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Preface

Computational intelligence (CI), an important area related to artificial intelligence, pro-
vides solutions that are increasingly employed in engineering problems in different
areas in the Latin America (LA) region. In the present version of the Applications
of Computational Intelligence book different problems are addressed, including solar
and photovoltaic forecasting, microseismical signal analysis, LLM performance anal-
ysis, evolution in translation systems, recognition of actors and peacebuilding, control
in autonomous vehicles, and electroencephalography signals analysis, mainly. These
problems are commonly addressed in this part of the world, and these applications have
great potential in developing countries.

This seventh edition contains the best extended and selected revised papers from the
2024 Colombian Conference on Applications of Computational Intelligence (ColCACI
2024), which was fortified with contributions from scientists, engineers and practitioners
working on both applications and theory of CI techniques. We received 35 papers by
authors from countries such as: Colombia, Ecuador, Spain, Mexico, USA, Honduras,
Argentina, Canada, and Peru. The conference had 22 oral presentations applying in-
person mode and also other ways to share ideas and talk about CI topics. Thus, the
event was an international forum for CI researchers and practitioners to share their most
recent advancements and results. This book contains the post-proceedings with revised
selected papers, including the best 11 papers presented, as extended versions of work
exhibited at the conference. We are committed to continue working to offer excellent
IEEE ColCACT events in future.

Finally, we would like to thank the IEEE Colombia section, the IEEE Computational
Intelligence Society Colombian chapter, Universidad Auténoma de Occidente, Univer-
sidad del Rosario, and Universidad de Pamplona for hosting the conference. In addition,
we would like to thank Springer for their support and all reviewers that did such awe-
some work. Also, special thanks to all the volunteers, participants, and the whole crew
who worked together to create a successful conference.

December 2024 Alvaro David Orjuela-Cafién
Oscar J. Sudrez
Jesus A. Lopez
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A Deep Learning Framework for the Automatic
Classification of Microseisms at Cotopaxi
Volcano

Romén Lara-Cueva! ®0 Tvan Iglesiasl, Alejandro Rosero!, Diego Benitez?,
Noel Pérez-Pérez2, and José Luis Rojo-Alvarez3

1 Grupo de Investigacion en Sistemas Inteligentes (WiCOM-Energy) and Ad Hoc Networks
Research Center (CIRAD), Departamento de Eléctrica, Electrénica y Telecomunicaciones,
Universidad de Las Fuerzas Armadas ESPE, Sangolqui 171103, Ecuador
{ralara, larosero4}@espe.edu.ec, ivaniglesias@ieee.org
2 Colegio de Ciencias e Ingenierias “El Politécnico”, Universidad San Francisco de Quito
USFQ, Quito 170157, Ecuador
{dbenitez,nperez}@usfqg.edu.ec
3 Department of Signal Theory and Communications Telematics, and Computing Systems,
Universidad Rey Juan Carlos, 28933 Madrid, Spain

joseluis.rojo@urjc.es

Abstract. This paper presents a comprehensive framework for an automated clas-
sification system of Long Period (LP) and Volcano Tectonic (VT) seismic events
from the Cotopaxi volcano, employing two prominent Deep Learning models:
Stacked Autoencoders and Deep Neural Networks. The dataset was provided by
the Instituto Geofisico de la Escuela Politécnica Nacional IGEPN), which consists
of 1,044 LP events and 101 VT events. To enhance the model’s performance, data
augmentation techniques were applied, generating synthetic microseismic data
using a Conditional Generative Adversarial Network (CGAN), ultimately expand-
ing the dataset to 10,000 microseisms, comprising both real and synthetic samples.
In the feature extraction stage, we calculated the Power Spectral Density (PSD)
using Welch’s method and a 512-point Fast Fourier Transform (FFT), resulting
in 257 frequency-based features. Additionally, wavelet coefficients were obtained
via Discrete Wavelet Transform (DWT) using the Symlet wavelet with six levels of
decomposition. PSD was also computed on these wavelet coefficients, producing
257 additional frequency-scale features. The enriched feature set was used to train
the Deep Learning models, with performance evaluated using standard classifi-
cation metrics. The Stacked Autoencoder model outperformed others, achieving
an accuracy of 99.73% and a balanced error rate (BER) of 0.0027, correspond-
ing to just 3 errors per 1,000 classified microseisms. These results substantially
exceed the geophysical accuracy requirement of a BER below 0.01. This paper
demonstrates the efficacy of Deep Learning models in distinguishing between LP
and VT events, offering new opportunities for enhancing volcanic monitoring and
hazard assessment strategies.

Keywords: Classification System - Cotopaxi Volcano - Deep Learning -
Supervised Learning - Volcanic Microseisms

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2025
A. D. Orjuela-Caiién et al. (Eds.): ColCACI 2024, CCIS 2212, pp. 1-13, 2025.
https://doi.org/10.1007/978-3-031-88854-0_1
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1 Introduction

Seismology plays a critical role in mitigating volcanic hazards by enabling the detection
and classification of microseisms, which are vital for forecasting potential eruptions
and issuing early warnings to at-risk populations. This proactive approach helps protect
lives in vulnerable communities [1, 2]. Traditionally, volcanic monitoring organiza-
tions perform this task semi-automatically, where detection often relies on the STA/LTA
(Short-Term Average/Long-Term Average) algorithm, which achieves an accuracy of
approximately 93%. Classification, however, is typically conducted manually by experts,
making it subjective and labor-intensive, especially during periods of increased volcanic
activity, where large amounts of seismic data can accumulate [3].

In recent years, Machine Learning (ML) has emerged as a powerful tool to enhance
both detection and classification processes. ML has been particularly effective in boost-
ing the performance of the STA/LTA algorithm, improving detection accuracy by at
least 4% [4-8]. For classification, techniques such as k-nearest neighbors (k-NN), sup-
port vector machines (SVM), decision trees (DT), and neural networks (NN) have been
successfully applied, achieving classification accuracies greater than 93% [9-12]. More
recently, Deep Learning (DL) methods have been explored, using a two-dimensional
(2-D) approach by treating microseism spectrograms as images. This has resulted in
detection accuracies of between 78% and 99% in distinguishing microseisms from back-
ground noise (BN), representing significant progress [13, 14]. Furthermore, DL has also
achieved a classification accuracy of up to 97% in both binary and multiclass tasks [15—
17]. However, an important metric for geophysical and volcanological observatories
is the balanced error rate (BER), which must be below 0.01—meaning no more than
1 misclassified microseism per 100. To date, this stringent requirement has yet to be
consistently met in previous studies.

This paper aims to develop DL algorithms to automate the classification of Long
Period (LP) and Volcano Tectonic (VT) microseisms from the Cotopaxi volcano. Specifi-
cally, we propose to evaluate two DL models: Deep Neural Networks (DNN) and Stacked
Autoencoders (SA) [18]. The framework includes multiple stages, such as microseism
processing, feature extraction using Power Spectral Density (PSD), and coefficients from
the Discrete Wavelet Transform (DWT). These extracted features are then processed by
the DL classifiers. Finally, the system’s performance is assessed using key evaluation
metrics pertinent to seismic classification.

2 Proposed Methodology

Our proposal presents a one-dimensional (1-D) binary classification system for volcanic
microseisms using DL algorithms. The block diagram presented (see Fig. 1) illustrates
the stages that compose the operation of the proposed system. In the first stage, three
databases are described, the first one consisting of 1,045 volcanic microseisms between
LP and VT signals that we denominated ‘Real DB’, another that has 10,000 micro-
seisms generated artificially by CGAN algorithm that we named ‘Synthetic DB’ and
finally 10,000 volcanic microseisms, a mix of real and synthetic microseisms of the LP
and VT types, and that is called ‘Mixed DB’. Then, in the signal processing stage, a
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finite impulse response (FIR) band-pass filter is applied to each microseism, with cutoff
frequencies between 1 and 50 Hz, and its amplitude is normalized between 0 and 1. In
the feature extraction stage, the spectral estimation of the PSD is obtained, as well as the
approximation and detail coefficients using the discrete wavelet transform, which allows
for a database composed of 514 features. Subsequently, in the classification stage, two
DL models are employed: the SA and the DNN, which consist of multiple layers of ele-
mentary blocks. Finally, the proposed models are evaluated on the basis of performance
metrics.

DATA BASES PRE-PROCESSING

FEATURE EXTRACTION

EVALUATION METRICS DEEP LEARNING MODELS

Fig. 1. Proposed DL pipeline.

2.1 Database

The databases used consists of a mix of real and synthetic microseisms, comprising
volcanic microseisms LP and VT. The real microseisms consist of 1,044 LP and 101 VT
microseisms extracted from the MicSigV1 database, which is available from the Insti-
tuto Geofisico de la Escuela Politécnica Nacional (IGEPN) [19]. Synthetic microseisms
are generated using a Conditional Generative Adversarial Network (CGAN) model pre-
sented in [20], producing 5,000 LP and 5,000 VT, which are used to improve classification
results based on the data augmentation process [21, 22]. Finally, the database consists of
a random mixture of unprocessed real and synthetic microseisms, totaling M = 10,000
microseisms (5,000 LP and 5,000 VT), including all real microseisms complemented
with synthetic ones, represented by the matrix: § = {slT, sg AR s{,l }T where s; contains
a microseism.

To address the class imbalance, present in the original dataset provided by IGEPN,
which contains 1044 LP signals and only 101 VT signals, we employed the k-folds cross-
validation method. This approach was implemented to ensure a balanced distribution
of data for training and evaluating DL models, specifically the Stacked SA and DNN.
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The k-folds method involves partitioning the data into k subsets, or folds, and iteratively
using each fold as a test set while the remaining k-1 folds serve as the training set.

In our specific application, the method was adapted to select 101 LP signals from
different intervals within the dataset to match the quantity of VT signals. This balancing
technique is crucial for mitigating bias and enhancing the generalization capability of
the DL models. By ensuring an equal representation of both signal types during the
training and testing phases, we aim to improve the models’ performance and robustness
in distinguishing between LP and VT signals.

2.2 Processing

Spectral analysis of real microseisms reveals a prominent spectral component around
0.2 Hz, corresponding to the impact of the ocean on the continent [23], which is filtered
out because it overshadows other components of interest for our analysis [24]. Each
microseismical event has a frequency range, but it varies between events. The theoretical
basis indicates that it is better to analyze the signals from 1 Hz to avoid eliminating
important information from the microseisms [2]; therefore, the signals were filtered
using a FIR band-pass filter, non-causal, zero-phase, order 256, and cutoff frequencies
defined at 1 Hz and 50 Hz [25]. Finally, the dataset is normalized to an amplitude
represented on the y-axis between 0 and 1, applying the operator g, (.), which represents
the application of the filtering and normalization stages to each s;, producing feature

vectors /; = gx(s;), and then generating the matrix: H = {h1, hl, ... h;,I}T.

2.3 Feature Extraction

In previous traditional ML works, the focus has been on using features in the time,
frequency, and scale domains, while for DL, the focus has been on using 2-D spec-
trograms with pre-trained networks such as Alexnet, Squeezenet, and Googlenet [14,
26], which work with low-resolution images. Our approach proposes evaluating DL
techniques with 1-D frequency and scale domain features using PSD and the PSD of
the wavelet transform coefficients. This method significantly reduces training times and
time processing.

Power Spectral Density. The PSD represents the power contained in a signal per unit
of frequency. It is a fundamental tool in signal processing and analysis, widely used
by geophysical institutes, since the PSD helps to understand the dynamics of seismic
waves and provides valuable information for hazard assessment [27]. The power spectral
estimator used is Welch, due to it being a technique frequently used by volcanological
institutes and has been evaluated in [28], where the Welch and Burg estimators present
the best results. A medium resolution of 512 points of the Fast Fourier Transform (FFT)
was defined for the spectral estimation of the volcanic microseisms’ PSD, obtaining
257 frequency features. The operator gy (.) represents the application of the PSD feature
extraction stage to each h;, which produces feature vectors f; = gr(h;), and then the

) T .
matrix F = {fT, £/, -+ . fi}} is generated.
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Wavelet Transform Coefficients. The Fourier transform is a powerful tool for ana-
lyzing the components of a stationary signal. However, it fails when analyzing non-
stationary signals, while the wavelet transform allows analyzing the components of a
non-stationary signal. This capability makes the Wavelet Transform especially valuable
in volcanic signal applications, as it serves to decompose signals into their frequency
components, revealing details not visible with the Fourier Transform [29]. The con-
tinuous Wavelet Transform (CWT) faces a data redundancy problem when handling
large amounts of data, while the DWT overcomes this problem by using orthogonal
wavelets. Therefore, in this paper, two types of the discrete wavelet were used for coef-
ficient extraction. In order to obtain the optimal parameters, a mother wavelet of type
10, known as ‘DB10’ in the case of the Daubechies model and ‘SYM10’ for the Symlet
model, must be used. The detail coefficients of levels 2, 3, 4 and 5 were obtained, in
addition to the level 6 approximation coefficient, after which the coefficients obtained
were unified in a single vector, both for Daubechies and Symlets [30], allowing observa-
tion of frequencies of interest, as showed below in Fig. 2. Finally, the PSD of the wavelet
coefficients was obtained, providing detailed information on the spectral distribution of
a signal in terms of scale and time location, useful for analyzing microseisms and using
these features on different time scales, applying the operator g, (.), which represents the

application of the Wavelet Transform coefficient extraction stage to each h;, producing

. . T
feature vectors w; = g,,(h;), and then enerating the matrix W = {wlT, sz Lo, w{,l} .

Subsequently, Welch’s PSD estimator is applied to the Wavelet Transform coefficients,
with 512 points of the FFT, obtaining 257 scale-frequency features, applying the operator
gr(.), which represents the application of the PSD to each e;, producing feature vectors
ei = g (w;), and then generating the matrix E = {el e}, .-, e,{,I}T. Finally, the fre-
quency features (257) and the features obtained by applying the PSD to the wavelet
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(257) are concatenated, forming a database with 514 features, generating the matrix
B =[F E]

In this article, two DL techniques applicable to our 1-D matrix B are evaluated,
selecting the neural networks: SA and DNN.

2.4 Deep Learning Models

In this article, two DL techniques applicable to our 1-D matrix B are evaluated, selecting
the neural networks: SA and DNN.

Stacked Autoencoder. An autoencoder is a neural network that reduces dimensionality
and learns data features. It consists of an encoder and a decoder function that produces a
reconstruction, with a hidden layer serving as the code to represent the input. However,
if the network learns to copy the input perfectly, it is not particularly useful. Therefore,
autoencoders are often designed to prioritize which aspects of the input to copy, often
learning useful properties of the data in the process. To avoid such perfect copying,
autoencoders often have constraints that allow them to copy only approximately, and only
the input that resembles the training data, which can be especially useful in generation
and classification applications [31]. By trial and error, the values that maximize BER
were identified, including the number of neurons, the number of epochs, the weight of
L2 regularization, the regularization of sparsity, and the proportion of sparsity. For more
information, it is suggested to review [31-33].

DNN. DNNs consist of multiple layers of building blocks, such as nonlinear activation
layers or more complex subnets. Each layer uses the output of the previous one to learn
a gradual hierarchical representation. The learning is performed using the backpropaga-
tion algorithm (BP), which adjusts the parameters to minimize the output error. DNNs
have advanced in areas such as image, video, speech, and audio processing, enabling the
extraction of complex and abstract features [34]. The term “deep” derives from the fact
that neural networks have multiple hidden layers. These layers are important because
they allow the network to learn increasingly complex representations of the input. The
more layers the network has, the more abstract features it can learn. However, the train-
ing process can be computationally expensive [35]. By trial and error, the values that
maximize the BER were identified, including the number of hidden layers, the number of
output neurons, and the mini-batch size. For more information, it is suggested to review
[35, 36].

To determine the optimal signal distribution from datasets for DL model develop-
ment, a series of experiments was conducted with varying allocation ratios. The examined
splits included 80:20, 70:30, 60:40, 50:50, 40:60, 30:70, and 20:80 for model training
and evaluation, respectively. Moreover, these proportions have been validated in previous
research by the team, encompassing both ML and DL model development.
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2.5 Performance Metrics

The performance evaluation of the classifiers is conducted in terms of accuracy (A),
precision (P), recall (R), specificity (S), and BER [37].

TP — TN
A(%) = % 100 (1)
TP + TN + FP + FN
TP
P(%) = ——— x 100 )
TP + TN
TP
TN
S(%) = ——— x 100 (4)
TN + FP
BER =1 — <R2T+OS> )

where TP is the number of true positives, TN is the number of true negatives, FP is the
number of false positives, and FN is the number of false negatives. We calculate these
performance measures for each DL model.

3 Results

In this section, we present the results obtained by applying the proposed methodology to
our Cotopaxi volcano dataset, ensuring the independence of all data points. The exper-
iments were conducted on a computer with an 8th generation Intel Core i7 processor,
16 GB of RAM, and Matlab® R2022a.

Feature Extraction. DNNs The result of applying Welch’s PSD estimator to each vol-
canic microseism is shown (see Fig. 3), which was applied to all 10,000 microseisms:
original and synthetic. As can be seen, each microseism is transformed into the frequency
domain, obtaining 257 features. All records were normalized, as defined in the previ-
ous section. When applying the DWT with the Symlet mother wavelet to the volcanic
microseisms and extracting the approximation and detail coefficients explained in the
previous section and then applying the PSD to these vectors, an additional 257 features
were obtained, as presented (see Fig. 4).

As shown (see Fig. 5), the PSD obtained from the microseisms, as well as the PSD of
the wavelet coefficients, were concatenated to finally obtain the matrix B of 514 features.

Deep Learning Models. Our proposed methodology was applied to matrix B to select
the optimal parameters of the proposed models based on their performance metrics. In
each model, the parameters that maximize performance metrics were identified through
a trial-and-error experimentation process. The following sections of the document
introduce the tests conducted with the algorithms and their corresponding results.

In order to determine the appropriate training/testing data proportions, tests were
conducted varying these proportions, the best results were obtained with a 70/30 partition.
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Fig. 3. Representation of the PSD of Cotopaxi LP and VT microseisms.
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Fig. 4. Representation of the PSD of the coefficients of the Wavelet transform of the LP and VT
microseisms of Cotopaxi.
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Fig. 5. Concatenated PSD representation with the PSD of the wavelet transform coefficients of
LP and VT microseisms from the Cotopaxi volcano.

The optimal parameters for each model that maximized performance metrics with this
partition were identified. For SA, the following parameters were identified: 104 neurons,
300 epochs, L2 regularization weight of 0.0060, a sparsity regularization of 7.1340, and
a sparsity proportion of 0.3000. Meanwhile, for the DNN model, the parameters were:
hidden layers of 50 neurons, output layer with 2 neurons, and a mini-batch size of 16.
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These parameters were found under the consideration that the BER value should be
below 0.01.

Four tests of the k-folds method are applied on the training data for the unbalanced
‘Real’ database, also without applying the wavelet transform into that data, and in all
tests very similar performance metrics were obtained for both DL algorithms, with the
above mentioned, the results of this test are presented in Table 1.

Table 1. Tests applying k-folds technique in order to mitigate unbalanced data bias.

LP Signals interval A (%) P (%) R (%) S (%) BER

[0-101] 96.67 93.33 93.75 99.93 0.0312
[300-401] 98.33 96.67 96.77 99.95 0.0165
[600-701] 99.75 99.53 96.69 96.73 0.0231
[900-1001] 98.33 96.67 96.77 99.95 0.0165

The best general results of the performance metrics after balanced the database and
applied both wavelet transforms, Daubechies and Symlets to the microseisms are shown
in Table 2.

Table 2. Development metrics for DL Models.

DB Type Applied Wavelet |Model |A(%) |P(%) ' R(%) |S(%) |BER

Real N/A SA 98.33 96.70 | 96.74 99.97 0.0165
Real N/A DNN 98.32 96.64 | 96.80 99.93 | 0.0164
Synthetic | N/A SA 99.80 99.93 |98.93 99.66 | 0.0071
Synthetic | N/A DNN 99.73 99.60 | 98.60 99.86 | 0.0077
Mixed N/A SA 99.53 99.66 | 99.66 99.40 | 0.0047
Mixed N/A DNN 99.43 99.33  199.33 99.53  10.0057
Mixed Daubechies SA 99.60 99.80 99.79 99.40 | 0.0040
Mixed Daubechies DNN 99.30 99.81 |99.80 99.80 |0.0070
Mixed Symlets SA 99.73 99.53  99.53 99.93 | 0.0027
Mixed Symlets DNN 99.76 99.53  199.86 99.53 10.0035

Obtained Results. As itis shown in Table 2, the best results with the SA model applied
into the ‘Real’ database are an accuracy of 98.33%, a precision of 96.70%, recall of
96.74%, specificity of 99.97% and a BER of 0.0165. With the test for the DNN model
applied instead into the ‘Real’ data we obtained an accuracy of 98.32%, a precision of
96.64%, recall of 96.80%, specificity of 99.93% and a BER of 0.0164. Then, applying the
DNN model into ‘Synthetic’ database the results are an accuracy of 99.73%, a precision
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of 99.60%, recall of 98.60%, specificity of 99.86% and a BER of 0.0077. With the test
for the SA model applied instead into the ‘Synthetic’ data we obtained an accuracy of
99.80%, a precision of 99.93%, recall of 98.93%, specificity of 99.66% and a BER of
0.0071. With the ‘Mixed’ database we’ve got an accuracy of 99.53%, a precision of
99.66%, recall of 99.66%, specificity of 99.40% and a BER of 0.0047 for the SA model
applied. With the DNN model applied into the ‘Mixed’ data we’ve got an accuracy of
99.43%, a precision of 99.33%, recall of 99.33%, specificity of 99.53% and a BER of
0.0057. For the DNN model applied to the data with a mother Daubechies wavelet we
have an accuracy of 99.30%, a precision of 99.81%, recall of 99.80%, specificity of
99.80% and a BER of 0.0070. In the case of the SA model applied to data processed
with the wavelet Daubechies transform, an accuracy of 99.60%, an accuracy of 99.80%,
a recall of 99.79%, a specificity of 99.40% and a BER of 0.0040 are observed. These
parameters indicate excellent results in the classification of volcanic microseisms for
both models, with results favoring SA over DNN. However, because the results obtained
are slightly inferior to the results with Symlets, the latter will be chosen as the best
overall results for microearthquakes of the Cotopaxi volcano. The SA model for the
data applied the Symlets mother wavelet presents an accuracy of 99.73%, a precision of
99.53%, recall of 99.53%, specificity of 99.93%, and a BER of 0.0027. For the DNN
model, it presents an accuracy of 99.76%, a precision of 99.53%, recall of 99.86%,
specificity of 99.53%, and a BER of 0.0035 for data with Symlets’ wavelet applied. The
results obtained are excellent for the binary classification of volcanic microseisms, with
the results slightly favoring DNN over SA. Comparing the results obtained in previous
works such as [12, 38—40], where a minimum and maximum accuracy of 94% and
97% and a BER of 0.03 were obtained. Our results show that the binary classifier would
misinterpret approximately 3 out of 1,000 events, which exceeds the IGEPN requirement
of misinterpreting 1 out of 100 events.

