambios en la radiacion solar y en la demanda de potencia. Nuestros
hallazgos destacan la capacidad de las microrredes DC para ofrecer un suministro de energia estable y eficiente,
adecuado para la conservacion de alimentos en zonas no interconectadas.

Conclusiones: Las microrredes DC representan una solucién viable para cubrir las necesidades energéticas en
zonas aisladas. Este estudio respalda su implementacion como alternativa sostenible y confiable, abriendo nuevas
oportunidades para el desarrollo de marcos regulatorios que faciliten la expansiéon de este tipo de tecnologia en

regiones similares.

Palabras clave: microrred DC, MATLAB, zonas no interconectadas, generacion distribuida, conductanciaincremental
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1. Introduction

In developing countries such as Colombia, the energy demand is steadily increasing. The emergence
of new industries, ongoing technological advancements, and efforts towards economic reactivation
to meet the needs of a growing population have led to a substantial rise in electricity consumption.
Consequently, there is an urgent need to expand the electrical infrastructure, but persistent economic
and social crises have played a critical role in delaying the implementation of projects aimed at achieving
universal access to electricity. This challenge disproportionately affects rural areas, where its impacts are

most pronounced. As a result, the disparity between urban and rural regions continues to widen [1], [2].

Today, many regions still lack access to electricity or are served by low-quality systems characterized
by intermittent and unreliable supply. In these areas, the consequences are particularly severe since the
absence of continuous and dependableelectricity significantly hindershuman developmentand constrains
the social and economic progress of affected communities. These areas are known as non-interconnected
zones (NIZ), covering approximately 52% of the national territory. Out of this total, almost 90% is made
up of rural areas, while the remaining percentage corresponds to urban areas that obtain electricity access
through isolated grids, diesel power plants and a few individual generation systems based on renewable
sources. In rural areas, most of the electricity comes from diesel generators, representing about 85% [3].
These data underline a marked dependence on this fuel, according to statistics provided by the Institute

for Planning and Promotion of Energy Solutions (IPSE) for NIZ in 2025.

The expansion of the interconnected power system to NIZ has been constrained by their remote
location and difficult geographic access. Even in areas where grid extension has been achieved, service
quality and reliability are not guaranteed. Consequently, local generation systems have been implemented
to provide a limited electricity supply. However, these systems exhibit frequent operational failures,
resulting in a high dependence on diesel-based generation to meet the daily demand. This reliance leads
to elevated operating costs due to fuel price volatility and the logistical complexity of fuel transportation
to remote regions, often accessible only by air or river [4]. Furthermore, diesel-based generation produces

significant CO, emissions, contributing to climate change and environmental degradation.

In Colombia, small-scale distribution systems have been developed to operate as alternating-current
(AC) microgrids with centralized local generation, providing stable operation in NIZ. These microgrids
are designed to supply electricity in areas that are not linked to the national interconnected system,
delivering a level of service comparable to that of the main grid [5]. Although these systems are technically
capable of integrating renewable energy sources such as solar photovoltaic (PV), biomass, and micro-

hydropower generation, most of them continue to rely predominantly on fossil fuel-based generators [6].

In light of the above, the energy transition has become a strategic priority for the Colombian

government, aiming to reduce dependence on conventional fossil fuel-based generation systems,
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particularly diesel generators. To this effect, multiple initiatives and planning frameworks have been
proposed to expand the national electricity coverage while promoting the integration of renewable
energy sources. Programs such as the Indicative Plan for the Expansion of Electricity Coverage (PIEC)
have incorporated, in addition to individual solutions, the deployment of isolated microgrids. These
systems are characterized by a reduced reliance on conventional generation and an increased use of
environmentally sustainable distributed energy resources [7]. In this context, microgrids based on a
direct-current (DC) main bus have emerged as promising alternatives since they facilitate the integration

of renewable generation sources with low or negligible greenhouse gas emissions.

The relevance of DC microgrids for supplying electricity to remote areas without access to the
conventional power grid has been demonstrated in several studies. The high penetration of renewable
energy sources and DC-based energy storage systems allows these microgrids to operate autonomously
in isolation while avoiding pollutant emissions. Previous research includes comprehensive analyses of
microgrid deployment in remote areas, concluding that DC microgrids exhibit higher efficiency than
their AC counterparts [8]-[10].

Furthermore, other studies have highlighted that DC systems offer improved controllability due to
the absence of reactive power and harmonic issues, in contrast to AC microgrids, which often depend on

diesel generation or conventional grid support and require frequency regulation [11], [12].

In the context of Colombia’s energy transition, however, the adoption of DC microgrids faces
regulatory and technical challenges that must be addressed in order to ensure successful implementation.
Recent advances in power electronics have enabled the development of converters that facilitate the
direct integration of DC loads and generation units. This capability is particularly relevant for meeting

essential energy needs in remote areas, such as lighting and food refrigeration [13].

In this scenario, DC microgrids play a crucial role. Their integration with clean generation sources and
power converters, including reducers, boosters and bidirectional devices, allows directly incorporating
DC loads [13], [14], which, though not widely adopted in the country, show potential for increasing
efficiency and reducing losses, thus guaranteeing quality services in these regions while also satisfying

their essential needs.

This paper presentsatechnical analysis of aDCmicrogrid and itsimplementation inanon-interconnected
region located in the Cauca Pacific (Colombia), specifically in the area of Chacén Playa (Timbiqui). In this
context, it is of vital importance to ensure energy supply for food conservation, since the main source of
economic livelihood in this area derives from fishing activities. Thus, our work’s creation and evaluation of
the DC microgrid considers the essential inclusion of a DC load (e.g., refrigerators) for food preservation.
This analysis will be complemented with the implementation of a control system based on the incremental

conductance algorithm, with the purpose of optimizing and efficiently managing the microgrid.
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The key contributions of this paper are as follows:

* Evaluation of the technical feasibility of food preservation in non-interconnected zones. This paper
shows that DC microgrids are an effective and stable solution for critical energy needs, specifically
the refrigeration of fish products in isolated communities. This contribution is fundamental because
it addresses the socioeconomic problems of a region that depends on fishing for its livelihood but
currently lacks a reliable electricity service to preserve its food.

* Design and validation of an optimal control system through simulation. This research develops a
detailed configuration that uses a radial topology and an maximum power point tracking (MPPT)
control system. Through simulations in MATLAB-Simulink with real solar radiation and temperature
data, it is confirmed that the system can maintain a constant voltage of 24 V and supply the necessary
power (288 W) to operate four DC refrigerators—even in the face of climatic changes and periods
deprived of sunlight—thanks to battery backup.

* Promoting the energy transition and sustainability in rural areas. Our study provides technical
evidence that supports the migration from diesel generator-based systems (which account for 85%
of the energy in the rural areas of Colombia) to renewable sources integrated into DC microgrids.
This implementation not only reduces dependence on fossil fuels and CO, emissions but also offers a
more efficient system with lower initial costs than traditional AC microgrids, laying the groundwork

for future regulatory frameworks in these regions.

The structure of this article is as follows. Section 2 provides general details on DC microgrids,
highlights their advantages compared to AC microgrids, and explores their future directions. Section 3
details the methodology employed in this research. Section 4 is devoted to presenting and analyzing the

results obtained, and, finally, Section 5 presents the conclusions drawn from our findings.

2. Overview and trends in DC microgrids

Amicrogridis anelectrical system that encompasses a variety of generation components, mostly based
on renewable sources, but also conventional ones, as well as storage centers, loads, power electronics,
management, and communication and control systems. Unlike the traditional power grid, a microgrid
operates on a smaller scale, and its main objective is to provide a constant supply of high-quality and
reliable energy to a community with a low dispersion index who live close to the generation center (i.e.,
distributed generation). Microgrids are located in the vicinity of consumption centers and can operate
in two main modes: connected to the AC grid or in islanded mode. When operating in interconnected
mode, there is a flow of energy between the generation systems within the microgrid, its components,
and the traditional electrical grid. On the other hand, in islanded mode, energy is generated and stored

only through the generation systems and internal components of the microgrid [15].
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A microgrid manages two types of configurations, which are classified depending on the type of

current in the main bus connection.

21. AC operation

In this configuration, the main connection bus operates with AC, which makes it directly compatible
with the common connection point of the large-scale grid, also known as the traditional AC grid. The
microgrid is designed to be able to transmit power over long distances, benefiting from the ease of
transforming AC voltage at different levels. In [16], the authors provide a comprehensive review of the
operation of these systems, and they propose a nonlinear control strategy combined with an efficient
energy flow management algorithm for a low-voltage AC microgrid integrating a wind turbine, a PV
system, and a battery energy storage system (BESS). A comprehensive mathematical model of the
system is developed, and backstepping-based controllers are designed to achieve the control objectives,
including the maximization of renewable energy extraction, battery storage management, and power
factor correction at the grid interface. Simulation results confirm that the proposed strategy significantly
improves energy efficiency, system stability, and dynamic performance under variable load and

generation conditions.

2.2. DC operation

In this configuration, the main connection bus operates with DC, which simplifies the integration
of renewable generation sources thanks to the reduced use of power converters. This system enables
the connection to the electrical grid through an inverter for bidirectional electrical flow between the DC
bus of the microgrid and the conventional grid. This technology has positioned itself as an excellent
alternative due to the multiple advantages compared to AC microgrids. Below are some advantages and

disadvantages of this type of technology.

¢ From a protection perspective, the main advantage of DC microgrids over AC microgrids lies in their
simpler and more predictable system behavior, resulting from the absence of frequency, reactive
power, and phase-angle dynamics, which facilitates fault detection, protection coordination, and the
implementation of adaptive protection schemes [17].

e In [18], the authors mention some advantages of DC microgrids from the perspective of control
systems. The paper investigates super-twisting sliding mode controllers for dynamic DC microgrid
voltage regulation. The proposed control approach aims to enhance robustness against disturbances
and load variations while mitigating the chattering effects inherent to classical sliding mode control,
thereby maintaining stable DC bus voltage under dynamic operating conditions.

®  Much of the renewable generation systems and storage facilities (e.g., batteries) supply DC power,
which simplifies their integration with a DC main bus when compared to an AC main bus, which

may lead to synchronization difficulties [19].
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e The DC microgrid exhibits superior reliability in contrast to its AC counterpart. This is due to the
ability to adjust the DC bus to the system requirements as the number of components increases [16].
In addition, these systems have a greater ability to operate in islanded mode, which improves their
reliability.

* In[20], the authors presented an intelligent energy management system (EMS) for a hybrid microgrid
incorporating multiple generation sources, and they examined its technical viability and economic
performance. The EMS integrates control strategies and multilevel grid interface conversion to
manage energy flows, enhance power quality, and reduce operating costs, demonstrating the benefits
of coordinated generation, storage, and control in microgrid operation.

e Regarding the implementation, the size of a DC microgrid tends to be significantly smaller compared
to an AC microgrid. This is due to the decrease in the required conversion components [20].

¢ Insystems operating via DC, imbalances in the circulation of electric current are prevented through a
conductor, thus avoiding the phenomenon known as skin effect, which manifests itself in the transport
of AC [21].

¢ A significant proportion of electronic loads require DC as a voltage source to operate, whereas, for
interconnection to an AC system, they rely on an internal rectifier which can negatively impact their
efficiency. In contrast, DC microgrids offer a direct power supply, which results in reduced costs and
higher efficiency [22].

e InaDC microgrid, the quality of power transmission can experience significant improvements since
reactive power and frequency must not be regulated, factors that influence system performance. In
addition, DC microgrids are free of phase imbalance and harmonics, which contributes to a more

efficient transmission [23].

The current development of research works and applications of DC microgrids reflects their numerous
advantages over AC microgrids, given the technological advances, the increase in DC equipment and
devices—such as the direct integration of renewable energy systems—, and the obvious technical
advantages. However, these systems also come with challenges and disadvantages that require attention

in future research and applications. Some of them are listed below:

¢ DCmicrogrids have not undergone an extensive development and research as their AC counterparts.
This translates into a lack of standardization in voltage levels and regulatory frameworks that are
essential to defining technical aspects. This lack becomes a significant obstacle for a faster transition
to the implementation of DC microgrids [22].

¢ Inabidirectional power flow, protection techniques continue to be a challenge due to the complexity
of fault management and the lack of standardization and coordination, problems that arise due to the
intermittency of renewable generation sources. Likewise, DC microgrids generate constant current
in only one direction, which means that there are no zero crossing cycles, as occurs in AC microgrids.
This feature complicates the natural extinction of the electric arcs that can be generated when contacts

are opened in protective devices such as circuit breakers [24].
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*  Microgrids, which on renewable generation sources, often face voltage swings and variations. Power
generation can be intermittent due to climatic factors and the availability of the main resource. Over
time, this can complicate the regulation of the power supplied. This implies the need to implement

backup and advanced management systems to mitigate this variability [22].

The paragraphs above discussed the main advantages and limitations of DC microgrids. Although
several challenges remain in their large-scale deployment, the reported benefits indicate that these
systems are increasingly being regarded as promising solutions for a wide range of applications. Driven
by ongoing research efforts and technological advancements, recent studies on DC microgrids have
focused on the integration of advanced energy storage technologies such as supercapacitors and high-
performance lithium-based batteries [25]. These developments allow DC microgrids to efficiently exploit
weather-dependent renewable energy sources, including solar and wind power, as primary generation
resources. Consequently, reliance on diesel-based generators is significantly reduced, leading to lower
CO; emissions and mitigating negative environmental impacts, including ecosystem degradation and

adverse effects on human and animal health.

Furthermore, the growing adoption of DC-compatible loads and the direct interfacing of traditionally
AC-based devices without extensive power conversion stages contribute to reduced system complexity,
lower investment costs, and decreased energy losses [22]. In parallel, the emergence of smart grid
technologies and advances in automation support a more effective operation and management of DC
microgrids. Intelligent energy management and control systems enable real-time decision-making
regarding energy generation, storage, and distribution, thereby enhancing system stability and reliability
[26]-[28].

Additionally, a clear trend towards the deployment of DC generation systems at the household and
building levels is observed, allowing end-users to manage energy locally and participate more actively
in electricity markets [29]. This decentralization paradigm is particularly relevant for NIZ, where the
installation of standalone DC microgrids facilitates access to electricity, supports basic community
needs, and enables the development of productive activities in remote areas, overcoming the limitations
of conventional centralized infrastructure [30]. Finally, the interconnection of multiple microgrids is
being explored as a means to improve energy management and configure hybrid systems that combine
renewable and conventional generation sources, thereby reducing environmental impacts while

expanding electricity coverage in a coordinated manner [28].

In the future, the enactment of new laws and technical standards is expected to foster an increased
adoption of DC power systems at the local and rural levels, allowing industries and businesses to manage

energy more efficiently and mitigate the impact of power outages on continuous production.
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Another area of research and continued growth involves the integration of electric vehicles in the
context of DC microgrids. These vehicles operate on DC, where microgrids are ideal for charging them,
which not only provides a convenient form of charging, but also allows their batteries to be used as
energy storage devices for the grid. This can be essential for balancing demand and power generation in
real time [31]. In addition, this trend extends to electric marine vehicles, which can take advantage of DC
microgrids through systems for lighting or cooling needs, DC motors powered by renewable generation

sources, or DC charging systems [32].

These trends reflect the potential growth of DC microgrids thanks to significant advances in research
and technological development, in response to an energy transition that seeks to reduce environmental
impacts while expanding energy availability. This not only improves efficiency in urban areas but also

meets the needs of rural areas and contributes to their social development and access to electricity.

3. METHODOLOGY

This section first describes the NIZ of the department of Cauca, for which the proposed microgrid
was designed, emphasizing the main challenges associated with the lack of access to reliable and high-
quality electricity services. In Colombia, the Pacific is one of the regions with the highest concentration
of NIZ. Within this area, the department of Cauca features three municipalities, i.e., Timbiqui, Lopez de

Micay, and Guapi, which are particularly affected by limited or intermittent electricity supply [33], [34].

Along the Pacific coast of Cauca, the municipality of Timbiqui stands out as one of the areas
with the highest number of households without access to electricity in the department. According to
the telemetry report issued by the Institute for Planning and Promotion of Energy Solutions for NIZ
(IPSE) in 2024, approximately 2196 users in Timbiqui lack access to electricity. The municipality also
includes the township of Chacon Playa, where the absence of continuous and high-quality electricity
service has resulted in significant social and economic challenges. The following subsection provides
a brief characterization of the municipality and this NIZ, highlighting the main issues associated with

inadequate energy access.

3.1. Description of the municipality of Timbiqui

Timbiqui is located in the western part of the department of Cauca, at approximately 230 km from
the departmental capital, Popayan. Its territory extends for 1813 km? and has an estimated population
of about 27 182 inhabitants, according to projections made by DANE from the 2018 census. About 74%
of its residents live in rural areas, while the remaining percentage corresponds to urban population.
The predominant economic activities in Timbiqui focus on fishing, agriculture, mining, and timber
exploitation, making it a municipality with an economy based on extractive and primary sectors [35].
In 2017, the municipal capital of Timbiqui was interconnected through the San Bernardino-Guapi-Olaya

Herrera electrical interconnection line at 115 000 V, from the San Bernardino substation in Popayan to the
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Guapi substation. However, the conditions of the layout have imply suboptimal service conditions for

this population.

3.2. Description and main problems at the Chacon Playa-Timbiqui district

Chacon Playa is one of the smallest of the townships in terms of population and geographic extension,
butit faces profound challenges due to the lack of access to essential publicservices. It is inhabited by about
570 people who reside in the rural areas of the municipality of Timbiqui. Chacén Playa's main economic
activity corresponds to fishing and agriculture. The population is deeply rooted to its environment, as it

is highly dependent on it for survival.

Chacén Playa faces difficulties in terms of the availability of essential services for community
development. The quality of the electricity service is poor and currently relies on a 56 kW diesel-fueled
generation plant. According to the telemetry report provided by the IPSE in July 2023, there is limited
availability of electricity. The average daily electricity supply is limited to approximately five hours and
56 minutes in the Chacon region [36]. This limitation is evidence of persistent difficulties in accessing
quality electricity. These problems can be attributed to a number of factors, including price fluctuations
in the fuel supply, the challenging geographic conditions of the area, and the technical limitations of its
power generation system. All of these highlight the marked dependence on fossil fuels in regional power
generation and, as a consequence, the shortages in electricity supply. This dependence on fuels has a

negative impact on the environment, especially in the Pacific Ocean and the region as a whole.

In addition to the environmental implications, the lack of electrical power poses significant challenges
for the social and economic development of the local community. The absence of refrigerators makes it
difficult to preserve food, which is a crucial source of economic livelihood. It also results in literacy
problems due to lack of access to quality education and inadequate healthcare. The lack of reliable energy
services has led to increased deforestation, as firewood is used as a source of energy for cooking. The
community is also forced to rely heavily on fuel for transportation and electricity generation. These
issues continue to perpetuate the precarious living conditions in the Chacdn region and reflect the urgent
need to address and improve access to quality electricity, in order to promote sustainable development

and improve the quality of life of its inhabitants.

3.3. Selection of pressing need in the Chacon Timbiqui area

The availability of refrigeration equipment is essential, since it keeps food products in optimal
conditions by ensuring adequate temperatures, thus preventing spoilage caused by bacteria and
pathogens. In the case of foods, it is crucial to keep them at adequate temperatures to preserve their

nutrients and avoid the proliferation of microorganisms that can affect their quality [37].
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Fisheries play a fundamental role in the economic development of the region and in the livelihood of

the local community. Therefore, the conservation of these foods takes on even greater importance.

Fishproducts canbe prone to contaminationby parasites, which canbe controlled by using refrigerators

and maintaining appropriate temperatures, ensuring that they can be sold in perfect conditions [38].

In addition to benefiting food preservation, the availability of electrical power and refrigeration
systems is also crucial for the proper storage of vaccines and medicines. This is essential to improving the

quality of life in the area and contribute to the general well-being of the community.

3.4. Topology of the DC microgrid

Once the energy needs of the selected NIZ had been identified, an isolated DC microgrid topology was
selected to address the urgent need for a reliable and high-quality electricity supply. These microgrids can
be deployed in close proximity to load centers, which facilitates the integration of distributed renewable
energy resources. The literature reports several DC microgrid topologies for different applications, with
their selection depending on key factors such as system security, fault resilience, scalability, operational
complexity, and overall reliability, all of which must be tailored to the specific requirements of the context
[13].

DC microgrid topologies can be classified according to their structural complexity and reliability,
including single-bus, radial, ring-loop, mesh, and zonal configurations [19], [22]. The selection of a given
topology is primarily influenced by its capacity to withstand faults and ensure continuity of service.
Table I summarizes the main characteristics of these topologies and their typical applications. Among
them, the single-bus topology exhibits the lowest structural complexity, as all generation units, energy
storage systems, and loads are connected to a common DC bus. While this configuration offers simplicity
in installation and operation, it presents reduced reliability due to its high vulnerability to component
failures [38].