4 Conclusions and Future Work

In the results of the SA and DNN classification models were successfully compared, pro-
viding valuable information on their performance in classifying volcanic microseisms.
The results show that SA achieved an accuracy of 99.80%, precision and recall of 99.53%,
specificity of 99.93%, and a BER of 0.0027, outperforming DNN, which obtained an
accuracy of 99.76%, precision and specificity of 99.53%, recall of 99.86%, and a BER
of 0.0035. SA showed better results in the classification of LP and VT, although both
methods exceeded the IGEPN expectation of a BER below 0.01. After applying the same
methodological strategy with the SA and DNN models trained solely on the F matrix,
containing 1,044 LP and 101 VT volcanic microseisms, which is unbalanced, results
below 85.00% in all measured performance metrics and a BER greater than 0.1500 were
obtained for all experiments conducted. After the k-folds method were applied in order
to balance the database, results improve up to 96.00% mean for all performance metrics
measures, and the BER reduces to 0.0165 as max value. Also, the results observed with
both wavelet transforms applied, Daubechies and Symlets are excellent for a binary
classifier, improving the results treating the data with them. This proves that the use of
feature extraction strategies to train and test the classifiers, and the data augmentation
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procedure to have a balanced and larger dataset for applying DL techniques significantly
improved performance metrics by at least 14 percentage points. A microseism classifier
system was successfully implemented for the Cotopaxi volcano using DL techniques.
By evaluating metrics such as accuracy, precision, specificity, sensitivity, and BER, the
effectiveness and reliability of the classifiers were assessed. Both the SA and DNN mod-
els exceeded the expectations set by the IGEPN for a BER below 0.01. These results
contribute to the field of volcanic seismology, providing a valuable tool to improve the
classification of volcanic microseisms at Cotopaxi.

Our research group is interested in continuing work in this line, applying the proposed
methodology to publicly available databases such as that of the Llaima Volcano, and
working with multiclass classifiers to validate and generalize the proposed methodology.
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Abstract. The present study presents a low-cost Internet of Things (IoT) monitor-
ing system for rooftop solar photovoltaic systems to promote sustainable energy
solutions. Using a Raspberry Pi Pico W and low-cost sensors, the system enables
real-time monitoring of important variables such as solar panel temperature, solar
radiation, inverter temperature, and indoor temperature. A case study conducted in
Monteria, Colombia, validated the accuracy of the proposed system by comparing
its measurements with those of commercial meters using metrics such as Root
Mean Square Error (RMSE), correlation, Mean Absolute Error (MAE), and R -
Square (R?%). The system achieved comparable correlation values between 0.84 and
0.98, RMSE between 74.6 and 1.2, MAE between 3.22 and 1.2, and R? between
0.88 and 0.98. The results demonstrate the system’s ability to increase the perfor-
mance of solar systems and thus support a sustainable energy transition. This study
highlights the need for efficient monitoring and management of solar photovoltaic
systems to maximize potential and minimize environmental impact. By examining
precise and reliable monitoring methods, electronic prototypes for photovoltaic
monitoring systems will be validated. These results highlight the importance of
integrating IoT technology and data analytics to improve the automation, control,
and monitoring of photovoltaic systems and promote renewable energy adoption
and a sustainable future.

Keywords: Solar PV plant - IoT monitoring - Energy sustainability - Inverter

1 Introduction

Solar energy is a crucial part of the development of renewable energy sources world-
wide. The Earth receives a remarkable amount of energy from the sun, far exceeding
its annual consumption. Therefore, solar energy is widely regarded as a practical solu-
tion to meet global energy needs [1]. The growth and sustainability of solar energy as a
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renewable energy source is evident in the shift of public subsidies toward profitability in
the photovoltaic industry in the 2010s. This shift shows the significant development and
environmental friendliness of solar energy [1]. Although forecasts suggest that renew-
able energy sources could potentially meet half of the world’s energy needs by 2040,
largely thanks to solar power, only 14% of energy needs are currently met by renewables
[2]. It is important to highlight the importance of continued advancements and funding
to realize the full potential of solar PV technology.

Monitoring photovoltaic solar systems is critical to achieving optimal performance
and efficiency while minimizing their negative environmental impact. It is essential
to optimize the potential of these plants [3]. Maintaining the optimal performance of
solar systems is crucial, especially to reduce the environmental footprint. Efficient per-
formance requires regular cleaning and prediction using machine learning algorithms
[4].

Photovoltaic systems, a popular renewable energy source, can experience fluctua-
tions in performance due to environmental factors such as temperature, cloud cover,
and altitude [4]. Evaluating performance considering environmental factors is crucial
to obtaining accurate and reliable efficiency ratings for solar photovoltaic systems, as
demonstrated in previous studies [S]. Monitoring photovoltaic solar systems is crucial
for optimizing their performance and reducing their environmental impact. Machine
learning techniques can be used to predict performance and improve operations [4],
analyze environmental factors [5], solar tracking, intelligent monitoring, dust impact
studies, and the cost-effectiveness of remote monitoring [5], and contribute to the efficient
management of solar photovoltaic plants.

Several studies have examined the use of sensors and data analysis to monitor photo-
voltaic systems; However, precise and reliable methods are still required. The literature
emphasizes the importance of sensors and data analysis in monitoring photovoltaic sys-
tems [6]. These methods are essential for optimizing the performance and ensuring the
reliability of solar energy systems. Integrating advanced sensors with wireless com-
munication protocols can potentially improve the resolution of surveillance systems
and enable near real-time data collection [6]. Internet of Things (IoT) technology, which
incorporates various sensors, is crucial for improving the automation, control, and moni-
toring of photovoltaic systems [7]. However, there are challenges to be addressed, such as
economic viability, data management, and security concerns [7]. [oT-based photovoltaic
(PV) system monitoring systems offer significant benefits in optimizing performance,
reducing operational costs, and improving reliability. These systems enable real-time
data collection and analysis of various parameters such as voltage, current, temperature,
and irradiance at both panel and system levels [8]. The integration of IoT technology
enables remote monitoring and control, making it particularly useful for PV systems in
remote locations [9].

Implementing IoT-based monitoring systems not only enhances the efficiency of
PV systems but also results in significant operation and maintenance (O&M) cost sav-
ings. A study conducted in Kenya showed that annual O&M costs could be reduced by
47-95% compared to locally monitored systems, with site-specific cost savings ranging
from $2,040 to $3,096 per year [10]. This underscores the economic benefits of intro-
ducing IoT-based monitoring solutions for PV systems, making a compelling case for
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their practical advantages. IoT platforms such as Ubidots and open-source tools such
as Arduino are used to monitor solar panel performance, detect problems, and provide
real-time data on electricity production. This enables preventive maintenance and effi-
cient management of solar power systems [11]. Advanced monitoring systems such as
Fusion Solar and iSolarCloud collect and analyze real-time data on power generation and
system performance, enabling timely maintenance and maximizing power production
[12]. However, their operating cost is considerable.

In addition, thermal management strategies can significantly increase the efficiency
of photovoltaic cells because the temperature of the solar panel plays a crucial role in the
efficiency of energy production [4]. Environmental factors such as temperature and light
influence the performance of photovoltaics and reduce their efficiency [5]. Photovoltaic
systems with installation angles below 20° have a minimal impact on energy production,
as various studies show [13]. The quality of the output power of PV systems can be
influenced by various factors, including an increase in the internal temperature of the
inverter. High-performance management without appropriate temperature control can
lead to temperature-related performance reduction. However, it is necessary to develop
optimal operating modes to mitigate these problems [6].

Numerous studies have focused on the development and validation of models and
systems for tracking and predicting the performance of solar photovoltaic systems. For
example, [14] examined the use of machine learning algorithms to detect faults in photo-
voltaic panels and indicated that research is currently underway on intelligent monitoring
systems. Likewise, [6] proposed a novel real-time monitoring system with higher res-
olution and integrated solar tracking, suggesting advances in monitoring technologies.
Nevertheless, it is important to recognize that while these studies contribute to the field,
they may not cover all aspects of electronic prototype validation. Studies such as [15]
and [16] presented methodologies for validating photovoltaic solar plant models through
dynamic simulation of hybrid data, which implies that the techniques for validation are
effectively the subject of research, although these studies focus more on the accuracy of
the model in relation to its integration into the electrical grid rather than on the electronic
prototypes themselves. Although research has been conducted on solar photovoltaic sys-
tem monitoring and model validation systems, there is a lack of focus on the precision
and reliability validation of electronic prototypes.

The study system was installed on the roof of a building in the city of Monteria,
Colombia, at coordinates 8.803750 and —75.850125. The connection to the power grid
is via a substation on the roof of the building. The system consisted of 240 panels with
an output of 400 W and achieved a peak output of 96 kW. The CC to CA conversion
system includes two inverters, each 36 kW, with a total output of 72 kW.

This research addresses this lack of understanding by evaluating the accuracy and
dependability of an electronic device designed for monitoring a rooftop solar photo-
voltaic system. The key question is: How accurate and reliable is this electronic device
compared to the measurements of a commercial weather station, a temperature data log-
ger, and the inverter’s internal measurement systems when inverters are installed on the
roof? The system includes a comprehensive network of sensors that collect and transmit
measurement data every hour. The external sensors measure the temperature of the solar
modules in °C and the solar radiation in W/m? at the same angle as the solar modules,
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while the internal sensors measure the indoor temperature in °C and the temperature of
the inverter in °C.

This study proposes a cost-effective and innovative strategy for monitoring photo-
voltaic systems by integrating low-cost hardware and sensors into an IoT network. This
approach addresses gaps in affordability, real-time monitoring and thermal management
of critical components such as inverters. The new strategy not only makes advanced mon-
itoring of photovoltaic systems accessible to a larger number of users but also establishes
a new standard for optimizing renewable energy management. Furthermore, this strat-
egy can potentially inspire future research and development in this sector. The aim of
this study is to improve the performance of photovoltaic system monitoring and reduce
costs by developing a low-cost, IoT-integrated monitoring system that promotes a more
sustainable energy transition.

The prototype was validated by comparing its data over a two-month period with that
of a commercial weather station, a temperature data logger, and internal measurement
systems of the solar inverter. Statistical analysis included calculation of RMSE, MAE,
Spearman correlation, and R? values and comparison of variables. Hourly data was stored
in the cloud and accessible via a website. Creating an [oT system involves eight separate
steps: identifying the variables to be measured, designing the design of the integrated
system, creating a prototype, and validating methods and testing periods. Steps five and
six focus on selecting and collecting data from commercial devices, while step seven
analyzes the results and step eight presents the conclusions.

2 Methodology

This section outlines the methodology employed to create and test an electronic prototype
for monitoring a solar photovoltaic plant. This IoT-based system was designed to gather
data on environmental and operational variables with the goal of contributing to future
research and advancements in the field of solar energy. The methodology is divided into

System features Validation
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Fig. 1. Methodology workflow.
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eight sections, detailing the process from variable identification to drawing conclusions.
See Fig. 1.

2.1 Identification of Variables

The main factors affecting PV system performance were identified through a litera-
ture review and included solar radiation, module temperature, inverter temperature, and
environmental conditions around the inverter. The energy production of PV modules is
directly influenced by solar radiation, with higher radiation leading to increased elec-
tricity production [17]. However, the temperature of a photovoltaic module is a critical
parameter, as a higher module temperature can significantly reduce the efficiency and
output power of the system [17]. Solar radiation and module temperature have a direct
effect on photovoltaic performance. However, the temperature of the inverter and the
ambient conditions are also crucial. Extreme ambient temperatures can negatively impact
the performance of solar panels by increasing their operating temperature [18]. Invert-
ers that convert direct current to alternating current can exhibit reduced efficiency and
reliability at high temperatures and humidity [18]. Efficiently managing the complex
interactions between solar radiation, photovoltaic module temperature, inverter temper-
ature, and inverter environmental conditions is critical to optimizing the performance
and longevity of solar energy systems [19].

The study identified the key variables to be observed in the case study, which featured
a rooftop photovoltaic system with inverters installed inside the roof and a temperature
control system within. The installation of rooftop equipment, including inverters (1) and
photovoltaic plants (2), is illustrated in Fig. 2 the discussion is presented in Sect. 2.2.

Fig. 2. Rooftop solar photovoltaic installation for the case study.

2.2 Integrated IoT System Design

The IoT system, designed for real-time data transmission, focuses on sensor selection,
Raspberry Pi Pico W microcontroller integration, and a user interface for visualization.
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The architecture and location are shown in Fig. 3. The sensors chosen were low-cost,
compatible with the Raspberry Pi system, and provided adequate precision for their
price.

Davis 6450 Pyranometer: This instrument has a spectral measurement range of 400—
1100 nm and a resolution of 0.1, with a corresponding range of units [20].

The Max6675-based Type J thermocouple in this prototype serves to obtain the panel
temperature data, with a temperature resolution of 0.25 °C and a temperature range
of —200 °C to 1300 °C [21].

For data processing, a Raspberry Pi Pico W microcontroller was utilized owing to its
capabilities for Internet of Things (IoT) projects [22].

The infrared sensor, MLX90614, measured the temperature within the inverter. This
sensor has a range of —70 °C to 4380 °C and a precision of £0.5 °C [23].

DHT11 temperature and humidity sensors. The temperature of the sensor ranged from
0 °C to 50 °C [24].
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=8 |
Air conditioner m

Solar panel
P Infrared
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Fig. 3. Architecture of the IoT system and sensor network for monitoring variables.

2.3 Prototype Construction

The construction of the prototype involved the implementation of the physical design
of the system. Connections were made between the selected sensors and the microcon-
troller, the data capture and transmission logic were programmed using Micro Python,
and the Wi-Fi connection was established for data transmission to the cloud. However,
a control algorithm must be developed. In addition, the development of algorithms and
programming for the controls is required, as shown in the flowchart in Fig. 4.
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Fig. 4. Flow chart of microcontroller programming.

2.4 Data Acquisition

The data were acquired between November 1 and December 31, 2023, at 60-min intervals
and included measurements of solar radiation in watts per square meter (W/m?), indoor
temperature, and solar module and inverter temperature in degrees Celsius (°C).

2.5 Data Analysis

The data processing process was automated through the prototype, collecting measure-
ments every hour, and to a MySQL database hosted by GoDaddy. An interface was
developed to visualize and analyze the data in real-time. The visual interface can be

admired in Fig. 5.
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Fig. 5. Visual interface of the website with cloud storage.

2.6 Selection of Commercial Equipment for Benchmarking

For the comparative evaluation, an Ambient Weather W2000 weather station with a
resolution of 0.001 W/m? and 0.1 °F, 0.1%RH and the Elitech Gsp-6 datalogger with a
resolution of 0.1 °C/°F, 0.1%RH were selected as reference equipment to validate the
measurements of the prototype, given its proven accuracy and reliability and affordable
cost. Figure 6 shows the AW W2000 weather station (1), the IoT system (2) that collects
signals from the solar panel temperature sensor and the solar radiation sensor (3).

Fig. 6. Configuration of the IoT system and reference weather station for data collection

2.7 Validation Methods and Testing Period

The study utilized statistical methods, such as correlation, root mean squared error
(RMSE), mean absolute error (MAE), and R-squared (R2), to evaluate the data collected
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by the prototype in comparison to the information obtained by commercial teams. The
testing period was determined to be two months, from November to December 2023,
based on data availability during that time frame. RMSE calculates the error magnitude
by dividing the squared differences by N and taking the square root, indicating model
precision with a lower score [25]. This metric measures the size of the errors between
the values predicted by the model Vpredicted and the actual values Vtarget. Calculate a
sum of squares of the difference of these values, divide it by the sample number N and
take a root from the result of this operation. See Eq. 1.

N 2
_ anl (Vpredicted - Vtarget)
N

RMSE

o))

The method of correlating variables is an essential statistical tool with wide-ranging
applications across all disciplines. Its use is vital for understanding the relationships
between variables, despite potential pitfalls in its application and interpretation [26].
The Mean Absolute Error (MAE) is defined as the average of the absolute differences
between the predicted and actual values, without considering the direction of those errors
[26]. See Eq. 2.

I o
MAE = H};}w —yl‘ 2)

(TS LT Y]

The number of observations is denoted by “n”, “yi” represents the actual value and
“9i” denotes the predicted value. R-squared (R%) measures the accuracy of a model’s
predictions of quantitative variables. It was calculated as the average of the absolute
errors between the predicted values and actual observations [26]. This metric assesses the
proportion of the variance in the measurements that is predictable from the independent
variables in the model; It is calculated as 1 minus the sum of the squares of the differences
between the actual measured values yi, actual, and the predicted values yi, predicted and
divided by the sum of the squares of the difference between the actual measured values
and the average of these values ¥, actual. Where N denotes the number of samples in the
calibration and validation sets. See Eq. 3.
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2.8 Evaluation of Findings

The conclusions drawn from the project highlight the effectiveness of the prototype
in providing precise and reliable measurements of key variables in the monitoring of
solar photovoltaic plants. These findings validate the prototype’s potential as a tool
for future research in the field of solar energy, emphasizing areas for improvement
and recommendations for its implementation in other contexts or project scales. The
following section describes the process used to analyze the results.
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3 Results

In conducting the analysis of correlation, root mean square error (RMSE), mean absolute
error (MAE), and coefficient of determination (R2) for the months of November and
December 2023, the findings were as outlined in Table 1.

Table 1. Comparative metric results of the pattern measure and IoT systems.

RMSE Correlation MAE R?
Solar Radiation 74,63 0,98 1,63 0,88
Inverter Temperature 3,22 0,84 3,22 0,69
Indoor Temperature 1,20 0,94 1,20 0,74
Module Temperature 1,23 0,99 1,23 0,98

Based on these assertions, it can be stated that the prototype exhibits a good level
of confidence in its correlation with the data of the reference element with regard to the
metrics used, highlighting the measurement of the temperature of the solar module and
the temperature within the installation.

The IoT system demonstrated outstanding performance in solar radiation capture,
with an RMSE of 74.63 W/m? and a correlation of 0.98, confirming its high accuracy in
real-time monitoring. The slight discrepancy in RMSE can be attributed to environmental
factors such as brief cloud cover or small sensor mismatches. In addition, the solar
radiation sensor of the weather station is installed vertically, while the radiation sensor
of the [oT system is installed in the same plane as the solar panel, i.e. at 8§° from horizontal.

The PV module temperature showed strong agreement with reference measurements,
with an R? value of 0.98 and an RMSE of only 1.23 °C. Accurate temperature measure-
ment is essential as it directly impacts the efficiency and energy production of solar
panels. These results highlight the ability of the IoT system to provide reliable data for
thermal management, thereby optimizing the performance of PV modules.

For inverter temperature, the system showed a lower correlation (0.84) and an RMSE
of 3.22 °C, suggesting the presence of additional factors, such as inverter load or ven-
tilation conditions, that are not taken into account in the current model. These results
suggest that the model could benefit from further adjustments to improve the accuracy of
the inverter temperature prediction or to analyze a different position of the temperature
Sensor.

Indoor temperature measurements were also accurate, with an RMSE of 1.20 °C and
a correlation of 0.94. Figure 7 describes the relationship between the variables of the
patterns and the IoT system.

The analysis of the graphs indicates that the estimation methods for solar radiation,
panel temperature, inverter temperature, and interior temperature are accurate and well
correlated with actual measurements, with close medians and quartiles and a comparable
spread of data. However, the sensor mean of the [oT solar radiation sensor is a little out
of line with the mean of the reference system (solar radiation sensor of the weather
station).
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Fig. 7. A comparative diagram of the variables measured in IoT patterns and the estimated system
variables.

On the other hand, the cost of the IoT system was $240 compared to $450 for com-
mercial devices, although each device displays data independently, unlike the IoT system
that integrates all data into a single database and cloud-based visualization system.

Future research could produce improvements from several perspectives. From a
methodological perspective, extending the validation period, including additional vari-
ables, and optimizing sensor calibration will improve the accuracy and reliability of the
IoT monitoring system. From the perspective of results, integrating advanced statistical
techniques and conducting sensitivity and error analysis will deepen the understanding
of system performance.

4 Conclusion

This paper presents an analysis of the design, launch, and validation of an economic
prototype system for monitoring solar photovoltaic installations through the Internet of
Things (IoT). An innovative approach that integrates accessible hardware, such as the
Raspberry Pi Pico W, and a selection of specific sensors. This study addresses crucial
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challenges in monitoring photovoltaic plants, including affordability, real-time moni-
toring accuracy, and efficient temperature management of the critical components. The
quantitative results obtained during the prototype validation highlight its precision and
reliability compared to those with commercial reference equipment. These results under-
score the effectiveness of the prototype in capturing critical variables with precision for
optimal operation and maintenance of photovoltaic plants.

The research was limited to a two-month validation period, which may not fully
capture seasonal variability and its impact on the system. The selection of variables
focused on specific parameters, excluding other potentially relevant factors for the per-
formance of photovoltaic facilities, such as wind speed and dust accumulation on the
panels. This research not only establishes a new cost-effective monitoring system but
also paves the way for wider adoption of such technology in photovoltaic power plant
management. In the future, protocols for calibration and adjustment can be developed
to improve accuracy and better align values with patterns.
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Abstract. Large Language Models (LLMs) are a type of artificial intelli-
gence capable of processing and generating natural language. These mod-
els are trained on vast amounts of data, such as text and code, which
enables them to perform various tasks like text generation, language
translation, question answering, text summarization, etc.. The purpose
of this research was to find an LLM that meets the following require-
ments: 1)easy to implement with an understanding of the Spanish and
English languages, and 2)accurately answers diagnostic questions and
action plans related to Industry 4.0 (I4.0). Some open-source LLMs were
selected, each with 7B parameters and quantizations of Q2 and Q4 for
the application of a first set of general tests. The results showed that the
model with the best performance in both languages English and Span-
ish was Mistral. A second set of Spanish tests was then conducted with
and without Retrieval-Augmented Generation (RAG), using three doc-
uments related to the topic of 14.0. The results demonstrated Mistral’s
capability with RAG to answer questions on the studied context with 95
% accuracy.

Keywords: Large Language Model - Industry 4.0 - Retrieval-
Augmented Generation + Quantization

1 Introduction

The Fourth Industrial Revolution (Industry 4.0 - 14.0) marks a new productive
era focused on automation, digitalization, and real-time connectivity of pro-
duction systems [14]. The recent emergence of Large Language Models (LLMs)
demonstrates the potential of Artificial Intelligence (AI), revealing new oppor-
tunities in 14.0 and smart manufacturing. However, there is a significant gap in
the application of these LLMs in the industry, primarily due to their training
in general knowledge rather than in specific expertise. This specialized domain
knowledge is vital to effectively address the complex needs of industrial applica-
tions [16].

The novelty of this work lies in the ability of the LLM to provide an accurate
diagnosis of the level of 14.0 adoption based on a survey conducted to companies,
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and to identify the steps to follow for implementing 14.0 technologies. This work
presents the results of the application of two sets of local tests to some selected
LLMs, which were chosen at the time of the project for being free, having low
computational requirements, being supported by large companies, and handling
7 billion parameters.