In contrast, the zonal topology provides the highest level of reliability, given its ability to establish
interconnected zones that enable multiple power supply paths to the loads. Additionally, this topology
allows interconnection with conventional AC grids, offering enhanced flexibility in fault management
and system reconfiguration. However, these benefits come at the expense of increased installation

complexity and higher implementation costs [19].
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Table I. Characteristics and applications for DC microgrid topologies

Criteria/topology Single-bus Radial Ring-Loop Meshed Zonal
Difficulty of installation Low Low Average High High
le.ﬁculty of Low Low Average High High
maintenance
Reliability Low Average Average High Very high
Cost Low Low Average High High
Dependability Low high High High Average
Reconfiguration No No Yes Yes Yes
Response to Failures Low Low Average High High
Expansion to multiple
X
buses
Small buildings Low voltage L
and villas, domestic Small towns, Distribution Ships. on-board
Applications isolated systems, applications, small ~ DC distribution systems, ps /s tems a
low voltage  villages and isolated systems large cities y
loads systems

Based on the characteristics of the different topologies presented in Table I, and considering the needs
of this project, which seeks to analyze the technical feasibility of DC networks in NIZ, as is the case with
Chacén, Timbiqui, a radial topology was selected. This is because the region is geographically isolated and
has limitations regarding communication, as well as limited access to electricity due to its dependence on
diesel energy sources and its lack of connection to the national interconnected system. In this context, a
system of less complexity and easier maintenance is recommended. A radial topology constitutes an excellent
option for isolated systems and low-voltage domestic applications [40]. In addition, it offers the possibility
of expanding to multiple buses through series or parallel connections, which significantly improves its
reliability. This topology is versatile and can initially operate with a single bus, but it can be expanded to

multiple buses, which allows sharing power between them and working with different voltage levels [39].

The choice of this topology is based on its low installation complexity, ease of maintenance,
affordability, and suitability for applications in rural areas. It is also important to highlight its ability
to establish connections with AC grids and its extension to multiple buses and points for renewable DC

generation.

4. RESULTS

After selecting the topology, a DC microgrid was developed which employs a PV source and a storage
center based on batteries. To this effect, it was essential to verify if the area of the village of Chacén in
Timbiqui had any availability of primary resources. To carry out this verification, the NASA Data Access
Viewer was used, which, thanks to the collection of data over several years and its historical record,
allows evaluating the hours of greatest solar irradiance in the study area throughout the year. UMPE

solar maps were also used to obtain the average annual radiation.
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The data are listed below by database consulted.

e NASA Data Access Viewer:
e Peak Solar Hour PSH = 4.02Kwh/m?, evaluated between 2021 and 2022.

e UPME solar maps: Average annual radiation = 3.8 Kwh/m?

Based on the above-presented data, the study area exhibits a significant solar radiation potential, which
supports the analysis of microgrids powered by PV generation with energy storage systems as backup
sources. Accordingly, solar irradiance and ambient temperature data were collected to characterize the
operating conditions and simulate a DC microgrid using real environmental data. Daily irradiance and
temperature profiles were obtained from the Photovoltaic Geographical Information System (PVGIS).
Fig. 1 shows that solar irradiance is available between approximately 06:00 and 18:00, which is consistent
with the expected sunrise and sunset times for the analyzed location. The global irradiance curve exhibits
a smooth bell-shaped profile, reaching its maximum value around solar noon (12:00-13:00), with peak
values close to 700-750 W/m?2. This behavior reflects the effective alignment of the tracking plane with the

sun’s apparent motion, maximizing the incident radiation during the central hours of the day.

Daily irradiance profile, tracking plane
(C) PVGIS, 2023
1200

1000
800
600

400

Daily irradiance [W/m2)

200
0 3 6 9 12 15 18 21
Hour (UTC-5.0)
Radiation(Click on series to hide)

— Global — Direct
Diffuse

Figure 1. Daily irradiance data for Chacon Playa, Timbiqui
Source: [39]

Fig. 2 illustrates the hourly evolution of the daily average ambient temperature, as obtained from the
PVGIS database. The temperature profile exhibits a clear diurnal pattern, with relatively stable values
during nighttime hours and a gradual increase after sunrise, followed by a peak in the early afternoon.
From a PV performance perspective, this temperature profile is particularly relevant, as higher ambient
temperatures coincide with periods of maximum solar irradiance. This overlap may lead to increased

module operating temperatures and, consequently, to a reduction in conversion efficiency.
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Figure 2. Daily temperature data for Chacon, Timbiqui

Source: [39]

Once the solar irradiance and temperature data had been collected, we selected the actual generation
equipment for the DC microgrid. The details of the solar panels and batteries obtained from the datasheets

and considered in the simulation are given below.
Polycrystalline Solar Module CS6C-145P

* Brand: Canadian Solar CS6C-145 P

¢ Maximum power: Pmax =145 W

¢ Optimum operating voltage: Vmp =179 V
* Optimum operating current: Imp =8.09 A

*  Open-circuit voltage: Voc=22.2 V

e Short-circuit current: Isc = 8.65A

e Cells per polycrystalline module: Ncell =36
¢ Operating temperature: -40°C ~+ 85°C

e Power tolerance: + 3%
Lithium Battery LFP12V100 12V 100 Ah deep cycle

* Nominal voltage =12.8 V

¢ Nominal capacity =100 Ah
* Cycles at 100% =2000

*  Cycles at 80% = 3600

* Energy=1280 Wh
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* Maximum depth of discharge = 80%

¢ Maximum output current =100 A

The proposed microgrid is primarily intended to address one of the most pressing needs of the area,
which is to provide energy for food preservation. Therefore, a DC solar freezer was selected as the load
to be powered by the DC microgrid. This choice is due to the microgrid's focus on operating in isolation

and with DC loads, which allows evaluating its technical feasibility.
The technical data of the DC freezer are presented below.
Solar horizontal freezer 430 liters 24V

e System voltage =24 VDC

e Input voltage range=21.3to 31.5V
* Deep discharge protection=22.8 V
e Power=72W

* Recommended fuse=7.5A

Based on the above-presented information, the DC microgrid was designed. The key components of
this microgrid include a solar PV generation system, composed of four solar panels connected in series
and in parallel; a storage center based on two batteries connected in series; a DC-DC boost converter; a
bidirectional DC-DC converter; and the specific load to be fed, which, in this case, consisted of four DC

solar chillers. Fig. 3 shows the microgrid design, which was used to conduct our simulations.

[
i PWM
| | BOOST DC-DC CONVERTER
I N I S P
ISTIR L
SOLAR GENERATOR [T 4 )
|
S
NN | c1 2
RN T
ST |
| |
H DC BUS
BATTERY STORAGE il :
H L
| H s2
! i1l
+ =1 | T t ] =
4 | i
A }

BIDIRECTIONAL CONVERTER REFRIGERATOR DC

Figure 3. DC microgrid design
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After developing the microgrid structure, it was essential to ensure a constant power flow to
the four selected chillers. To this effect, the microgrid had to be equipped with a power electronics
system comprising converters and their corresponding control systems. These components are vital to
maintaining proper voltage and current levels in the DC bus, allowing each of the chillers to be adequately
powered. The boost converter was entrusted with raising the voltage of the solar generation source to
the values required by the microgrid. On the other hand, the bidirectional converter was responsible for
supplying controlled energy to the batteries and, if necessary, delivering it to the microgrid. In this role,
the bidirectional converter can act as a step-down buck converter or as a boost converter depending on

the specific demands of the microgrid.

The objective was to power four 72 W chillers, which requires supplying a total power of 288 W. The
system was configured to maintain a constant voltage of 24 V on the DC bus to power the load, since
the microgrid was set at 24 V. To achieve this, it was essential to properly size the DC-DC converters
(both boost and bidirectional), which had to be able to handle the total power of 288 W and guarantee a
constant 24 V.

The calculations for the electrical circuit components of each converter were conducted under the

standard procedures and equations presented below [40], [41]:

k(T i
LG )] 0

AL *Fs*Vo
Io"‘l—ﬁ
C= Vo )
Fs*AVo
D:VO—Vi (3)
Vo

First, parameters were defined according to the technical datasheet of modules, batteries and frezzer
presented above. The calculation of the electrical components of the DC-DC boost converter of the solar

array was conducted using the following equations, which are presented with their corresponding results:

P =4%Pmax =4*145W = 5800 (4)
Vi=Vmp =179V ©)
Fs=10KH. (6)

Vo =24V @)
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Al = 0.01*]0*%2 0.3240
i

AVo=0.01*Vo =0.24

I Vi*(Vo-Vi)

= =0.0014H
Al *Fs*Vo
10*1—ﬁ
- Yo _p0026F
Fs*AVo

P =#modulos * Pmax = 4*145W = 580W

Vi=(2%12)V *0.9=21.6V
Fs=10KH,

Vo =24V

Io=£=24.17A

Vo

Al, = 0.01*10*%: 0.2685
i

AVo=0.01*Vo =0.24

L_Vi*(Vo—Vi)

- —8.044%107 H
Al *Fs*Vo
Io”‘l—ﬁ
C=— Yo _00010F
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In these calculations, we emphasized that the variable parameter is the input voltage Vi, which is
equivalent to 90% of the nominal battery voltage. The main purpose of the bidirectional converter in
this configuration is to maintain a constant voltage of 24 V in the microgrid and, if necessary, to take
advantage of the battery as a complementary power supply. Performing these calculations is essential,
as it allows determining the precise inductance and capacitance values required to ensure the optimal

operation of the bidirectional converter for the microgrid and the load requirements.

Once the sizing of the converters had been completed, it became essential to implement a controller to
measure the duty cycles of these converters, with the aim of monitoring and optimizing their efficiency.
To this effect, MPPT control was adopted, which is based on the incremental conductance algorithm.
The purpose of this strategy was to keep the solar system operating at its maximum power point, even
in the face of variations in solar irradiance or temperature. We mainly aimed to improve efficiency in the
conversion of the energy absorbed by the solar system. This algorithm focuses on adjusting the voltage of
the solar system while considering the derivative of the power with respect to the converter voltage — this
is achieved by constant measurements of the current and voltage in the system. The above can be explained

with the following equation and the incremental conductance algorithm diagram shown in Fig. 4.

d(1v
d_P:(_):“ﬂV (22)
v dVv dv

Imput
ViK), I(k)

v

dV = V(K) - V(k-1)
dizI(k)HI(k-1)

— A —
i

Decrease Increase Decrease Increase
Vref Vref Vief Vref

y y

RETURN

Figure 4. MPPT incremental conductance algorithm

Source: inspired by [41]
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The algorithm operates as follows. First, the controller receives the initial values of current and voltage
from the solar system. Next, the power is calculated, and the converter connected to the PV system is
initialized to the optimum operating voltage. Then, the variations in current and voltage in the converter
are calculated. Afterwards, the derivative of power with respect to the converter voltage is calculated.
Depending on whether this derivative is equal to, greater than, or less than zero, the converter output
voltage is adjusted to operate near the maximum power point. If the derivative of power with respect to
voltage is not greater than zero, the output voltage is increased. Conversely, if it is greater than zero, the
voltage is reduced. This algorithm operates in a continuous cycle to keep the converter output as close as

possible to the maximum power point.

Once the MPPT control system had been defined, we simulated the microgrid using MATLAB-
Simulink software and its Simscape complement. A diagram showing our proposal’s structure and its

different components is shown in Fig. 5.

Continuous
i A I
powergui T * < PO B Py 4 o o P pwmpy

8 —3

000

Figure 5. Implementation of our DC microgrid in Simulink

A commercial PV module was selected from the Simulink library, specifically the Canadian Solar
CS6C-145P, whose electrical characteristics were presented above. The PV array was configured using

four modules arranged in two series-connected modules per string and two parallel strings.
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Simulink also enabled the selection of an energy storage system based on predefined characteristic
curves. In this study, two lithium iron phosphate (LiFePO,) batteries—model LFP12V100 (12 V, 100 Ah) —
were employed and connected in series to form the battery bank. The load was modeled as a constant DC

load with an active power demand of 288 W, representing the operation of four DC coolers.

A Dboost converter and a bidirectional DC-DC converter were incorporated into the system. The
inductance and capacitance values of both converters were calculated analytically and implemented in
the model. The solar irradiance and ambient temperature inputs to the PV module were defined using a
step function and a constant value, respectively, based on the data obtained from the PVGIS platform for

the Chacon-Timbiqui region.

To enhance the efficiency of the power converters, appropriate control strategies were implemented.
An incremental-conductance MPPT algorithm was applied to the boost converter and developed using
a MATLAB function. The initial reference voltage was set to 0 V, with a maximum voltage limit defined
according to the module’s optimal operating voltage of 17.9 V and a reference value close to 15 V. For
the bidirectional converter, a proportional-integral (PI) controller was employed to regulate the DC bus

voltage, with the proportional and integral gains set to 0.001 and 0.1, respectively.

The remaining components of the microgrid, including the switches, filters, measurement blocks,
DC-DC PWM generators, and comparison elements, were implemented using standard Simulink blocks.
Once the system architecture had been completed, simulations were conducted to evaluate the technical
feasibility and dynamic response of the microgrid under the specified operating conditions. The objective
was to maintain a regulated DC bus voltage of 24 V while supplying a constant power of 288 W to the
DC load.

Said simulations were performed over a 24-hour period using time-varying irradiance profiles

derived from PVGIS data and assuming an average ambient temperature of 25 °C for the studied location.

The simulation results can be seen in Figs. 6, 7, 8 and 9, respectively.
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The simulation and the behavior of the microgrid must be adapted to the variations in the global
irradiance, which was previously shown in Figure 1. In this graphical representation, it is observed that
the irradiance is zero from 12 am to 6 am. Between 7 am and 7 pm, a variation in irradiance is recorded,
reaching its maximum value at 1 pm with a total of 722 W/m”2. Subsequently, between 8 pm and 11

pm, the irradiance returns to zero. It is essential that the system is able to operate efficiently under these

conditions.
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Figure 9. DC chiller load response

|Ingenieria| Vol .31 | No.1 | ISSN 0121-750X | E-ISSN 2344-8393 | €22843 | 22 of 28


https://orcid.org/0000-0003-2801-030X
https://orcid.org/0000-0002-7959-9962

Technical Feasibility Analysis of DC Microgrids. . . IvAN FeLIPE-MuNoz AND MAXIMILIANO BuENO-LOPEZ

Fig. 6 illustrates the response of the solar array during these changes in irradiance. During periods
of high irradiance, the system, with the help of the boost converter and its corresponding controller,
maintains the voltage close to 24 V, where the current varies according to the fluctuations in irradiance.

This naturally affects the power delivered by the solar array, which also varies according to these changes.

When irradiance is low or zero, the solar array provides little or no power. At these times, the batteries
come into play as a storage source, wherein the supplied voltage is also maintained at a constant 24 V
throughout the operation. Here, the current is also adjusted according to the presence or absence of
irradiance, as shown in Fig. 7. The batteries play a crucial role in supplementing the microgrid during
hours of low or no solar irradiance, serving as a backup source to maintain optimal levels of power

supplied to the load.

Fig. 8 provides a glimpse of the charging and discharging behavior of the batteries, which start at
80% charge. In the absence of solar radiation, the batteries gradually discharge by supplying power to the

microgrid. When solar radiation is present again, the batteries are recharged.

Fig. 8 shows how the four DC coolers are provided with a constant voltage of 24 V, with a current of
approximately 10 A and a power output of about 288 W. This guarantees their operation and demonstrates
the technical feasibility of the microgrid to meet the voltage and current demands of the chillers in

response to changes in solar radiation, with the aim of supplying the demanded power.

This system evidences the potential of DC microgrids to meet the energy needsin the region, especially
in non-interconnected areas such as Chacon-Timbiqui in the department of Cauca. The simulation
supports the technical feasibility of providing a reliable and essential energy supply in response to the

priorities of this area.

5. CONCLUSIONS

This paper demonstrates that DC microgrids constitute a technically superior solution for supplying
electricity in NIZ, as their architecture reduces the number of power conversion stages, resulting in more
compact, efficient, and cost-effective systems compared to their AC counterparts. By eliminating the
need for frequency regulation and reactive power management, DC microgrids provide high-quality
and reliable electricity supply, particularly suitable for geographically dispersed rural communities. The
results show that a significant reduction in diesel generator dependence —up to 85% —can be achieved,
thereby mitigating fuel transportation costs and CO, emissions. The integration of PV generation
with battery energy storage systems enables remote communities, such as Chacén Playa, to achieve
energy autonomy and maintain service continuity even under low or zero solar irradiance conditions.
Furthermore, the proposed DC microgrid supports critical local economic and healthcare activities

by enabling reliable food and medical supply preservation through DC loads such as refrigeration
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systems. System feasibility was validated through simulations using the incremental conductance
algorithm, ensuring stable 24 V regulation to protect refrigeration equipment. The adoption of a radial
topology facilitates deployment in hard-to-access areas due to its reduced installation complexity, ease
of maintenance, and inherent scalability, allowing expansion to multiple buses as community demand
increases without compromising system stability. Finally, the findings provide technical evidence to
support the development of regulatory frameworks that promote the adoption of DC microgrids as a
reliable and sustainable alternative, contributing to national objectives of universal electricity access and

social development in remote regions of Colombia.

The future of DC microgrids is shaped by several research and technological development directions
aimed at addressing current challenges related to standardization, efficiency, and system reliability. A
key priority involves the development of regulatory frameworks and technical standards that define
standardized voltage levels and operational requirements to enable the safe and accelerated deployment
of DC microgrids in isolated and remote areas. Advances in energy storage technologies, including
high-performance lithium-based batteries and supercapacitors, are expected to enhance the integration
of variable renewable energy sources such as solar and wind power. In parallel, the incorporation of
intelligent energy management and automation through smart grid technologies will enable the
real-time control of generation, storage, and load dispatch, thereby improving system reliability and
operational efficiency. Additionally, a trend towards increased decentralization is anticipated, with DC-
based generation systems being deployed at the household and building levels, allowing end-users to
manage energy autonomously and participate in electricity markets. The interconnection of multiple
DC microgrids to form hybrid systems is also envisioned as a means to increase renewable penetration,
expand coverage, and reduce environmental impacts in a coordinated manner. Finally, future research
must address the development of advanced protection schemes capable of managing bidirectional power
flows and fault conditions in DC systems, particularly considering the absence of natural current zero

crossings, which complicates arc extinction in protection devices.
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Resumen

Contexto: El calculo de corrientes de cortocircuito es clave para el dimensionamiento de equipos y la coordinacién de
protecciones en sistemas eléctricos de potencia. Sin embargo, las diferencias metodologicas entre las normas ANSI/
IEEE C.37 y 141 e IEC 60909 generan incertidumbre al seleccionar el enfoque mas adecuado. Este estudio aborda
esta problematica mediante un analisis comparativo basado en simulaciones computacionales que evalian ambas
metodologias bajo condiciones equivalentes.

Método: Se modela un sistema industrial de 44 barras en ETAP (version 20.0), considerando conexién a la red
eléctrica, generacion local y cargas rotativas. Las corrientes de cortocircuito se calculan siguiendo los procedimientos
de ambas normas y se analizan cinco puntos de falla representativos. La evaluacion incluye seis parametros: corriente
inicial simétrica, corriente de cierre de medio ciclo, corriente pico de falla, corriente de interrupcion, corriente de
ruptura asimétrica y corriente en estado estable.

Resultados: El método IEC presenta valores entre un 5 y un 10% superiores a los obtenidos con ANSI/IEEE en la
mayoria de los casos. Las mayores diferencias se observan en barras cercanas a generadores y maquinas rotativas de
mayor potencia, alcanzando hasta un 9.34 % en la corriente de cierre. Estas variaciones se asocian principalmente con
el tratamiento de la relacion X/R y el factor de voltaje c aplicado en IEC.

Conclusiones: La norma IEC 60909 ofrece estimaciones mas conservadoras para disefios exigentes, mientras que
ANSI/IEEE resulta ttil en analisis preliminares, proporcionando criterios practicos para seleccionar la norma segtn

la criticidad del sistema.

Palabras clave: modelado de sistemas eléctricos, programa de analizador de transitorios eléctricos (ETAP), flujos de

carga, coordinacién de protecciones
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I. Introduction

An accurate calculation of short-circuit currents is essential in ensuring the safety and efficiency of
electrical systems, as it directly influences equipment sizing and protection coordination [1]. International
guidelines such as the ANSI/IEEE standards (C37.5, C37.13, C37.010, and 141) and IEC 60909 address
these calculations. However, they differ in their methodologies and parameters. These discrepancies
have generated ongoing debate regarding which standard provides more accurate and suitable results
under different system conditions [1], [2], [3]. The literature also highlights that variations in calculated
short-circuit currents can affect protection coordination and equipment design, impacting both system

safety and operating costs [4].

This study aims to compare the methodologies of both standards by performing short-circuit
simulations in an industrial distribution system using the electrical transient analyzer program (ETAP),
version 20.0. The analysis will identify key differences between the standards and evaluate their impact on
electrical design, providing recommendations to support the selection of the most appropriate standard
for specific industrial applications. This comparison is motivated by the need to support engineers in
selecting the most suitable standard depending on equipment requirements and study objectives. ANSI/
IEEE standards are often preferred for circuit breaker duty and protection coordination studies, while

IEC 60909 is commonly applied when standardized calculation assumptions are required.

Several studies and technical standards provide methodologies for calculating short-circuit currents,
among which the ANSI/IEEE and IEC approaches stand out. These standards differ significantly in terms
of accuracy and applicability, which has motivated a wide range of comparative research, assessing
their effectiveness in different contexts. Several comparative studies [4], [5], [6], [7], [8] have conducted
detailed evaluations of the IEC 60909 and ANSI/IEEE 141-4 standards, using simulation tools such
as DigSILENT PowerFactory to identify key differences in the results yielded by both methods. This
complements previous research [9], [10], [11], [12], [13], which has also examined the accuracy of ANSI
and IEC methodologies in industrial environments and highlights their corresponding strengths and
limitations. Additionally, subsequent studies [6] have investigated the applicability of IEC-based results
in arc-flash calculations according to IEEE 1584, enabling a more comprehensive assessment of the risks

associated with electrical faults.

Research focused on 33-11 kV substations [14] has emphasized the importance of selecting an
appropriate standard to obtain accurate short-circuit current calculations in complex systems. These
studies, along with other analytical works [8], [9], demonstrate the applicability and limitations of each
standard across different industrial scenarios. Overall, the reviewed literature highlights the need for
further studies that comprehensively assess the differences between ANSI/IEEE and IEC short-circuit

calculation approaches. This research aims to contribute to this discussion by providing a comparative
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analysis that supports engineers in selecting the most suitable standard based on the technical

requirements of each system and its specific operating conditions.

This article provides a detailed comparative analysis of the ANSI/IEEE C37 and 141 standards and
IEC 60909 for short-circuit current calculations, with a specific focus on identifying discrepancies and
similarities in their methodologies and results. Unlike previous studies that focus on a single standard
or present non-comparative analyses, this research offers a comprehensive evaluation based on practical
case studies and simulations performed using ETAP 20.0. The main technical contributions of this work
include the identification of key methodological differences, an assessment of their impact on system
safety and reliability, and the development of tools to improve commonly used calculation procedures

through the analysis of real-world case studies.

There are methodological and parametric differences between the ANSI/IEEE and IEC standards
for calculating short-circuit currents. However, their practical impact on the design and operation of
industrial electrical systems has not been sufficiently investigated. Recent updates to both regulations
introduce new elements that have not yet been comparatively examined in the existing literature, making
it difficult to make an informed selection of the most appropriate approach. This lack of detailed and
contextualized analysis creates uncertainty for engineers, particularly regarding the selection of protection
devices, equipment settings, and protection coordination, all of which are critical to ensuring the safety
and reliability of power systems. This research aims to address this gap by conducting a comparative
analysis of both standards, using simulation tools to evaluate and document discrepancies in their results

and assess their relevance in specific industrial applications.

This paper is organized as follows. Section II presents a theoretical comparison of short-circuit
calculation methods, detailing the technical basis for analyzing alternating-current (AC) and direct-
current (DC) components as well as network configuration. Section III describes the methodology,
including the data collection process and the general procedure used to compare the standards. Section
IV presents the practical case study of an industrial system, including calculations, figures, and results.
Section V analyzes the results in terms of the different fault current types and the behavior of the ANSI/
IEEE and IEC methods. Finally, Section VI presents the conclusions, and Section VII lists the references

consulted for this research.

II. Comparison of short-circuit methods

The following subsections present a general comparison between the ANSI/IEEE C.37, ANSI/IEEE
141, and IEC 60909 standards.
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A. General considerations

In ANSI/IEEE standards C37.5, C37.13, C37.010, and 141, short-circuit calculations and equipment
impedance values are primarily based on parameters provided by manufacturers, with tolerance margins
applied to obtain conservative fault current estimates. As for short-circuit calculations in IEC 60909, a
correction factor is applied to synchronous machines and transformers in order to account for nominal
operating conditions [15], [16], [17], [18].

B. Pre-fault voltage

The calculated short-circuit currents are proportional to the pre-fault voltages. The ANSI/IEEE
standard assumes a maximum operating voltage, typically ranging from 100% to 105% of the nominal
system voltage [2]. Therefore, the equivalent source voltage corresponding to the pre-fault condition is
computed as follows:

U

pre— fault = Unom = lpu (1)
On the other hand, the IEC standard uses a correction factor ¢ multiplied by the nominal bus voltage
and specifies its range for different voltage levels, with 1.1 being the maximum value across all voltage

levels. Therefore, the equivalent voltage at the fault location is computed as follows:

Y @

eq \/g

where U, denotes the equivalent voltage source, U, is the nominal voltage of the system, and ¢

signifies multiplicative factor.

C. Decay of AC components

ANSI/IEEE favors the adjustment of machine reactance to calculate symmetrical interrupting
currents. For induction machines and synchronous motors, the decay of AC short-circuit contributions
is modeled using different reactance values for the first cycle and for the system network, spanning 1.5-4
cycles. In the case of synchronous generators, different multipliers are applied to the short-circuit current

depending on the electrical distance between the machine and the fault location [15], [19], [20], [21].

In contrast, the IEC recommends considering the proximity of the machine to the short-circuit, the
system configuration, and the separation time. For a given fault location, system configuration and
source contributions can be classified as single-supply short-circuits, non-meshed network short-circuits, and

meshed network short-circuits. When the short-circuit occurs away from the generator, the AC decay is

|Ingenieria| Vol .31 | No.1 | ISSN 0121-750X | E-ISSN 2344-8393 | €22514 | 5of 21



Comparative Analysis of the Standards ANSI/IEEE C.37. .. MuRNoz-GOEZ ET AL.

neglected. However, when the short-circuit is close to the generator, the AC decay is calculated based on

the interruption time, the machine size, and its short-circuit contribution to the fault [6].

In this study, synchronous motors and induction machines were incorporated by assigning short-
circuit current contributions according to their rated capacity and electrical proximity to the faulted bus.
The transient decay was modeled using the corresponding sub-transient, transient, and steady-state
reactance values, as recommended by each standard, in order to represent the time-dependent reduction

of machine contributions during the interruption interval.

D. Decay of DC components

ANSI/IEEE recommends applying multipliers to symmetrical fault currents in order to calculate
asymmetrical currents. A key concept in this standard for modeling the decay of DC components is
the X/R ratio at the fault location. The standard requires the use of the reactance network to determine
the equivalent reactance at the fault point, along with a separate resistance network to calculate the
equivalent resistance. In contrast, the IEC standard is not restricted to a single X/R ratio and generally
considers more than one. This approach is applicable when the fault is supplied by several independent
sources [9], [22], [23], [24].

E. Network configuration

ANSI/IEEE provides a systematic approach for all types of system configurations, whether they be
meshed or non-meshed. This simplifies the calculation procedure. IEC offers different approaches to AC
and DC decay for single-supply, meshed, and non-meshed systems. This classification refers to a given

fault location.

III. Methodology

An industrial network was modeled while including the necessary elements for a short-circuit study,
adjusting the parameters in accordance with the specifications of the studied standards (ANSI/IEEE C.37
and 141 and IEC 60909) [2], [3].

A. Data collection for modeling

The data required to perform a short-circuit study include the following:
e Utility interconnection points and the corresponding fault MVA levels (both three-phase and
line-to-ground) to determine the equivalent grid impedance.

* Generation data and rotating load data, including synchronous and induction motors, both

individual and aggregated.
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e Data for static system equipment, such as transformers, cables, reactors, overhead lines, bus
ducts, and other electrical components.

* Impedance values of electrical components.

B. General procedure

The procedure required to determine the short-circuit analysis is illustrated in Fig. 1.

IV. Case study

The short-circuit study was conducted on a typical 44-bus industrial system to illustrate the required
calculations and resulting outcomes. This system, shown in Fig. 2, includes circuits at multiple voltage
levels, local generation, a utility interconnection, and a variety of rotating machines. The utility operates
at 69 kV, while the plant generators operate at 13.8 kV. Both the utility connection and the generators
are assumed to be supplying power, and the rotating loads are considered to be operating near their full
capacity. The system includes both induction and synchronous motors, and its general information is
shown in Table I [5].

Entry and classification of buses.
Establish whether they are load,
generation, or slack

l

Incorporation of models for
generators, transformers, and
protections

|

Parametrization of models:
Rated power, voltage levels,
impedances

|

Technical data
review

¢Does the
power flow
converge?

Results for: bus voltages,
loadability of lines and
transformers, injected and
consumed power

¢ Are the
parameters

whitin standard

margins?

Short-circuit currents calculation
according with ANSI/IEEE or
|IEC standards

Figure 1. Procedure schematic
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Figure 2. 44-bus industrial system

Table I. General information

Buses
Branches
Generators
Transmission lines
Loads
Load-MW
Load-MVAR
Generation-MW
Generation-MVAR
Losses-MW
Losses-MVAR

44
43
2
1
30
21.766
9.009
21.919
9.969
0.156
0.961

Considering the network topology and the base study presented in [9], the buses with the highest
connected loads and the greatest fault current contributions, according to the short-circuit and load flow
simulations, were selected as the fault locations, i.e., 04:MILL-2, 05:FDR F, 10:EMERG, 19:T7SEC, and

50:GEN1.
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V. Results analysis

The following subsections explicitly analyze the differences between the ANSI/IEEE C.37, ANSI/
IEEE 141, and IEC 60909 standards. To this effect, the short-circuit modeling parameters, including the
fault impedance, source representation, and X/R ratio, are assumed to be identical in order to ensure

consistent results.

A. Symmetrical initial short-circuits current

ANSI/IEEE. The RMS (symmetrical) momentary short-circuit current of the first cycle for a zero-

impedance fault is calculated as follows:

1 o 3)
mom,rms ,symm \/gZeq

where U s s the pre-fault voltage, and Z, , 1s the equivalent impedance at faulted bus. The latter is

obtained by reducing separate networks for X and R within half-cycle.

IEC. The initial short-circuit current can be calculated using the method of symmetrical components.
This approach is applicable to both meshed and non-meshed networks. For faults located close to the

generator,
cU

I =—/* 4
k 32, (4)

where Z, denotes the equivalent impedance at the fault location. For faults far from the generator,

impedance correction factors should be considered for generators ( K, ) and power plant units ( K).

Theresults for the initial symmetrical short-circuit currents are presented in Table II. The discrepancies
largely depend on the proximity to the generators. The results show that the IEC short-circuit current
values are higher than those obtained using the ANSI/IEEE approach. This difference is mainly attributed
to the contribution of rotating machines located along the path between the fault sources and the fault
location, which supply the momentary current. In addition, the impedance of the intervening equipment

limits the fault current' contribution, affecting the calculated short-circuit currents at specific buses.
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Table II. Initial symmetrical short-circuit currents

ANSI/IEEE IEC

R [KA] R I, [KA]
04:MILL-2 13.8 25.169 13.598 1.1 25.2 14.7217 8.27
05:FDR F 13.8 12.439 13.630 1.1 12.5 14.8519 8.96
10:EMERG 13.8 8.881 12.684 1.1 9.0 13.7503 8.40
19:T7SEC 2.4 13.702 18.438 1.1 13.9 20.1240 9.14
50:GEN1 13.8 21.806 13.733 1.1 22.1 14.9371 8.77

B. V4 cycle short-circuit current (closing and blocking)

ANSI/IEEE. The most accurate approach is to use the asymmetrical RMS value of the momentary
short-circuit current:

I = MF, I

mom,rms ,asymm mom,rms ,symm (5)

where MFn denotes the momentary multiplying factor, which is computed as

—2r
MF, =\1+2¢¥/k (©)

The closing and blocking stress currents are asymmetric fault currents that are calculated in %2 cycle
after the start of the fault [5]. ANSI/IEEE recommends the same network because, in %2 cycle, the machine
model remains valid. This is performed by applying (6) with a time interval of 0.5 cycles for different X/R

values.

IEC. The standard does not explicitly account for asymmetric half-cycle currents. For comparison

purposes, these currents were calculated as follows:

I, ,=MF,I, @
The results are presented in Table 111, considering that the IEC multiplying factor is set nearly identical
to that of the methodology given by the ANSI/IEEE, considering the X/R ratio. The resulting short-circuit
current values are very similar, with differences of less than 10%, indicating low discrepancies between
the two standards. This outcome is particularly relevant for bus 19:T7SEC, a 2.4 kV node that receives
contributions from two high-power motors (1250 and 2500 HP, respectively). These synchronous

machines contribute significantly to the initial short-circuit current, leading to very high current values.
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Table III. Closing and locking short-circuit currents

ANSI/IEEE IEC ]
Bus Vom : Relative
[kV] MF, L —— [KA] MF, | I\, [KA] error [%o]
04:MILL-2 13.8 1.60 21.75 1.60 23.55 8.28
05:FDR F 13.8 1.49 20.25 1.49 22.08 9.04
10:EMERG 13.8 1.41 17.87 1.41 19.42 8.66
19:T7SEC 24 1.50 27.75 1.51 30.34 9.34
50:GEN1 13.8 1.58 21.71 1.58 23.64 8.90

C. Peak fault currents

ANSI/IEEE. The maximum value of the momentary short-circuit current is computed using

I/ =MF 1 8)

mom, peak p " mom,rms,symm

where MF , denotes the maximum multiplication factor, which is calculated as follows:
MF, =2 [1+6_X/RJ 9)

IEC. The recommendation is to perform the calculation separately for each branch of the X/R ratio,

and then the maximum current ( / , ) is computed as follows:
1, =k21, (10)

where [ k denotes initial short-circuit current, and k is a factor that depends on the system’s X/R

ratio at the fault location, which is obtained from Fig. 3.

2,0

1.8

/|

1,6

k factori4 ] /
1,2 i /
LT

1,0

051 2 5 1020 50 100200
X/R ratio —»

Figure 3. K-factor for series circuits as a function of %.
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These standards describe three techniques for calculating the maximum short-circuit current in

meshed networks. The ¢ method was selected for this study [1]. Here, the equivalent impedance is

calculated at the fault location using a frequency f, = 24 Hz (for a nominal frequency f =60 Hz). The

R/X ratio is calculated as follows:

R_R J (11)
X X f

where R, is the real equivalent effective resistance component, and X_ denotes the imaginary

equivalent effective reactance. The equivalent impedance is given by

Z =R +jX, (12)

The same calculation is applied for faults located either far from or close to the generator. In addition,

impedance correction factors for generators (K ) and/or power plant units ( K ) must be considered
[11]. The results are presented in Table IV.

Table IV. Short crest and peak current

ANSI/IEEE IEC
Bus Vom Factor Relati(\)re
[kV] ME, 1T ek [KA] k I, [kA] error [%]
04:MILL-2 13.8 2.64 35.86 2.6 38.02 6.02
05:FDR F 13.8 2.47 33.65 25 36.89 9.64
10:EMERG 13.8 2.35 29.83 2.4 32.61 9.32
19:T7SEC 2.4 2.50 46.05 25 49.79 8.13
50:GEN1 13.8 2.61 35.85 2.6 38.03 6.10

D. Breakdown current

ANSUI/IEEE. The interrupting currents correspond to the short-circuit currents in the time range of
1.5-4 cycles after fault inception. In this case, the contributions are considered remote, and the calculations
are performed based on the total current. The symmetrical value, corrected by the factor MF , can be

obtained as follows

_4m, (13)
MF. =\1+2e ¥7

where ¢ denotes the circuit breaker contact separation time (in cycles). An alternative method is
illustrated in Fig. 4.
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E. Setting the interrupting current

The real multiplication factor (AMF; ) is determined using the NCAD relationship.
AMF, = MF, + NCAD (14)

AMF; = MF, + NCAD
Contact opening time in cycles

|
130 l
w L]
[/
i
[a
=y /1] ]
5 /A
/]
. /f/// /
) /{/ A |/
AN
10 / ——

%10 11 12 13 14 15 16 17
Multiplication factor FMr

Figure 4. Remote multiplication factor.

For symmetrically rated circuit breakers, the adjusted RMS interrupting short-circuit current is

calculated using

AMEF 1.

i “int,rms,symm (15)
int,rms,adj ~ S

where NCAD represents the remote contributions to the total short-circuit current. The variable S

is the correction factor that considers the AC high voltage switch.
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IEC. The breaking current is used to determine the breaking capacity of automatic switches. For

faults located far from the generator, it is expressed as follows:

[b =7 nk (16)

For faults near the generator, the DC component of the short-circuit current is given by

2”ﬁ‘m[nJ (17)

X

—J" R
I, =1"2e
where f is the natural frequency, and ¢, denotes the minimum response time of the protection

device. This standard determines the calculation of the breakdown current by the type of machine [12],

[25], [26]. This approach involves the calculation of synchronous machines as given by
I, =pl", (18)

where ¢ is decrement factor, 1 "k represents the initial short-circuit current, and 1 , denotes the

symmetrical cutting current. The factor ¢ is calculated as follows, depending on the minimum delay

"
kG

"
rG

time, the ratio , and the nominal generator current:

_noel'kG
[=084+026 e T
=0.02s u
=071+ 0.51

—0.30LkG
e I rG

= 0.05s u
=0.62+0.72

—0.32L kG
I rG

=0.10s u
=0.56+0.94

e
-0.387XG
e Fra tmin = 0.25s

tmin

z'Lmin

(19)

tmin

The factor g can also be obtained from Fig. 5.
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Figure 5. Factor g for calculating short-circuit breaker current

F. Asymmetric opening current

During the closing or opening of switches, it is necessary to calculate the current flowing at the instant
when the contacts separate. Therefore, the asymmetric breaking current must be determined. Starting
from the symmetric breaking current /, of the AC component, and by applying the superposition

theorem, the DC component current /, . » evaluated at the same instant, is added [10]. Thus, the breaking

current is given by

Ly assmm = VI +15 (20)
where [

pasymm 15 the RMS asymmetric breaking current, /, the RMS symmetric current of the AC

component, and /,, the DC component. A more detailed calculation technique involves determining the
symmetrical breakdown current while considering the exact opening time, the type of machine, and its
proximity to the short-circuit. For this example, the calculation is performed using a breaking time of 0.1

s, the time defined in the simulations. A detailed report of the results is presented in Table V.

Table V. Breaking and interruption current

ANSI/IEEE IEC
Bus xR M 1, | I 1 etvoe o)
[kV] atio Feo | Ao yomm [KA] de b.sym b.asym
04MILL-2  13.8 24.832 1.067 13.314 4049 12205  12.859 3.42
05:FDR F 13.8 12.844 1 12.897 1520 12.104  12.199 5.41
10:EMERG  13.8 9.242 1 11.684 0488  11.603 11.614 0.60
19:T7SEC 24 13.265 1 16.661 1537 17019  17.088 2.57
50:GEN1 13.8 22.644 1.038 13.528 3591  12.010 12,535 7.34
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Note that, except for the generators, the effective reactances used in IEC are generally lower than
those of ANSI/IEEE for short compensation times. Although IEC assumes higher pre-fault voltages, the
reactance adjustment becomes the dominant factor, explaining the difference from other comparisons
with higher IEC values.

G. ANSI/IEEE’s time delay current vs. IEC’s steady-state currents

Both the IEC and ANSI/IEEE procedures assume that transient effects have decayed by the time the

steady-state current occurs and are therefore not considered in the modeling.

IEC. The amplitude of the permanent short-circuit current /, depends on the saturation state of the

magnetic circuit. For faults located far from the generator, it is computed as follows:

=1 1)

For faults close to the generator, the maximum and minimum fault currents in the steady state under

the highest and lowest excitations of the synchronous generator are given by

I/

kmax

= ;{’max .IrG Ikmin = //{’min .IrG (22)

where [ max 18 the maximum fault current, I wmin the minimum current in the steady state, ﬂmax the

maximum scaling coefficient, and 4, the minimum scaling coefficient, which depends on the saturation

inductance and the nominal generator current [11]. The valuesof A _and A, . are obtained from Fig. 6.

n

AA Ad

24 } | 6,0
Amax Xd sat

22 1,2 5,5

3 | — s
2,0 = — 5,0 1
18 ,’4_/;__"_"' — 18 45 Xd sat

’ //’ gﬁ—f 22 ? Amax 0,6
1,6 — 40 /“’

A
14 35 7 —
1.2 ; 30 // /‘/ —— f:
’ i ' A////»——'-_" 1,2
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/ // — 2,0

038 E 20 —
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Figure6. 4, and A . factors for turbogenerators
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ANSI/IEEE. The contributions of all motors are ignored, and only generators contributing to the
fault are considered. The DC component is zero in a 30-cycle network. The steady-state reactance of the

network components is used to calculate the fault current and the steady-state short-circuit current:

_ Y (23)

1
est,rms ,symm \/‘
37,

where Z, , denotes the equivalent impedance at the fault point (generators and passive equipment).

The permanent and delay short-circuit currents are presented in Table VI.

Table VI. Permanent and delay short-circuit currents

ANSI/IEEE IEC
Bus Relative
Vnom [kV] I I error [0/0]
est,rms ,sym [kA] k [kA]
04:MILL-2 13.8 11.455 12.148 6.05
05:FDR F 13.8 11.736 12.089 3.01
10:EMERG 13.8 10.961 11.467 4.61
19:T7SEC 2.4 13.701 14.294 4.33
50:GEN1 13.8 11.921 12.199 2.33

According to ANSI/IEEE standards, the network model includes only generators, which are
represented by either their transient reactance or a higher reactance value [5]. ANSI/IEEE uses the
transient reactance of the machines. In contrast, IEC assumes that the motors no longer contribute to
the short-circuit current. Therefore, the differences between both methods are mainly attributed to the

reactance values applied.

VI. Conclusions

The results reveal significant differences in the short-circuit currents calculated using the IEC and
ANSI/IEEE standards, mainly due to their distinct methodological approaches. In general, IEC yields
higher short-circuit current values, particularly at buses electrically close to generators. This behavior
is consistent with the findings of [4], who emphasize that the IEC standard considers more sustained

contributions from rotating machines, leading to more conservative results in complex industrial systems.