An evaluation was conducted using a quantitative response-to-question met-
ric methodology. The first set of tests was performed with two different quan-
tizations for each model: 4 bits and 2 bits. The desktop program LM Studio
was used, which allows downloading different LLMs locally, as long as the com-
puter meets the minimum recommended hardware requirements. The LLMs can
be downloaded with different quantizations and a direct connection to explore
more about the model to be tested using the Huggingface library.

The responses generated by the models were evaluated in aspects such as
logical reasoning, natural language understanding, code comprehension, code
generation, understanding of technical concepts, and human-machine interac-
tion. For the second set of tests, the desktop application GPT4ALL was used,
which allows running the model with Retrieval-Augmented Generation (RAG)
locally. The test consisted of five new questions focused on 14.0 technologies and
their implementation, questions that were related to the content of three doc-
uments provided with RAG. The introduction is presented in this section. The
rest of the article presents related work in Sect. 2, methodology in Sect. 3, results
in Sect. 4, and conclusions in Sect. 5.

2 Related Work

Related works on the evaluation of LLMs in general and the application of LLMs
to Industry 4.0 were identified.

2.1 Models Evaluation

In [11], a panorama of the evaluation criteria for LLMs is given: accuracy, ethics,
fairness, generalization, robustness, and reasoning. Similarly, the work classifies
the evaluation metrics into three types: multiple classification metrics (MC),
token similarity metric (TS), and question-answering metrics (QA).

In [21], LLMs GPT-4 and BERT were employed to evaluate responses to
queries about “symptoms of diabetes” and “causes of migraines”. A custom eval-
uation set was developed to measure responses based on three main criteria:
factual accuracy, contextual relevance, and ethical robustness. Code generation
through LLMs is one of the most widely used applications, following the pop-
ularity of tools like ChatGPT or GitHub Copilot. The objective in [8] was to
conduct a study to assess the quality of code generated using different method-
ologies. In [23], 11 open-source LLMs and 4 closed-source LLMs were tested, and
deficiencies in response security were found in some models between 20% and
50%. A system prompt emphasizing security substantially reduces the occur-
rence of insecure responses but does not completely prevent them. In [22], the
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capabilities of LLMs ChatGPT-4, Google Gemini, and Mistral 8 x 7B in text
generation processes in English and Japanese were explored. Mistral showed
balanced performance in both languages, and the study concludes that more
diverse and inclusive linguistic data training leads to better results.

2.2 Application of LLMs to Industry 4.0

In [14], the main needs of ChatGPT for 14.0 are studied, identifying and reporting
several associated characteristics, traits, and versatile capabilities of ChatGPT
for 14.0, as well as important applications. In [16], an industrial large knowledge
model (ILKM) is proposed, emphasizing its potential to revolutionize the smart
manufacturing industry and comparing it with LLMs from eight perspectives.
Finally, the 6S Principle is proposed as a guide for developing an ILKM in
smart manufacturing. In [17], they present QUAA4I (Question Answering for the
14.0), an intelligent virtual assistant for the 14.0 domain, including modules for
automatic voice recognition and text-to-speech, and a custom demonstration
designed to answer questions and extract information about the industry.

In [10], large models are categorized into three levels: large language mod-
els size (LLM), basic models for specialized areas and refined models for spe-
cific tasks. Its application in the oil and gas industry is still at an early stage
and requires a large amount of computation; it points out that the quality and
amount of data are not enough for training a large model because the data comes
from underground environments. In [6], the authors present time series process-
ing techniques using a RAG approach and the use of LLMs results in a model of
large language that generates recovery-based fault diagnosis reports of historical
data.

3 Methodology

This section provides detailed information about the Al-based language models,
RAG, and LLMs selected for the study, as well as the set of tests conducted
along with their metrics. RAG is an approach that combines text generation
with information retrieval about Industry 4.0, instead of relying solely on a
parametric language model. The tests were designed to measure the accuracy
percentage of each of the models.

3.1 Large Language Models (LLM)

An LLM is an Al program that can recognize and generate text, among other
tasks. LLMs are based on machine learning, specifically on a type of neural net-
work called a transformer model, which helps understand how characters, words,
and phrases function together [3]. An LLM is a program that has been provided
with enough examples to recognize and interpret natural language or other types
of complex data. LLMs are trained with massive datasets, many of which are
collected from the Internet, utilizing thousands or millions of gigabytes of text.
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Quantization (Q) is a technique to reduce computational and memory costs for
inference, consisting of representing activation weights with low-precision data
types, such as 8-bit integers, instead of the usual 32-bit floating-point type [12],
resulting in an acceptable reduction in model capabilities and accuracy.

3.2 Retrieval-Augmented Generation (RAG)

LLMs may not include specific or updated information regarding the particular
requirements of an organization, leading to incorrect responses that make the
tool less useful. As a solution, RAG appears, optimizing the results of an LLM
with contextualized and updated information specific to a company without
needing to modify the underlying model and providing accurate responses to
queries [26]. A traditional RAG system consists of an LLM, a vector database
(to properly store external data), and a series of commands or questions. The
process is divided into two parts: information input and enhanced information
retrieval (see Fig. 1).

Query
@ Query Relevant @

|
|

Documents . segments
|

P Embeddings
Text Splitter : model

Vector |

database

. : Embedding
Segments : Query
| @ L=
l : l Answer

H ~—
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model =n beddmgsi" : database

Relevant
| segments
m
b)Enhanced Information Retrieval

a)information Input

Fig. 1. Process in RAG

In the information input stage: the textual content of a document is extracted,
divided into segments, and an embedding model is applied to produce the numer-
ical representation of the text in vector form. The textual segments and their
vector representation are stored in a repository.
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In enhanced information retrieval: 1) The user makes a textual query or
“prompt”. 2) RAG enriches the prompt with data and facts obtained from an
external database that contains information related to the user’s question. 3)
RAG sends the enriched prompt to the model, which subsequently generates a
natural language response by leveraging all the knowledge it learned from the
language provided by humans.

3.3 Fine-Tuning

Fine-tuning consists of refining a pre-trained base model to improve its specific
task capabilities. This is easier and more economical than training a new model
from scratch, especially in the case of deep learning models with millions or
billions of parameters. By leveraging the model’s prior training, the amount of
processing and labeled data required to obtain large models adapted to specific
use cases and business needs is reduced [13].

3.4 LLMs Under Study

Accessing the fine-tuning capabilities of GPT-4 requires a paid subscription;
otherwise, the open-source domain is full of alternatives that offer a more acces-
sible path to harness the power of LLMs. These open-source options democra-
tize access to advanced Al technology, fostering innovation and inclusion in the
rapidly evolving Al landscape. The development of language models like Gemma,
Mistral, and Llama 2 represents a significant leap, with each model—developed
by tech giants such as Google DeepMind, OpenAl, and Meta (Facebook AI),
respectively—offering unique innovations and capabilities [15]. Additionally, at
the time of the project, they were selected for being free, with low computational
requirements, and backed with documentation and support.

Gemma: This model can be customized with fine-tuning techniques to excel
in tasks important to users. It is available to run on applications and hardware,
mobile devices, and hosted services. Gemma has been primarily designed for
natural language processing in English and has two different models: Gemma
2B and Gemma 7B, with “B” referring to “billions of parameters” [9].

Mistral: This model stands out for focusing on creating AI models that are
not only innovative but also open and accessible. The company’s commitment
to open-source software and its pioneering work in language models represent
a significant shift in the AI landscape. By releasing many of its models and
deployment tools under permissive licenses, Mistral contributes to the Al field
while advocating for a paradigm shift [1].
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Llama2: The model is the result of a collaboration between Meta, formerly
Facebook, and Microsoft. Llama2 offers its code to any company, developer, or
individual. Through the use of natural language processing algorithms, it can
effectively understand and respond to user queries and requests, allowing for a
much more natural and intuitive user experience. Llama 2 is a collection of three
language models: 7B, 13B, and 70B [20].

3.5 First Set of Tests

The following metrics were designed and justified based on the importance of the
model: understanding natural language, providing logical responses, and remem-
bering previous facts. The above considers that the objective is to generate a
diagnosis and step-by-step guide for the implementation of Industry 4.0. Addi-
tionally, the models are expected to provide correct answers regarding the funda-
mentals of Industry 4.0 and demonstrate a high level of programming knowledge,
as this is an aspect that involves all Industry 4.0 technologies.

Logical Reasoning (LR): The model is provided with a series of logic prob-
lems, such as paradoxes, inference questions, and logical sequences. The following
questions are taken from [18]:

1. What relation do I have with my father’s brother?

2. What weighs more, a kilogram of feathers or a kilogram of lead?

3. Juan’s father has four children: Lucas, Sandra, Ana, and... who is the fourth?

4. Look at the following operation: 10 () 3 () 9 = 39. What are the correct
operators?

5. If 5 machines make 5 items in 5min, how long will it take 100 machines to
make 100 items?

Expected answers are similar to the following;:

He is your uncle

Both weigh the same, one kilogram

Juan is the four child

The operators to place are x and + respectively, so the operation would be:
10x3 +9 =39

5. It will take 5min since each machine makes one item every 5 min

L

Natural Language Understanding (NLU): The model is presented with
complex text passages, then a series of questions are asked to assess its ability
to understand and extract relevant information. Below is the first paragraph of
the provided text, often used in academic texts or hobby sites:

“Hello! My name is Luis. When I was a child, my mother thought that young
people should practice a sport and play an instrument. This encouraged me
to play football and taught me teamwork, building confidence, and pursuing a
common goal. It also motivated me to play the piano to improve coordination
between my brain and body, cognitive ability, perseverance, and discipline...”
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—_

How many sports did Luis practice?
What were Luis’s greatest fears?
3. What did music teach Luis?

B

Expected answers are similar to the following:

—_

Four
Fear of dancing, swimming, and cooking

N
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3. Luis developed a love for music, improved coordination between his brain and
body, cognitive ability, and learned values like perseverance and discipline.

Code Understanding (CU): Code snippets in different programming lan-
guages are provided, and the model is asked to explain the function they per-
form. 1) What function does the code perform?, and the expected response: The
provided code is an HTML page that displays a basic login form + “Explanation

of the code.”, (see Fig.2).

<!DOCTYPE html>
<html>
<head>
<title>Inicio de Sesidn</title>
</head>»
<body>
<h2>Inicio de Sesidn</h2>
<form action="/login" method="post">
<div class="container">»
<label for="uname">»<b>Nombre de usuario</b></label>
<input type="text" placeholder="Ingresa tu nombre de usuario”
name="uname"” required>
<label for="psw"><b>Contrasefia</b></label>
<input type="password" placehclder="Ingresa tu contrasefia”
name="psw" required>
<button type="submit">Iniciar Sesién</button>
</div>
<div class="container” style="background-color:[O#f1f1f1">
<button type="button" class="cancelbtn">Cancelar</button>
<span class="psw">¢0lvidaste tu <a href="#">contrasefia?</a»</span>
</div>
</form>
</body>
</html>

Fig. 2. Code for login in HTML

Similarly, 2) a Python code snippet is provided, designed to find and print
all prime numbers between 1 and 20. The code for resolving the factorial of a
number is also presented, and it is asked: 3) What is the result of factorial (5)?

Code Generation (CG): The model is tasked with generating code that meets
the required specifications. Write a Python function that takes a list as input
and returns the list sorted in ascending order. The expected response should be

similar to the showed (see Fig. 3).
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# Funcion
def ordenar_ascendente(lista):
return sorted(lista)

# Ejemplo de uso:

mi lista = [3, 1, 4, 1, 5, 9, 2, 6, 5, 3, 5]
lista_ordenada = ordenar_ascendente(mi_lista)
print{"Lista original:", mi_lista)
print{"Lista ordenada:", lista_ordenada)

Fig. 3. Function for ordering a list

Understanding of Technical Concepts (UTC): Questions are asked about
the following concepts:

1. What is Industry 4.07
2. What is the structure of a company?

Expected responses are similar to the following:

1. Industry 4.0, also known as the Fourth Industrial Revolution, refers to the
integration of advanced digital technologies in manufacturing and production
processes. It represents a significant evolution in how industrial processes are
organized, managed, and executed. ..

2. The structure of a company refers to how it is internally organized to carry out
its operations and achieve its objectives. While structures can vary depending
on the type of organization, size, industry, and other factors, there are several
common elements present in most companies. Here’s a general description of
the main components of a company structure. . .

Human-Machine Interaction (HMI): Tests the model’s ability to maintain
a conversation.

Human: Hello.

Possible Al response: Hi! How can I help you today?

Human: Today I went out and ate sushi at 2:15 PM at a restaurant where
there’s a riddle that says: “What color is Santiago’s white horse?” Do you know
the answer?

Possible AI response: Of course! The riddle “What color is Santiago’s white
horse?” has a well-known answer: the horse is white. It’s a riddle that plays with
redundancy to confuse a bit, but the answer is simply that the horse is white.

Human: Then I walked home and watched television.

Possible AI response: Sounds like a calm and relaxing day.

Human: Do you know what time I ate sushi?

Possible AI response: Yes, you mentioned you ate sushi at 2:15 PM.
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3.6 Second Set of Tests

To carry out this second test, the Llama2 7B, Mistral 7B Instruct V0.2 and
Gemma 7B models, all with 4-bit quantization were revised. The Spanish test
implemented consists of five new questions focused on 14.0 technologies and their
implementation.

1. What are the economic and operational challenges associated with the imple-
mentation of 14.0, and how can they be addressed to ensure the security,
stability, and integrity of production processes?

2. How can workers adapt to the new demands of the labor market in a context
of digitalization, where repetitive tasks are increasingly automated?

3. How can Denecke’s (2008) methodology be used to conduct a precise senti-
ment analysis of tweets in Spanish, considering that they may contain multi-
media content such as hashtags, mentions, and emojis?

4. From the following survey, provide a diagnosis of the 14.0 technologies imple-
mented and identify which technologies are missing and would be beneficial
for the company?

5. From the following survey, identify which I4.0 technologies are implemented
in the surveyed company?, and make a list of the technologies that are missing
for a good implementation. Additionally, give me a list of 10 steps to follow
to gradually implement these and other technologies in the organization

Additionally, RAG was used, allowing the LLM to display responses with
extremely recent data from three documents in Spanish about I14.0. The
GPT4ALL tool was used, which allows running LLMs with or without RAG
locally, something that LM Studio currently does not allow. The following doc-
uments were used in this process:

1. Current Situation of 14.0 [19]
2. Basic Aspects of 14.0 [4]
3. 14.0 from an Organizational Perspective [25]

Based on the project’s data bank [7], a survey and artificial responses were
generated using ChatGPT 3.5, indicating that the data corresponded to a com-
pany with wide gaps in 14.0 technology implementation.

Name: TextiTech Producers

Company size: Small

Annual sales volume: 10,000,000 to 50,000,000

Number of employees: 11 to 50

Knowledge of 14.0: Less than 25

Specific training: None

Barriers to the implementation of 14.0: High costs, Lack of human capital,
insufficient infrastructure

Traceability: Traceability is not carried out

9. Budget for 14.0: Less than 1 total

N ote W

*
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10. I4.0 Technologies: No technological implementations specific logies

11. Cybersecurity: Conventional tools are used such as antivirus and firewall
12. Machine maintenance: Reactive maintenance

13. Sales channels and information collection: Networks social, physical catalogs
14. Main tool for data processing: Office

For questions 4 and 5 of the test, the model is presented the previous survey
corresponds to the general characteristics of a company and 14.0 technologies. For
the question 4 the object is for the LLM to respond correctly about a diagnosis
of which technologies are present and which are not. Question 5 has important
relevance since it requests a list of ten steps to gradually implement the 14.0
technologies. The list is based on the following works: [5] proposes a simple six-
step road-map that includes real 14.0 implementations in “Small and medium-
sized enterprise” (SME), and [2] provides small and medium-sized machine and
installation manufacturers with a tool to develop their own business models and
14.0 implementations.

4 Results

This section evaluates the performance of the studied models. It was used the
default configuration of the tools. Each answer to the questions posed to the mod-
els is scored according to the following criteria: 1 for a correct and appropriate
answer to the question, 0 for a completely incorrect or senseless answer, and
other values corresponding to incomplete answers. Here, the results are subject
to the questions asked and represent an approximation of the models’ behavior
when interacting with them. Table1 shows the disk size and memory usage of
each model. The memory value was taken from the resource consumption log at
the time of inference.

4.1 First Set of Tests

Table 2 shows the detailed results by model for the categories of questions asked
in the first test, Gemma in the category of HMI had a result of zero because it
argued aspects of information privacy. The three models achieved high perfor-
mance in understanding of technical concepts (UTC), code understanding (CU)

Table 1. Resources used by the LLMs

Modelo |Quantization Disk size (GB)Memory size (GB)
Llama 2|Q2 2,83 3,6
Q4 3,83 4,5
Mistral |Q2 3,08 3,0
Q4 4,11 4,0
Gemma |Q2 3,48 4,2
Q4 5,01 5,6
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Table 2. Results of the first set of tests

Liama27b Llama27b

Englsh Spanish

Mistral 7b

Englsh

Mistral 7b

Spanish

Gemma7b

Englsh

51%

Model Q LR NLU|CU |CG |UTCHMI Points
English-Llama 2|Q2[3,5 2,7 2,0 [1,0 |2,0 [1,0 12,2
Q43,0 3,0 2,0 1,0 2,0 1,5 [12,5
Spanish-Llama 2|Q2/0,0 2,7 2,0 [1,0 2,0 |0,0 |7,7
Q41,0 2,5 2,0 1,0 2,0 1,0 9,5
English-Mistral |Q2[2,0 2,0 2,0 [1,0 |2,0 [2,0 11,0
Q44,0 2,0 2,0 1,0 2,0 (2,0 |13,0
Spanish-Mistral Q21,0 2,0 2,0 1,0 2,0 [2,0 |10,0
Q43,0 2,0 2,0 1,0 2,0 2,0 12,0
English-Gemma (Q2/4,0 2,7 |2 0,0 {2,0 0,0 [10,7
Q42,0 2,7 2,0 1,0 [2,0 0,0 9,7
Spanish-Gemma Q22,0 |1,7 1,8 (1,0 |1,8 |0,0 |8,3
Q41,5 1,2 2,0 1,0 [2,0 0,0 7,7
% Obtained 45,075,6 99,2/91,799,2 47,9
75% i - 73% -—
&% -
s7% —
s1%
a2 o @ @ a2 ® @ o a ® a2

Gemma7b

Spanish

Fig. 4. Performance of the LLMs in the set first of tests
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y code generation (CG). In natural language processing, Llama 2 achieved the
best results for both English and Spanish.

The percentage of accuracy obtained by each model is shown, (see Fig.4).

Mistral with 7B and 4-bit quantization achieved the highest results in both cases,
with 87% accuracy for the English case and 80% accuracy for the Spanish case.
According to the results, it was not natural language understanding that con-
tributed to Mistral’s good performance as expected, but rather logical reasoning
and the human-machine interface. For the Gemma model, accuracy decreased
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in both languages when moving from Q2 to Q4. LLama with q2 and g4 showed
similar results for the English language.

4.2 Second Set of Tests

Table 3 shows the points obtained by each model with and without RAG from
the answers to the questions in the second test. For the evaluation of the 5th
question, a consolidated 10-step guide from documents [2,5] was used as a ref-
erence. It is not strict for the steps generated by the LLM to match exactly;
they may vary depending on the organization where Industry 4.0 is intended to
be implemented. In this question, the model that responded best was Mistral
with RAG (75%), followed by Llama2 without RAG (74%), and the model with
the worst response was Gemma without RAG, with only 18% accuracy. Mistral
achieved 100% accuracy on the remaining questions.

Table 3. Results of the second set of tests

RAG Model 1 2 3 |4 |5 [Points|%
Without RAG|Llama 2 0,91 0,41 |0,74/4,04 |80,8
Mistral 1 10,80,81 |0,674,27 |85,4
Gemma 0,9/0,8/0,5/1 |0,54{3,74 |74,8
With RAG |Llama 1 10,50,51 |0,5633,53 70,6
Mistral RAG |1 |1 |1 |1 [0,75/4,75 |95
Gemma-RAG/|0,8/0,9/0,8/0,6/0,18/3,28 65,6
100% 95%
i = = 75%
60%
50%
40%
30%
20%
10%
0%
Liama2 Mistral Gemma Liama Mistral Gemma
Without RAG With RAG

Fig. 5. Performance of the LLMs in the set second of tests
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The percentage results achieved, where the maximum value than a model can
reach is 5, equivalent to 100% (see Fig. 5). The Mistral model with RAG achieved
the best performance with 95% accuracy and Gemma with RAG obtained the
lowest accuracy, 66%. Gemma and Llama2 models did not improve their per-
formance with the use of RAG. Mistral’s high results in logical reasoning and
the human-machine interface influence its strong performance when using RAG.
Additionally, the integration of the Probabilistic Inference Layer (IPL) in Mistral
leads to a marked improvement in the model’s ability to understand the context
and the intention behind the queries. This improvement is crucial to reducing
tangential or irrelevant responses, thereby improving the model’s overall effec-
tiveness in natural language processing tasks [24].

5 Conclusions

A mid-range performance hardware setup is required for running the selected
models without affecting performance. The response speed of each model
depends on the level of quantization and the hardware on which it is running.
For the first set of tests, each model took about 30 min to complete it. The
model that achieved the best results in Spanish for all the tests was Mistral,
compared to the Gemma and Llama2 models. In the first tests, for responses in
English and Spanish, the best-performing model was Mistral, making it the most
suitable choice for global applications. It was possible to demonstrate Mistral’s
enhanced ability to analyze the provided information and generate sufficient con-
text to provide answers using RAG. In the second tests, with the use of RAG,
this model significantly improved its results. Mistral fits the project’s needs by
accurately contextualizing the topic of 14.0 for which it was trained.
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Abstract. This document evaluates a master-slave methodology devel-
oped to address the problem regarding the reduction of energy losses in
electrical distribution systems by integrating PV generators and distri-
bution static compensators. The master stage employs several optimiza-
tion techniques, including the vortex search algorithm, particle swarm
optimization, the Chu & Beasley genetic algorithm, and the generalized
normal distribution optimizer, all aimed at determining the optimal loca-
tion and size of each component. On the other hand, the slave stage uses
the three-phase version of the successive approximations method to eval-
uate the objective function. To validate the efficacy of this approach, it
was tested on a 15-node and a 35-node system. This study showcases an
effective approach to minimize energy losses by simultaneously integrat-
ing two elements into the distribution grid. The findings indicate that the
vortex search algorithm outperforms the other three optimization meth-
ods, reducing the energy losses by 58.65751% in the 15-node system and
71.9151% in the 35-node system. All numerical validations were carried
out in the Julia software, version 1.10.2.

1 Introduction

Electrical distribution systems have grown rapidly due to population and indus-
trial expansion [1]. This has led to the increased implementation of equipment
that generates active and reactive power near the end-users [2—4|. Therefore, it is
essential to explore alternatives that benefit grid operators. Notably, integrating
photovoltaic (PV) generators and static compensators (D-STATCOMs) stands
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out as a promising option [5], as these elements control active and reactive power
flows, improve voltage profiles, and reduce network power losses [6].

Real distribution systems often exhibit an unbalanced operation due to end-
user behavior and the geometric characteristics of distribution lines. This entails
issues such as increased power losses, network segment overloading, service inter-
ruptions, and higher operating costs [7]. Additionally, implementing PV gen-
erators and D-STATCOMs in these systems implies significant planning and
operational challenges [8]. These challenges have to do with the variability and
intermittency of the solar resource in the case of PVs, the control of these devices,
their compatibility with current grids designed for centralized generation, and
the efficient management of active and reactive power [9], which can affect the
reliability and stability of the system if done incorrectly.

Therefore, several approaches have been proposed in the literature to
solve the problem regarding the optimal integration of PV generators and D-
STATCOMs in power systems. Some of these are discussed below.

The authors of [10] discussed the main challenges and strategies associated
with the integration and operation of distributed energy resources in three-phase
systems. They highlighted the growing energy demand and the need for a transi-
tion towards more sustainable energy sources, which has led to increasing interest
in optimizing the operation of electrical distribution grids.

The work by [11] presented a methodology for locating D-STATCOMs with
the aim of minimizing power losses and improving voltage profiles and stability
in a distribution system via the power losses minimization index, the current
carrying capacity limit, and the voltage deviation index. These metrics were
evaluated through simulations and statistical analysis, aiming to determine the
overall performance enhancements achieved by the proposed solution.

The authors of [12] discussed the benefits of using PV generators, their modes
of operation, their location in electrical systems, and the constraints to be consid-
ered for their siting and sizing. Among the observed benefits were the mitigation
of environmental impacts, reduced power losses, and increased system capacity,
among others.

As for the integration of D-STATCOMs, the literature reports a widespread
use of analytical, metaheuristic, and hybrid algorithms to solve the PV gen-
erator siting and sizing problem while considering various objective functions.
For instance, in [13], the simultaneous integration of reactive compensation and
distributed generators was reported to increase power quality, reduce losses,
increase system stability, provide operational flexibility, optimize costs, and pro-
mote environmental sustainability by incorporating renewable energy sources.
The work by [14] integrated PV-STATCOM devices into the electrical grid to
dynamically compensate for active and reactive power, improve voltage profiles,
and reduce the annual energy losses.

Furthermore, in [15], the authors integrated PV generators by means of PSO,
with the purpose of minimizing active power losses, improving voltage stabil-
ity, and reducing the overall system imbalance. Their methodology considered
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seasonal fluctuations in load demand and the stochastic nature of PV generation,
and it aimed to optimize the location of PV resources in distribution networks
while simultaneously addressing multiple conflicting goals.

Three-phase networks have undergone several changes over time, an exam-
ple of which is the integration of distributed generation, which makes the grid
more complex in terms of planning and operation. In this vein, the work by [16]
demonstrated how the use of metaheuristic algorithms allows solving the engi-
neering problem posed by the adequate integration of elements into the network,
considering that PV and D-STATCOM siting may be regarded as a variant of
the optimal power flow problem. The authors of [17] discussed the benefits and
challenges of integrating new elements into current distribution networks. They
highlighted that proper power flow modeling and network analysis is essential to
ensure a safe operation. Moreover, they compared four three-phase unbalanced
power flow formulas to obtain the optimal power flow solution, with the purpose
of proposing an alternative for adequately managing distribution grids and to
stress the need to further explore this field.

Given the importance of integrating these devices into electrical distribution
systems, this article proposes a strategy for locating and sizing PV generators
and D-STATCOMSs in unbalanced distribution networks while aiming to mini-
mize energy losses. To this effect, a master-slave methodology based on meta-
heuristic optimization techniques is proposed. The master stage is responsible for
defining the locations and sizes of the elements, for which four population-based
techniques are implemented: the vortex search algorithm (VSA), particle swarm
optimization (PSO), the generalized normal distribution optimizer (GNDO), and
the Chu & Beasley genetic algorithm (CBGA). On the other hand, the slave stage
evaluates the objective function and the constraints of the mathematical model
for each of the individuals provided by the master stage. It uses a three-phase
power flow tool based on the successive approximations method. The methodol-
ogy was validated on test systems with 15 and 37 nodes, with the VSA yielding
the best results.

The remainder of this document is organized as follows. Section 2 details the
mathematical model representing the PV generator and D-STATCOM siting and
sizing problem. Section 3 describes the implemented master-slave methodology.
Section4 outlines the test systems and provides additional considerations to
validate the proposed methodology. Finally, Sect. 5 details the results obtained,
and Sect. 6 presents the main conclusions of this work.

2 Mathematical Formulation

The integration problem concerning PV generators and D-STATCOMs in unbal-
anced distribution systems can be mathematically expressed as a mixed-integer
nonlinear programming (MINLP) model, as it combines binary and continuous
variables [5]. In this work, the minimization of energy losses was selected as the
objective function, which is shown in Eq. (1). The MINLP model encompasses
Egs. (1) through (14).
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min Ejoss = Re {Z SO (Z Yy Ve, Ah) } (1)

pEP heH keN JEN

where V7 k.p and Vp 1, are the complex voltages of nodes k and j with phase p
during period h; Y . is the complex admittance connecting nodes k and j with
phase p; Ah is the perlod of time during which the electrical quantities remain
constant; and N, H, and P are the sets containing the nodes, periods, and phases
of the system, respectively.

Set of Constraints:

Within the set of constraints, Eq. (2) ensures the complex power balance at
all nodes, for all phases, and in all time periods. This equation considers the
power injected by both the PV generators and the D-STATCOMSs. Note that all
PV generators, D-STATCOMs, and loads are assumed to have a Wye connection,
which is the most common due to its advantages in terms of costs and protection
[18].

* ke N,
SIGP + PP + SpP — Sthih<ZYmV§’h> VS heH, (2)
JjEN pEP

where S7%", 81", and S P denote, respectively, the complex power generated
by the conventional generator the PV generator and the D-STATCOM at node
k for phase p during time period h; and S kh 18 the complex power consumed at
node k for phase p during time period h.

Equation (3) states that the complex power injected by the PV generators
is evenly distributed among the phases of the system. The power injected by a
PV generator depends on the resource availability and its nominal capacity.

po ke N,
Re {sp77) = G3k ,v{h c H,} (3)
peP

where GV is the expected solar resource availability during time period h, and
Sh? is the nominal complex power of the PV generator located at node k.
Equation (4) states that the PV generators inject only active power into the

system.
keWN,
Im {SP%7} = 0,¥4 h € H, (4)

peP

Equation (5) states that the D-STATCOMs inject only reactive power into

the system.
keN,
Re {sif;f} —0,¥{ heH, (5)

peP
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Equation (6) ensures that the complex power injected by the D-STATCOMs
is evenly distributed among the phases of the system.

ds k € Na

Im {S‘,ff;f} = S; Vi heH, (6)
peP

where Sgs is the nominal complex power of the D-STATCOM located at node k.

Constraint (7) states that the conventional generators can only inject (i.e.,
sell) power into the system, not absorb (i.e., buy) it.

keWN,
Re {S757} zo,v{heH,} (7)
pEP

Constraint (8) specifies that the rated power of the PV generators to be
installed must be within certain minimum and maximum limits.

ZRSIU <SP < 3y SPU Y {k € N} (8)

where Si”’min and S7”"** are the complex power limits of the PV generators
at node k.

Constraint (9) specifies that the nominal power of the D-STATCOMSs to be
installed must fall within certain minimum and maximum limits.

ykSZs,min S Sgs S ykSZs,max’v{k c N} (9)

Here, Sis’min and Sis’max are the complex power limits of the D-STATCOMs
at node k, and xj and y; are the binary variables associated with the location
of the PV generators and D-STATCOMSs, respectively.

Constraint (10) states that the voltage at the nodes in each phase must
comply with regulations concerning voltage.

keN,
VP <|VE | S VR, VS hEH, (10)
peP

where V. and V7

P« are the upper and lower voltage bounds for the nodes
in the system.
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Constraints (11) and (12) define the maximum number of PV generators and
D-STATCOMs that can be installed in the distribution system, respectively.

ka SN;:Q7 (11)
keN

Sy < Nie, (12)
keN

where Ny7* and NgJ* are constant parameters indicating the maximum num-
ber of PV generators and D-STATCOMs to be installed in the distribution sys-
tem.

Finally, Constraints (13) and (14) specify that the variables x and y; are
binary.

zr € {0,1},V{k e N'} (13)
ye € {0,1},V{k e N'} (14)

Optimizing the placement and sizing of PV generators and D-STATCOMs
in unbalanced distribution systems is challenging due to the problem’s nonlin-
earities, the non-convexities in the power flow equations, and the combination
of discrete and continuous variables [19,20]. This study employs methodologies
based on a master-slave approach, which facilitates solving complex optimization
problems, improves the search for optimal solutions, and reduces computation
times [21].

3 Solution Methodology

In this work, due to the complexity of the problem, metaheuristic optimization
techniques were selected instead of exact methods. Thus, a master-slave solution
strategy was proposed. The master stage employed metaheuristic algorithms,
i.e., the VSA [22], the CBGA [23], the GNDO [24], and PSO [25], in order to
determine the size and location of the PV generators and the D-STATCOMs.
The slave stage used the three-phase version of the successive approximations
method [26] to calculate the hourly load flow for each solution proposed by the
master stage. This allowed evaluating the objective function.
Figure 1 summarizes the proposed master-slave methodology.

Master Stage: The master stage addresses the problem of integrating PV
generators and D-STATCOMs into the distribution system. The main goal of
the master stage is to identify the locations of the studied devices, along with
their appropriate size, using a discrete-continuous encoding, as shown in [5].
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Fig. 1. Proposed methodology for the integration of PV generators and D-STATCOMSs
in unbalanced distribution networks

Slave Stage: The recursive power flow formula used in this document is shown
below [26]:

Vo = —Yaize (YassoVasen — (azpn — g n — lassp.n)) (15)
where Vg3, 5 is the vector containing the three-phase voltage at the demand
nodes in time period h; Y443, denotes the component of the three-phase admit-
tance matrix that relates the demand nodes to each other; Yq,3, represents the
component of the three-phase admittance matrix that relates the demand and
generation nodes; V3, 5, signifies the vector containing the three-phase voltage
at the generation nodes in time period h; Ig3, , is the vector containing the
three-phase current at the demand nodes in time period h; I,,3,,, denotes the
vector containing the three-phase current in time period h at the nodes where the
PV generators are located; and Igs3,,5 is the vector containing the three-phase
current in time period h at the nodes where the D-STATCOMs are located.

4 Test Feeder Characterization

In order to validate the proposed methodology, it was applied to a 15-node
test system (Fig.2) and a 35-node feeder (Fig.3). The former corresponds to
a radial unbalanced distribution system with a nominal voltage of 13.2 kV at
the terminals of the substation, in addition to a total active and reactive power
consumption of 9,605 kW and 5,226 kvar for phase A, 6,480 kW and 4,940 kvar for
phase B, and 11,977 kW and 8,778 kvar for phase C. The complete information
regarding its electrical configuration, lines, and nodal power can be found in [27].
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Fig. 2. Electrical configuration of the 15-node system

The 35-node test system is a radial unbalanced distribution system with a
nominal voltage of 15 kV at the terminals of the substation. Its total active and
reactive power consumption is 4,435 kW and 1,940 kvar for phase A, 2,868 kW
and 2,059 kvar for phase B, and 2,925 kW and 1,370 kvar for phase C. The
complete information of this test feeder can be found in [28].

22
21 262728293031 3233
Slack20 o o000
1 7 8 9101112131415161718
34
35

Fig. 3. Electrical configuration of the 35-node system

To evaluate the impact of installing PV generators and D-STATCOMSs on
the energy losses of these grids, generation and demand curves corresponding
to the city of Medellin, Colombia, were employed (Fig.4). These curves are
further detailed in [29]. Additionally, it was assumed that the grid operator had
access to three PV generators and three D-STATCOMs for installation. The
nominal power of each device was determined through the proposed optimization
methodology. However, to constrain the solution space, the maximum allowable
power was set at 20,000 kVA per device. The size of the devices was related to the
load level of both test systems, particularly for the 15-node system, which had a
total consumption of 28,062 kW and 18,944 kVAr. Since the goal was to determine
the optimal size and location of the studied devices while aiming to minimize
energy losses, it became essential to impose the fewest possible constraints on
their size. Also note that the investment costs of the PV generators and the
D-STATCOMs did not influence the size selection.
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Fig. 4. Daily generation and demand curves for the city of Medellin, Colombia

5 Computational Validation and Results

Table 1 presents the simulation results for the 15- and 35-node test systems,
detailing the methods used for siting and sizing the available PV generators
and D-STATCOMSs. Each method was evaluated based on the reported energy
losses (kWh) and the percent reduction compared to the base case (i.e., no
optimization).

Table 1. Simulation results for the 15- and 35-node test systems

15-node test system

Methods PV (Node, MW) DSTATCOM (Node, Mvar) Energy losses (kWh)/Reduction (%)
Base case— — 1,815.0765 0.000

VSA  [10(9.7146), 12(16.0892), 14(16.6351)|6(5.4914), 9(4.1861), 11(4.9059) 750.3981 58.6575

PSO  5(18.3077), 9(11.3791), 12(12.7502) 6(5.4773), 8(4.3816), 11(4.8773) [752.8707 58.5212
GNDO  [9(14.3330), 12(11.4231), 14(16.6801)/6(6.5789), 8(3.3570), 11(3.5883) 762.6653 57.9816
CBGA  5(14.5500), 10(6.6144), 11(19.3562) 6(5.1703), 8(4.0617), 12(6.0580) 766.3478 57.7788
35-node test system

Methods PV (Node, MW) DSTATCOM (Node, Mvar) Energy losses (kWh)Reduction (%)
Base case| 13,725.6811 0.000

VSA  8(3.8674), 14(3.8199), 30(5.2805)  [7(1.4637), 31(1.0153), 34(1.0548)[3,854.8482 71.9151

PSO 10(4.3127), 30(5.7355), 35(1.3298) 2(0.0000), 11(1.7020), 31(1.3042)3,944.2490 71.2637
GNDO  [11(6.3075), 18(0.4747), 30(5.2412) |9(1.5675), 17(0.3773), 31(1.2171)3,957.2520 71.1690
CBGA  [6(5.7520), 15(5.2264), 32(4.1791)  7(1.2052), 11(1.3471), 29(0.4493)(3,986.1767 70.9583

For the 15-node test system, the VSA was found to be the most effective
method in reducing energy losses, achieving a value of 750.3981 kWh. This rep-
resents reductions of 1064.68 kWh (58.6575%) compared to the base case, 12.2672
kWh (0.6759%) compared to the GNDO, 15.9497 kWh (0.8787%) compared to
the CBGA, and 2.4726 kWh (0.1363 %) compared to PSO. To achieve this solu-
tion, the VSA places the PV generators at nodes 10, 12, and 14, with a total
installed capacity of 42.4389 MW. Additionally, the D-STATCOMSs are placed
at nodes 6, 9, and 11, with a capacity of 14.5934 MVAr.
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For the 35-node test system, the VSA also stands out as the best methodol-
ogy for reducing energy losses, with a value of 3,854.8482 kWh. This represents
reductions of 9,870.833 kWh (71.9151%) compared to the base case, 102.4038
kWh (0.7461%) compared to the GNDO, 131.3285 kWh (0.9568 %) compared
to the CBGA, and 89.4008 kWh (0.6514 %) compared to PSO. In this case, the
VSA locates the PV generators at nodes 8, 14, and 30, with a total installed
capacity of 12.9678 MW, and the D-STATCOMs are placed at nodes 7, 31, and
34, with a total capacity of 3.53381 MVAr.

Furthermore, the best methodology places the PV generators and the D-
STATCOMs at nodes distant from the substation of both test systems, specif-
ically in the outer branches. This arrangement allows the generation devices
to be near the loads, which redistributes the power flow within the system and
reduces the need to transport energy from the substation to the load nodes. Thus,
a significant reduction in energy losses is achieved. The results indicate that the
integration of PV generators and D-STATCOMs via metaheuristic techniques
significantly reduces energy losses in three-phase distribution systems (by more
than 58% with the VSA). The implementation of this approach in real systems
can enhance their efficiency, decreasing the energy supplied by the substation
and thereby reducing costs for the network operator. Moreover, the use of PV
generators promotes the integration of renewable energies, contributing to sus-
tainability and greenhouse gas emissions reduction efforts.

Table 2 compares the performance of the studied optimization methods after
100 consecutive evaluations in both test systems. For each method and test
system, the following metrics are evaluated: best response, average response,
worst response, standard deviation, and average processing time.

Table 2. Performance comparison for both test systems after 100 consecutive evalua-
tions.

15-node test system
MethodsBest (kWh) Average (kWh)Worst (kWh)|Std. (%)|Avg. time (s)

VSA 750.3981  |770.6434 820.6519 2.4245 |767.7245
PSO 752.8707  |772.5653 826.4587 2.4723 |723.2311
GNDO 762.6653  |804.9596 847.3472 3.639  [758.8070
CBGA 766.3478 790.6607 814.0341 1.7662 158.5052

35-node test system
MethodsBest (kWh) Average (kWh)Worst (kWh)|Std. (%)|Avg. time (s)
VSA 3854.8482 (3976.4527 4349.3894  3.7584 |4405.4057
PSO 3944.2490 |4191.7548 4807.5721 6.2376 |3380.3818
GNDO (3957.2520 |4134.3596 4480.3447  3.9215 |4632.1364
CBGA 3986.1767 |4023.1832 4364.9589  10.6553 |758.8529
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In terms of the average response, for the 15-node system, the VSA once
again emerges as the most efficient methodology, achieving a value of 770.6434
kWh. This represents a reduction of 1.9219 kWh when compared to PSO, which
ranks second in this regard. Similarly, regarding the worst solution, the VSA
outperforms the other implemented methodologies. In the 35-node system, the
VSA is also the most efficient methodology, achieving an average solution of
3976.4527 kWh and a worst response of 4349.3894 kWh, surpassing the other
implemented methodologies in both aspects.

As for the standard deviation in the 15-node system, the CBGA reported
the best score with 1.7662%, followed by the VSA with 2.4245%, the GNDO
with 3.639%, and PSO with 2.4723%. The CBGA excels in this regard because
its average is close to its extreme values (less than 30 kWh), indicating a tight
clustering of the 100 solutions around the average. Among the methods used, the
VSA performed best in relation to the average, best, and worst responses, with
all metrics surpassing CBGA’s best performance. The VSA’s standard deviation
ensures solutions close to its average, outperforming the other methods. In the
35-node system, CBGA ranked first with 0.6553%, followed by the VSA with
3.7584%, the GNDO with 3.9215%, and PSO with 6.2376%.

In terms of processing times, for the 15-node system, the CBGA yields sig-
nificant improvements over the other methodologies. This algorithm averaged
158.5052 s to converge to a solution, notably faster than the GNDO, PSO, and
the VSA, which averaged 758.807s, 723.2311s, and 767.7245s, respectively. As
for the 35-node system, the CBGA shows a marked improvement compared
to the other methodologies; on average, it took 758.8529s to converge, which
is also significantly faster than the GNDO, PSO, and the VSA, (4632.1364s,
3380.3818 s, and 4405.4057 s, respectively).

The results in Table 2 show the low variability of the VSA and the CBGA
with regard to energy losses, indicating a consistent and reliable performance,
which is crucial for the planning and operation of electrical grids.

6 Conclusion

This paper proposes a master-slave methodology for siting and sizing PV gen-
erators and D-STATCOMs in unbalanced distribution networks while aiming to
minimize energy losses. Said proposal was validated using different optimization
techniques (GNDO, CBGA, PSO, and VSA) in 15- and 35-node test systems.
The VSA outperformed the CBGA, the GNDO, and PSO in terms of energy
losses reduction, with a value of 58.6575% versus the 57.7788%, 57.9816%, and
58.5212% reported by the other methods, respectively. The VSA also demon-
strated excellent repeatability conditions, allowing for solutions equal or very
close to the mean value. This work showed that, in two test systems, the VSA
is the most successful in identifying the best solutions regarding energy losses
reduction.

As future work, the following studies could be conducted: (i) proposing a for-
mulation that considers technical, economic, and environmental objective func-
tions; (ii) applying new combinatorial optimization algorithms to validate or
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improve the numerical results presented in this document; and (iii) extending
the proposed formulation to include battery energy storage systems.
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Abstract. This paper investigates the transformative evolution of the Duolingo
language learning application, focusing on its shift from automation to Artificial
Intelligence (Al) integration. Through a comprehensive secondary data analysis,
we explore how Duolingo has adapted its platform to incorporate Al-driven tools,
such as Automatic Speech Recognition (ASR) and machine learning models, to
enhance user experiences with personalized, real-time feedback and interactive
learning. The paper traces the historical development of Computer Assisted Lan-
guage Learning (CALL) and its alignment with technological advancements, high-
lighting Duolingo’s migration from Phyton to Scala, which significantly improves
scalability, stability, and performance. Additionally, this study delves into the
challenges faced during this migration, such as technical debt and compatibility
issues, while emphasizing the strategic decisions that shaped Duolingo’s current
architecture. The findings illustrate how Al functionalities, like spaced repeti-
tion algorithms, and GPT’powered features, have redefined the language learning
landscape by offering adaptive, efficient, and engaging educational experiences.
Ultimately, Duolingo’s continuous innovation serves as a model for the future of
technology-enhanced language learning in an increasingly digital age.

Keywords: Duolingo - Automation - Artificial Intelligence (AI) - Computer
Assisted Language Learning (CALL) - evolution - pedagogical shifts - Python -
Scala - language learning apps

1 Introduction

This paper aims to provide evidence of the significant technological evolution of the
Duolingo app has undergone, transitioning from an automated system to one deeply
integrated with Artificial Intelligence (AI). As a case study, Duolingo offers a unique
perspective on the intersection of CALL (Computer Assisted Language Learning), peda-
gogical shifts, and rapid technological advancements. The evolution of CALL, influenced
by the behaviosris approach of Skinner in the mid-20th century, has largely mirrored
technological progress, beginning with simple automation and eventually incorporating
complex Al systems such as Atuomatic Speech Recognition (ASR), natural language
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processing (NLP), and machine learning algorithms to improve the efficacy of language
learning experiences.

Duolingo’s transition exemplifies this evolution, showing how the app has gradu-
ally integrated Al capabilities to improve its functionality and effectiveness in facili-
tating language learning [1] Specifically, Duolingo’s migration from Python to Scala
is explored as a critical turning point, allowing the app to streamline its architecture,
optimize computational efficiency, and better accommodate Al-driven functionalities
like personalized feedback, real-time corrections and adaptive learning paths that cater
to individual learner needs [2].