Regarding asymmetric closing and blocking currents, the differences between IEC and ANSI/
IEEE were below 10%, which supports the equivalence reported in previous studies [1]. This similarity
suggests that both standards rely on comparable modeling principles. However, IEC adjusts reactance

values according to compensation time, whereas ANSI/IEEE applies transient reactance assumptions. As
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highlighted by Bandaru [12], this IEC-specific approach becomes particularly relevant in systems where

rapid response times are critical.

Regarding the X/R ratio, ANSI/IEEE tends to apply higher reactance multipliers, which generally
results in lower calculated short-circuit currents compared to IEC. This discrepancy reinforces the
importance of selecting the most appropriate standard based on the characteristics and criticality of the
electrical system. While IEC may provide a more conservative perspective that is suitable for highly
demanding environments, ANSI/IEEE may be preferable in applications where different assumptions
about transient behavior are more representative. The literature consistently indicates that a clear
understanding of these methodological differences can support better protection coordination and

improve overall system efficiency.

The results confirm the expected behavior in which IEC-based calculations consistently produce
higher short-circuit currents than those obtained under ANSI/IEEE criteria. This outcome can be
explained by the influence of system topology, particularly the electrical proximity to generation sources
and the interconnection paths between buses, as well as by the contribution of rotating machines, whose
inertia and transient response are represented differently. These differences are not only relevant from
a numerical perspective; they also have direct practical implications for protection coordination, since
they affect relay settings, interrupting duties, and equipment withstand capabilities. Consequently,
understanding why IEC yields more conservative currents becomes essential for ensuring adequate

breaker selection, reliable protection performance, and overall system safety in industrial networks.

This study contributes to a deeper understanding of how IEC and ANSI/IEEE standards influence
short-circuit calculations in industrial systems through simulations performed in ETAP 20.0. The accurate
modeling of a 44-bus industrial network enabled the evaluation of multiple fault scenarios and a detailed
comparison between both regulations. The results also confirmed the high consistency between ETAP
simulations and manual calculations, reinforcing the usefulness of software tools in system planning
and protection design. Nevertheless, since the analysis was limited to a single industrial configuration,
future work should extend the comparison to different voltage levels, network topologies, and additional

international standards, including scenarios with emerging generation and storage technologies.
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Abstract

Context: The need for efficient energy harvesting in photovoltaic (PV)
systems requires advanced maximum power point tracking (MPPT)
techniques. Traditional methods like perturb and observe (P&O) exhibit
limitations under varying conditions, leading to less efficient energy
extraction.

Method: This study compares a model-predictive controller (MPC)
combined with optimization algorithms such as the particle swarm
optimizer (PSO), the vortex search algorithm (VSA), and the salp swarm
algorithm (SSA) to improve MPPT performance in PV systems. These
algorithms are tested under different irradiance conditions to assess their
efficiency and adaptability.

Results: The results show that PSO, when used with MPC, greatly enhances
energy extraction compared to the conventional P&O method. Additionally,
VSA and SSA also perform well in adapting to rapid irradiance changes,
ensuring an optimal power output.

Conclusions: Optimization-based MPPT methods, especially those using
PSO, offer significant efficiency improvements for PV systems, making them
strong alternatives to traditional techniques.
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Resumen

Contexto: La creciente demanda de extraccién eficiente de energia en sistemas fotovoltaicos (PV)
requiere técnicas avanzadas de seguimiento del punto de mdaxima potencia (MPPT). Métodos
tradicionales como perturb and observe (P&QO) enfrentan limitaciones bajo condiciones ambientales
variables, conlleva una extraccién subdptima de energia.

Método: Este estudio presenta un andlisis comparativo de un controlador predictivo de modelos
(MPC) integrado con varios algoritmos de optimizacién, incluyendo la optimizacién por enjambre de
particulas (PSO), el algoritmo de btsqueda de vortices (VSA) y el algoritmo de enjambre de salpas
(SSA), para mejorar el rendimiento del MPPT en sistemas PV. Los algoritmos fueron evaluados bajo
diferentes perfiles de irradiancia para determinar su eficiencia y adaptabilidad.

Resultados: Los resultados indican que PSO, cuando se combina con MPC, mejora significativamente
la eficiencia de extraccién de energia en comparacion con el método convencional P&O. Ademds, VSA
y SSA también demuestran un rendimiento superior al adaptarse a cambios rdpidos en la irradiancia,
asegurando una salida de potencia éptima.

Conclusiones: Los métodos MPPT basados en optimizacion, particularmente aquellos que utilizan
PSO, ofrecen mejoras sustanciales en la eficiencia de los sistemas PV, lo que los posiciona como

alternativas viables a las técnicas MPPT tradicionales.

Palabras clave: Sistema de energia solar, Sombreado parcial, PS, PV, Convertidor de potencia, MPPT,
MPC, Algoritmos de Optimizacién, P&O, Eficiencia Energética.
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1 Introduction

The rapid rise in global population density has significantly increased the demand for energy, food, and
natural resources [1]. Fossil fuels, including oil, coal, and natural gas, are the world’s primary energy
sources [2—4], but its reliance on them raises concerns about depletion and environmental impact [5]. In
response, renewable energy has become pivotal in the global transition [6].

Photovoltaic (PV) systems stand out as a promising alternative since they convert solar energy
into electricity. With components like power converters, PV panels, and electrical loads, they require
coordination to operate efficiently [7, 8]. Bypass diodes protect PV panels from reverse currents,
preventing shading effects that reduce efficiency and lifespan [9].

PV systems use DC/DC and DC/AC converters to adapt to load needs [10], monitoring current
and voltage for optimal energy management [11]. Maximum power point tracking (MPPT) strategies
maximize energy extraction by adapting to environmental variations [12], adjusting the output voltage
to optimize conversion efficiency [13].

MPPT techniques include approaches based on P&O [14], incremental conductance (INC) [15,
16], MPPT-current (MPPT-I) [17], MPPT-voltage (MPPT-V) [18], neural networks [19], and genetic
algorithms [20-22]. Still, some challenges remain in achieving precise, rapid MPPT adaptation
to environmental changes, with methods like P&O often leading to oscillations under fluctuating
irradiance [23,24]. Complex controllers must respond to shading conditions [25], though the high costs
of advanced methods and hardware pose barriers [13]. Thus, PV systems require DC/DC or DC/AC
converters to consistently supply energy to loads, ensuring efficiency across operating conditions [26].

1.1 State of the art

The specialized literature presents numerous studies on the MPPT search problem regarding
PV panels, highlighting the widespread use of the P&O algorithm, often combined with
proportional-integral-derivative (PID) controllers, model-predictive control (MPC), sliding mode
control, and more. This study focuses on validating and comparing various MPPT algorithms with
MPC controllers, in order to identify the approach that maximizes power extraction under variable
irradiance scenarios.

The MPPT problem has been widely solved in the specialized literature [14,15,27-33], using methods
based on artificial intelligence (AI), such as neural networks (NNs), genetic algorithms (GAs), and fuzzy
logic to improve efficiency and accuracy under different environmental and irradiance conditions. In
addition, hybrid techniques have been developed which combine multiple algorithms to obtain a more
robust and accurate response to different operational contexts.

In [30], the authors review MPPT algorithms, classifying them by key performance indicators
to aid the selection of suitable algorithms for PV systems. This study highlights challenges in
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control strategies, including poor performance under partial shading, steady-state oscillations, slow
convergence, implementation complexity, and limited use of real data or experiments.

The work by [14] introduces SOFT-MPPT, an MPPT algorithm for P&O-based PV systems that
employs an adaptive modulation factor to correlate PV current measurements with irradiance, aiming
to enhance energy extraction efficiency. Although the authors claim high efficiency, their study lacks
data to fully substantiate these assertions. The proposed comparative analysis of MPPT techniques
does not quantitatively validate the algorithm’s performance in terms of maximum power or point
tracking accuracy. Furthermore, no comparisons with standard MPPT strategies are provided, nor is the
algorithm tested under variable weather or partial shading conditions.

The study by [15] proposes a control algorithm that combines unit vector template (UVT) and power
balance theory (PBT) for a PV system implementing an MPPT strategy to enhance power stability.
Although an appropriate evaluation of the MPPT strategy is conducted, the authors do not perform
a comparative analysis with other MPPT methods, making it challenging to assess the efficiency of the
proposed solution for time-varying systems. Additionally, while the authors assert that the solution’s
performance was evaluated in terms of DC voltage regulation quality and mains current harmonic
mitigation under linear and nonlinear load conditions, no results or data supporting these claims are
provided, limiting the proper validation of the study’s findings.

In [27], an MPPT strategy based on the Mayfly optimization algorithm for PV systems under variable
conditions is proposed. The authors test the approach in Matlab/Simulink, comparing it to the PSO
algorithm. However, limitations arise since evidence for MPPT success under dynamic conditions is
insufficient, with no demonstration of irradiance variation or a direct comparison of power output
between methods. Additionally, details on convergence to the MPPT voltage reference are unclear,
necessitating further evaluation to clarify algorithm performance and confirm the authors’ claims.

The authors of [28] propose a fuzzy logic-based driver coupled with an MPPT algorithm inspired
by the IFFO (i.e., farmland fertility method), aiming to optimize PV system controller parameters under
different climate scenarios, achieving over 99% efficiency in both uniform irradiation (UI) and power
supply (PS) contexts. However, limitations arise from the lack of discussion on the method’s constraints
and the algorithm’s performance under variable conditions. Additionally, the power curves do not fully
capture energy fluctuations, and there is minimal information on voltage reference points within the
MPPT process, raising questions about the method’s applicability across varying PV generation profiles
and its reproducibility in achieving stated efficiencies.

In [29], the authors propose a reinforcement deep learning-based MPPT control for PV systems
under partial shading conditions. They use deep reinforcement learning (DRL) algorithms, specifically
Deep Q-Network (DQN) and Deep Deterministic Policy Gradient (DDPG), to optimize the MPPT control
strategy. This approach is compared against the conventional P&O method and evidences higher energy
production as well as better tracking performance, especially in scenarios where global MPPT cannot be
obtained. However, the authors do not provide information on the statistical validations used to ensure
that the experiment performed is repeatable and applicable to other PV panel curves, which does not
allow scaling the implementation to other test cases.

The work by [31] presents a fuzzy logic-based controller that integrates the grey wolf optimizer
(GWO) into its MPPT strategy to enhance energy extraction in PV systems. The authors employ
opposition-based learning (BLO) to accelerate the search for the optimal solution and simulate
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partial shading conditions to better reflect real-world scenarios. However, this article lacks detailed
results—including specific data, graphs, or tables—to support the effectiveness of the proposed method.
Additionally, it does not provide comparative analyses with existing methods or discuss potential
limitations, necessitating further evidence to substantiate its claims.

In [32], the authors propose a fuzzy logic-based controller that incorporates the GWO within its
MPPT strategy to enhance energy extraction in PV systems. They use the BLO method to expedite
the search for the optimal solution. Additionally, they suggest a PV energy conversion system using a
boost converter and digital filtering within the controller to improve signal quality, optimizing MPPT
through the P&O algorithm. However, this article lacks clarity with regard to its methodology, making
replication and validation challenging. Although experimental results are mentioned, specific numerical
values and procedural details are absent. The study also omits comparisons with other MPPT techniques
and does not use statistical tests to validate solution quality, which could impact result interpretation
and generalizability.

The authors of [33] authors propose an MPPT method that uses system identification (SI) with
an adaptive reference voltage (AVR) and a proportional-integral (PI) controller while incorporating
a polynomial model. This approach, designed for simplicity, is compared against MPPT techniques
such as P&O, IC, CVR, ANN, and a nonlinear AVR-SI method. However, the study lacks in-depth
descriptions of these MPPT strategies, statistical analyses, and a discussion of the limitations.

Additionally, variable climatic conditions affecting PV generation and the lack of comparative
analyses between algorithms highlight gaps in existing research. To address these gaps, our study
proposes a methodology for comparing various MPPT algorithms via a cost function to characterize
MPC within a PV system with a boost converter and a battery. The aim is to identify the algorithm
that optimally extracts power under varying irradiance. For comparison, P&O and optimization
algorithms, i.e., the particle swarm optimizer (PSO), the vortex search algorithm (VSA), and the salp
swarm algorithm (SSA), are considered.

Our choice of PSO, VSA, and SSA was supported by recent literature on PV MPPT, where
optimization and swarm-based techniques are widely used to improve efficiency and energy extraction
under varying and partial shading conditions. In particular, the use of the SSA for MPPT to
optimize the duty cycle of a DC/DC converter and maximize power extraction has been reported,
demonstrating the applicability of bio-inspired optimization techniques in PV systems [34]. Likewise,
hybrid and metaheuristic optimization methods that combine swarm intelligence with conventional
MPPT strategies have been shown to enhance tracking performance when compared to traditional
techniques [35].

1.2 Scope and main contributions

This study compares different MPPT algorithms implemented in a DC/DC boost converter connected to
a PV panel and a battery using an MPC controller with the aim of achieving maximum power extraction.
Strategies such as P&O, PSO, VSA, and SSA are used, evaluating an objective function with respect to
the voltage of the system.

The main contributions in this study are presented below.
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® The development of a comparison methodology between different optimization algorithms in

order to achieve maximum power extraction.
¢ The simulation of variable irradiance conditions for a PV panel within a 24-hour scenario.

* A comparison between the results obtained with the P&O algorithm and those of other
optimization techniques widely used in the specialized literature, including PSO, VSA, and
SSA. This comparison is based on the maximum power extraction of the system and how these
algorithms reach the desired benchmarks, implementing irradiance scenarios on an average day

and critical irradiance cases.

¢ The implementation of an MPC controller for a PV system comprising a DC/DC converter and a
battery while using optimization algorithms, in order to compare the results in terms of maximum

energy extraction.

To summarize, this article presents an approach for MPP tracking using an MPC controller within
a PV system linked to a boost converter and a battery. Two irradiance scenarios are considered:
an average day and a fluctuating day under critical conditions. This study compares the P&O
algorithm against PSO, VSA, and SSA to determine the most effective method for maximizing
energy extraction through MPPT.

1.3 Structure of the paper

This paper is organized as follows. Section 2 details the mathematical formulation, circuit diagrams,
technical specifications, and MPC controller configuration. Section 3 describes the algorithms and the
objective function for MPPT. Section 4 covers the simulation stage, experimental voltage and current
data, and MPC implementation in Matlab, including the representation of maximum energy extraction.
The results of each algorithm are analyzed in terms of energy extraction percentage by integrating areas
under power curves. Finally, Section 5 presents the main conclusions of our work.

2 Mathematical Formulation

This section presents the mathematical modeling for the PV system and the boost DC/DC converter
connected to a battery. The MPC controller with the MPPT algorithms (P&O, PSO, SSA, and VSA) is
implemented on these models. All of this is done with the objective of tracking the maximum power

point and validating which algorithm enables the highest power transfer.

2.1 Mathematical model of the PV panel

A PV panel converts solar radiation into electrical energy via p-n junction semiconductors, with its
power output varying according to solar irradiance and ambient temperature. This variability can be
accurately modeled using the single-diode model (SDM), as shown in Eq. (1), which is highly valued
for both accuracy and simplicity. Additionally, the PV panel can be represented by an equivalent circuit
comprising a current source in parallel with a diode and two resistors connected in parallel and series

(Fig. 1).
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Figura 1. Equivalent circuit for the SDM
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Eq. (1) represents the output current of the panel I, the photo-induced current I,,, the reverse
saturation current of the diode I, the electron charge g, the output voltage V},,, the ideality factor 7, the
Boltzmann constant £, and the panel temperature 7'.

G
Ipn = (G ) ) (Iph,ref +p- (Te — Tref)) )
ref

Although Eq. (2) is a simplified model adapted for use cases and modeling involving power
converters, I, is proportional to the solar irradiance G, which is given in Watts per square meter
(W/m?). The term G/G, .. represents the ratio between the current irradiance and a reference irradiance
G'rey, which is generally 1000 1/ m? under standard conditions. - (T, — Ty ) accounts for the effect of
temperature on the current generated by the panel. Here, T, denotes the current temperature of the PV
panel, T is the reference temperature (25C'), and the coefficient 1 indicates the variation between the
current for each degree of change in the temperature.

4 RG] 1000

@
w i

I
in

in

Current (A)
N
Irradiance (W/mz)

)

I
77777777 e T

I \
LI

0 5 10 15 20 5
Voltage (V) Voltage (V)

o
in

=

Figura 2. Profile of V,,, vs. Py, and V), vs. I,,, under standard test conditions

By using this equation or the electrical circuit, a representation of the PV profiles under any
uniform condition of irradiance and temperature can be obtained. It is necessary to understand that
the representation of the profiles or the characteristic curves of a PV panel has a maximum power point
(MPP), which is determined by the product between the voltage at the maximum point (V;,,;,p) and the
current at the maximum point (1,,,). At this point, the highest power is extracted from the panel (P, ;)

(Fig. 2).
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2.2 Modeling the PV system for control purposes

To integrate a PV panel, a DC/DC converter, and a battery, it is necessary to establish the effective
control point of the converter using pulse-width modulation (PWM). This control focuses on the precise
definition of the duty cycles (D), which are constantly adjusted to find the system’s optimal operating
point. This work typical when dealing with energy generation systems, such as PV panels, which require
the constant production of the maximum power point (MPP).

L Ry, Dy
T —MWA—
l C; Co Rp
Q1
Isc RWPP
@ ()
Ry Reo VB

:

Figura 3. Circuit model for the PV system with converter boost and battery

It should be noted that, in this study, it is necessary to mathematically model the system, which
consists of a PV panel, a DC/DC converter, and a battery. To this effect, the PV panel is simplified
using the Norton equivalent (Fig. 3). The current source Igc and the resistance Rj;pp represent
the short-circuit current and the instantaneous impedance of the PV panel. The DC/DC converter is
represented by an inductor L and the inductor losses Ry. In addition, Rg denotes the battery resistance,
R, is the MOSFET (()1) connection resistance, V; is the diode (D;) forward voltage, and Vg is the
battery’s open-circuit voltage. C; and C, denote the input and output capacitance of the converter, with

their equivalent series resistances R.; and R.,, respectively.

L Ry,

L.

%

Isc <T Rmpp

Figura 4. Activation state of the boost converter: J; ON and D, OFF

The resulting equations for the state of (J; on and D, off (Fig. 4) are determined using Kirchhoff’s
voltage and current laws, yielding (3)-(6), which represent the currents in the capacitors C; and C,,
which make up Egs. (3) and (4), respectively.

Vei
Ici=XN-Igc — ———F—)I 3
¢ S Rupp + Rey )
VB VCO

= -_ 4
Rp+Rco Rp+ Reo @)

ICO
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The voltage across the inductor is represented in Eq. (5), where I represents the current flowing
through the inductor, V¢, is the voltage across capacitor C;, and V¢, is the voltage across capacitor C,.
Finally, the voltage of the PV panel V,,, is obtained via Eq. (6).

Vi=X-Vei+8-Isc — (R + Ron +8) -1 ®)

Vpy =X Ve + 8- Isc — BI (6)

On the other hand, to provide a better understanding of the equations mentioned above, it is
necessary to expand the parameters A and 8 using Eqs. (7) and (8).

Rypp
— e 7
Rypp + Rei @
_ Bci-Rupp 8)
Rypp + Rei

Continuing with the equations for mathematically modeling the converter, the next state of the

circuit occurs when @), is off and D, is on (Fig. 5). The resulting equations are (9) and (10).

VB VCO
Ico=0-1+ - 9
“ RB+RCO RB+RCO ( )
VL=>\'Vc¢+[3'ISC—(RL—F’)/—Fﬁ)'I—Vf—G'VCO—O'-VB (10)

L Ry, Dq
L Ci Co Rp
~(D §
R.; Reo T VB

Figura 5. Activation state of the boost converter: ; OFF and D; ON

It is worth noting that these equations are a bit lengthy because the entire converter was calculated
while considering the losses of each element. This makes the system of equations robust. Therefore,
parameters or variables are linked to reduce its size. These parameters are described in Egs. (11), (12),
and (13), which allow for a representation of v, #, and o.

RB . RCO
— 11
7 Rp + Rco (1)
Rp
= —"2 12
RB + RCO ( )
RCO
— 13
7 Rp + Reo (13)
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As part of the final system of equations, the system dynamics at any operating point must be defined.
For this purpose, a volt-second balance is applied to the inductor, and a charge balance is applied to each
capacitor (C;, C,). The resulting equations are presented in (14), (15), and (16).

dl
NV ) _ . 1-d)-~)-
L =A-Voi+ B-Isc = (Ro+d-Ron+ 5+ (1=d)-7) -1 (14)
—(l—d)~Vf—(1—d)~9'VCO—(1—d)-U-VB
d i 7
o, WVei _ g -Yei g (15)
dt «
dVCO_ VCo VB
Comm=(1=d) 01— == + = (16)
Where:
a=Rypp+ Re; 17)
5:}%Co'i_RB (18)

Based on the equations that describe the behavior of the system at any operating point throughout
the mathematical model, it is possible to implement linear or nonlinear control techniques that allow
taking the behavior of the plant to a desired point of operation. This work uses a linear control technique
to validate the behavior of the system under different environmental conditions.

In order to apply a linear control technique to the plant, it is necessary to linearize the system at a
given operating point. This is adjusted in the equations by applying the Jacobian [36], with the aim of
representing all the equations in the state space based on the Characteristic Equations (19) and (20).