However, such integration presents inherent challenges, including the complexi-
ties of migrating between programming languages, addressing technical debt, and the
critical need to safeguard user data from security breaches without compromising app
functionality [2].

2 Research Questions

The advancement of Computer Assisted Language Learning (CALL) has greatly
impacted the methods and tools utilized by language learning platforms. Considering
that CALL has continuously adjusted to new developments in CALL and achieved learn-
ing, this change demonstrates a fluid evolution within the technology used for language
education.

Duolingo, as a prominent example, has experienced this shift by gradually integrat-
ing Al capabilities into its platform. However, how this evolution impacts the transition
of Duolingo from automation to Al remains a crucial area of inquiry. For this reason,
this paper investigates the underlying factors that have driven Duolingo’s transition from
automated procedures to the integration of Al functionalities and how they convey this
process. In addition to the shift happening between automation and Artificial Intelli-
gence, our inquiry delves into Duolingo’s automation features this application keeps
hold of during this transformation process. Additionally, we endeavor to uncover the
impact of the pedagogical landscape changes on the evolution of Duolingo innovations.
To explore these questions, a secondary data analysis of Duolingo’s developmental tra-
jectory takes place, examining historical milestones and strategic decisions that have
shaped its evolution.

By investigating the relationship between CALL and technological advancements,
and pedagogical approaches, we aim to uncover the underlying motivations urging
Duolingo’s transition toward Al integration. Additionally, the paper explores how
Duolingo uses automation tools, such as Automatic Speech Recognition (ASR), to
enhance user experiences, Al functionalities, and facilitate language learning. For this
reason, this paper seeks to contribute to a deeper understanding of the complex dynamics
driving the evolution of language learning platforms in the digital age.

3 Historical Background for CALL

According to Chapelle and Sauro (2017) [3] first-generation computers, primarily oper-
ated through paper punch cards and began to appear on college campuses during the
late 1950s. However, it was not until the late 1960s and early 1970s that computers
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had evolved sufficiently to accommodate multiple terminals, enabling interaction with
users through keyboards. This development marked the emergence of Computer Assisted
Language Learning (CALL).

Kumar and Sreehari (2009) [4] defined Computer Assisted Language Learning, also
known as CALL, as “an interactive method of instruction that helps learners achieve their
goals of learning, at their own pace and ability. In this method, computer technology
is used in teaching and learning procedures at all stages such as presentation, practice,
and feedback.” This definition aligns with this paper’s context as it acknowledges the
integration of mobile applications such as Duolingo, allowing students to progress at
their own speed while enhancing language skills.

It also underscores the evolution towards utilizing convenient technological tools,
transitioning from earlier automatic tools embedded within learning software to today’s
incorporation of Artificial Intelligence. With the emergence of each new technology, we
undergo a continual cycle of assessing and improving our reasoning and approaches to
its implementation. At the core of this cycle, we can find the fundamental concerns that
Clarke highlighted:

Quality of materials, teacher engagement and training, suitability of technology to
specific instructional goals, and adherence to pedagogical principles [3] However, the
language learning settings before this shift mainly focused on the teaching of grammat-
ical rules which were typically learned through translation between the native language
and the target language. As technology progressed and computers became more preva-
lent, they were initially perceived as rudimentary tutors of the target language with
limited capabilities. Consequently, the majority of CALL technologies involved exer-
cises that primarily focused on grammatical activities such as vocabulary flashcards for
memorization, text-based grammar drill-and-practice devoid of context, and translations
[3].

Nonetheless, while both pedagogical and technological advancements of the time
were under deep analysis, criticism arose towards the predominant use of CALL tools
for grammatical activities, as it was seen to lack contextual understanding [5]. This
led to new and revolutionary pedagogical trends, with one particularly significant trend
emerging in the late 1980s: the focus on establishing an authentic environment for lan-
guage learning. This shift marked a departure from the method of Grammar Translation
towards the adoption of Communicative Language Teaching (C.L.T.). This methodology
can be defined as a framework for language teaching that prioritizes the development of
communicative competence [6].

Communicative competence encompasses the ability to effectively utilize the lan-
guage across various purposes, contexts, and interlocutors, among other factors. This
evolution of pedagogical methods was inevitably integrated into CALL, having the inter-
net as an important role in it. This development saw notable advancements such as the use
of software for information retrieval, the introduction of the World Wide Web (referred to
as Web 1.0), and the ability to incorporate multimedia resources in educational environ-
ments [5]. Consequently, the internet opened up broader avenues for accessing authentic
language learning materials, environments, and interactions with people.

This period marked a transition for CALL towards an integrative phase, where tasks
aimed at immersing learners in an authentic context and integrating various language
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skills for their development [5] Currently, with the evolution of language learning meth-
ods and approaches, the same as technology emerging, it is widely acknowledged that the
use of technology in modern education is essential to keep pace with society’s advances.
The globalized world continuously develops more global technology, to connect and
develop more knowledge, science, and vast information. This integration of technology
enhances teaching and learning but also ensures that we remain relevant and competitive
in today’s fast-evolving landscape [7].

4 Duolingo Language Learning App

Duolingo is a learning phone app that is available on Apple Store and Play Store where
students can download it on mobile devices the same as on a desktop computer and then
start learning a language; it may be used with or without an internet connection [8].
Duolingo was launched as a private beta on November 27, 2011, with six languages by
their creators Luis von Ahn and Severin Hacker. Later on, they opened Duolingo to the
public on June 19, 2012. According to Adams S. (2019) [9] Forbes magazine claimed
that the app’s three-minute lessons are designed with a simple interface that can be used
by the over 300,000 users that have downloaded the app by 2019. Moreover, it was first
developed in the programming language Python, integrating technological components
with high-quality content and algorithms that underpin its success.

Nonetheless, part of the evolution of the app as with any other one is the step back
in its technological development process. In 2014 they attempted to introduce a virtual
chatbot tutor named Duo. Its function was to simulate a conversation with a native
speaker, but the chatbot was found ineffective and lacking in nuance [10].

Additionally, according to Meyer (2021) [11] many contemporary learning materials
designs frequently blend visual elements, such as pictures or graphics, along with text
information, whether presented in a spoken or written way. These integrated combina-
tions are commonly known as multimedia learning materials, which are part of what
makes Duolingo a successful learning app. For instance, not only his official mascot
Duo the Owl, bond with the users of the app and keep them engaged with their learning
language process, but also “ Duolingo grabs users with gamification tricks like points,
treasure chests and “streaks” for continuous use”’[9].

Regarding users’ experiences with these recent enhancements to Duolingo, a survey
[1] conducted among participants who have utilized Duolingo for less than one year
revealed that the platform is highly comprehensible and its overall quality is rated as
notably high.

5 Discussion

A. Factors that have Driven Duolingo’s Shift to Al

In the last decade, research on Computer Assisted Language Learning (CALL) has
increasingly focused on understanding the cognitive process involved in language acqui-
sition, particularly how learners process stimuli through their working memory, known
as cognitive load [12].
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Cognitive Load Teaching (CLT), which aims to optimize learning by presenting
information in a way that aligns with human cognitive capabilities, has been foundational
in shaping Duolingo’s approach to language learning. By recognizing the limitations of
working memory and its interaction with long-term memory, Duolingo’s designs reflect
principles of CLT, particularly in how structures learning activities to maximize cognitive
overload [13].

Moreover, one of the main factors driving Duolingo’s shift to Artificial Intelligence
(AD) is the platform’s need to enhance cognitive load management in real time. Ai
provides adaptive learning experiences that tailor the content and difficulty based on the
learner’s performance, allowing users to focus on learning without being overwhelmed
by too much information at once. For example, Fuolingo’s Half-Life Regression model,
grounded in cognitive load theory, helps reduce the burden on working memory by
predicting when users are likely to forget material and scheduling reviews accordingly.

This algorithm ensures that learners review content at the optimal time, increas-
ing retention and reducing cognitive fatigue. Furthermore, AI’s ability to assess per-
formance instantaneously and adjust learning paths accordingly ensures that learners
are not exposed to unnecessarily complex tasks. As learners progress, Al-driven sys-
tems adapt the content’s complexity, providing a scaffolded learning environment that
promotes gradual mastery of language skills without exceeding cognitive limits.

Another factor influencing the shift to Al has been the need for scalability and person-
alization. As Duolingo’s user base has grown, it has become essential to deliver highly
individualized learning experiences at scale. Al has made this possible by automating
much of the content creation process while still ensuring personalized feedback.

For instance, Al-powered tools like Birdbrain optimize the difficulty and sequence
of lessons, making the learning process more efficient while ensuring that each learner’s
cognitive load is effectively managed. Duolingo shift to Al is deeply influenced by both
technological advancements and cognitive learning principles. The use of Al not only
helps menace cognitive load but also allows Duolingo to deliver personalized, scalable,
and adaptive learning experiences that are aligned with the latest research in CALLA
and CLT [12, 13].

B. Automation of Duolingo App

The automatization process of language learning started with the integration of ASR
(Automatic Speech Recognition) technology, these systems are also known as Computer-
Assisted Pronunciation Training (CAPT), which may have provided limited interaction:
the computer understands the student’s speech and reacts accordingly, thus making the
learning process more realistic and engaging, and provides feedback on the quality of
the student’s speech [14].

This is often confused with Artificial intelligence, however, the main difference here
is that automatic technology has been programmed to respond to specific stimuli, if there
is anything outside this specific stimuli, no accurate response can be produced by the
technology itself. The optimal ASR-based CAPT system in 2003, was conceptualized
as a series of five phases: Speech recognition, scoring, error detection, error diagnosis,
and feedback presentation [14].

The latter three elements are now commonly integrated into popular artificial intel-
ligence tools such as Duolingo, Eliza, Fluent U, and Gliglish among others, which offer
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immediate feedback based on the learners’ mistakes. The following outlines the five key
stages of the process of automated language assessment:

(a) Automatic Speech Recognition (ASR) stands as the initial phase, where human
speech undergoes processing based on predefined rules and patterns to ascertain its
correctness. Advanced ASR applications, like those integrating artificial Intelligence
learning, incorporate grammar, syntax, and structural components within audio and
voice signals to redefine speech processing. Consequently, Al-powered ASR systems
learn and improve alongside learners’ interactions [15].

(b) Automated scoring (AS) on its end, involves translating students’ tasks into assess-
ments of quality. This process is driven by motivations such as cost reduction, scal-
ability, immediate feedback provision, and ensuring assessment consistency and
accuracy [16].

(c) Error detection plays a pivotal role in enhancing learners’ accuracy by identify-
ing potential transcription errors within the output of ASR systems. Leveraging
word-level confidence scores from the ASR system, error direction performance can
be further augmented, for instance, through mechanisms like the ASR Confidence
Embedding (ACE) layer in the Error Detection Model (EDM) encoder [17].

(d) The error diagnosis phase, aligning with scoring and error detection, utilizes
algorithmic approximations of human rating to match programmed rubrics [16].

(e) Feedback presentation encompasses task scores along with individual linguistic
features, which are generally perceived as beneficial by teachers [16].

C. Duolingo’s Evolution from Automation to Artificial Intelligence

Yousefpoori-Naeim [18] emphasized the innovative and popular nature of the
Duolingo language learning app. The app’s continuous adaptation to technological
advancements and educational innovation plays a pivotal role in its increasing pop-
ularity. Firstly, this app transitioned its lesson engine from Python to Scala, leading
to enhancement in performance, stability, and uptime. This shift effectively addressed
technical debt and scalability concerns, simplifying the architecture and capitalizing on
Scala’s functional programming capabilities.

The chosen technology stack included Finatra, Guice, and Mockito, facilitating
extensive testing and seamless deployment on AWS Elastic Beanstalk. Although encoun-
tered challenges included documentation gaps and compatibility issues with Java
libraries, the rewrite notably sashed latency (from 750ms to 14ms) and error rates while
preserving performance levels [2].

Despite the migration process to Scala, it is still useful to fully define Phyton as a
programming language. Phyton is a widely-used, high-level programming language that
is both interpreted and object-oriented, offering dynamic capabilities. Its appeal lies in
its combination of dynamic typing and binding alongside robust built-in data structures,
making it particularly suitable for fast application development and scripting tasks. This
versatility allows Python to easily integrate different components of larger systems.
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The language’s syntax is designed to be simple and readable, which significantly
reduces the complexity of writing and maintaining code. Furthermore, Python promotes
molarity and code reuse through its support for modules and packages. Its interpreter,
along with an extensive standard library, is freely available in both source and binary
formats for all major platforms. Python’s accessibility and flexibility have made it an
indispensable tool across a variety of fields, from academia to industry [19].

User module API
AB test module Session Generator
Service B Pre-processing step 2
Service A Pre-processing step 1

Course data module

Duolingo Incubator

Fig. 1. Phyton’s Architectural Design [2].

The architecture shown in the flow diagram above (Fig. 1) describes a system con-
sisting of four primary server connections: The user model, AB test module, service B,
and service A. Each server connection is linked to at least one other function, with some
requiring decision points, such as in user connection where the next step could either
involve an API call or session generation and vice-versa with the AB test module. The
main challenge this architecture type represents is the rigid dependencies on the server
connection and the primary app connections, these additional network calls contribute
to the overall latency of the system. For instance: “Session Generator would fail if any
of these (or their respective network connections) failed” [2].

The transition of this architecture to a different one was prompted by several fac-
tors, including sociological changes, increased user access to technologies, and the
accumulation of technical debt with the application. As per Horie, A. K (2020) [2].

Technical debts refer to the practice of addressing shortcuts discovered through app
usage that ultimately require rectification to align with technological development and
user preferences. Technical decisions were made at first to establish a system architecture
capable of expediting development while supporting application features. The same as
Phyton, Scala needs to be defined to deeply understand the features that led to migration.

Scala is a modern, multiparadigm language designed to express common program-
ming patterns with clarity, brevity, and type safety. It uniquely blends object-oriented as
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functional programming features, providing a robust and versatile tool for developers.
As an object-oriented language, Scala treats every value as an object, with types and
behaviors defined by classes and traits. It supports subclassing and a flexible mixin-based
composition mechanism, offering a cleaner alternative to multiple inheritance.

On the functional side, Scala treats functions and supports higher-order functions,
function nesting, and currying. Its case classes and pattern matching offer functionality
akin to algebraic types, a common feature in many functional languages. Additionally,
Scala’s pattern-matching capabilities extend to processing complex data structures like
XML, making it highly suitable for applications such as web services. These features,
combined with the ability to group standalone functions into singleton objects, position
Scala as a powerful language for both object-oriented and functional programming tasks
[20].

The new architectural design presented in the flow diagram above (Fig. 2) encom-
passes only 3 main connections: the server user module, AB test module, and services.
Both, the user module and AB module services connect to an API, which then progresses
to the session generator, written in Scala, before reaching the server. It is noteworthy
to mention, that the course data architecture requires more processing steps, but as it is
shared across users in the same course, it is processed offline and utilizes files in AWS
S23, Amazon’s cloud storage service [2].

Redesigning the engine system was found as the most effective way to minimize
shared resources. This resulted in a simpler design, even when it required a longer
codebase adaptation period due to the lack of full compatibility with Python program-
ming language. Consequently, there was a decision to migrate to the Scala programming
language, starting by rewriting Session Generator in Scala [2].

User module API
AB test module Session Generator
Services Pre-processing steps

Course data module

Duolingo Incubator

Fig. 2. Scala’s Architectural Design [2].

As shown (Fig. 3), Duolingo has evolved from using Phyton to Scala and later
advanced to utilize generative Al with GPT-3 and GPT-4. This paper only delves into the
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Scala
Phyton GPT 3
Last programming First change that Generative Artificial
language uesed that implement Artificial Intelligence
relies on Automation Intelligence implementation
funcionalities.

¢ ¢ ¢ @

Fig. 3. Duolingo Evolution From Automation to Artificial Intelligence [21].

transition process from mere automation to the implementation of artificial intelligence,
focusing specifically on the transition from Python to Scala.

D. Improvement of AI Over Automation Procedures

Duolingo’s Adaptive Learning: Space retrieval model, also known as spaced rep-
etition, is a learning method in which information is revisited at progressively longer
intervals to improve memory retention.

Research on spaced retrieval algorithms, such as the Leitner system [22] and Super-
Memo’s SM2 algorithm [23], has demonstrated the effectiveness of this method in
reinforcing memory and preventing forgetting.

These algorithms are designed to prioritize the review of content just before it is
likely to be forgotten, optimizing long-term retention by using data from previous learn-
ing interactions to schedule reviews more effectively. Studies in cognitive psychology,
including the Ebbinghaus forgetting curve [24] provided a theoretical foundation that
highlights how frequent, well-timed reviews lead to better recall and long-lasting learning
outcomes.

Motivated by this body of research, Duolingo integrated these principles into its
platform, initially, using a variant of the Leitner System (Fig. 4) to manage skill meter
decay and practice schedule. The Leitner System uses a box system where each correct
answer moves the learner’s item to a box that increases the interval between reviews.
This system allowed Duolingo to structure practice intervals effectively and ensure that
users revisited content at optimal times to prevent forgetting [25].

However, to further personalized learning paths and boost efficiency, they developed
their own model known as HalfLife Regression in 2016 [25]. This machine learning-
based approach predicts when a learner is likely to forget a word or concept and schedules
practice sessions accordingly. By applying the insights from spaced retrieval research,
Duolingo has been able to optimize its lesson structure, tailoring reviews to each learner’s
individual performance and memory patterns, thus improving the effectiveness of its
language-learning program.

Moreover, Henry, P. (2024) [26] elucidates how Duolingo employs Artificial Intelli-
gence (Al) through a Large Language Model (LLM) to streamline lesson creation. This
Al-powered LLM, known as “Birdbrain,” predicts text completions and adjusts exer-
cises’ difficulty ‘levels based on users’ proficiency. To personalize practice, Duolingo
had to conduct large-scale split testing (A/B testing) for each new Machine Learn-
ing (ML) model. This process doubled the amount of data processed and significantly
increased computational demands.
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To address this, Duolingo reduced the frequency of data writes to storage by buffering
user data in memory and limiting database writes. This optimization minimized storage
usage and reduced API latency, allowing Duolingo to test multiple models at half the cost
required for testing a single model previously. These advancements also facilitated the
introduction of new features, such as personalized vocabulary practice, and supported
the continued evolution of its personalization systems [27].

Moreover, human experts collaborate with Birdbrain to ensure the content aligns
with educational objectives while maximizing engagement [26]. By harnessing Al tech-
nology, Duolingo rapidly generates extensive lesson content with a single click, leading
to enhanced efficiency, speed, and productivity in lesson development [26].

Box 1
Start herec>| (Review daily)

Correctly
recalled

|

Box 2
(Review every 2 day)

forgotten

Correctly
recalled

|

Box 3
(Review every 4 day)
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|

Box 4
(Review every 8 day)
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|

Box 5
(Review every 16 day)

|
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|

Fig. 4. Leitner System: You review flashcards from the box and test your recall. Depending on
how well you recall the card, you either promote it to the next box or demote it back to Box 1 [25].

forgotten
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Duolingo’s Communicative Approach: In embracing new pedagogical perspec-
tives, Duolingo has shifted towards a communicative approach, departing from tradi-
tional grammar and translation methods. This evolution is exemplified by the introduc-
tion of innovative features like “Duolingo Stories” and Roleplay powered by GPT-4.
These stories have undergone several changes since their inception. Initially, excluded
from Duolingo’s lesson structure, they are now seamlessly integrated [18].

Presented in two distinct difficulty levels, users initially engage with the content
through reading and listening exercises. Most of the learner’s time is spent reading
and listening to the storylines with preset intervals for answering comprehension and
vocabulary questions. The main focus of Duolingo Stories is therefore on improving
reading and listening in terms of language skills and also vocabulary learning in terms
of language components.

The improvement of the reading skill is limited to the genre of stories and/or fiction
only. Even within this genre, the scope is further limited to dialogues between characters
with the occasional use of third-person narration of the story. The listening skill is
practiced in a relatively authentic manner. The voices are real human voices with careful
consideration of suprasegmental features of phonology to elicit comprehension of the
stories. The automatic replay of the audio at a slower pace, while helpful for some
learners, further throws the authenticity of the task into question. Subsequent iterations
introduced a challenge mode, offering a higher difficulty level that prioritizes listening
skills, Here portions of the story are initially available only through auditory means,
with textual support appearing upon user request [18].

Roleplay in Duolingo allows learners to practice real-world conversation skills
through interactive, Al-driven scenarios with in-app characters. These exercises offer
users the opportunity to engage in diverse conversations related to a real-life context.
While not live interactions, the Al adapts dynamically, ensuring unique dialogues in
each session.

After completing a conversation, learners receive Al-powered feedback on the accu-
racy and complexity of their responses, along with suggestions for improvement. Though
Alfacilitates their interactions, the underlying scenarios are crafted by Duolingo’s human
experts, ensuring that prompts align with the learner’s progress. These experts also direct
the flow of conversations to maintain relevance. Additionally, Al-generated responses
are routinely reviewed for factual accuracy and tone to ensure a learning experience that
is both educational and engaging [28].

The recent studies on Duolingo’s effectiveness and its instructional methodologies
highlight significant advancements in the platform’s educational impact, showcasing its
evolution from simple automation to sophisticated Al. For instance, a study quantifies
Duolingo’s efficiency, revealing that novice Spanish learners can achieve first-semester
college proficiency with 26 to 49 hours of study, as indicated by significant gains in the
WebCAPE placement test [29].

Furthermore, the study on L1-Spanish adult learners demonstrates that Duolingo’s
English course is particularly effective for developing general proficiency and receptive
vocabulary, surpassing traditional classroom instruction in these areas. However, there
is still room for improvement in listening skills and productive vocabulary [30].
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A key illustration of the improvements stemming from the implementation of Al in
the Duolingo application can be summarized in the following comparative Table 1.

Several improvements were gained by incorporating Al into traditional Automation.
Both systems adjust based on interaction patterns, analyze user responses, and provide
immediate feedback. However, Al enhances Duolingo by offering personalized feed-
back based on speech sound patterns, which is critical for pronunciation. Additionally,
Al supports free-form writing suggestions and corrections adapting test proficiency lev-
els, and including engaging characters with customizable voices and behaviors. These
features significantly enhance user engagement and personalization, making the learning
experience more effective and enjoyable [21].

Table 1. Comparative between Automation and Artificial Intelligence

Feature/ Functionality Automation Artificial Intelligence
Adjustment based on interaction X X

patterns

Analysis of response to stimuli X

Provision of immediate feed- X X

back

Provision of personalized feed- X

back based on speech sound patterns

Writing exercise suggestions X X

Free-form writing exercise sug- X
gestions and corrections

Duolingo test proficiency adap- X
tation

Inclusion of engaging characters X X
Customizable character voice X

and behavior

Al-Powered Video Call for Enhanced Speaking Practice: Additionally, a very recent
feature added, Video call, aims to bridge the gap between structured language learning
exercises and the demands of real-world conversational fluency [31].

This tool responds to a common challenge faced by language learners: the hesitation
and difficulty in transitioning from understanding grammar and vocabulary to confidently
engaging in everyday conversations. With Video Call, Duolingo provides a simulated
environment where learners can develop their speaking skills without the pressure of
real-time judgment or error correction.