X = AX 4+ BU (19)

Y=CX+EU (20)

Here, X represents the state of the system, U denotes the control inputs, Y signifies the system
outputs, and A, B, C, and E are the matrices used to perform the state-space representation of the plant,
which is given by Egs. (21), (22), (23), and (24). It should be noted that the state variables used herein
are V¢, I and V,. In addition, the input variables are Ig¢ and V3.

VC’i ISC
X=|1|, U=]|vs ,Y:h%} 1)
VCO d
1 A
- - 0
C;a C;
g-| A _BetB+(1-D)y+ DRy (1-D)f -
0 (1-D)o 1
Co C,0
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_g 0 0
B = él _ (1 - D>J Vf - (Ron - ’Y)I + UVB + GVCO (23)
L I IL
0 ! 10
Cod C,
c=[ -5 0 (24)
E= [B 0 0} (25)

Starting from these equations, the implementation and validation of the MPC is carried out. It

should be noted that the specifications of the entire system are defined in Table I.

Table I. Test system parameters and specifications

Parameter Symbol Value

Solar Panel Parameters at STC

Maximum power Prpp 85 W
Voltage at Prax Vinpp 18V
Current at Prax Tinpp 472 A
Short-circuit current Isc 5A
Open-circuit voltage Voc 221V
Temperature coefficient of Isc ar 0.065%/°C
Temperature coefficient of the voltage oy -80 mV/°C

Converter Parameters

Input capacitor Ci 22 uF
Output capacitor Co 22 uF
Inductor L 330 uH
Inductor resistance Ry, 60 m$2
ON resistance Mosfet 1 Roni 35 mQ
ON resistance Mosfet 2 Rone 35 mQ

DC Load Parameters
DC load equivalent resistance RB 60 mQ
DC load voltage VB 24V

2.3 Model-predictive control (MPC)

After defining the mathematical models, MPC can be applied as a modern control technique that uses
the system model to predict future behaviors under varying conditions. MPC aims to determine an
optimal sequence of control signals that minimizes a cost function over a finite prediction horizon while

adhering to input and output constraints [37].
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2.3.1 Formulating the optimization problem

At the core of MPC is a quadratic optimization problem solved at each sampling instant, with the
purpose of finding the optimal control input sequence that minimizes a quadratic cost function while
respecting the system’s technical and operational constraints on states, inputs, and outputs.

2.3.2 Cost function

The objective function for MPC is defined as J(U, z(t)), which consists of the summation of various
terms affecting the system, ensuring that, at each time instant, the MPC can solve the problem through
quadratic optimization, as shown in Eq. (26).

Np—1

J(U,x(t)) = z(klt) — r(k)" Q (x(k|t) — r(k
(U, (1)) é((l) (k)" Q (x(k[t) —r(k)) 26)

+ Au(k[t)T RAu(k|t)

Here, z(k + 1|t) = Ax(k|t) + Bu(k|t) is the predicted state, u(k|t) represents the control input at
time instant &, U is the sequence of control inputs to be optimized, (Q and R are weighting matrices, N,
is the prediction horizon, N, is the control horizon, and E and G are matrices defining constraints on
states and inputs, respectively. Finally, f, and f, represent vectors defining constraints on the states and
inputs, respectively. It is worth highlighting that all elements provide the predicted state at time instant
k in order to provide information at time instant ¢.

2.3.3 System constraints

The constraints considered herein prioritize limiting the control signals, states, and outputs of the
system, as shown in Egs. (27) and (28).

¢ Input constraints:
Gu(k) < fu (27)

e States constraints:
Ex(k) < fo (28)

2.4 Prediction and control horizon

Once the system equations and their restrictions have been defined, it is necessary to determine the
parameters of the system.

2.4.1 Prediction horizon

The prediction horizon is defined as N, and focuses on defining the number of future time steps over
which the behavior and progress of the system will be predicted. In other words, the MPC seeks to
predict the behavior of the states and outputs of the system over future steps.
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2.4.2 Control horizon

In MPC, the control horizon functions similarly to the prediction horizon, with each time step enabling
the determination of an optimal control sequence for the next N, steps. This process iteratively applies
optimal inputs, where performance depends on horizon lengths: a shorter horizon limits constraint
handling, while a longer one enhances foresight. For the Matlab configuration, see [38]. Algorithms like
P&O and optimization methods such as PSO, VSA, and SSA are also suggested for effective reference
tracking.

3 Maximum Power Point Tracking Algorithms

With an understanding of PV panel behavior, the MPC controller must be considered in relation to the
DC/DC converter. The maximum power point (MPP) shifts with changes in irradiance and temperature,
necessitating continuous tracking to maintain an optimal energy transfer. To address this issue, we will
explore the various algorithms analyzed in this paper.

3.1 Perturb and observe algorithm (P&0)

P&O, one of the most well-known algorithms, is used to maximize energy transmission from a PV panel
by continuously tracking the MPP. For a clearer understanding, the reader may consult Figure 1, which
depicts the complete flowchart of the P&O algorithm’s behavior, detailing how the MPPT is conducted
when using this technique.

Algorithm 1 Perturb and observe MPPT algorithm

Data: Initial reference voltage Vi, Step size for voltage perturbation Ay, Initial voltage reading Vprev, Initial power

reading Pprev
Measure current voltage V' Measure current power P if P > P, then

if V> Vi then
| Viet = Vit + Ay
end
else
| Viet = Vit = Ay
end
end
else if P < Py then
if V> Vi then
| Viet = Vit = Ay
end
else
| Vet = Vi + Av
end
end

Porev = P Vprev = V' Apply new reference voltage Vi to the system
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The process starts by setting the parameter P(k — 1), representing the initial voltage change
(perturbation), to identify the MPP. The system then reads the voltage V' (k) and current I (k) to compute
the power P(k) of the PV panel. The P&O algorithm iteratively adjusts the panel’s operating voltage
by a value dV, either increasing or decreasing it. After each adjustment, the algorithm calculates the
resulting power by comparing the new voltage-current product to the previous power P (k). If the power
increases, the next adjustment follows the same direction; if it decreases, the direction reverses. This
cycle allows P&O to continuously fine-tune the panel’s output, ensuring that it consistently operates at
peak power despite changing conditions.

3.2 Optimization techniques

Optimization algorithms are commonly used for tracking the MPP through a forward method that stores
critical data, including objective function updates and derived individuals. This research compares the
P&O algorithm against optimization methods like PSO, SSA, and VSA, in order to determine which one
maximizes energy transfer, guiding cost-effective MPPT and MPC combinations.

3.2.1 The particle swarm optimizer (PSO)

The PSO algorithm is a bio-inspired optimization method based on the social behavior of bird flocks and
fish schools. It begins by randomly distributing particles throughout the solution space. Each particle
then adjusts its position while following an advancement method, as shown in Eq. (29), which depends
on its velocity and both personal and swarm experiences.

vi(t +1) =w-vi(t) + ey ry - (pi — i(t) + 22+ (g — @i(t)) (29)
By utilizing each particle’s memory and the swarm'’s collective knowledge, PSO identifies promising
candidate solutions. This collective intelligence allows the swarm to converge to an optimal solution,

making PSO ideal for engineering problems that require intelligent algorithms and a clear objective
function [39].

3.2.2 The vortex search algorithm (VSA)

Inspired by the dynamics of vertically stirred fluids, VSA explores the solution space through Gaussian
distributions. With each iteration, the vortex diameter narrows, steering particles toward the most
promising solution. VSA’s progression relies on calculating the vortex center (1) and radius (r), with
the initial center set by Eq. (30) and the radius adjusted iteratively by Eq. (31).

Ho = (xmax + mmin)/2 (30)

t
Te41 = 0¢ (1 — ) €~ Otmax (31)

max

These equations incorporate the solution search space bounds, the iteration count, and a constant
that dictates the radius reduction rate. As the algorithm generates new populations, it evaluates and
adjusts individuals based on the solutions obtained, recalibrating the vortex center around the best
solution found to ensure a steady convergence to the optimum [40].
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3.2.3 The salp swarm algorithm (SSA)

The SSA algorithm, inspired by marine salps moving in chain-like swarms, balances exploration and
exploitation by mimicking salp chain dynamics. A leading salp drives exploration, while follower salps
focus on local exploitation, adjusting their positions based on the leader’s guidance. As the algorithm
evaluates the objective function for each salp’s position, it continually updates leader and follower roles
and positions. This is governed by Eq. (32).

Xi(t+1)=Xi(t) +d- e cos (2m - 1) (32)

In this equation, (X, (t)) represents the particles’ current position, (d) is the distance to the lead salp,
and (\) is a damping parameter. This structure allows the SSA to effectively tackle complex, non-linear,
and non-convex optimization problems [41].

Algorithm 2 MPPT using optimization algorithms
Data: Input parameters Vpv and Ipv

Result: The best position Vmpp = gbest_position

begin

Initialize parameters PSO, SSA, VSA if positions is empty then

Initialize random positions within the voltage limits V'min and Vmaz Initialize initial parameters for each
algorithm (PSO, VSA, SSA) Set initial pbest values to infinity and positions Set gbest value to infinity
and take the first particle position

Compute solar panel power: Ppv = Vpv x Ipv for particle i in the population do

Compute power for particle using its position and Ipv Adjust the objective function Update the particle’s
pbest if the new objective function is better Update gbest if the new objective function is better

for particle i in the population do

Adjust according to the advancement method of each optimization algorithm (PSO, VSA, SSA) Constrain

position within voltage limits V'min and Vmax

3.3 Objective function

To track the maximum power point with optimization algorithms, voltage and current readings from the
PV panel are essential, as in the P&O method. This is encapsulated in the objective function, where the
absolute difference between the particles” computed power and the actual PV panel power is calculated.
This is shown in Eq. (33).

f(z) = |power — Bpy| + | X (i) = Vieg| (33)

The variable power arises from the product of the particles (X (¢)) and the current (I,,). It is worth
noting that (X (7)) represents voltages randomly generated by each of the optimization algorithms, each
of which employs distinct advancement methods for individual creation. The actual power of the PV
panel, denoted as (P,,), is computed from the PV panel voltage (V},,) and (Ip.).

To minimize MPPT calculation error and ensure particle proximity to the reference voltage, the
objective function establishes a power-voltage relationship, as shown in Eq. (33). This function reflects
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the closeness between calculated and actual power, aiming to balance PV power matching with reference
voltage tracking for MPPT. The absolute differences in power and voltage are given by | X (i) — V;.cf|.

4 Simulations and results

To validate the process, Matlab/Simulink was used to integrate the DC/DC converter (with losses), the
PV panel, and the MPPT controllers, as shown in Fig. 6. This setup emulated realistic behavior similar
to non-ideal physical testing conditions.

Te)

Irradiance _é %amre —
S

Battery
PV converter

(@uty  Neasurement
cycle)
VBI!Iv
SoC

Battery
LS voltage status

Figura 6. Experimental setup of a Simulink to validate the results

For improved clarity, Fig. 6 explicitly illustrates the interaction between the MPPT algorithm and
the MPC controller. The MPPT block generates the PV voltage reference associated with the maximum
power point, which is then provided to the MPC controller. The MPC uses this reference to compute the
duty cycle required by the DC/DC converter.
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Figura 7. Testing under average and critical conditions
Furthermore, Fig. 7 presents the irradiance profiles to which the controllers and the converter are
subjected. It is worth highlighting the inclusion of a critical scenario and an average PV generation

curve for the city of Medellin. This is done to validate whether the analyzed optimization algorithms
can perform MPPT when using MPC as the controller for the boost DC/DC converter.
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41 MPC configuration

The MPC is constructed using the state-space representation of the system, as depicted in Eqs. 22 and
23. Tt is configured using the following parameters:

Prediction horizon: 2

Control horizon: 1

Manipulated variables (MV): Converter’s duty cycle (Duty)

Measured disturbances (MD): Input voltage (Vi) and solar panel current (I,,,)

Limits for the manipulated variables:

— MV min: -0.25
- MV max: 0.75

Additionally, to implement the controller in software like Matlab/Simulink, it is essential to
incorporate the parameters defined in Table II.

Table II. MPC parameters for the boost converter

Parameter Value
Prediction horizon 2
Control horizon 1
Lower limit of Duty -0.25
Upper limit of Duty 0.75

Sampling frequency (Ts) 10e™°s

These parameters, set for the controller’s use, should be implemented in Matlab code as follows:
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o

% System model creation

Boost = ss(A, B, C, D);

% MPC controller configuration

Ts = 10e-6;

% Sampling time

Boost.InputGroup.MV = 3;

% Manipulated variables
Boost.InputGroup.MD = [1 2];

% Measured disturbances

Boost .OutputGroup.MO = 1;

% Manipulated outputs

MPCobj = mpc (Boost, Ts);

% MPC control object
MPCobj.PredictionHorizon = 2;

% Prediction horizon
MPCobj.ControlHorizon = 1;

% Control horizon
MPCobj.ManipulatedVariables.Min = -0.25;
% Lower limit of manipulated variables
MPCobj.ManipulatedvVariables.Max = 0.75;

o)

% Upper limit of manipulated variables

Listing 1. Configuracién del controlador MPC para el convertidor boost.

In the proposed control structure, the MPC is not responsible for reference generation. The voltage
reference corresponding to the MPP is generated by the MPPT algorithm. The MPC receives this voltage
reference and computes the converter duty cycle (expressed as a percentage) required to drive the PV
voltage towards the reference value.

It should be clarified that the MPC controller is designed using a linearized model around an
operating point defined by an initial duty cycle dy = 0.25. Therefore, the control input is expressed
as a deviation variable Ad = d — dy. The limits reported in Table II correspond to this deviation variable.
When mapped to the physical domain, these limits ensure that the actual duty cycle remains within the
feasible range 0 < d < 1.

4.2 Test scenarios and considerations

In this section, we analyze the results obtained by the MPC with the optimization algorithms in
comparison with the P&O. The aforementioned algorithms were employed in this study to address
the challenge of tracking the maximum power point in a PV system. This was achieved using the
MPC controller and a boost DC/DC converter while considering critical irradiation and irradiance test
scenarios on an average day in the city of Medellin, Colombia. All simulations were conducted in
MATLAB R2023a ® on a Dell Precision Tower 5810 workstation equipped with an Intel(R) Xeon(R)
CPU E5-1660 v3 @ 3.00GHz, 16 GB of RAM, a 480-GB SSD, and Windows 10.
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4.3 Tests under critical operating conditions

One of the primary objectives within this analysis was to ascertain which algorithm allows for maximum
power transfer while simultaneously tracking the MPP. The secondary objective was to validate how
the MPC controller adapts to the behaviors of the test scenarios in relation to the MPPT algorithms. To
determine the maximum energy transfer, we employed the trapezoidal integral [42]. In this data context,
time vs. power was used. The trapezoidal integral was utilized to estimate the total energy contained

within a signal, as shown in Eq. (34).

n

Trapezoidal Integral = g Z (Y1) + y@i)) (34)

i=1
Here, (h) is the difference in the time interval value, (n) is the number of intervals, and (y(;—1)) and
(y(i)) are the power values at consecutive points. It should be noted that the maximum power extracted
from the system is derived from the area under the curve of the power generated by the PV panel, in
comparison with that obtained by each algorithm.
Table III presents the results obtained by the algorithms for the critical irradiance test scenario. This
includes the area under the curve achieved by implementing the trapezoidal integral and the maximum

percentage of energy extracted.

Table III. Results obtained with algorithms based on the MPC controller under a scenario of variable

average irradiance (critical)

Area under the power curve
PV panel P&O PSO SSA VSA
56.355 43.594 54.065 53.597 53.716
Percentage of power extracted
PV panel P&O  PSO SSA VSA
100 85.101 95937 95.106 95.317

In this analysis, consolidated results are presented for the various optimization algorithms in
comparison with the P&O algorithm. All algorithms under review successfully extract power from a
PV panel under varying irradiance levels.

This study found that the PSO algorithm achieved the highest power extraction, with a performance
of 95.937% relative to the PV panel power. Fig. 8 illustrates the reference and calculated voltages, as well
as reference and extracted power for PSO. VSA algorithm followed with 95.317% power extraction (Fig.
9). Both algorithms, with their iterative processes and particles, exhibit optimal MPPT responses when
tuned under identical conditions. SSA ranked third with 95.106% extraction, as displayed in Fig. 10.
Lastly, P&O achieved 85.101%, with Figure 11 showing significant variations in voltage and power due
to the algorithm’s inherent behavior.

These results were obtained under varying irradiance conditions over time. To determine the
algorithm with the highest power extraction, the system was simulated under critical irradiance
variations, representing an average 24-hour day compressed into 2.4 seconds in Matlab /Simulink, with

each 0.1 second corresponding to an hour of operation.
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It should be clarified that, at the beginning of the simulation, the PV array operates under zero
solar irradiation, according to the selected irradiation profile. Under this condition, the PV system
naturally exhibits the open-circuit voltage when no power conversion is active. However, since the
MPPT algorithm imposes a voltage reference associated with the expected MPP, the PV array is unable

to sustain this voltage due to energy unavailability. Consequently, the PV voltage decreases and tends
toward zero until the solar irradiance level increases.
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Figura 8. Variation in power demand and generation under average daily irradiance, as determined by
the PSO
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Figura 11. Variation in power demand and generation under average daily irradiance, as determined

by the P&O algorithm

4.4 Tests under mean operating conditions

On the other hand, for an average scenario (Table IV), the results are presented in the same manner

as in Table III. Here, under an average irradiance curve, note how the algorithms manage to extract

maximum power.

To validate the test systems, an average daily irradiance condition was applied. According to the

results, the PSO algorithm achieved the highest power extraction, with 94.538% relative to PV panel

power, as shown in Fig, 12 alongside the corresponding voltage variations. The VSA followed with
94.218% power extraction (Fig. 13). In third place, SSA achieved 94.118%, exhibiting a similar behavior
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Table IV. Results obtained with algorithms based on the MPC controller under a scenario of average
irradiance

Area under the power curve
PV panel P&O  PSO SSA VSA
56 42,671 52941 52.706 52.762
Percentage of power extracted
PV panel P&O  PSO SSA VSA
100 84.056 94538 94.118 94.218

to other optimization algorithms (Fig. 14). Finally, P&O reached 84.056%, with Figure 15 highlighting
pronounced variations in voltage and power due to its nature.
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Figura 12. Variation in power demand and generation under critical daily irradiance, as determined by
the PSO
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Figura 13. Variation in power demand and generation under critical daily irradiance, as determined by
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During the simulation of these systems, various tests were conducted under different irradiance

levels over a test period of 2.4 s. This allowed observing the way in which optimization algorithms are

capable of extracting more power in response to system changes under any irradiance profile compared
to P&O. It was evident that the algorithm that enables maximum power extraction is PSO. In the critical
scenario, an average power of 91.615% was obtained by the algorithms, and, on an average day, 91.733%

of the power was extracted.

| Ingenieria| Vol.31 | No. 1 | ISSN 0121-750X | E-ISSN 2344-8393 | €23090 |

23 of 28



P&O y Assessing the Efficacy of optimization algorithms, P&O and MPC in MPPT for Photovoltaic Systems: A
Comparative Study . .. Mena et al.

5 Conclusions

This study presented a comprehensive analysis of four MPPT algorithms, i.e., P&O, PSO, SSA, and
VSA, focused on maximizing power extraction from a PV panel. Emphasis was placed on the objective
function and algorithm efficiency under varying irradiance levels, including both average daily and
critical conditions. Using Matlab /Simulink, complex scenarios that reflect real-world PV configurations
were simulated. The analysis used a trapezoidal integral to evaluate the area under the power curve,
showing that PSO achieved approximately 95.937% and 94.538% of power extraction under critical
and average conditions, respectively. The remaining algorithms followed in order: VSA, SSA, and
P&O. Visual representations further illustrated system responses, providing a clearer understanding of
voltage-power relationships. Given its high efficiency, PSO emerges as a strong candidate for future
PV system applications, particularly in scenarios with partial and total shading. Additionally, the
MPC controller demonstrated adaptability, effectively adjusting the boost DC/DC converter to maintain
MPPT under variable irradiance conditions. This adaptability highlights MPC’s potential for future PV
implementations that encounter fluctuating environmental conditions. Future work aims to develop a
DMPPT platform to support series-connected PV systems. This would include integrating monitoring
systems with energy storage, enabling optimal management and stability under conditions with varying
irradiance and improving system efficiency for different PV applications.
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Resumen

Contexto: Esta investigacion presenta dos resultados principales: (i) la aplicaciéon de redes de aprendizaje profundo
paralaclasificacion de sobretensiones transitorias en el dominio dela frecuencia y (ii) la formulacion fisicomatematica
para el acoplamiento de descargas eléctricas atmosféricas en medios polarizados en el dominio de la frecuencia.
Meétodo: Inicialmente, se obtuvieron registros de sobretensiones transitorias producto de descargas eléctricas
atmosféricas, a partir de simulaciones en el software EMTP-ATP, tomando como referencia la red de distribucién
IEEE de 13 nodos. Las sobretensiones transitorias fueron transformadas del dominio del tiempo al dominio de la
frecuencia mediante la aplicacién de la transformada rapida de Fourier. Posteriormente, se entrenaron las redes
neuronales y se compararon sus resultados. Para descargas eléctricas por impacto indirecto, se realizé un manejo en
variable compleja de la permitividad y la permeabilidad, las cuales fueron aplicadas al modelo de acoplamiento de
rayos en lineas o redes de distribucion.

Resultados: Se alcanzé una exactitud de 80 y 89.99 % en la clasificacion de sobretensiones transitorias para las redes
neuronales GoogLeNet y Python-ChatGPT respectivamente. Por otra parte, este trabajo presenta la expresion de
acoplamiento de descargas eléctricas atmosféricas en medios polarizados.

Conclusiones: La clasificacion de sobretensiones transitorias mediante redes neuronales de capa profunda y la
expresion fisicomatematica de acoplamiento del rayo en el dominio de la frecuencia mediante variables complejas

permite ampliar la comprensién de la respuesta de la red ante este tipo de fendmenos naturales.

Palabras clave: inteligencia artificial, descarga eléctrica atmosférica, medios polarizados, dominio de la frecuencia,

redes de aprendizaje profundo
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1. Introduction

Transient overvoltage in medium-voltage networks occurs due to direct or indirect lightning strokes
[1]-[12]. Direct strokes on any phase conductors are caused by the absence of guard cables in the grid or
by low-intensity lightning currents for which the attraction radius of said cables is insufficient. On the
other hand, indirect strokes occur due to the coupling of the wave propagating through the air to the

network. The physical-mathematical expression for this can be found in the scientific literature [13]-[24].

The classification of direct lightning strokes on medium-voltage networks allows developing
appropriate investment and maintenance plans. This allows optimizing the CAPEX/OPEX of companies,
utilities, and other related entities. On the other hand, improving the shielding of medium-voltage
networks in rural areas, as well as implementing comprehensive lightning protection systems, has a
positive impact on the service quality for end-users with sensitive loads. Improving the design of
comprehensive lightning protection systems based on the characterization of surge records allows

improving operation and maintenance processes, making the installation safe for network operators.

The purpose of this work is to continue with the analysis of previously conducted research detailing
the composition of the IEEE 13-node test feeder, specifically the lightning current generator, the surge
arresters, and the grounding system, among others [18], [25]-[30]. The second section of this article
provides a brief description of said feeder in order to contextualize the progress made. GoogLeNet,
Python, and ChatGPT were used to classify transient overvoltage records taken the head of the feeder
(i.e., on the secondary side of the 34.5/13.2 kV transformer), as presented in the third section. The reader
may consult additional works conducted with artificial intelligence techniques in [13]-[16], [31]-[35]. The
fourth and fifth sections detail the methodology and the analyses conducted regarding the accuracy and
results obtained with our neural network-based approach. The sixth part of this research presents the
physical-mathematical contribution to the coupling of atmospheric lightning discharges in polarized
media. Throughout this section, the authors provide a detailed formulation of complex permittivity and
permeability, together with a new proposal for its application within the Taylor model [23]. The final part

of this document presents the conclusions drawn from our work.

2. Testing system

Our evaluation of the frequency response resulting from lightning captured at the head of the

medium-voltage (MV) grid covers the frequency spectrum up to 4 kHz.

2.1 IEEE test feeder

The IEEE 13-node test feeder was taken as a reference to characterize the transient overvoltage
resulting from direct lightning strokes in MV networks. Fig. 1 shows the system implemented in the
EMTP-ATP software.
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Figure 1. IEEE 13-node test feeder

In order to adequately assess the transient overvoltage transfer, the high-frequency model of the
network’s constituents was included. As an example, the capacitive coupling model between transformer
windings had a value of 5 pF. On the other hand, to assess flashover in the network due to dielectric stress,
the insulation coordination model in the medium voltage structures considered the basic insulation level
(BIL) and the critical flashover (CFO). For the specific case of the selected region of Colombia, the BIL value
included the altitude correction factor, considering an altitude of 2600 m above sea level. In addition, we
included correction for environmental pollution, rated as moderate to high, and a grounding system,
which considered an impedance at neutral bushing for the HV/MV transformers. Therefore, the BIL

values were 95-170 kV [36]. The surge arresters were only located in the transformers [5], [37]-[44].

Direct lightning strokes were distributed along sections 632-633, 671-680, and 632-671. Section 632-

671 was divided into ten parts, with strokes covering 10, 50, and 90% of the network.

The point of registration for transient overvoltage resulting from direct lightning strokes was the
transformer head, located between nodes 650 and 632 on the secondary side, with a voltage level of 13.2
kV.

2.2 Current pulse generator

Lightning has an 8/20 ps waveform, with peak currents of 3, 10, 20, 50, 80, and 100 kA. The direct
strokes on the IEEE 13-node network occurred in phases A and C. Fig. 2 present the generated current

waveform.
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Figure 2. Current transient signal with an 8/20 us waveform

The selection of the previously listed current magnitudes was based on the CIGRE and IEEE stroke
current probability curves (Fig. 3), thereby ensuring that our study covered the spectrum of possible
magnitudes in the analyzed geographic area [6], [45]-[47].

The IEEE 1410-2010 standard presents the statistical distribution of measurements obtained from
towers, with a mean value of 31 kA [45], [48]. In IEEE 998-2012, the mean value ranges from 24 to 31 kA,
and, in IEEE 1243-1997, the normalized mean value is 31 kA. This value is 31.1 kA in CIGRE 63 [49]-[51].

Throughout the Colombian territory, the distribution of positive and negative discharges is 31 and

69% with respect to the total lightning strokes [36]. It is noteworthy that 50% of the cloud-to-ground
lightning equals or exceeds the value of 35 kA.
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005k
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Figure 3. CIGRE and IEEE stroke current probability curves, first stroke Negative downward flash [4].

3. GoogLeNet, Python, and ChatGPT

The GoogLeNet deep learning neural network was implemented in MATLAB’s Deep Network
Designer, with a depth of 22, a size of 27 MB, seven million parameters, and an image input size of 224 x
224 pixels. The dataset used in this research contained RGB-type images, so we had to condition them to
a size of 224 x 224 x 3 as an input parameter for the network. Fig. 4 depicts the architecture of the neural

network.

- -
— e — —
-_— -
—— — —
e —
— e —
i
-— e
— - —
- . -
-
— e —
- -
—
—— —
- —
— i — —
e —
— o — —

Figure 4. GoogLeNet neural network architecture in MATLAB

The final blocks of GoogLeNet were adapted, ensuring a correct response to the number of classes
entered. The ClassOutput layer (i.e., the last one) and the FullyConnected layer were replaced to support

five classes. Fig. 5 shows the replaced layers.
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Figure 5. Replaced GoogLeNet layers

Table I presents the pseudocode for our neural network, which was developed in collaboration with
ChatGPT [52]. The optimal hyperparameters are as follows: filters_1: 64, kernel_size_1: 4, conv_layers: 3,
filters_2: 96, kernel_size_2: 5, units: 320, learning_rate: 0.001, filters_3: 32, kernel_size_3: 3, filters_4: 80,

kernel_size_4: 3.

Table I. Pseudocode for the Python neural network developed in collaboration with ChatGPT

Input: Image dataset distributed into five classes.
Output: trained and validated neural network for image classification

[11 **Mount Google Drive**|
[2] Import necessary libraries: pandas, tensorflow, sklearn.model_selection|
I3 Define dataset_pathl|
|41 Define function create_dataframe_from_images(dataset_path) |
|51 Call create_dataframe_from_images(dataset_path) and assign it to image_df]
|61 Print image_df.head()!
|71 Import matplotlib.pyplot and cv2|
|81 Define function visualize_dataset_per_class(df, num_samples)|
191 Call visualize_dataset_per_class(image_df, num_samples=5) |
1101 Define datagen|
[111 Define train_generator|
|12 Define validation_generator|
[13| Import keras, layers, kerastuner|
|14 Define function model_builder(hp) |
151 Define tuner|
[161 Define class ClearTrainingOutput(tf.keras.callbacks.Callback) |
1171 Execute tuner.search() with specified arguments and callbacks|
1181 Get the best hyperparameters with tuner.get_best_hyperparameters(num_trials=1)[0] |
| 191 Print best hyperparameters|
1201 Import EarlyStopping and define early_stopping|
|21 Build model with tuner.hypermodel.build(best_hps)|
|22 Train the model with the specified parameters and callbacks|
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4. Methodology

Initially, the IEEE 13-node feeder was modeled in the EMTP-ATP software, in order to record the
transient overvoltage from direct lightning strokes at the head of the network. Subsequently, the records

were converted from the time domain to the frequency domain using the MATLAB software.

Once the five dataset classes with transient signals in the frequency domain had been constructed, the
neural networks were performed in MATLAB and Python-ChatGPT. Fig. 6 presents the transformation
of the transient signal. The transient signal in the time domain has no scaling regarding the overvoltage
magnitude. Fig. 6 shows the records of direct lightning stroke, measured at the head of the feeder (20 kA
at L632-671, 10% distance from L632 node).

12000

10000 -

Phase C
Phase B
Phase A

8000 -

Frequency Response
I

|

I

Fase C
Fase B
Fase A [H

-}
S O

e —

|eet—T"

|
6000 - | ||
1 H
I

a000 11 ||‘f‘l'.
(I It

el
JIAY
2000 , 0
i1

Voltage (V)

| —
| _—

Magnitude (V)
g 2
=

B
I=}
-]
—

TN

Wl AR 0
Tl \
-2000 - | [} 20

//

J

] S A
4000 | 10 i o
] L_/ f</
6000 0
0.05 01 015 02 0 500 1000 1500 2000 2500 3000 3500 4000
Time (ms)

Frequency (Hz)
Figure 6. Transient signals in the time and frequency domains

5. Analysis of the results

The dataset was composed of 60 records of transient overvoltage in the frequency domain. As an
example, Fig. 7 shows the frequency response of nine records with return stroke currents of 3, 50, and 100
kA and a waveform of 8/20 ps in phase C. The impact points with records of 13.2 kV at the feeder head
are L632-633, L632-671 (50% distance from L632 node), and L671-680.

The format of the transient overvoltage records was PNG (Portable Network Graphics) format.
The distribution of the dataset was 70% for training and 30% for testing in GoogLeNet. As for Python-
ChatGPT, the distribution was 80% for training and 20% for testing.

Fig. 7 shows that, as the distance from the lightning stroke to the measurement point increases,
frequencies above 1 kHz are attenuated. Therefore, the system behaves like a low-pass filter, which is
consistent with the capacitive model of MV networks, the operation of surge arresters, and the electrical
disruption of the insulator chain (pin insulator) of the poles supporting the MV overhead conductors,

among other aspects.
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On the other hand, frequencies below 1 kHz experience an increase in magnitude in some cases,

given the reflection caused by changes in the characteristicimpedance along the different branches of the

MV system.
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Figure 7. Frequency-domain transient overvoltage records from the feeder head

Table II presents the parameterization of each trained instance of GoogLeNet along with its accuracy.
The best results were obtained by Network 3, with a value of 80%.

Table II. Summary of the parameters used for our instances of the GoogLeNet deep learning network

Trained Validation Max MiniBatch Validation
network frequency epochs size accuracy [%]
El 1 200 12 60
2 10 150 10 50
3 200 24 80
4 200 36 60
5 24 150 24 75
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trainedNetwork_5 and trainedNetwork_6 reported accuracies of 85 and 45%, respectively. These are
the pretrained neural networks with the best and worst results. The difference in their parameterization
corresponds to the MiniBatch size: 12 for trainedNetwork_5 and 24 for trainedNetwork_6. All neural

networks were trained with the Adam solver, selecting the best evaluation point.

Four images from the dataset were evaluated to appropriately classify the frequency transient
overvoltage measured at the 13.2 kV feeder head. The results of said classification show an adequate
response when it comes toidentifying direct lightning strokes with a peak value of 20 kA. Fig. 8 (1:1) shows
a direct stroke in network segment L632-633. The (1:2) image reports a direct stroke in network segment
L632-671, covering 90% of the line. The (2:1) image shows a direct stroke in network segment L632-671,
covering 10% of the line, and the (2:2) image reports a direct stroke in network segment L671-680.

(1:2)

Class: L632-633, Image: 20kA.png, Confidence: 95.80% Class: L632-671.90porciento, Image: 20kA png, Confidence: 91.04%
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Figure 8. Image classification of the dataset

Fig. 9 presents the CDF and PDF of the confidence analysis for each of the segments containing the
frequency response images. It should be highlighted that segments L671-680 and L632-671 exhibit the
highest confidence during image classification, with values above 90%. Sections L632-671 (10%) and
L632-633 (50%), with similar characteristic impedances for MV networks, tend to compromise confidence.
However, a confidence percentage above 70% can be estimated for L632-633, L632-671 (10 and 90%), and
L761-680 when classifying the frequency response.
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Figure 9. CDF and PDF of the confidence analysis of the segments

Proper modeling of a MV network, which includes the PImodel of the network and the surge arresters,
the capacitiveimpedances of transformers, the frequency response of the grounding system, the capacitive
model of the underground cables (e.g., section L692-675), and the tuning (or not) of the characteristic
impedances, allows filtering multiples of the system’s fundamental component. For example, the PI
model of the transmission line behaves as a second-order filter for signal filtering. Therefore, at impact
points far from the head of the MV circuit, where the transient overvoltage is recorded, it exhibits a better

response for the classification of frequency response images.

When evaluating the confidence results for sections L632-671 and L632-633, considering the impact of
a 20 kA atmospheric electrical discharge on phases A and C, note that the classification is compromised

since they have very similar reflection coefficients, whichis caused by changes in characteristicimpedance.

Figs. 10 and 11 present the evolution of the loss and accuracy variables for each epoch for the
neural network developed using with ChatGPT, which was implemented in the Google Colab Python
environment. The maximum overfitting values for accuracy and loss are 0.3237 at epoch 6 and 0.3585 at

epoch 35. The average overfitting values are 0.1269 and 0.1128, respectively.

From a maintenance, construction, and design engineering perspective, identifying the lightning
impact point would enable a faster restoration of the power supply and positively impact service quality
indicators such as the SAIDI/SAIFI [53]. Some studies have shown that the impacts of atmospheric
electrical discharges on the shield wires of the transmission lines can deteriorate optical ground wires
(OPGWs) (on average, 36 pairs of fiber optic cables) [54], [55], which enable communication for various

substation services (e.g., channel 85 for line differentials; the acceleration of tripping zones in the

|Ingenieria| Vol .31 | No.1 | ISSN 0121-750X | E-ISSN 2344-8393 | €23305 | 11 of 29



Classification of Transient Signals Produced by Direct Impacts. . .

L. E. PERDOMO ORJUELA ET AL.

backup functions 21/21N in POTT schemes, which have a zone 2 comparison; and 67N, with directional

comparison; among others) [56], [57]. This type of communication is structured using single-mode fiber

optic, and some fibers that are not active—also known as dark fibers—are arranged in pair organizers in
the substation [56]-[72].
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Figure 10. Evolution of the loss variable with respect to each epoch
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Figure 11. Evolution of the accuracy variable with respect to each epoch

Some illuminated fiber optic pairs are used for communication between the substation and the

telecontrol (SCADA) center. The information transmitted through these channels is structured in frames
following the IEC 60870-5-104 standard, which is supported by TCP/IP addressing. Before leaving the

substation, the structured frame is formed in the gateway, which functions as a translator from the IEC
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61850/DNP3 (distributed network protocol) standard to IEC 60870-5-104 [73]-[76]. Subsequently, it is
routed through the substation firewall-router via multimode fiber. Finally, it is arranged in the optical
distribution frame’s (ODF) fiber optic pair before exiting the substation through the transmission line
[67]-[70].

Failures in the illuminated fiber optic pairs require lighting dark fibers, thus reducing the availability
of single-mode optical fibers. For example, in some communication architectures, it is possible to use
equipment for data transmission serialization/multiplexing. This helps to reduce the physical occupation
of communication channels [78]-[81]. On the other hand, the characterization of transient overvoltage
resulting from direct lightning strokes allows designing adequate electrical infrastructure to favor

operation and ensure safety and health conditions for network operators.

6. Mathematical contribution to electromagnetic coupling

The authors propose two physical-mathematical contributions in the frequency domain. The first
one enhances the complex expression for permittivity and permeability, with applications in transverse
electromagnetic (TEM) fields with arbitrary propagation, which was initially introduced in [84]. The
second contribution applies complex permittivity and permeability expressions to the coupling of

lightning on transmission lines.

Initially, the authors stated [84] that all media incur losses, both conductive and dielectric-polarization
losses. Therefore, for linear isotropic media, constitutive relations are given by the following differential

equations for the fields E and H:

— — Y7 2%

D=cE+z 2 + 857+ (1)
- — oH a’H

B=pH+p o +p 57+ (2)

Egs. (1) and (2) can be expressed as presented below:

D = ¢E + jwe, E —W?&, E — jw3e3 E + - (3)

B =¢H + jwu, H—w?u, H— jwius H + - (4)

The complex permittivity SEW) and the complex permeability ,u('w) are defined as follows:

Ew) =& W) —je'(w) (5)
Hiwy = 1 (W) — jp" (w) (6)
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Thus, the constitutive relations take the following complex form:
D =&, E = £, E — j&(,) E (7)
B = piwy H = pg,y H— jug,, H (8)

Maxwell’s equations in complex form are as follows:

VXE = —jwpiy) H = —jwpi,,) H —wpi,,) H (9)

VxH = jwe(,  E+0E+] = Jjweg, E + WERy,) E+0E+] (10)
V- eqyE =V (g}, —jel)E=p (11)

V- o = V- () — i) H =0 (12)

For a conductive medium, o and Wé‘(“w) are factors of the same type. Eq. 10 can be rewritten in the

same way:
VxH = jwe(,) E+ 0E +] = Jjweg,) E + WE(,, E+0oE+] (13)
VxH = jwe(,) E + jw (—jel, —j2)E+] (14)
VxH = jw (sgw) — J €6 —j%) E+] (15)
where

Ew) = Ew) —J (s&,) + %) (16)

The loss tangent is
tané = wi:a (17)

In a lossy medium, the complex wave equations (Helmholtz equations) are

7 E+winy (et —i (€ +2)|E=0 (18)
v H+ Wil [sgw) —j (sz;,) + %)] H=0 (19)

From this point onward, the authors will decompose the complex permeability expression in order to

explicitly identify the phase and attenuation coefficients, as shown in Egs. (20)-(23):

k| = w /i) £Gny (20)
] = wfRr &y = w J1ir (2tar = (2000 + 2)) e1)
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]l = w (= 1) (el =3 (000 + 5) 22)
k| = W\/ ("Emew) =t (£ + ) = Iy = 1o (£ + 9) @)
As
v =jlk|=a+jB (24)
k| = B - ja (25)

Where each expression corresponds to the propagation coefficient ¥, the attenuation coefficient « ,

and the phase coefficient £ . This is shown in Egs. (26)-(35).

" = (8- ja)? = B* ~ ja — jap — o (26)

K" = (82 - a®) - 2jap 27)

[l|” = w2 {1y — 1oy (2 + 2)] = 392 [ (2o + 2) + By (28)
(B% — a?) = w2 [y () — iy (20 + 2 (29)

20 =w? [ (£ +2) + 1) £ | (30)

IR = o0 {1 2l = 1 (e + D]+ [ (et + 2) i €] | @)
L B =
|1%°| = VB = @ + @ap)? = JB* — 2% + a* + (Zap)? (33)
€| = V@B + a®) + @2a?pD) = (@ + B = o + (34)
Re([K]") = B2 — a® = w? iy £ty — il (€60 +2)) (35)

Therefore,

|m| + Re (|E|2) =2p%=w? [uEw) Ew) — Hiw) (SE;v) + %)] ' (i) €ty L (el +2)]

! n g n ! 2
1+ Jl _I_["(w)(s(w)’fw)“‘(w) 8(w)]2](36)

The phase coefficient is determined by Eq. (37):
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! n I !

(f(w)““i)“‘(w) £(w)]2
B=1\/u2>82>—ﬂ2') el + )| 1+J1+[”fw), w el el (37)
vz [ oo W( " W)] [”(w)f(w)‘”(w)(f(w)";)]

In addition,

[kl |- Re(l&[ )= (e + %) ~( 5 ~a*) = 20° 39)

' " O " ' ?
- Hon | € 5, | Honon .. (. o
j' I+ T W “(w)gw)‘“(w)[g(w)*wj (39)
o . aﬂ

' " O " ' 2
wil. . (. o Hon | € F, )T Honom)
& == HowyEw) ~ Hw) (% +_j R -1 (40)

2

In a lossy medium, the wave impedance also becomes complex, as shown in Eq. (41).

;= o) = T
— 7 5 (1)
Ey—d| €+

w

The authors propose implementing complex-valued expressions for permittivity and permeability

within the lightning-coupling model (Fig. 12).

2a

Z / y . h z
‘____ v ~

0 X x4 dx L

Figure 12. Lightning-coupling model [85]
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As presented in the previous sections in both integral and differential forms, as shown in Egs. (42)
and (43).

VxE = —jw,u('w)ﬁ = —jw,u('w)ﬁ - jw,u("w)}_l = —jwB (42)
$ E-dl=-[ jwy, , -ds =—[ jwB-ds (43)

The above is determined for contour CCC (differential form with Ax):

:E‘( : j E (xete) d’+jx+Ax_ -dx — J.xw_ -dx = _jWIZJz+ME(x,z) -dxdzay (44)
ZE‘( I E (eravz d_+jx+Ax_ -dx — Ix+Ax_ -dx = —ijZJ.ijl?(x’z) -dxdza (45)
S s e |t [ | B| | B | == [ By vtz a6

Taking the partial derivative with respect to x on both sides of the equation yields the following
expression:

—% :[Ez szz

On the other hand, from Faraday’s law (quasi-static fields), it is possible to obtain Eq. (48):

—‘E

) dz 47)

(x+Ax,z)

7(x.2)

[ Eedl =—[||E yone|-|Eo| ] 2 (48)
And then Egs. (49) and (50):
v (x)]= dz (49)
Ox )
0
it (xa) 0|4 (50)

From earlier derivations in both integral and differential form, it is possible to express the following;:
— — - . . = . ! . " b a r T
VxHs =Js+ jwe E = ]W(&‘(W) —J€) —]—jE +J (51)
w

VxHs = jwD+J (52)
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[ Hs-dl =[ J-ds+ jw| Ds-ds (53)

The inductance of the conductor can be determined using the following procedure:

Iﬁ'di=jj~d§=lence (54)
‘B_qo‘ = Mo IEL; (55)
j B.ds = L'-Ience_[ dz (56)

The inductance per unit length can be expressed as presented below.