This feature appears as an option at certain learning path nodes represented by a
video camera icon. Learners can initiate a conversation with Lily, a virtual character
who engages in real-time, Al-powered dialogues. This is the first time Duolingo has
introduced a feature that allows learners to practice full conversation, as opposed to
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isolated phrases or sentences, thus promoting a more holistic approach to language
practice.

The underlying Al models are capable of processing and generating natural language
responses in real-time, a task that requires substantial computational power and linguis-
tic modeling. These models are continually refined through machine learning algorithms
that analyze user interactions, improving the accuracy and relevance of Lily’s responses
over time. For this reason, Video Call’s outstanding features are its scalability and adapt-
ability. Initially, conversations may last only one minute and involve simple phrases, but
as learners advance, the length and complexity of the dialogue extend [31].

This gradual increase in difficulty aligns with Duolingo’s broader adaptive learn-
ing model and its capacity for self-improvement ensures that the quality of conver-
sations will continue to enhance as more users engage with the feature. Given the
numerous advancements made possible by the integration of Artificial Intelligence into
Duolingo’s platform, a visual representation was developed to categorize and list these
enhancements.

Figure 5 illustrates the various ways in which Al has contributed to improving both
the pedagogical approach and computational efficiency of Duolingo’s language learning
platform. This representation is aimed at providing a clear framework for analyzing the
impact of Al on the platform’s educational outcomes.

Enhancing Duolingo's Educational Effectiveness

&

it g

Fig. 5. Enhancing Duolingo’s Educational Effectiveness powered by Al [18, 22, 25]-[27, 31]

6 User Experience Insights from Duolingo

To better understand how Duolingo is perceived as a language learning tool, a compar-
ative analysis of user reviews from teachers, and young learners between the ages of 12
and 17 years old was conducted. The analysis involved 67 reviews from teachers and 54
reviews from younger learners, providing a comprehensive overview of the platform’s
reception across different demographic groups.
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Teachers Review: Among the 67 reviews submitted by teachers expressed overwhelm-
ingly positive experiences. Specifically, 49% of the reviews awarded Duolingo the high-
est possible rating of five stars, while 34% rated it four stars (see Fig. 6). This indicates
that 83% of these users found the platform to be highly effective in either supplementing
classroom instruction or facilitating personal language learning [31].

However, a smaller portion of users offered more moderate ratings, with 10 reviews

(15%) giving three stars, and one (1%) rating Duolingo two stars. No one-star reviews
were recorded in this group, reflecting a generally favorable perception of the platform
among these users. Teachers specifically praised Duolingo’s integration into the class-
room as an engaging tool for reinforcing language learning. The gamified elements, ease
of use, and flexibility in structuring lessons were highlighted as key strengths. On the
other hand, some users expressed minor frustrations with the limited depth of the app’s
instructional content, noting that it might not be sufficient for advanced learners or for
exclusive use without supplementary materials [31].
Young Learners Reviews: The 54 reviews from young learners (12-17 years old), who
used Duolingo primarily for their own language learning, also leaned towards positive
feedback. A notable 63% of young learners rated the platform five stars, while 24%
gave it four stars (see Fig. 6). This suggests a high level of engagement and satisfaction
among younger users. Additionally, only 11% provided a three-star rating, and 2% rated
the app with two stars [32].

They often cited the app’s interactive and game-like nature as the primary factor

behind their enjoyment. The use of badges, streaks, and rewards appeared to motivate
consistent use, while the simplicity of lessons made language learning accessible and
fun. However, a few mentioned challenges in maintaining interest over time as the lessons
progressed, echoing some of the concerns raised by older users about the app’s ability
to hold long-term engagement. Additionally, there were mentions of content featuring
mature themes that may not be suitable for younger audiences [32].
Comparative Insights: When comparing both user groups, the key difference lies in
the higher proportion of five-star ratings from young learners (63%) compared to teach-
ers (49%). This may reflect Duolingo’s effectiveness in appealing to younger audiences
with its gamified approach, while older users might evaluate the app more critically con-
sidering the instructional depth alongside engagement. Despite these minor differences,
both user groups largely agree on Duolingo’s merits as a flexible and engaging lan-
guage learning tool. The low number of two-and three-star reviews indicates a generally
positive user experience across the board, with both groups recognizing the platform’s
accessibility and motivational features.

7 Limitation

While this paper provides a comprehensive analysis of Duolingo’s evolution from
automation to Al integration, several limitations must be acknowledged. First, the study
primarily relied on secondary data, which may be constrained by the scope and biases
of the original sources. This limitation could result in the exclusion of the most recent
developments or proprietary data that are not publicly accessible.

Although the paper examines Al-driven tools such as ASR and Duolingo’s Birdbrain
Al, it does not empirically evaluate the effectiveness of these tools in real-world learning
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User Experience Ratings for Duolingo
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Fig. 6. Combined Duolingo Reviews Data from CommonSense and CommonSenseMedia [31,
32].

environments. This represents a gap in assessing their practical impact on language
acquisition, Furthermore, while the focus on the migration from Python to Scala and
the incorporation of Al is valuable, the paper does not explore the influence of more
advanced AI models like GPT-3 and GPT-4, which could significantly affect learning
outcomes.

Additionally, the analysis of user feedback, although insightful, presents certain
limitations. User reviews are inherently subjective and may not accurately reflect the
broader learner experience. Also, they often lack context regarding the user’s background
or language learning goals, and may be biased toward more engaged users who are more
likely to leave feedback. This introduces potential bias in the conclusions drawn from
the reviews, as they may not fully capture the range of user experiences.

Lastly, ethical considerations related to Al, such as data privacy, algorithmic bias, and
the use of Al-driven content that may include mature themes inappropriate for children,
were briefly touched upon but warrant a more thorough investigation. These issues are
critical to ensuring that Al tools are both effective and ethically safe in the context of
language learning.

8 Future Research

This paper opens several opportunities for future research. A promising direction is to
investigate the learning efficacy of Duolingo’s recently implemented Al functionalities
through a comparative study of learning outcomes before and after Al integration.
Given that this study has primarily relied on secondary data, empirical studies focus-
ing on specific user groups would provide a different understanding of AI’s impact
on language retention, fluency, and long-term learning outcomes. Additionally, further
exploration is needed to address the ethical implications of Al integration in language
learning platforms. This includes analyzing Duolingo’s “Responsible Al practices” [21]
and their potential effects on user privacy, data security, and algorithmic biases. Lastly,
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the evolution of Duolingo’s technical stack, including its transition from the Scala pro-
gramming language to more advanced generative Al models like GPT-3 and GPT-4, is a
promising area for future inquiry. This exploration could examine how this shift impacts,
both, the user experience and the platform’s scalability in delivering personalized and
adaptive learning.

9 Conclusions

1. Duolingo’s journey from automation to Artificial Intelligence (AI) highlights sig-
nificant advancements aimed at enhancing the user experience in language learning
platforms. This paper has traced the historical progression of Computer-Assisted Lan-
guage Learning (CALL), using Duolingo as a case study, demonstrating how techno-
logical and pedagogical innovations have shaped modern language platforms. CALL,
initially rooted in behaviorist principles inspired by Skinner’s work, has evolved
toward more immersive and communicative approaches, in line with broader trends
in language education.

The research questions examined the motivations behind Duolingo’s transition from
automated processes to the integration of Al tools, as well as the pedagogical shifts
that accompanied this evolution. A secondary data analysis of Duolingo’s development
revealed key strategic decisions and milestones, including considerations of cognitive
load in language learning and the ongoing expansion of the technological landscape.

2. Duolingo’s automation, particularly through the integration of Automatic Speech
Recognition (ASR) technology, marked a significant shift towards more interac-
tive and personalized language learning experiences. ASR, often confused with Al,
laid the groundwork for later Al-driven improvements by enabling error detection
and providing accurate feedback. The introduction of Al-based tools like ASR into
Duolingo’s ecosystem revolutionized the learning process, offering users real-time
feedback and personalized learning paths.

Moreover, Duolingo’s shift from automation to Al has been driven by both soci-
ological and technological factors, such as user demand for more advanced learning
experiences and the need to address technical debt. The migration from Python to
Scala marked a pivotal moment for Duolingo, enhancing the app’s scalability, perfor-
mance, and stability. Despite challenges like documentation gaps and compatibility
issues, these technological decisions significantly improved both user experience and
learning outcomes.

3. This study opens several opportunities for future re-search. One promising direction
is to evaluate the learning effectiveness of the Duolingo app, specifically by com-
paring learning outcomes before and after the implementation of Al. Additionally,
further research could explore the ethical implications of Al integration, examining
Duolingo’s “Responsible Al Practices” and their impact on user privacy. Lastly, an
exploration of Duolingo’s transition toward generative Al models such as GPT-3 and
GPT-4 could offer further insights, as these models were not covered in this study.



70

4.

J. Vega et al.

In conclusion, Duolingo embodies broader trends at the intersection of technology
and language education. As language learning methods and Al capabilities continue
to evolve, Duolingo’s approach serves as a model for future educational platforms that
seek to blend advanced technology with effective pedagogical practices. Through its
commitment to innovation, Duolingo demonstrates the potential for Al to create more
personalized, accessible, and impactful learning experiences for users worldwide.
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Abstract. This paper explores the optimal siting and sizing of thyristor-
switched capacitors (TSCs) in distribution networks, aiming to minimize
the operating costs by reducing energy losses while accounting for the
annualized T'SC investment costs. Within the optimization strategy, the
sine-cosine algorithm (SCA) determines the optimal TSC locations and
sizes, and the interior-point optimizer (IPOPT) solves the resulting opti-
mal power flow problem, ensuring an efficient grid operation under fixed
and variable reactive power scenarios. Tested on a 33-bus system, the
proposed methodology was compared against the Chu & Beasley genetic
algorithm (CBGA), the particle swarm optimizer (PSO), the black widow
optimizer (BWO), and the SCA. According to the results, the BWO,
SCA, and SCA-TPOPT methodologies reached the best solutions, reduc-
ing the objective function by 11.22%, with SCA-IPOPT further improv-
ing this value to 12.43% under a variable reactive power scenario. All
numerical validations were performed using the Julia software.
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1 Introduction

1.1 General Context

Reactive power compensation has long been a key strategy for minimizing power
losses and improving voltage profiles in electrical distribution networks with
resistive-inductive loads [20]. Traditionally, this has been achieved by integrat-
ing capacitor-based devices to inject reactive power according to demand profiles
[18]. Conventional methods utilize fixed or variable-step capacitor banks strate-
gically placed across the grid. However, while effective, these systems fall short
in addressing dynamic fluctuations in the active and reactive power demand [15].
Fixed reactive power injections often lack the flexibility to adapt to real-time
changes in grid conditions, which leads to inefficiencies. To address this limita-
tion, more advanced solutions are required, such as flexible alternating current
transmission systems (FACTS) [20]. Technologies like static VAR compensators
(SVCs), static synchronous compensators (STATCOMs), and thyristor-switched
capacitors (TSCs) offer a more precise and responsive approach, enabling the
real-time adjustment of reactive power injections and enhancing the overall effi-
ciency and stability of the network [4].

2 Motivation

In certain applications, TSCs have several distinct advantages over other reac-
tive power compensation technologies (e.g., SVCs and STATCOMs) [9]. One of
the main benefits is their lower initial capital cost. Given their simpler design
and the absence of advanced power electronic components, TSCs offer a more
economical solution for medium-voltage distribution networks, particularly in
scenarios where budget constraints are a significant factor. This makes them
an attractive alternative for distribution companies seeking to minimize upfront
investments while still enhancing grid performance [13].

In addition to cost-effectiveness, TSCs can be more efficient than SVCs and
STATCOMs in terms of energy losses, especially in applications that demand
reactive power compensation. Their ability to provide reactive power with fewer
energy losses contributes to a better overall system efficiency, which is critical
in optimizing the performance of electrical networks. Furthermore, TSCs have
a longer lifespan and lower maintenance requirements compared to their more
complex counterparts. The simplified design of TSCs reduces the likelihood of
component failures, leading to increased reliability and decreased maintenance
costs over time [?].

Given these benefits, there is a strong motivation to explore the optimal
integration of TSCs in modern distribution networks, particularly in the context
of increasing energy demands and the need for more flexible and cost-effective
reactive power management solutions. This research aims to study the potential
of T'SCs to enhance grid stability and efficiency while offering a more sustainable
and economical alternative to traditional FACTS [13].
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2.1 Literature Review

The specialized literature includes several proposals for the optimal integration
(siting and sizing) of FACTS in electrical networks. Some of these works are
presented below, in order to outline the main developments in the field of power
systems.

The paper proposed by [1] used the sine-cosine algorithm (SCA) to solve
the problem regarding the optimal integration of FACTS and VAR sources in
power systems. The proposed algorithm was implemented on the IEEE 57-bus
test system to evaluate and compare its performance against many optimiza-
tion approaches like particle swarm optimization and the crow search algorithm,
among others. This work indicates that, among the compared methods, SCA
exhibits the best performance in minimizing system losses and finding the opti-
mal placement of FACTS, which demonstrates its effectiveness in reactive power
planning.

In this context, a recent study discussed the integration of FACTS to enhance
the stability of power systems [17]. The authors used SVCs and TSCs on the
IEEE 39-bus system to improve voltage stability and power flow control. A
PSO-based technique was applied to determine the optimal location and size
of FACTS, in order to achieve a large system loading capacity or performance
improvements. This feasibility study pointed out that FACTS may provide a
solution to the problems associated with the increasing adoption of electric vehi-
cles and that, in general, they make power networks more stable and efficient.

The authors of [8] applied the seeker optimization algorithm (SOA) to the
optimal integration of TSCs into transmission systems. They used the IEEE 30-
bus system and an Iraqi 400 kV network to demonstrate how TSCs can improve
voltage profiles, reduce power losses, and increase the capacity of transmission
lines. The SOA outperformed the traditional approaches in efficiently minimizing
costs while enhancing the stability of T'SCs.

Several methods have been proposed to optimally integrate FACTS in dis-
tribution systems. For instance, in [22], a novel hybrid method was proposed
which combined fuzzy multi-objective optimization with ant colony algorithms.
It was developed to optimize system reconfigurations involving the placement of
FACTS alongside distributed solar energy generators, aiming to reduce energy
losses and improve voltage profiles.

In [7], a heuristic algorithm focusing on power losses and voltage indices was
proposed in order to determine the optimal integration of FACTS into electrical
distribution systems. The heuristic algorithm was evaluated on the IEEE 33-bus
test feeder under peak conditions, yielding good results.

The work by [21] proposed an analytical method hybridized with heuristic
optimization techniques for the optimal location and sizing of FACTS. This
study also mentions some of the most commonly applied objective functions in
this field, such as the improvement of voltage stability and the minimization of
power losses.

Using the multi-objective PSO algorithm, the authors of [19] determined the
optimal location and size of FACTS while considering network reconfiguration.
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The proposed multi-objective method minimized the active energy losses while
increasing voltage stability indices and decreasing the load capacity factor of
the transmission lines. However, a drawback of this proposal is that it only
considered maximum load conditions.

It should be pointed out that most of the available literature does not consider
the deployment aspects of TSCs, which may be superior in terms of performance
to other alternatives such as SVCs and D-STATCOMs.

2.2 Contributions and Scope

In light of the above-presented literature review, the main contribution of this
research is the development of a hybrid optimization methodology that combines
the SCA with the interior-point optimizer (IPOPT) in order to determine the
optimal location and size of TSCs in electrical distribution networks while mini-
mizing the expected annual operating costs. Numerical simulations conducted in
the 33-bus system demonstrate that allowing T'SCs to dynamically adjust their
reactive power injection over time leads to significant reductions in the objective
function value when compared to a fixed-injection strategy.

Remark 1. In a previous report by [13], the authors applied the SCA approach
for the siting and sizing of TSCs in distribution networks via a master-slave opti-
mization framework. In this contribution, the slave stage is enhanced by replacing
classical power flow theory with the IPOPT approach. This modification allows
determining the operation of TSCs throughout the day, considering either fized
or variable reactive power injections. The key advantage of the IPOPT is that it
ensures a global optimal solution for the nonlinear programming problem associ-
ated with each combination of TSC sizes and locations provided by the SCA.

2.3 Document Structure

The remainder of this document is organized as follows. Section 3 outlines the
general formulation for siting and sizing TSCs in electrical distribution networks,
with the goal of minimizing the expected annual operating costs associated
with energy losses while accounting for the investment costs of reactive power
compensators. Section 4 describes the solution methodology, which involves the
hybridization of the SCA and IPOPT. The SCA is employed to determine the
optimal locations and sizes of the TSCs, while the IPOPT is entrusted with
defining the daily optimal dispatch of these devices in the context of the opti-
mal power flow (OPF) problem. Section 5 details the characteristics of the test
system used for validation (i.e., a 33-bus grid), incorporating daily variations
in the active and reactive power curves as well as the parameterization of the
investment costs related to the TSCs. Section 6 presents the numerical results
obtained and an analysis of the proposed hybrid SCA-IPOPT approach that con-
sidered both fixed and variable reactive power injections. Our approach is also
compared against several metaheuristic optimizers from the literature. Finally,
Sect. 7 provides the key concluding remarks of this work and suggests potential
directions for future research.
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3 Mathematical Modeling

The mathematical model for the optimal integration of TSCs into electrical
distribution networks is classified as a mixed-integer nonlinear programming
(MINLP) problem. Here, the integer variables represent the selection of nodes for
the installation of reactive power compensators, while the continuous variables
correspond to the solution of the power flow equations [20].

3.1 Objective Function

This research focuses on the integration of TSCs in distribution grids, with
the objective of minimizing the annual operating costs denoted by f [13]. These
costs include both the energy losses and the installation expenses associated with
TSCs. The optimization process is governed by the objective function outlined
in (1).

min f = f1+ fa, (1)
fr=CTY " (pjn + pin) A, (2)
heH leB
fo=T (kl) Z qi>° ( (i SC) + wagqi 5° + w3>, (3)
keN

In the given expression, f; represents the annual costs associated with energy
losses in the system, while fy corresponds to the investment costs related to
the installation of TSCs. The parameters C' and T refer to the average cost of
energy losses and the number of days in a year, respectively. The variables pj},
and pj, denote the active power flows sent and received by a distribution line,
respectively. The term Ah represents the time interval used in the daily analysis
(0.5h), and qTSC specifies the nominal capacity of the TSCs. The coefficients w;,
ws, and ws are polynomial terms of the objective function fo, which represent
the investment costs of the T'SCs. Additionally, the constants k1 > 0 and ko > 0
account for the annualized investment costs, distributed over a ten-year planning
horizon [13].

3.2 Model Constraints

The constraints associated with the problem under study involve several key
factors [13]. These include the power balance equations for each node concerning
both active and reactive power, limits on the maximum and minimum power flow
through the distribution lines, voltage regulation bounds, and restrictions on the
number of TSC devices to be installed [20]. Additionally, the TSCs’ capacity to
inject or absorb reactive power must be considered, along with other relevant
operating constraints.
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3.2.1 Power Equilibrium per Node

The nodal power balance equations for node k, in relation to both active and
reactive power, account for the sums of generated and demanded power. These
sums are equated to the injected active or reactive power flows [20]. Using the
branch power flow formulation, the equations can be expressed as follows [14]:

P, — Pin :Z(AﬁpchrA;le?h),Vk eEN,VheH (4)
leL
0y — din T o = (Ahah + Apai) VkEN,VheH (5)
leL

where p?, and pzh represent the generated and demanded active power at node
k, respectively; ¢f, and q,‘fh denote the generated and demanded reactive power
at the same node; the terms p;, and g;;, represent the active and reactive power
flows sent through distribution line I; pj;, and gj;, correspond to the respective
receiving power flows; the variable quc denotes the reactive power injected by
the TSCs at node k and time h; and A and A~ are the positive and negative
entries of the node-to-branch incidence matrix A, where A = AT + A~.

3.2.2 Branch Power Flow Calculations
The active and reactive power flowing through a given distribution line, along
with its corresponding maximum capacities, is expressed as follows [6]:

pin = real (veny; (ven — vmn)™) ,V 1€ B, Y h € H, (6)
Pin = real (Vmny; (Vmn —vin)*) ¥ 1 € B, ¥ h € H, (7)
i, = imag (vkny; (ven — vmn)") VI € B, V h € H, (8)
q;;, = imag (Umhy (Vb — Vin) " ) VieB, VheH, (9)
Ipin + Jainll < 5™, V1IeB, VheH (10)
iy + Jainll < sf“ax, VieB, VheH. (11)

In this formulation, vg; and v, denote the complex voltages at nodes k and
max

m, respectively, while y; represents the admittance of branch [. The term s
denotes the maximum allowable apparent power that can flow through the line.

3.2.3 Operating Conditions of the Distribution Network

The voltage levels at each node of an electrical network must remain within the
limits set by regulatory standards, thereby ensuring the network’s proper and
safe operation [11]. These limits include:

Voh = ,Unomejo’ v h € H, (12)
gl > v™", ¥V k€N, V heH, (13)
llogn|| < V™V k€N, ¥V heH. (14)
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Here, vg;, denotes the nominal voltage at the slack node (substation) at time h,
with v™°™ referring to its typical value, usually set to 1.0 per unit. Additionally,
™ and v™* specify the allowable voltage range, indicating the minimum and

maximum levels permitted within the distribution grid.

3.2.4 Siting and Sizing the TSCs

The optimal integration of T'SCs requires addressing two key factors: identifying
their ideal locations within an electrical grid and determining their optimal size
[20]. To tackle these challenges, the following constraints are defined:

0 < qiS¢ < 238, Vk e N, (15)
B < g <¢fSC, VEeN, VheH (16)
Z 2k < m, (17)

keN
2, €{0,1}, Vk e N. (18)

In this formulation, ¢l is a variable that defines the size of the TSCs to
be installed, with q;ffg indicating their maximum capacity. This study assumes
TSC capacities ranging from 0 Mvar to 2 Mvar, a typical range for distribution
networks [13]. The binary vector z indicates the presence of TSCs at node k,
where z = 1 signifies installation and z = 0 indicates absence. Furthermore, 7

denotes the maximum number of TSCs allowed for installation.

4 Solution Methodology

In this research, the optimal siting and sizing of T'SCs is achieved through a novel
hybrid optimization methodology that combines the strengths of the SCA [13]
with the IPOPT. The former is entrusted with identifying the optimal location
of the TSCs and estimating their sizes, while the latter is used to solve the
equivalent branch power flow problem, determining both the operating costs
and the daily power injection profiles of the grid. The key details of the SCA
and the IPOPT are presented below.

4.1 The Sine-Cosine Algorithm

The SCA is a mathematics-inspired metaheuristic optimization method that
uses trigonometric functions to explore the solution space [5]. It is well-suited
for siting and sizing TSCs, as it effectively handles mixed discrete-continuous
optimization problems. Initially proposed in [12], this algorithm was developed
to tackle large-scale nonlinear optimization problems such as the optimal power
flow in transmission systems.