I ‘l_f‘ dp=L"Inece (57)

Now, assuming the following expression:
IIE-dE=II mIence~d,odz (58)
27mp

If this is multiplied by j@, and we assume that @ does not vary with respect to p and z, Eq. (59)

is obtained.

. — . [ M,lence-dp (59)
w| | B-ds = jw| —— | dz
ol [ 5.5 = ] 42
The scattered field can be expressed as follows:
B Wi )
I jwj ‘B‘ dpdz = IPE) fonce lnd—.[ dz = jwL- Ience.[ dz (60)
27mp dl

Returning to Egs. (49) and (50), this research implements the subscript s for the scattered field and the

subscript e for the excitation field, in order to obtain the telegrapher’s equation:

.[XHAé[V(x)]dx _ —jw.[:J‘jj—Ax

X

By(x,z

\|dxdz (61)
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x+Ax

xX+xA 8 X+Ax | —
i =— 62
I x 8x J- y(x.2) (62)
X+xA a X+Ax | , X+
[ &[V (x)Jax==[" " jwL'T ydx - ¢ | dadx (63)
0 V jwL'l . = d
V()] mwL', = |2 (64)
On the other hand, Maxwell’s equations can be expressed in pointwise (differential) form:
VxH =J + jws;  E (65)
VxH =J + jwD (66)
_ _ |oH| OH,|— |0H,| OH,|— |0H, OH,|—
VxH = - ax — - ay + - az (67)
oy 0z ox /4 ox oy
For the z -component,
OH, OH,|— _ —
- az=J + jws; | E (68)
ox oy W (xez)
Since the medium is insulating, it follows that &, .., = 0. Therefore,
_ d|H 7
JwE,. = | _dm]) ! (69)
dx dy Elw

By integrating along the z -axis from 0 to /4, we obtain the following for the scattered field and the

excitation:

]wI ‘E“ —]wV( ) (70)
. h| — 1 h aEexz al_;;xz 1 h al_;sxz agixz
Jw.[ ‘E(x,z) dz =— . rxd) 124) dz+— . . - dz (71)
’ oy Howy ax oy oy How ox oy
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The excitation field and the scattered field are defined as follows:

From the derivation for quasi-static fields, it is possible to obtain the following:

Therefore,

Thus,

ij'h Ee dz _ 1 h 6By(x’z) _ an(x,z) dz

of T(x3) El M "0 Ox oy

J'WJ.h E' |dz= ! Ih B, — it dz
of T(x2) Ely M "0 Ox oy

0~] B}~ [ pas

-5
2mpe,)l
Co Qo _ 7E (1
Vab lni
r

V:—jE-d‘:g

a

CV,=-C[E-dl

wC'V,, =—jwC'[ E-dl

dz

—jwV (x)=jw| Z‘Efm‘dz | :‘E&z)

wC (x)= jwC [ |y, |ds + jwC'[}| B[z

—jwC'[ :‘E(x,z)

&y M)
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(72)

(73)

(74)

(75)

(76)

(77)

(78)

(79)

(80)

(81)
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E;(x )= 0 since a TEM wave is present. Therefore,
o " O|L'-T
'[!, |da = wCW () + < L] 3)
or EmMin  OX
This can be expressed as follows, given that ['C’' = EnMin’
. (] e : 4 0 [I_]
[ |Ef, |z = jwC'V (x)+ ox 59

low is the definition of the circuit with complex-field coupling. The original expression for electricand
magnetic coupling can still be employed. However, it should be noted that permittivity and permeability
are expressed in the complex domain and are frequency-dependent. Under the present notation, it is

important to emphasize that the field e is equal to the field i in Fig. 13.

[l miganefec [sucf atee e
I(x) \

_T ——p g rrrrean T_
z,[ Jr((r V() Cg:l’(f&) I’I ()] [] Z,
3 x x:dx ;

Figure 13. Equivalent circuit of TEM coupling [23]
7. Conclusions

Our implementation of neural networks based on GoogLeNet, Python, and ChatGPT for the
classification of transient overvoltage resulting from direct lightning strokes in the frequency domain for
branched radial networks showed an acceptable response, with accuracy values of 80 and 89.99%. The
average overfitting of the network developed in collaboration with ChatGPT was 0.1269 for accuracy and
0.1128 for losses.

Furthermore, our review of 12 records of transient overvoltage due to lightning strokes on the
L671-680 section shows close to 100% confidence in image classification using a pre-trained instance of
GoogLeNet. The classification for the L632-633 section, under a direct lightning strike of 20 kA on phase

A, reported a confidence of 32.38%, which was the worst result obtained.

The 60 frequency response images analyzed exhibited a confidence level above 70% for branches
L632-633, L632-671 (10 and 90%), and L671-680.
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The new mathematical formulation for the coupling of electromagnetic fields in polarized media
improves upon the version proposed by Taylor (1965) [23], [85]. The authors considered the permeability
and permittivity coefficients as complex quantities in order for the new coupling model to be applied
to materials such as dielectrics (dry air, gas-insulated switchgear, arc chambers), ferroelectrics, and

magnetic media (ferrites, cores, shielding), among others.
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Abstract

Context: Crash rates on Colombia’s tertiary road network exceed the national averages,
largely due to the lack of instruments for systematic data collection and the limited
involvement of local communities in risk identification. This study aimed to design
a road safety diagnostic tool that can be applied by the community, tailored to rural
contexts and validated with local stakeholders in the department of Cauca, Colombia.
Method: A literature review was conducted to identify the key risk factors affecting
road safety on Colombia’s tertiary roads. The KABCO scale was incorporated due to
its simplicity and suitability for collaborative work. Based on these inputs, a diagnostic
tool and a user guide were developed. Finally, a pilot study was implemented through
participatory workshops, during which georeferenced points and risk assessments
were collected.

Results: The pilot’s application of the tool enabled the identification and georeferencing
of seven critical points along a road segment in the municipality of Popayan. In these
locations, speed was identified as one of the most influential factors in the road crashes
reported by the community. The tool demonstrated clarity and feasibility of use by
participants without prior technical training.

Conclusions: The developed tool provides a replicable method that allows rural
communities to identify and manage road safety risks, generating valuable data for
the formulation of maintenance plans and prevention policies. Its implementation can
optimize resource allocation and strengthen collaboration between communities and
the responsible authorities.

Keywords: Local rural roads, Rural roads, Safety
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Resumen

Contexto: Las tasas de siniestralidad en la red vial terciaria de Colombia superan los promedios nacionales, en gran
parte debido a la falta de instrumentos para la recoleccion sistematica de datos y a la limitada participacion de las
comunidades locales en la identificacién de riesgos. Este estudio tuvo como objetivo disefiar una herramienta de
diagnostico de seguridad vial que pueda ser aplicada por la comunidad, adaptada a contextos rurales y validada con
actores locales en el departamento del Cauca, Colombia.

Meétodo: Se realizé una revisién de literatura para identificar los principales factores de riesgo que afectan la
seguridad vial en las vias terciarias de Colombia. Se incorporo la escala KABCO por su simplicidad y su idoneidad
para el trabajo colaborativo. A partir de estos insumos, se desarrollé una herramienta de diagnéstico y una guia
de usuario. Finalmente, se implementé un estudio piloto mediante talleres participativos, durante los cuales se
recolectaron puntos georreferenciados y evaluaciones de riesgo.

Resultados: La aplicacion piloto de la herramienta permiti¢ identificar y georreferenciar siete puntos criticos a lo
largo de un tramo vial en el municipio de Popayan. En estos lugares, la velocidad fue identificada como uno de los
factores mas influyentes en los siniestros viales reportados por la comunidad. La herramienta demostré claridad y
viabilidad de uso por parte de participantes sin formacién técnica previa.

Conclusiones: La herramienta desarrollada ofrece un método replicable que permite a las comunidades rurales
identificar y gestionar los riesgos de seguridad vial, generando datos valiosos para la formulacién de planes de
mantenimiento y politicas de prevencion. Suimplementacion puede optimizar la asignacion de recursos y fortalecer

la colaboracion entre las comunidades y las autoridades responsables.

Palabras clave: Vias rurales locales, Vias rurales, Seguridad
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1. Introduction

Road crashes on rural tertiary roads in Colombia far exceed the national levels, mainly due to the
absence of standardized instruments for data collection and the limited involvement of communities in
risk identification. Annually, approximately 1.19 million people die in road crashes worldwide [1], and
Colombia leads Latin America in mortality rates, with a 26% increase in the number of fatalities between
2021 and 2023, particularly on rural roads [2], [3], [4].

Tertiary roads account for 70% of the national road network and ensure rural connectivity.
However, they have experienced significant deterioration due to the lack of maintenance and climatic
and geographical challenges [5], [6], [7]. This deterioration restricts access to essential services such as
education, healthcare, and food, and it further widens the urban-rural gap, contributing to higher poverty

rates in these communities [8], [9].

One major challenge is the lack of crash records on the tertiary road network by the competent
authorities, which prevents proper diagnostics. The National Road Safety Observatory (ONSV) does not
provide a complete municipal breakdown for tertiary roads. Moreover, in the case of the Department of
Cauca, only five of the 42 existing municipalities have reported official data on tertiary infrastructure,
leaving 88% of the territory without information. The absence of this data generates bias in intervention
efforts, as investments are allocated to areas that do report information, while vulnerable areas are

neglected.

In this context, our study proposes the development of a community-based road safety diagnostic
tool for rural tertiary roads. Designed to actively engage local communities in the Department of Cauca,
the tool integrates technical criteria (the KABCO scale) with participatory protocols for the collection
of georeferenced data. Thus, this study seeks to close the information gap and strengthen collaboration
between users and institutions, improving the accuracy of the diagnosis and enhancing the effectiveness

of interventions both in Colombia and other rural contexts across Latin America.

Methodology

This study employed a sequential mixed-methods design, which was carried out through four
interconnected phases to develop and validate a community-based road safety assessment tool for

tertiary roads (Fig. 1).
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Figure 1. Methodology

Phase 1: systematic literature review

The literature review was conducted in two complementary stages, following the principles of the

PRISMA guidelines (preferred reporting items for systematic reviews and meta-analyses).

Stage 1: identification of factors through a systematic review

An initial systematic search was carried out to identify risk factors affecting road safety on rural
roads. The search was conducted in the Scopus, Web of Science, SciELO, and Google Scholar databases,

s

using search strings that combined keywords such as “road traffic crashes,” “rural roads,” “road safety,”
“crash rate,” and “human factors,” together with Boolean operators to refine the results. The search
period was limited to publications between 2019 and 2025, in order to ensure up-to-date and relevant

information.

The inclusion criteria covered studies focused on road safety on rural tertiary roads. We excluded
studies addressing only urban roads or highways, as well as documents without full access or with

information not applicable to the Latin American context.

From the selected literature, information on factors affecting road safety was systematically extracted
and classified into five main categories based on the Highway Safety Manual [10] and expanded to the
Colombian rural context. The factors were originally grouped into human, roadway, and vehicle factors

according to the HSM (2009), with the addition of the environmental factor—which varies by road
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section and may influence road safety —and the institutional factor —state actions that, in theory, should

be implemented to ensure an adequate level of road safety but are often absent.

To assess and prioritize these factors during the community-based application of the tool, the KABCO
scale was integrated. This scale is a standardized classification system that categorizes the severity of

risks according to their observed potential for harm in a crash and includes the following levels:

e K:Kkilled (fatality)

* A:incapacitating injury

* B:non-incapacitating injury
* C:possible injury

¢ O:noinjury

This scale was selected due to its conceptual simplicity and its compatibility with the empirical
knowledge of rural communities, allowing users without specialized technical training to assess and

classify the risks identified in their territories. Furthermore, it was validated through pilot testing.

Stage 2: factor-specific literature review

Once the risk factors had been identified in Stage 1, a targeted literature search was conducted to
document the specific scientific evidence supporting the influence of each factor on rural road safety.

This stage aimed to consolidate a robust evidence base for each individual factor.

For each factor identified, targeted searches were carried out, using the factor name as the main term,

combined with road safety-related keywords and rural context terms.

The bibliographic information for each factor was managed in a structured matrix, linking each factor
to its specific references. This approach made it possible to trace the available evidence for each identified

factor and to assess the robustness of the existing knowledge base.

Note that a PRISMA diagram is not presented for Stage 2, as it consisted of multiple targeted searches

rather than a single systematic review. The PRISMA diagram in Fig. 2 exclusively documents Stage 1.

The factors identified in Stage 1 and validated with specific evidence in Stage 2 were subsequently
submitted to evaluation by the expert panel (described in Phase 2) to determine their relevance and

specific applicability to the context of tertiary roads in the Department of Cauca.

Phase 2: validation by an expert panel

A panel of four road safety experts was established to validate and refine the identification of critical

factors according to the original article. The experts included in the study each have more than 15 years
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of experience in projects related to the subject matter and teach road safety courses in postgraduate
programs at Colombian universities. This ensures the reliability of the opinions provided, as well as their

relevance and equal weighting.

The assessment was conducted through structured and independent interviews. Each participant
was first contextualized regarding the findings from the literature in relation to the specific conditions
of the region. Based on this information, by assigning scores, each expert evaluated the relevance and

applicability of the identified variables in the context of tertiary roads.

Using the collected information, a final consensus was reached through validations based on
convergent expert knowledge. This ensured the identification of critical factors via the integration of

individual perspectives and their collective and systematic validation.

Phase 3: tool development

Based on the factors validated by the experts, a tool was designed as a practical instrument to assess
road safety on tertiary roads through the identification of risk factors, the recording of structured data,
and the prioritization of interventions. Its application is participatory, incorporating local community

knowledge of road incidents in contexts where official data are unavailable.

The tool was designed while considering the sociodemographic characteristics of rural communities
and their educational standards [9], employing an approach that offers an informed understanding of the

problem and facilitates the selection of the most influential factors for road safety on tertiary roads in Cauca.

The tool differs from traditional methodologies in its adaptability to the sociodemographic context
surrounding tertiary roads in Cauca, its participatory approach, and the use of accessible technological
resources such as georeferencing and orthophotography via smartphones. The application was developed
in three interconnected stages: (i) the identification of the study section through detailed inspection, in
order to recognize existing risk factors; (ii) the recording of information in a standard format that allowed
for the systematic structuring of findings and the georeferencing of critical points; and (iii) the prioritization

of risks, classifying them according to the KABCO scale based on their impact on road safety.

Phase 4: pilot testing and community validation

For the pilot implementation, we selected a 1 km segment of the road between La Tetilla and
Puente Zaté in the municipality of Popayan, Department of Cauca. The reasons for our choice included
compliance with geometric design standards and the verification of road safety, traffic conditions, and
environmental considerations. The characteristics of the segment include an average width of 4.5 m, an
average longitudinal slope of 5%, the absence of basic drainage infrastructure and sewer networks, and

alternative routes that allow for traffic continuity without full closures.

| Ingenierial Vol .31 | No.1 | ISSN 0121-750X | E-ISSN 2344-8393 | €23625 | 6 of 29


https://orcid.org/0009-0003-5035-1044

Empowering the Community: Development and Validation. . . ERIK S. VIDAL ET AL.

From a geological and geomorphological perspective, the section is located on the Cauca-Patia
inter-Andean plateau, characterized by volcanic deposits and erosion processes differentiated by their
temporality. The area exhibits tectonic activity, with geological faults that influence ground stability,
generating mass movements and erosion. The predominant soils are of alluvial origin and highly

susceptible to erosion, affecting maintenance activities and road safety.

Community participation was sought by assessing 21% of the households adjacent to the road and
within a 2 km radius of the segment. These households were selected through convenience sampling in
order to evaluate the effectiveness and applicability of the initial tool. The participants received a two-
hour training session on basic road safety concepts and the evaluation methodology prior to the process.
In addition, three complementary site visits were scheduled over a six-week period to collect and verify

relevant information.

These activities included a systematic environmental analysis using standardized technical forms
to document geographical and climatic characteristics; structured road inspections using checklists to
identify deficiencies related to geometric design, visibility, and surface conditions; and community input
collected through three-hour participatory workshops employing social cartography techniques and
semi-structured interviews to understand perceived problems and critical points. Data was recorded
in digital formats and validated through triangulation between technical observations and community

perceptions.

The tools employed included drones to capture high-resolution orthophotographs, which were
processed with Agisoft Metashape; georeferencing of critical points using Google Earth; and heat maps

to represent the spatial distribution of road safety issues.

After applying the tool and analyzing the collected data, adjustments were made to improve the
accuracy and relevance of the information gathered. The pilot test and subsequent refinements enhanced
the tool’s structure, sequence, and clarity, allowing users to collect reliable data to support the technical

understanding of the specific risks associated with the analyzed roadway.

Results

Systematic review and characterization of influential factors

Stage 1: identification of factors through a systematic review

The information search was conducted using a structured strategy that included recognized scientific
databases and complementary sources, in order to ensure a broad and relevant coverage of the study topic.
First, the Scopus, Web of Science, and SciELO databases were consulted due to their relevance in indexing

high-quality scientific literature and their coverage of studies related to road safety, infrastructure, and
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risk factor analysis. As a result of this search, 76 database records were identified: 47 documents from

Scopus, 16 from Web of Science, and 13 from SciELO.

Additional information sources were included to complement the scientific evidence, including

manual searches in specialized journals and gray literature, which comprised theses, technical reports,

and relevant institutional documents. Together, these strategies made it possible to identify a total of 83

documents that were potentially relevant to this study.

I

Identification

Identification of studies via databases and registers

Records identified from*;
Databases {(n = 76)
Scopus (n=47)

Web of Science (n=16)
SciELO (n=13)

External registers (n=7)
Manual search (n=1)
Gray literature {N=6)

Records removed before
screening.
Duplicate records removed
(n=12)
Records marked as ineligible
by automation toels (n = 0)
Records removed for other
reasons (n = 0)

Screening

A4

Records screened
(n=64)

Records excluded
(n=48)

h

Reports sought for retrieval
(n=16)

v

Reports not retrieved
(n=0)

Reports assessed for eligibility
(n=16)

Reporis excluded:
urban roads or highways
(n=2)
not addressing specific
risksifactors (n = 2)
context not applicable (n=1)
outside the period 2019 -
2024 (n=0)

Included

Studies included in review
(n=18)
From SYSTEI'I“IEHC search:

- From databases: 11
From other sources:

- Manual search: 1

- Grey literature: 6
Reports of included studies
(n=0)

Figure 2. PRISMA flow diagram
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The systematic literature review made it possible to identify a total of 47 risk factors associated with
road crashes on rural roads, prioritizing information from studies conducted in rural areas and low-
trafficlocal roads. The distribution of these factors by category is presented in Fig. 3, showing a significant

concentration in human and roadway factors, which, together, account for 85% of the identified factors.

The five main risk factor categories, based on international literature and adapted to the Colombian

context, were distributed as follows:

Human factors

Environmental
at

factors /

Road factors

Vehicle factors
Institutional factors

Figure 3. Interaction of concurrent factors in road crashes

Human factors (23 factors, 49%). This category comprises the largest number of identified variables,
including driver behaviors that generate unsafe conditions such as speeding, alcohol and psychoactive
substance consumption, non-compliance with safety protocols, distracted driving, inadequate reaction

time, physical and mental conditions, experience, andage, among others.

Road factors (23 factors, 49%). These are related to deficiencies in road infrastructure safety, including
the absence of signage, deterioration of the running surface, inadequate road geometry, pavement
conditions, curve density, sight distance, geometric alignment, vertical grade, lighting, intersections, the

International Roughness Index (IRI), access points, and cross-section characteristics.

Institutional factors (five factors, 11%). These include the lack of traffic regulation and enforcement,
the absence of preventive maintenance plans, non-compliance with regulations, deficiencies in safety

barriers, and the inadequate management of surface friction.
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Vehicle factors (five factors, 11%). These are related to the mechanical conditions and proper
functioning of vehicles, including the use of poorly maintained vehicles, brake failures, worn tires,

maintenance deficiencies, and inadequate technical-mechanical conditions.

Environmental factors (four factors, 9%). These consider the influence of climate on terrain conditions
and their direct relationship with road crashes, including erosion or slippery surfaces due to rainfall,

surrounding terrain types, land use, and adverse weather conditions.

Stage 2: factor-specific literature review

For each of the factors identified in Stage 1, a targeted literature search was conducted with the aim of

consolidating the evidence base to support their influence on road safety on rural roads.

The factor-specific review resulted in the identification of more than 40 additional bibliographic
references, each providing evidence on the relationship between specific factors and road safety in rural

contexts. The complete account of factors with and their corresponding references is presented in Table I.

The targeted search revealed different levels of bibliographic availability depending on the factor

category.