This research employs the SCA to determine variables such as the opti-
mal locations (discrete component) and the sizes (continuous component) of
the TSCs. The key steps of the algorithm are outlined below.
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4.1.1 Problem Encoding and Initial Population
For the problem under study, the proposed encoding to represent the location
and sizes of the TCSs is shown in Eq. (19).

TSC

P TSC [ TSC
] 120 @™ gy

=Z12Z2°""Zpn ( q

(19)

Location Sizing

In Eq. (19), z; represents the j'" candidate solution within the population
at iteration p (denoted as XP). Here, X? is a matrix with dimensions ng X n,,
where ng is the number of candidate solutions and n, the number of decision
variables.

It is important to note that, to generate each xf (with p = 0), the generation
rule in Eq. (20) is applied:

min max min = ]-727'”7”1)
xj,l:‘rl +ﬂl(l’l 7Il ),{ 1.9 . } (20)

where [; is a random variable uniformly distributed between 0 and 1, and
x}nin and z;"** represent the lower and upper bounds for the decision variables,
respectively. Also note that the first part of the vector corresponds to discrete
variables, indicating the nodes where the TCSs will be installed. Therefore, this

component must be rounded to the nearest integer.

4.1.2 Evolution Rules

Once the initial population X? has been generated at p = 0, the next step is to
identify the optimal solution within that population, denoted as z% .. To deter-
mine the optimal solution at iteration p, each of the ng candidate solutions in the
population XP must be evaluated using the problem’s objective function (this
will be the solution obtained by the IPOPT). This evaluation allows selecting
the best-performing solution:

Thogy = {27 /a8 — min (Ff (2)), Vi=1,2,...,n4}, (21)

where x? represents the j** solution at iteration p, and F 't (xé) denotes the
objective function evaluated with the solution xé
Once the current best solution has been identified, the update rule described

in Eq. (25) is applied for all k =1,2,..., ng:

‘ . P t
. {g;j + 71 8in (rg) - |T3$best - xj| T4 s , (22)

Y = ..t . D t
x5 + 11 cos (r2) - |r3®p g — a;j‘ T4 >

DN —Do] =

where y§ represents the potential new solution, and r; is the linear decay
function. The vector ro contains random variables uniformly distributed in the
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range [0, 27], with dimensions 1 x n,,, while 3 and r4 are random values between
0 and 1, obtained from a uniform distribution. The notation v - w indicates an
element-wise multiplication between the vectors v and w. Additionally, r; is
recalculated at each iteration.

r1 =a (1l — p/Pmax) - (23)

In this context, pmax represents the maximum number of iterations, and a
is a scale factor chosen by the programmer. According to [12], this scalar is
commonly set to a value of 2 (a = 2).

Each potential solution y} must be evaluated to ensure compliance with the
constraints imposed on the decision variables. Accordingly, the correction rule
described in Eq. (24) is applied to each variable for all j = 1,2,...,n, and
l=1,2,...,n

Yj,l xl <yjl<xmax
vi= ot v <att (24)
T Yj > e
It should be noted that the discrete component of the optimization problem
must be rounded to ensure the feasibility of each solution before evaluating it in
the fitness function.

4.1.3 Population Substitution

Once the new potential solutions (y!) have been generated, it is essential to deter-
mine whether they should be included in the population for the next iteration.
This decision is based on an evaluation of the performance function Fy (y§) The
population update rule, as outlined in Eq. (7?), is used to decide which solutions
are retained:

(e E B LR A

J

4.1.4 End of the Solution Process

When applying metaheuristic optimization techniques, two common stopping
criteria are frequently referenced in the literature. The process of exploring and
exploiting the solution space can be terminated (i) when the maximum num-
ber of iterations set by the programmer is reached, or (ii) when no significant
improvement in the performance function is observed after k.. consecutive iter-
ations. The latter requires a counter to monitor improvements in the objective
function. If this criterion is used, the value of ky .y is defined by the user, with
a suggested value between 10% and 30% of the total iterations.
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4.2 The Interior-Point Optimizer

The IPOPT is a powerful numerical method used to solve large-scale nonlin-
ear optimization problems. It operates by iteratively moving through the inte-
rior of the feasible region, seeking optimal solutions while satisfying the estab-
lished constraints [23]. Unlike boundary-focused methods, the IPOPT efficiently
explores the solution space by maintaining feasibility concerning the inequality
constraints throughout the process. This approach is particularly advantageous
in nonlinear optimization due to its ability to handle complex non-convex prob-
lems with both equality and inequality constraints [16]. Its robustness, scalabil-
ity, and quick convergence make it an ideal choice for large-scale engineering and
industrial applications where precision and efficiency are critical. Additionally,
the IPOPT’s effectiveness in handling smooth nonlinear objective functions and
constraints makes it well-suited for applications in science and engineering [2].

The general formulation of an optimization problem that can be solved using
the IPOPT has the following structure:

Minimize fo (x), (26)

st f(x) ~ by, (27)

ALJ} ~ bg, (28)

b <z <w, (29)

where ~ defines the vector of relational operations (i.e., <, =, or >); z € R®

is the n-dimensional vector of decision variables; fy (z) : R™ — R is a nonlinear
soft function associated with the objective function to be minimized; I, € R"
and b, € R™ denote the lower and upper limits of the decision variable vector;
f(z) : R™ = R™ are my soft nonlinear functions associated with the non-affine
constraints, with b, € R™2 being a constant vector related to their right-hand-
side limits; A, € R™2*" is a sparse matrix associated with the linear (i.e., affine)
constraints; and by € R™?2 is a constant vector associated with the parameters
of the affine constraints.

Remark 2. It is important to note that, in the Optimization Model (1)-(18),
once the variables related to the location and size of the TSCs (z, and ¢l°¢)
have been determined by the SCA, the model is reduced to an equivalent nonlinear
optimization (NLP) problem, as defined in (26)-(29). This transformation allows
efficiently solving the problem via the IPOPT, which yields the objective function
value and enables the SCA’s evolution throughout the solution space.

4.3 Summary of the Optimization Methodology

Figure 1 presents the flowchart used for the computational implementation of
the proposed optimization approach.
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Fig. 1. Solution methodology combining the SCA and IPOPT approaches

Apply the evolution
rules of the SCA

Note that our selection of the IPOPT for solving the studied problem was
based on its effectiveness in addressing NLP problems [15], as well as on literature
reports regarding power system applications [?], optimal power flow solutions [3],
and electric distribution networks [24], among others.

5 Test Feeder

To validate the effectiveness of the proposed optimization approach for locating
and sizing TSCs in electrical distribution networks, a 33-bus grid was employed.
The electrical configuration of this test feeder and all the numerical informa-
tion regarding its branches and power consumption are presented in Fig.2 and
Table 1. These data were obtained from [20].
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Fig. 2. Electrical configuration of a 33-bus grid system used

Typically, electrical distribution systems undergo daily load fluctuations. The
demand curves regarding both active and reactive power are presented in Fig. 3.
These curves exemplify the typical behavior observed in a Colombian electrical
distribution system [20].
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Fig. 3.
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4 8 12 16 20 24 28 32 36 40 44 48
Periods

Daily expected variations regarding active and reactive power consumption

To evaluate the Objective Function (1) and its components f; and fo related
to the optimal siting and sizing of TSCs, the parameters listed in Table 2 were
considered [20].
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Table 1. Electrical parameters of the 33-test system used

k \m|Rim (2)|rm (2)|Pr (kW)|Qr (kW)
1 ]2 10.0922 |0.0477 100 60
2 |3 10.4930 0.2511 |90 40
3 14 /0.3660 |0.1864 120 80
4 15 /0.3811  |0.1941 60 30
5 16 10.8190 |0.7070 |60 20
6 |7 10.1872 0.6188 200 100
78 |17.114 |12.351 200 100
8 19 110.300 0.7400 |60 20
9 1010.400 0.7400 |60 20
10/11/0.1966  |0.0650 |45 30
11/12/0.3744 |0.1238 |60 35
12/13/14.680 [11.550 |60 35
13/14/0.5416  |0.7129 120 80
14/15/0.5910 |0.5260 |60 10
15/16/0.7463  |0.5450 |60 20
16/17/12.890 (17.210 |60 20
17/18/0.7320  0.5740 |90 40
2 119/0.1640 |0.1565 |90 40
19/20/15.042 [13.554 |90 40
20/21/0.4095 10.4784 |90 40
21/22/0.7089 10.9373 |90 40
3 |23/0.4512  /0.3083 |90 50
23|24/0.8980 |0.7091  |420 200
24/25/0.8960 |0.7011 |420 200
6 26/0.2030 0.1034 |60 25
26/27/0.2842 0.1447 |60 25
27/28/10.590  10.9337 |60 20
28/29/0.8042 0.7006 (120 70
29)30/0.5075  0.2585 200 600
3031/0.9744  |0.9630 150 70
31132/0.3105 0.3619 210 100
32|33/0.3410 /0.5302 |60 40

6 Numerical Results

For this computational implementation, the Julia programming environment ver-
sion 2024a was employed. The computations were conducted on a PC equipped
with an AMD Ryzen 7 3700 2.3 GHz processor and 16.0 GB RAM running on
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Table 2. Objective function parameters

Par. Value |Unit Par./Value |Unit

C 10.1390 [USD/kWh [T" |365 Days

Ay 10.50 hour k1 16/2190 |1/Days

ko |10 years w1 1.50 USD/Mvar3
wo |—713.00 USD/Mvar2 ws |153.750{USD/Mvar

a 64-bit version of Microsoft Windows 10 Single Language. Our proposal was
implemented in the Julia software, using the JuMP optimization environment and
the interior-point optimizer IPOPT [10].

Two approaches were compared against it to demonstrate the effectiveness
of the SCA-TPOPT optimization methodology. The first involved solving the
exact optimization problem via the General Algebraic Modeling System (GAMS)
and the BONMIN solver, which is designed to handle MINLP problems. The
second approach included several well-known optimization techniques, including
the Chu & Beasley Genetic Algorithm (CBGA), PSO, black widow optimization
(BWO), and the SCA alone [13].

Remark 3. In the numerical simulations, two approaches, referred to as SCA-
IPOPT, and SCA-IPOPT,, were considered. The first approach corresponds to
the optimal location and sizing of the TSCs with a fized active power dispatch
throughout the operation period, implying a constant reactive power compensa-
tion, and the second approach involves varying reactive power injection at each
time period.

Table 3 compares the performance of all the analyzed optimizers.

Table 3. Performance analysis of our proposal and the literature reports used for
comparison

Method Location |Size (Mvar) f (USD/Year) Red. (%)
Ben. case — 112740.90 -
BONMIN [6, 18, 30] |[0.0000, 0.1138, 0.4551]|100221.38 11.10
CBGA [13, 30, 31]|[0.1528, 0.3227, 0.1157]100139.21 11.18
PSO [14, 30, 31]|[0.1486, 0.3244, 0.1157]/100107.24 11.21
BWO [14, 30, 32]/[0.1486, 0.3337, 0.1064]/100093.29 11.22
SCA [14, 30, 32]|[0.1486, 0.3337, 0.1064]/100093.29 11.22
SCA-IPOPT, (14, 30, 32]/[0.1486, 0.3337, 0.1064]/100093.29 11.22
SCA-IPOPT,|[14, 30, 32][0.1786, 0.4022, 0.1365]98729.21 12.43
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Table 3 compares the different methods analyzed with regard to the optimal
siting and sizing of TSCs in a 33-bus grid, focusing on the last two approaches,
i.e., SCA-TIPOPT; and SCA-IPOPTS,.

In SCA-IPOPT,, the TSCs are placed at nodes 14, 30, and 32, with sizes
of 0.1486 Mvar, 0.3337 Mvar, and 0.1064 Mvar, leading to an annual cost of
100,093.29 USD /year. This represents an 11.22% cost reduction in comparison
with the base case. These results are identical to those obtained with the stan-
dalone SCA and the BWO [13,20]. While this approach performs well in terms
of both cost reduction and placement efficiency, its key advantage lies in the
robustness and reliability of the hybrid SCA-IPOPT framework, which offers
strong convergence capabilities in solving nonlinear optimization problems.

SCA-TPOPT5, on the other hand, allows for a flexible reactive power injection
across time periods, resulting in more refined TSC sizes (0.1786 Mvar, 0.4022
Mvar, and 0.1365 Mvar) at the same nodes. This flexibility leads to a lower
annual cost (98,729.21 USD/year) that represents a 12.43% cost reduction, the
best performance among all analyzed methods. The ability to adjust the reac-
tive power injection makes SCA-IPOPT5y more effective at reducing costs and
improving system performance. In summary, SCA-IPOPT5 outperforms all other
approaches, including SCA-IPOPT;, BONMIN, CBGA, PSO, and BWO, as it
yields superior optimization results, particularly in terms of cost efficiency and
network flexibility.

7 Conclusions and Future Work

This research addressed the optimal siting and sizing of TSCs in electrical
distributions through a hybrid approach that combines the sine-cosine algo-
rithm with the interior-point optimizer within a hybrid optimization framework
and a discrete-continuous encoding. The integration of the IPOPT significantly
improved the performance of the methodology, achieving reductions of up to
12.43% in the annual operating costs compared to the 11.22% achieved by pre-
vious approaches. Numerical validations conducted on the classical 33-bus sys-
tem demonstrated that the proposed hybrid SCA-IPOPT approach outperforms
traditional optimizers such as the CBGA and PSO. The results were further val-
idated in comparison with those obtained via the GAMS software and the BON-
MIN solver - while effective, these results tended to converge to local optima.
Additionally, the numerical results obtained using the SCA were comparable to
those achieved by the BWO, thus confirming the robustness of both algorithms
in solving the complex optimization problem. The findings reaffirm that inject-
ing reactive power through TSCs in electrical distribution networks remains a
highly effective strategy for reducing energy losses and enhancing the quality of
the electricity service.

Future research could focus on three key areas: (i) accounting for uncertain-
ties in the demand behavior, as well as considering the potential integration of
renewable energy resources into electrical distribution grids; (ii) developing a
convex approximation of the exact MINLP approach to evaluate its effective-
ness compared to the proposed SCA-IPOPT method; and (iii) extending the
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proposed formulation to power transmission networks while incorporating addi-
tional reactive power compensation systems.
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Abstract. Despite extensive efforts by academia and affiliated organizations to
broaden the conceptual understanding of peacebuilding, practical approaches in
various contexts continue to diverge. These divergences are often influenced by
cultural, temporal, and geographic factors. This paper seeks to address the follow-
ing research question: What cross-cutting themes can be identified in peacebuild-
ing across diverse contexts? To investigate this, a comprehensive statistical topic
modeling approach was applied to news articles published in leading newspapers
from Colombia, Mexico, Chile, and Peru between 2010 and 2020. The results iden-
tified six key thematic areas within the peacebuilding discourse: (1) the regional
significance of the peace processes in Colombia; (2) the Catholic Church’s role in
promoting peacebuilding; (3) the influence of ongoing global wars and conflicts;
(4) emphasis on domestic conflicts, both past and present; (5) the private sector’s
involvement in peacebuilding; and (6) initiatives related to the Culture of Peace
and peace education.

Keywords: Peacebuilding - Unsupervised Learning - Content analysis -
Computational Social Sciences - Latent Dirichlet Allocation

1 Introduction

Peacebuilding, as defined by Boutros-Ghali [1], involves actions aimed at identifying
and strengthening structures that promote lasting peace, with the goal of preventing a
relapse into conflict. This endeavor entails developing initiatives that sustain long-term
commitments from key actors and gaining insights into the factors that contribute to
conflict. Despite its formulation three decades ago, gaps remain in both the operational-
ization and comprehension of the concept. Boutros-Ghali’s definition has often been
employed more rhetorically than practically within political discourse [2], underscoring
the need for a nuanced understanding of the underlying issues to facilitate its practical
application.
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Empirical studies have demonstrated that peacebuilding activities and their under-
lying issues vary across conflict zones, influenced by cultural contexts and the charac-
teristics of the conflicts themselves [3, 4]. Considering this, the present study seeks to
address the following question: What cross-cutting themes can be identified in peace-
building across diverse contexts? This inquiry is situated within two key recognitions:
(1) the media plays a pivotal role in constructing and disseminating narratives on con-
flict, war, and peace to the public [5] and (2) Latin America offers a unique research
landscape, characterized by diverse forms of violence and varying conflict intensities.

To explore this question, content analysis was conducted on news articles from
major newspapers in Colombia, Mexico, Chile, and Peru, published between 2010 and
2020. Prior research [6] has demonstrated that content analysis can provide valuable
insights into peace and peacebuilding beyond regional boundaries. Previous studies have
employed news sources to examine peacebuilding challenges using content analysis
methodologies, either by focusing on single newspapers within a country [3] or by
comparing how topics related to conflict and peace are portrayed across media outlets
from countries experiencing tension [4].

Research has highlighted the effectiveness of content analysis, especially when com-
bined with unsupervised learning techniques such as Latent Dirichlet Allocation (LDA),
in structuring texts based on latent topics that emerge from word co-occurrences [7-10].
Compared to other content analysis methodologies—such as manual coding, dictionary-
based codification, or supervised learning algorithms—LDA offers significant advan-
tages by allowing for a data-driven analysis of large text corpora, facilitating swift
information processing and enhanced comprehension of knowledge domains.

A comprehensive comparison of content analysis methodologies, originally pro-
vided by Quinn, K.M. et al. [8], is summarized in Table 1. It demonstrates that topic
modeling methods, such as LDA, provide considerable benefits when analyzing large
collections of texts. However, scholars have also noted limitations to these methods,
emphasizing the importance of the researcher’s deep understanding of the subject to
ensure that results are properly contextualized. Furthermore, they advocate for rigorous
documentation procedures throughout the research process, including data extraction,
exclusion, refinement, and analysis [11].

The subsequent sections of this paper outline each methodological step, present
country-specific breakdowns of the results, discuss findings in relation to the identified
concerns, and conclude with insights derived from the study.

2 Methodology

A methodological approach grounded in standard content analysis practices, incorpo-
rating semantic algorithms [11], was employed to conduct a thorough semantic and
longitudinal analysis of news articles related to peacebuilding from major newspapers
in Colombia, Mexico, Chile, and Peru.. This methodology is outlined in Fig. 1 and as
follows:
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Table 1. Comparison of Content Analysis methodologies employed in text analysis. Source: [8]

Method

Human reading

Human
Coding

Dictionaries

Supervised
Learning

Topic
Models

Assumptions

Categories are
known

NO

YES

YES

YES

NO

Category nesting,
if any, is known

NO

YES

YES

YES

NO

Relevant text
features are
known

NO

NO

YES

YES

YES

Mapping is
known

NO

NO

YES

NO

NO

Coding can be
automated

NO

NO

YES

YES

YES

Costs

Pre-analysis Costs

¢ Person-hours
spent
conceptualizing

Low

High

High

High

Low

e Level of
substantive
knowledge

Moderate/high

High

High

High

Low

Analysis Costs

¢ Person-hours
spent per text

High

High

Low

Low

Low

e Level of
substantive
knowledge

Moderate /high

Moderate

Low

Low

Low

Post-analysis Costs

* Person-hours
spent
interpreting

High

Low

Low

Low

Moderate

e Level of
substantive

knowledge

High

High

High

High

High

2.1 Retrieving Relevant News

For each country, a prominent newspaper offering a digital archive through academic
databases, or its website was selected. Specifically, the vLex Global database was used
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to download the headlines and full texts of relevant news articles in PDF format. Articles
related to peacebuilding published in El Tiempo (Colombia), El Universal (Mexico),
El Mercurio (Chile), and El Comercio (Peru) between October 1, 2010, and December
31, 2020, were retrieved from vLex Global using search queries (1) to (4). All search
queries were conducted in Spanish, the original language of the newspapers:

constru x* AND paz (1)

[construccion paz] /10 OR [construir paz] /10 OR [construiré paz] /10 OR [construya paz] /
10 OR [construye paz] /10 OR [construyen paz] /10 OR [construyendo paz] /10
2
[construccién paz] /10 OR [constmir paz] /10 OR [constmya paz] / 3)
10 OR [[construye paz] /10 OR [construyendo paz] /10
[consolidar paz] /10 OR [consolidacién paz] /10 OR [consolide paz] /10 OR [consolida paz] /
10 OR [consolido paz] /10 OR [consolidaron paz] /10 OR [consolidando paz] /10

“4)

Initially, every news article containing construccion, construir, construye(n)[do] and
paz in their headlines or texts—regardless of word order or distance—were matched
through query (1). However, articles where both terms were separated by more than ten
words or pertained to subjects unrelated to peacebuilding were manually excluded. This
initial prefilter reduced the dataset to 1,943 relevant articles in Colombia and 724 in
Mexico.

However, for Chile and Peru, search strategy (1) happened to be too broad, resulting
in numerous irrelevant matches. Hence, further queries were defined to search in these
countries, where search terms were separated between them by no more than ten words,
with the drawback of employing all conjugations of verbs construccion and consoli-
dacion therein, because of vLex Global limitations. Additionally, the Spanish sentence
Consolidacion de paz, itself another translation of peacebuilding to Spanish, was con-
sidered for the latter equations. Overall, search strategies following these criteria, that
is, (2) to (4), matched 130 relevant news articles in Chile and 80 in Peru.
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Fig. 1. Methodological approach to content analysis of (peacebuilding-related) news articles
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After extracting the articles’ texts, 300 articles from El Tiempo were excluded due
to their authors being editorialists or columnists, as this study focuses on news coverage
rather than opinion pieces. No such exclusions were necessary for the other newspapers.

2.2 Building a News Corpus

The running text and metadata from the downloaded news articles were extracted using
the PDFminer.six and Selenium libraries for Python. Each country’s dataset was treated
as an independent corpus, and four Comma-Separated Value (CSV) databases were
constructed, containing the headlines, publication dates, and running texts of the news
articles.

2.3 Preprocessing of Running Texts

Before conducting statistical topic modeling, the news texts were cleaned of irrele-
vant words, noise, grammatical connectors, general and context-specific stopwords,
and Spanish-language expressions related to peacebuilding. For this purpose, the soft-
ware libraries clean-text, spaCy, and NLTK [12], available for the Python Programming
Language were used.

clean-text removed nonalphabetic symbols from the running texts, such as punctu-
ation signs, numbers, and digits, as well as e-mail and website addresses. SpaCy was
used to tokenize and lemmatize the running texts as follows: Tokenizing decomposes
or splits a text into words or sentences. In this work, texts were tokenized at the word
level. By lemmatizing, all conjugations of Spanish-language verbs are replaced by their
corresponding root. SpaCy was of special interest in this work, slightly deviating from
already-established, well-proven Natural Language Processing (NLP) procedures and
software libraries, due to its ability to lemmatize Spanish verbs with outstanding accu-
racy. Lastly, NLTK was used for obtaining the most relevant n-grams from running texts.
An n-gram is a group of two to n words -in this case, up to four words-, and usually
reveals unfiltered noise, or relevant names of people, organizations, companies, places,
legislation, and similar -entities-.