— Human factors. Multiple references were identified for each factor. Factors such as speed, alcohol
consumption, and distraction are supported by extensive international documentation.

— Roadway factors. The documentation was consistent for factors related to road geometry and
surface conditions, with more limited availability for factors specific to tertiary or rural roads.

—  Vehicle factors. The identified literature focused mainly on general mechanical conditions rather
than on specific characteristics of vehicles used in rural contexts.

— Environmental factors. A smaller body of literature specific to rural contexts was identified,
highlighting this category as an area requiring further research.

— Institutional factors. The available documentation was comparatively limited, particularly for

developing countries, reflecting the emerging nature of this approach in rural road safety.

Table I. List of identified risk factors with supporting bibliographic evidence

List of factors Category Author
Evasive actions Human factor [11]
Acceleration/deceleration Human factor  [12]
Attention Human factor  [13], [12]
Information processing capacity Human factor  [10]

Driver’s ability to adapt to the

geometry of the track/trajectory used Human factor — [14]

Unsafe behaviors Human factor  [15]
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List of factors Category Author
Precondition for unsafe behavior Human factor [15]
Physical conditions of the driver Human factor ~ [11]
Mental conditions Human factor  [11]

Use of psychoactive substances Human factor  [16], [17]
Distractions Human factor [18]

Age Human factor [10], [19], [20]
Experience Human factor [10], [18]
Driver skill Human factor [11], [13]
Driving time Human factor [21]
Inappropriate lateral position Human factor  [13]
Drowsiness Human factor  [22]
Insecure monitoring Human factor  [23]
Perception-response time Human factor  [24]
Type of driver Human factor  [25]
Violation of regulations Human factor  [26]
Vision Human factor  [11]
Vehicle conditions Vehicle factor [11]

Vehicle design and manufacture

Vehicle factor

[10], [27], [28]

Maintenance Vehicle factor [10], [29]
Vehicle ratio Vehicle factor [21], [30]
Vehicle type Vehicle factor [15], [31], [32]
Geometric alignment Roadway factor [33]

Paved and unpaved berm width Roadway factor [34]

Berm soundtracks Roadway factor [35]
Overtaking lane Roadway factor [36], [37], [38]
Track category Roadway factor [39], [40]
Running surface condition Roadway factor [41]

Curve density

Roadway factor

[13], [42], [14], [43], [44]

Visibility distance Roadway factor [45]
Track geometry horizontal curves Roadway factor [42], [14], [13]
Vertical gradient Roadway factor [46]
Lighting Roadway factor [45]
Intersections Roadway factor [43], [47], [26]
International roughness index (IRI) ~ Roadway factor [48]
Segment length Roadway factor [49]
Access points Roadway factor [49]
Cross section Roadway factor [50]
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List of factors Category Author

Controlled and split access main Roadway factor [10]

road

Climate

Environmental
factor

[21]

Type of terrain — environment

Environmental
factor

[47]

Average daily traffic

Environmental
factor

[51], [52], [30]

Land use

Environmental

factor [49], [51]

Traffic control devices Institutional [53]
factor

Technical-mechanical review Institutional [47]
factor

Road/human
factor

Road/
institutional [48]
factor

Road/

institutional [10]
factor

Road/

institutional [34]
factor

Road/

institutional [47]
factor
Road/
institutional
factor

Visibility [54]

Surface friction

Number of accesses

Presence of safety barriers

Presence of separator

Signage [49], [43]

Human factor,
vehicle, road,
environmental,
institutional
factor

[21], [50], [35], [44], [13], [12], [54], [24],

Speed [51]

Validation by expert panel

The road safety expert panel led to the consolidation of 43 critical variables from the 47 initially
identified factors, reflecting the complexity of the topic and the need for specific approaches to assess
safety on rural roads. The reduction in factors was based on criteria of specific relevance to Colombian
tertiary roads, the feasibility of assessment by rural communities, and the applicability in contexts with

limited official data reporting.
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The factors validated as most influential by the expert panel are presented in Table II, organized
by category and prioritized according to their potential impact on tertiary road safety. This validation
process allowed refining the assessment instrument while ensuring that it included only variables that

could be effectively identified and evaluated by local communities.

Table II. List of factors classified by the expert panel as contributing to road safety incidents on tertiary

roads
Factor Category
Weather
Type of terrain — environment Environmental factor
Land Use

Evasive actions
Attention
Information processing capacity

Ability of the driver to adapt to
the geometry/trajectory of the
road used

Unsafe behaviors

Precondition for unsafe
behaviors

Physical condition of the driver

Mental condition

Psychoactive substance/alcohol Human factor
use

Distractions

Age

Experience

Drowsiness

Insecure monitoring
Perception-response time
Driving time

Violation of regulations

Vision

Technical-mechanical inspection

Vehicle conditions

Maintenance Vehicle factor
Vehicle ratio

Vehicle type

| Ingenierial Vol .31 | No. 1 | ISSN 0121-750X | E-ISSN 2344-8393 | €23625 | 13 of 29


https://orcid.org/0009-0003-5035-1044

Empowering the Community: Development and Validation. . . ERIK S. VIDAL ET AL.

Geometric alignment

Pavement Surface Conditions

Curve density

Visibility distance

Road geometry: horizontal
curves

Vertical gradient Roadway factor

Lighting

Intersections
IRI

Access points

Cross section

Visibility Roadway/human factor
Surface friction
Number of access points Roadway/institutional
Presence of safety barriers factor
Signage

Human/vehicle/
Speed roadway/environmental/

institutional factor

Tool development

As a result of the methodological development, a structured tool adapted to the context of rural
tertiary roads in the Department of Cauca was obtained, which was aimed at the collection and analysis
of road safety information with community participation. The final tool was organized as a practical
guide, structured into eight chapters and three interconnected modules, which sequentially reflect the
methodology, covering a range aspects from conceptual and contextual elements to operational formats
for the identification, recording, and analysis of road crashes. The structure includes clearly defined
sections for roadway segment recognition and the characterization of risk factors associated with the
road, the vehicle, the human factor, and the environment, as well as the systematic recording of crash

events through interviews conducted with the local community.

In designing the tool, specific criteria for our adaptation to the Colombian rural context were
implemented, prioritizing clear language, simplified formats, and procedures accessible to individuals
without technical training in road safety. These criteria were defined based on a review of national
and international guidelines and the characterization of the pilot segment, considering the geometric,
topographic, climatic, and operational particularities of tertiary roads, e.g., non-uniform cross-sections,

the absence of signage, drainage limitations, and the predominance of motorcycle traffic. As a result of
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this process, 43 of the risk factors that were previously validated by an expert panel were incorporated

and organized into field forms designed for practical application by non-specialist users.

As part of the tool’s development, a specific user manual was prepared and integrated into the guide,
with the purpose of providing clear and sequential guidance for the correct application of the proposed
methodology. This manual includes detailed instructions for each phase of the process, facilitating
implementation by the community and ensuring consistency in data collection. In addition, standardized
data recording forms were designed to systematize the information obtained during community
interviews, incorporating variables related to the individuals involved, the factors associated with the
crash, the characteristics of the road segment, geographic coordinates, injury severity, and relevant

observations.

Furthermore, a coding system was implemented to organize and clean the collected data, including
the numerical identification of participants, the verification of duplicate reported events, and the
standardized classification of crash severity. In this context, the integration of the KABCO scale constituted
a central component of the tool since it was incorporated as a prioritization system for classifying the
severity of injuries associated with road crashes. The application was carried out through contextualized
and easily understandable descriptions for rural communities, facilitating the identification of the K, A,
B, C, and O categories based on the information provided during interviews and ensuring consistency in

the interpretation and analysis of the recorded events.

During the pilot, the events reported by the community were initially located using printed maps
and subsequently georeferenced using conventional mobile devices, allowing for the collection of precise
geographic coordinates. Additionally, standardized photographic recording protocols were established,
facilitating the generation of orthophotographs and heat maps, from which spatial patterns of road
crashes were identified, revealing a significant concentration of events on horizontal curves along the

pilot segment.

As part of the validation process, preliminary usability tests were conducted during the pilot of
the guide on the selected road segment, in order to assess the comprehensibility of the formats, the
clarity of the instructions, and the feasibility of the data collection process by the community. Based on
this experience, adjustments were made to the wording of the questions, the organization of the forms,
and the sequence of application, with the aim of improving process coherence and reducing potential

ambiguities during completion.

Finally, the development of the tool incorporated specific adjustments derived from the conditions of
the Colombian rural context, such as the limited availability of official traffic data, the absence of vehicle
counting stations, and the need to complement technical information with local community knowledge.

These adjustments made it possible to consolidate a flexible, operational, and contextualized tool aimed

| Ingenierial Vol .31 | No. 1 | ISSN 0121-750X | E-ISSN 2344-8393 | €23625 | 15 of 29


https://orcid.org/0009-0003-5035-1044

Empowering the Community: Development and Validation. . . ERIK S. VIDAL ET AL.

at supporting the identification and prioritization of road safety risks on tertiary roads, which serves as

an input for technical decision-making by specialized professionals.

Mapping the Coordinate Apllication of KABCO
. . e Heat Map
road section collection the survey clasification

Figure 4. Phases of the tool’s application

Pilot application and community validation

Characterization of the studied section

The pilot was implemented in an approximately 1 km-long section of the tertiary road called La
Tetilla-Puente Zaté, enabling a practical and context-specific application of the proposed tool. This section
features an average carriageway width of 4.5 m, a mean longitudinal gradient of approximately 5%,
an unpaved surface composed of granular material, and the absence of basic drainage infrastructure
and sewer networks—conditions representative of the rural tertiary road network in the Department of

Cauca.

The pilot’s application involved the participation of 15 members of the local community, aged between
25 and 45 years, with an average educational level corresponding to secondary education (high school).
Prior to data collection, a structured community training process was conducted in two sessions: an initial
three-hour session focused on understanding the analysis scales—particularly severity classification
using the KABCO system —and a second session of approximately thirty minutes focused on the general
use of the final tool and the completion of the data collection forms. The pilot was assessed over a single
day, during which data were collected through face-to-face interviews, the recording of crash events
reported by the community, the identification of risk factors associated with the road section, and the
georeferencing of critical points. This process made it possible to validate the clarity of the formats, the
participants” understanding of the instructions, and the operational feasibility of the tool in a real-world

context, ensuring its coherence with the technical and social conditions of the studied section.
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Figure 5. Satellite image of the studied section, coordinates: 2°3121.96" N, 76°41'14.03" W

Identification and georeferencing of critical points

The application of the tool by the local community resulted in the identification and georeferencing
of seven critical points distributed along the studied section. Each critical point was classified according
to the KABCO scale and categorized by the predominant type of risk factor, generating a systematic

database to support the prioritization of interventions.

Table III. Geographic coordinates of the reported road traffic crashes

individusl - the ciash oteurred | Latitude  Longitude
41 Curve 2°31'18.32” N 76°61'16.77” W
42 Curve 2°31'14.71” N 76°41'23.91” W
44 Curve 2°31'19.76” N 76°41'16.10” W
46-1 Curve 2°31'16.43” N 76°41'15.22" W
46-2 Curve 2°31'32.09” N 76°41'3.68” W
46-4 Curve 2°31'46.31” N 76°40'57.89” W
5-1 Curve 2°31'19.73” N 76°41'13.73” W
62-1 Curve 2°31'18.62” N 76°41'16.92” W
62-2 Curve 2°31'18.35” N 76°41'15.20" W
62-3 Curve 2°31'28.99 N 76°41'12.32" W
62-5 Curve 2°31'20.98” N 76°41'11.31 W
65 Curve 2°3115.66” N 76°4123.81" W
68 Curve 2°31'44.21” N 76°412.17" W
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The spatial analysis of road traffic crashes, conducted through the generation of heat maps, showed a
significant concentration of events in the curved sections of the studied segment, particularly those with
smaller curvature radii, in contrast to the straight sections of the roadway. This spatial pattern suggests
a direct relationship between road geometry and the increased risk of crash occurrence, with a greater

impact on motorcycle users, who represent the main type of traffic along the analyzed segment.

Figure 6. Heat map of road traffic crashes along the segment.

Additionally, the information collected during community interviews made it possible to identify
that human behavior constitutes a determining factor in the occurrence of the recorded events, mainly
associated with the speeds that are inadequate for the geometric and operational conditions of the
roadway. The combination of unfavorable geometric design of curves and risky driving behaviors

increases the likelihood of vehicle loss of control, especially in the context of limited road infrastructure.

Likewise, variations were observed in the intensity of the critical points among the different curves
identified, suggesting that specific factors such as curvature radius, superelevation, visibility conditions,
and roadway surface conditions influence the level of risk associated with each segment in a differentiated
manner. These factors, when interacting with driver behavior, particularly travel speed —contribute to

the generation of conditions conducive to road traffic crashes.

Complementarily, the analysis of injury severity, classified using the KABCO scale, showed a

correspondence between areas with higher crash density and the occurrence of more severe injuries.
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In particular, the critical points with the highest concentration of events predominantly coincided with
crashes classified in Category A (incapacitating injuries), which supports the prioritization of these
segments as critical areas for the formulation and implementation of intervention measures aimed at

improving road safety on rural tertiary roads.

Vida. San Rafael

Figure 7. Distribution of crash classification according to the KABCO scale

Analysis by factor categories

The main findings identified in each category during the pilot application were as follows:

Human factors. Speeding was the factor identified by community participants as the most recurrent
behavior among motorcyclists, present at six out of seven critical points. Additionally, during the site
visit, the presence of pedestrians traveling on the roadway was documented, which increases the risk
of crashes. The inadequate use of personal protective equipment by motorcyclists and reckless driving

behaviors on curves with reduced radii were also identified.

Vehicle factors. During the site visit, motorcycles operating with overloads and in poor mechanical
condition were observed, affecting braking capacity and stability on curves. The absence of preventive

vehicle maintenance in the rural area was a recurrent factor identified by the community.
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Road factors. The absence of signage on sharp curves, the loss of granular material on the roadway,
and deficiencies in drainage capacity were observed, contributing to the formation of critical areas that
are prone to crashes. Inadequate roadway geometry was identified as a high-risk factor at three specific

points.

Environmental factors. We identified areas with active erosion and accumulation of sediments on
the roadway due to runoff, causing instability of the running surface. We also identified adverse weather

conditions during rainy periods as factors that exacerbate other risk conditions.

Institutional factors. The absence of traffic enforcement personnel and the lack of road safety
education campaigns within the community were confirmed, negatively impacting compliance with
road safety regulations. The lack of systematic maintenance plans was identified as an underlying critical

factor.

Effectiveness evaluation of the tool: community validation of results

The evaluation of the tool's effectiveness was conducted through a validation process that involved
the participating community, considering specific metrics related to its applicability and comprehension.
The average time required to complete the thorough assessment of the segment was approximately two
hours. This demonstrates the operational viability of the tool in rural contexts where time and resources

are limited.

Regarding comprehension, community users exhibited a high level of understanding of the tool's
content, instructions, and formats. This result can be attributed to the use of plain language, the sequential
structuring of the methodological process, and the support of graphical and cartographic elements. Such
understanding was evidenced by the accurate execution of risk identification stages, crash classification,

and the georeferencing of critical points (black spots).

Furthermore, total consistency was observed among the different community evaluators, achieving
100% inter-rater reliability in the generated reports, in both the identification of critical points and their
classification via the KABCO scale. This homogeneity in the results confirms the replicability of the

instrument and its capacity to mitigate the variability associated with subjective interpretation.

Finally, the results derived from the community application showed strong alignment with the risk
factors previously defined from a technical standpoint. This validated the relevance of the collected
data as a reliable input for subsequent analysis by road safety professionals. This community validation
process confirms the effectiveness of the developed participatory assessment tool as a mechanism for

identifying and prioritizing road risks on rural tertiary roads.
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Main validated contributions

Systematization of community data. The tool enabled the collection of information that had not been
documented in official records, validating the importance of local participation in road safety assessment.

100% of the risks identified by the community were not present in previous institutional databases.

Georeferencing of critical points. Segments with a higher concentration of risks were identified,
facilitating the prioritization of infrastructure interventions. The georeferencing precision achieved

through mobile devices proved sufficient for territorial planning purposes.

Adaptability to the rural context. Unlike other methodologies, the tool was designed while considering
specific environmental and social variables, which enabled its application in environments with
scarce official data. The tool demonstrated to be comprehensible and applicable by users with diverse

educational levels.

Future work

Based on the results obtained in this study, we identified several lines of future work aimed at
strengthening, validating, and expanding the scope of the developed tool for the participatory assessment
of road safety on rural tertiary roads. First, we recommend expanding the sample of test segments,
incorporating roads with different geometric, topographic, and operational characteristics, as well as
collecting information at different times and under varying weather conditions. This would allow for the
evaluation of result stability and the establishment of replicability metrics in rural contexts with similar

conditions.

Additionally, it is pertinent to conduct a comparative analysis between the proposed tool
and traditional road safety diagnostic methodologies, in order to evaluate differences in terms of
implementation time, the level of detail of the information obtained, and technical requirements. In this
regard, the pilot experience demonstrated that the community application of the tool can be completed in
an average time of two hours, representing a significant reduction compared to the times associated with

conventional evaluations carried out exclusively by specialized technical teams.

As a complement, we propose the implementation of a continuous monitoring system based on
periodic community feedback, allowing for the update of information on crash rates and emerging risks.
The feedback obtained during the pilot’s application suggests a positive perception of the tool's usability,
highlighting the clarity of the formats, the ease of application, and understanding of the generated

results —aspects that support its potential sustained adoption over time.

Furthermore, there is an identified need to strengthen coordination with government entities, non-

governmental organizations, and institutional actors linked to road safety to guarantee larger-scale
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implementation, as well as the allocation of resources for its updating and maintenance. In this context,
future studies could incorporate a cost-effectiveness analysis, comparing the community application of
the tool with traditional technical methods, considering variables such as operating costs, specialized

personnel requirements, and territorial coverage.

Finally, we recommend conducting a comparative study that follows the intervention proposed by
CDT Vial on the test segment, enabling the evaluation of changes in crash levels and injury severity,
thereby verifying the impact of the implemented improvement alternatives. Together, these lines of
future work consolidate the tool as a structured, replicable, and cost-effective mechanism for monitoring

and improving road safety on rural tertiary roads.

Synthesis of results by phase

The sequential implementation of the four methodological phases enabled the systematic construction
of a tool validated both technically and by the community. Phase 1 established the theoretical foundation
by identifying 47 risk factors. Phase 2 refined this set to 43 critical factors through expert validation.
Phase 3 materialized these factors into a practical tool adapted to the rural context. Finally, Phase 4
demonstrated the applicability and effectiveness of the instrument through its successful community

implementation in identifying seven georeferenced critical points.

Discussion

The results of this study demonstrate that road safety on tertiary roads in the department of Cauca
is influenced by multiple factors, among which infrastructure deficiencies, adverse environmental
conditions, and the lack of institutional regulation stand out. The validation of risk factors with an
expert panel enabled the consolidation of a total of 43 critical variables, reflecting the complexity of the
problem and the need for specific approaches to evaluate safety on rural roads. Furthermore, the field
application of the tool allowed detecting risks that were undocumented in official records, highlighting

the fundamental role of community participation in identifying road issues.

When comparing these findings against those of previous studies on road safety in rural areas [37],
we confirmed that the lack of signaling, deficient drainage, and poor road conditions are recurrent
factors contributing to the occurrence of crashes. Previous research has indicated that inadequate
infrastructure and the accelerated deterioration of roads create high-risk conditions, especially in
regions with frequent rainfall and erodible soils [47], as is the case in Cauca. However, unlike traditional
methodologies that rely exclusively on official databases, the tool developed in this study integrates
empirical data collected with the community, allowing for a more detailed and contextualized

characterization of local risks.
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Conclusions

Due to the lack of institutional presence in rural areas of Colombia, the community adjacent to the
selected rural road became the primary source of information for the development of a database aimed
at analyzing road safety in this area. The tool presented herein represents an initial structured approach
to extracting information from the community and translating it into terms easily understood by them,
facilitating analysis and decision-making in the subsequent stages of road interventions by the competent
authorities. Based on the review of the expert panel, the risk factors with the greatest impact on the safety
of tertiary roads were synthesized. Its field application demonstrated the tool's capacity to systematically
identify these risks, providing reliable data in a context where the underreporting of incidents remains

a recurrent issue.

The findings confirm the need for accessible and structured tools for data collection regarding
crashes on tertiary roads, as official records are limited and do not accurately reflect the reality of road
safety. The implementation of road safety measures, infrastructure improvements, and road education
are fundamental for reducing the incidence and severity of crashes. In this sense, the proposed tool
facilitates the identification of critical points and provides clear instructions for its application, allowing

for its replication in other rural environments with similar characteristics.

While this study represents an advancement in the evaluation of road safety on tertiary roads, we
acknowledge the importance of comparing the effectiveness of the tool with conventional risk analysis
methodologies. Future studies could focus on establishing objective performance metrics and evaluating
their impact on crash reduction. Additionally, the tool can be used to monitor improvements in road
infrastructure, allowing for safety assessments before and after interventions, which makes it a potential
instrument for longitudinal studies on rural road safety. Our results strengthen the understanding of
risk factors on tertiary roads and lay the foundation for the creation of road safety strategies adapted
to these environments. The combination of a participatory approach, expert validation, and the use
of georeferencing tools reinforces the potential of this methodology to contribute to the planning and

management of road safety in rural communities.
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