N-grams containing two, three, or four words were analyzed and cleaned using a
two-pass procedure. The first pass typically revealed additional noise and occasionally
identified relevant sentences that exceeded four words in length. This initial step was
instrumental in reducing ambiguity within the data. The second pass of n-gram cleaning
then refined the results, ensuring that any remaining noise was eliminated while pre-
serving essential content. Expert judgment and prior knowledge were critical during this
process, particularly in relation to peacebuilding, conflicts, wars, Latin American history,
and the political, social, and economic contexts of each country analyzed. This exper-
tise was essential to making informed cleaning decisions and ensuring that important
sentences were accurately identified and retained for further analysis.

2.4 Statistical Topic Modeling

The Latent Dirichlet Allocation (LDA) is a probabilistic and generative model for col-
lections of discrete data, such as the running text of news items, widely used to uncover
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their hidden semantic content [13]. In this model, the terms contained in analyzed texts
come from a mixture of non-correlated groupings distributed over the vocabulary of the
corpus, and it is generative since it assigns the words of a document to random variables
with Dirichlet distribution, performing the semantic grouping through a recurrent prob-
abilistic process [13]. LDA is recurrently used in social sciences and related disciplines
due to its scalability, reliability, and efficiency [7, 11, 14, 15].

The gensim library [16] for the Python Programming Language, provided the imple-
mentation of the LDA algorithm used in this work. LDA hyperparameters, such as the
number of topics -clusters-, passes, and iterations, are arbitrary in nature and indepen-
dent of features and attributes in the corpora. Hence, a grid-search sensitivity analysis
of the hyperparameters was performed, where the resulting LDA model with the highest
coherence was selected as the definitive model. The coherence metric used in this work
was based upon the work detailed in [17].

As mathematical models often struggle to capture the nuanced meaning of text, expert
validation was required to assess the quality of the initial LDA clusters [18]. Nonetheless,
to improve intelligibility, LDA clusters can be further refined using the term relevance
model detailed in [18] and Eq. (5), where the arbitrary A parameter (0 < A < 1) is “the
weight given to the probability of term w under topic k (¢y,,) relative to its /ift (measuring
both on the log scale)”, and lift is the (log-scaled) ratio of probabilities of w across k

-¢iw- and the corpus (py,).
Diew
r(w, k|A) = Aogei, + (1 — A)log| — (5)
w
We opted for refining the initial LDA clusters using this model, implemented in the
pyLDAvis library for the Python Programming Language, and following the recommen-
dations stated in [18], A was set to 0.61. For each country studied, refined LDA clusters
were validated by experts from the top 30 most relevant keywords and news share dis-
tribution over time for each cluster and cross-checked with random samples of news
articles from the corpus.

3 Results

3.1 Colombia (El Tiempo)

In Colombia, the analysis focused on 1,625 peacebuilding-related news articles obtained
from El Tiempo. These articles were examined to describe their temporal evolution,
as illustrated in Fig. 2. The time frame analyzed corresponds with the peace process
known as the “Acuerdo Final para la Terminacion del Conflicto y la Construccion
de una Paz Estable y Duradera”, a peace agreement reached between the Colombian
government and the Revolutionary Armed Forces of Colombia (FARC) after four years of
negotiations starting in 2012. Additionally, the latest peace talks between the Colombian
government and the National Liberation Army (ELN) fall within this period.

The peak in peacebuilding-related news coverage corresponds to the October 2016
referendum, which failed to ratify the peace agreement between the Colombian govern-
ment and FARC. Following this, coverage and interest in peacebuilding gradually dimin-
ished, reflecting decreased concern over potential breaches of the peace agreement by
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the FARC. This decline suggests that influential interest groups, such as businesses, tend
to disengage from peace-related issues unless disruptions caused by FARC’s activities
re-emerge.

Peacebuilding-related news articles from E/ Tiempo - Colombia 2010-2020
n: 1625 news articles
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Fig. 2. Temporary evolution of peacebuilding-related news coverage from El Tiempo, per year

The topic model for Colombia identified eleven clusters, based on the most rele-
vant keywords in the peacebuilding-related articles. A sample of the first three clusters
is displayed in Table 2, covering themes such as victims’ grievances, reconciliation,
post-conflict and rural development, peace talks with FARC and ELN, transitional and
restorative justice, international cooperation, disarmament, demobilization, reintegration
(DDR), historical memory, political compromises, and the development of a Culture of
Peace.

Within the eleven clusters, four main themes emerge:

1. Restorative Justice and Reconciliation: Represented by Clusters 1, 4, 7, and 9, this
theme includes truth-seeking, trust-building, reconciliation, and the roles of institu-
tions such as the Special Jurisdiction for Peace (JEP) and the National Center for
Historical Memory (CNMH).

2. Peacebuilding Activities: This theme, spanning Clusters 2, 8, and 11, addresses
post-conflict development, DDR, and the promotion of a Culture of Peace.

3. Political Evolution and Peace Negotiations: Clusters 3 and 10 cover political mile-
stones in peace negotiations with FARC and ELN, highlighting instances where
peacebuilding is mentioned without clear definitions or actions.

4. Professional and Public Perspectives on Peace Process: Clusters 5 and 6 encompass
views from professionals, business leaders, and public figures on peace, peaceful
conflict resolution, and peacebuilding initiatives.

Approximately 60% of the news articles from El Tiempo focus on victims’ needs,
DDR, transitional justice, and grassroots peacebuilding efforts related to the Culture of
Peace as depicted in Fig. 3.

The heatmap in Fig. 4 further illustrates the temporal evolution of these clusters,
indicating shifts in coverage over the analyzed years. The heatmap shows increasing



96 A. Batz et al.

Table 2. Most relevant keywords describing the first three LDA clusters from peacebuilding-
related news published in El Tiempo, 2010-2020

# | Cluster 1 Relevance | Cluster 2 Relevance | Cluster 3 Relevance
1 | Vida (life) —2,28017 | Desarrollo (Development) | —2,32831 | ELN —1,82521
2 | Vivir (living) —2,5153 | Proyecto (Project) —2,34785 | Guerrilla —1,94939
3 | Hijo (Child) —2,52363 | Tierra (Land) —2,37401 | Militar (Military) —2,13467
4 | Casa (House) —2,53413 | Programa (Program) —2,40736 | cese_fuego (Ceasefire) —2,19102
5 | Pueblo (town) —2,55649 | Recurso (Resource) —2,44714 | Negociacion (Negotiation) | —2,25503
6 | Padre (father) —2,59981 | Rural —2,44849 | Habana (Havana) —2,28701
7 | Familia (Family) | —2,61134 | Empresa (Enterprise) —2,468 Didlogo (Conversation) —2,35741
8 | Gente (people) —2,61805 | Posconflicto (Postconflict) | —2,57698 | Mesa (Roundtable) —2,36392
9 | Iglesia (Church) | —2,65253 | Region —2,58554 | Jefe (Chief) —2,45686
10 | Querer (want, —2,72824 | Social —2,60465 | Guerrillero (Guerrilla —2,47906
love) Warrior)
11 | Ir (Go) —2,73843 | Campo (Farmland, —2,60614 | proceso_paz (Peace —2,53326
Countryside) Process)
12 | Matar (Kill, —2,7598 | Inversion (Investment) —2,63921 | Ejército (Army) —2,54849
assassinate)
13 | Sentir (Feel) —2,78293 | Productivo (Productive) —2,80038 | Bilateral —2,61201
14 | Papa (Pope) —2,80532 | Ciento (Hundreds) —2,83321 | Parte (Party) —2,65238
15 | Dolor (Pain, —2,84451 | Economico (Economical) | —2,88332 | fuerza_piiblico (Law —2,70619
Grief) Enforcement)

Peacebuilding-related news distribution for EI Tiempo, per
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Cluster 8 - DDR and narcotraffic influence on Colombian armed conflict; Cluster 9 — Constructing the historical memory
of Colombian armed conflict; Cluster 10 - Negotiating a political compromise for peace; Cluster 11 - Cultura de Paz in
education and by grassroots movements

Fig. 3. Cluster distribution of Peacebuilding-related news coverage from El Tiempo
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coverage in Cluster 7 as transitional justice milestones are achieved, notably following
the final report of the Truth-Seeking Commission. Interest in Cluster 8 peaked during
the DDR process for FARC ex-combatants in 2017 but has declined since. Cluster 2,
which covers post-conflict and rural development, received significant coverage during
peace talks and in response to government policies, with occasional resurgence in recent
years, particularly in the context of the COVID-19 pandemic and subsequent analyses
of the peace process.
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Fig. 4. Temporary evolution of peacebuilding-related news coverage from El Tiempo, by clusters,
2011-2020

3.2 Mexico (El Universal)

Mexico’s peacebuilding-related news coverage from EIl Universal comprises a corpus
of 701 articles, the temporal evolution of which is depicted in Fig. 5. Given Mexico’s
ongoing drug war and efforts to resolve it peacefully, the country holds particular signif-
icance for this study. Its experience with conflict may shed light on how peacebuilding
is framed in other conflict-affected nations.

The overall trend in Mexican news articles shows an upward trajectory, with a notable
increase in 2011 following the tragic murder of Javier Sicilia’s son, a poet and journalist
in Mexico. Sicilia subsequently founded the grassroots organization Movimiento por la
Paz con Justicia y Dignidad (Movement for Peace with Justice and Dignity), advocating
for large-scale demonstrations against injustice and brutality in Mexico’s drug war. The
movement frequently invoked concepts related to peacebuilding such as Safety Sector
Reform (SSR), victim compensation, and respect for human rights.

The late increase in news coverage correlates with the establishment of Local Com-
mittees for Peacebuilding and Security in each Mexican state under President Andres
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Peacebuilding-related news articles from El Universal - Mexico, 2010-2020
n: 701 news articles
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Fig. 5. Temporary evolution of peacebuilding-related news coverage from El Universal, per year

Manuel Lopez Obrador’s administration. These committees aimed to facilitate dialogue
between the public and state and local authorities in a peaceful, orderly, and democratic
environment. However, their focus has shifted from peacebuilding efforts to discussions
on public safety and security issues like kidnappings, killings, and gang activities.

Applying Latent Dirichlet Allocation (LDA) to the El Universal corpus identified
nine clusters, where Clusters 1 and 9 underscore the Catholic Church’s role in advo-
cating for peaceful conflict resolution, including setting up peace talks with drug gangs
and acting as mediators to address social grievances. Cluster 5 encompasses political
and legislative debates on Security Sector Reform (SSR), victim compensation, and
other peacebuilding-related topics. Clusters 4 and 8 address criminal and gang activities
denounced by the peacebuilding committees, while Cluster 3 contains news and press
releases related to these committees. Social issues such as gender-based violence and
support for victims are covered in Clusters 2 and 7, and Cluster 6 focuses on promoting
the Culture of Peace in classrooms and through grassroots movements.

Figure 6 illustrates the distribution of peacebuilding-related news among these clus-
ters, highlighting political and legislative debates (Cluster 5) and news related to the
Peacebuilding committees (Clusters 3 and 8) as dominant themes. Cluster 1 and 9, cen-
tered on the role of the Catholic Church, were dominant in 71 news articles, while issues
like gender-based violence (Cluster 7) and victim-related matters (Cluster 2) were dis-
cussed in 61 news articles. The Peacebuilding committees’ news coverage, concentrated
in later years, comprises 138 articles (Cluster 3) and 219 articles when considering
Cluster 8’s relevance to this theme.

The temporal evolution of the nine news clusters for Mexico is detailed in Fig. 7,
showing that political and legislative debates on peacebuilding initiatives (Cluster 5)
were the dominant theme in news coverage. Cluster 6, promoting the Culture of Peace,
peaked in 2016 and 2017 unrelated to specific historical events, while the Peacebuilding
committees’ coverage increased notably in later years.
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Peacebuilding-related news distribution for EI Universal, per
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Fig. 6. Cluster distribution of Peacebuilding-related news coverage from El Universal
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Fig. 7. Temporary evolution of peacebuilding-related news coverage from El Universal, by
clusters, 2011-2020

3.3 Chile and Peru

For Chile and Peru, 127 articles from El Mercurio and 77 from El Comercio were ana-
lyzed, respectively, describing the temporary evolution as depicted in Fig. 8. Although
these nations did not experience wars or military conflicts during the period under
consideration, they have a history of disagreements and conflicts with each other and
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neighboring nations. However, two continuous social disputes and unrest in Chile—
the Mapuche conflict since the 19th century and the Estallido Social, including the
student protests of 2011—are notable. Understanding whether peacebuilding has been
suggested, advocated, or attempted to address these issues in Chile is crucial.

According to the volume of news, this has indeed been the case, albeit through
a few news articles, as revealed in Fig. 9. Furthermore, a specific cluster (cluster 2)
is dedicated to the Mapuche conflict, which has the most peacebuilding-related news
coverage in El Mercurio, with 30 news articles. The Estallido Social situation might
be within the coverage of miscellaneous local news (cluster 5), which includes news
articles and interviews covering more than one matter, revealing that peacebuilding in
this context is not dominant enough, text-wise, to be concentrated around a dedicated
cluster. Instead, the death of Ernesto Videla in 2013, chief negotiator of the Treaty
of Peace and Friendship of 1984 between Chile and Argentina, emerges as a small
cluster (cluster 7) consisting of five news remembering his legacy and achievements as
a peacebuilder.

(a) Peacebuilding-related news articles from ElI Mercurio, (b) Peacebuilding-related news articles from El Comercio,
Chile, 2010-2020 Peru, 2010-2020

n: 127 news articles n: 77 news articles
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Fig. 8. Temporary evolution of peacebuilding-related news coverage from (a) El Mercurio (Chile)
and (b) El Comercio (Peru), per year

Overall, peacebuilding-related news coverage in Chile is mostly international.
Themes such as the Colombian peace processes of 2010-2020 (cluster 6), the Arab-
Israeli conflict (cluster 4), and Chile’s role in peacekeeping and peacebuilding initiatives
and operations worldwide (cluster 1) emerge as relevant. These three clusters comprise
69 news articles, as pictured in Fig. 9, detailing the news distribution in the seven clusters
revealed. Furthermore, when including a miscellaneous world news cluster containing
6 more articles, the news coverage dedicated to foreign matters increases to 75 articles,
about 60% of the news analyzed. The Colombian peace processes might be of particular
interest in Chile, as it facilitated peace talks with FARC and ELN.

The temporary evolution of the seven news clusters for Chile is detailed in Fig. 10,
in heatmap form. Clusters 4 and 5 are transversal to the time window analyzed and thus
are not appropriate to describe or estimate trends for them.

In the case of Peru, the 1980s and 1990s war on terrorism was of particular interest
in the semantic analysis of peacebuilding news. Three LDA clusters were found, where
Cluster 1 contained most news related to the debate surrounding both Shining Path’s
(Sendero Luminoso) and Alberto Fujimori’s government crimes and atrocities, including
those against humanity, as well as other domestic issues where peacebuilding is barely
mentioned. Most complaints related to the fight against terrorism have already been
addressed before the examined period, and the news coverage examined reflects this.
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Peacebuilding-related news distribution for E1 Mercurio, per
cluster, 2010-2020
n: 127 news articles
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Fig. 10. Temporary evolution of peacebuilding-related news coverage from El Mercurio, by
clusters, 2011-2020

Cluster 2 describes a similar domestic theme related to commemorations and resolution
of outstanding matters relating to past border conflicts and wars with Ecuador and Chile,
such as the Cenepa War of 1995 or the Saltpeter War (Guerra del Pacifico) in the 19th
century, and Cluster 3 describes the news coverage of the Colombian peace processes
with FARC and ELN from the time window analyzed. Figure 11 shows the distribution
of total news among the three clusters in detail.

Finally, the temporary evolution of news clusters for Peru is detailed in Fig. 12. The
cluster peaks of 2011, 2015, and 2020 are irrelevant, as there is only one peacebuilding-
related news article in each of these. Peaks of Cluster 3 relate to key milestones in the
2010s Colombian Peace process. Cluster 2’s longitudinal behavior reflects the evolution
and dynamics of the maritime border dispute between Peru and Chile that was resolved
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Peacebuilding-related news distribution for El1 Comercio, Peru, per cluster, 2010-2020
n: 77 news articles
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Fig. 11. Cluster distribution of Peacebuilding-related news coverage from El Comercio

by the International Court of Justice in 2014. Otherwise, historical accounts of past
conflicts in El Comercio are spontaneous and transversal to this cluster.
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Fig. 12. Temporary evolution of peacebuilding-related news coverage from El Comercio, by
clusters, 2011-2020

4 Discussion

The primary objective of this comparative analysis was to identify commonalities and
differences in the scope and depth of peacebuilding-related news coverage in four Latin
American countries: Colombia, Mexico, Chile, and Peru. This analysis focused on the
coverage provided by major, influential newspapers. The findings revealed several key
insights: (1) a generally low volume of news coverage on peacebuilding topics, even
in the country with the highest coverage, Colombia, which had 1,625 articles over ten
years; (2) limited depth in the articles addressing peacebuilding; and (3) notably minimal
coverage in Chile and Peru.
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Countries currently experiencing ongoing conflicts, such as Mexico and Colom-
bia, displayed a broader and more diverse range of peacebuilding-related themes in
their press coverage. In contrast, the press in Chile and Peru tends to focus on fewer
peacebuilding-related topics, often relegating them to international events. In both coun-
tries, for instance, there are dedicated clusters discussing the Colombian peace process,
but these are embedded within a broader assortment of international peace and conflict-
related news. Despite two ongoing domestic social conflicts, Chile’s newspaper of record,
El Mercurio, lacks extensive coverage of peacebuilding-related matters. Whether this
limitation arises from editorial policies or ideological considerations is beyond the scope
of this study.

In the broader context of Latin America, after analyzing the semantic clusters across
these four newspapers, several common peacebuilding themes emerged. These common-
alities are summarized in Table 3, where themes related to peacebuilding are “shared”
when covered, at least, by two newspapers from different countries. Whenever a theme
is developed by at least one LDA cluster from a newspaper, the corresponding cell in
Table 3 is marked as YES, and where a theme is covered in part by at least one cluster,
the cell is marked as Partially. Otherwise, the cell is marked as NO.

Table 3. Summary of shared themes of peacebuilding in the four countries analyzed

News source Colombian | Catholic Ongoing | Ongoing | The Private Culture
peace Churchasa | warsand | or former | Sector’s role | of Peace
processes | promoter of | conflicts | domestic | in or peace

peacebuilding | worldwide | conflicts | peacebuilding | education

El Tiempo YES (all | Partially NO YES Partially YES

(Colombia) clusters) (related to (ongoing, | (clusters 2 (cluster

reconciliation all and 11) 11)
— cluster 1) clusters)
El Universal NO YES (clusters | NO YES Partially YES
(Mexico) 1 and 9) (ongoing, | (cluster 6) (cluster
all 6)
clusters)

El Mercurio (Chile) | YES NO YES YES NO NO
(cluster 6) (clusters 3 | (ongoing,

and 4) clusters 2
and 5)

El Comercio (Peru) | YES NO NO YES NO NO
(cluster 3) (former,

cluster
19

4 No news coverage of recent activity by remnants of Shining Path or MRTA, was found among
peacebuilding-related articles



104 A. Batz et al.

Based on the expert interpretation of the Latent Dirichlet Allocation (LDA) clusters,

several common themes, depicted in Table 3, were identified:

1.

Colombian Peace Processes:

This theme encapsulates the attention given by the Latin American press to the
milestones, developments, achievements, and setbacks of the peace talks held in
Colombia between 2012 and 2018. Apart from Colombia, where these negotiations
were a significant domestic concern, newspapers in Peru and Chile provided sub-
stantial coverage of the Colombian peace processes. This coverage stands out against
the backdrop of ordinary peacebuilding and foreign affairs reporting, indicating the
broader regional significance of Colombia’s peace initiatives.

. Catholic Church as a Promoter of Peacebuilding:

This theme highlights the Catholic Church’s involvement in peacebuilding efforts,
whether through advocacy in speeches or through more tangible facilitation efforts.
For instance, in Mexico’s Clusters 1 and 9, the Church is seen promoting reconcili-
ation and victim compensation—beyond financial means—related to the Colombian
armed conflict. The Church’s influence is particularly evident in Cluster 1, which
addresses these themes directly.

. Ongoing Wars and Conflicts Worldwide:

Coverage of foreign armed conflicts, wars, or aggressions outside Latin America
is also a notable theme. In countries like Mexico and Colombia, internal conflicts often
overshadow news on foreign wars. Conversely, in conflict-free countries such as Peru
and Chile, this theme features more prominently. In Chile, for example, peacebuilding
news in El Mercurio often centers on the country’s diplomatic traditions, including
its involvement in peacekeeping operations and its facilitation of peace talks.

. Ongoing or Former Domestic Conflicts:

This theme captures news coverage of internal conflicts, both historical and con-
temporary, regardless of the level of violence. Examples include the Colombian armed
conflict, Mexico’s drug war, the Mapuche conflict in Chile, and Peru’s anti-terrorist
campaign during the regime of Alberto Fujimori. Notably, the Colombian peace pro-
cess of the 2010s attracted more attention from Peruvian and Chilean newspapers
than other foreign peacebuilding-related themes. In these contexts, peace initiatives
were often framed through the lens of ongoing conflicts, reflecting a normative app-
roach thatemphasized the interactions between governments, political opposition, and
armed groups [19]. In contrast, news coverage in Peru of past conflicts—resolved
either peacefully or through military means over a decade ago—has significantly
diminished, suggesting a shift in societal focus toward non-conflict-related issues,
typical of more peaceful nations.

. The Private Sector’s Role in Peacebuilding:

This theme addresses the involvement of private enterprises, entrepreneurs, and
investors in peacebuilding activities or in promoting peaceful conflict resolution.
Although no newspaper clusters were dedicated solely to this theme, private sector
contributions to peacebuilding were occasionally mentioned, often as press releases or
within regular news coverage. For instance, in Colombia, relevant activities appear in
Clusters 2 and 11, and in Mexico, similar themes are reflected in Cluster 6. However,
the role of the private sector in peacebuilding remains marginal and understated in
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both countries. Whether this reflects a lack of interest or knowledge on the part of
private enterprises warrants further investigation in future research.
6. Culture of Peace and Peace Education:

This theme encompasses peacebuilding activities and the promotion of peace-
ful conflict resolution by educational institutions (schools, colleges, universities) and
grassroots movements. "Peace education" refers to all programs and initiatives aimed
at integrating peaceful conflict resolution into curricula, while broader Culture of
Peace activities involve civil society efforts to foster peace from the ground up. In
conflict-ridden countries like Colombia and Mexico, these initiatives received sig-
nificant press coverage, forming dedicated clusters that included 117 and 64 news
articles, respectively. These articles highlighted peacebuilding efforts led by NGOs,
grassroots movements, individuals, communities, and—Iess frequently—the private
sector. In more peaceful societies such as Peru and Chile, however, the Culture of
Peace and peace education are less commonly associated with peacebuilding efforts.

5 Conclusions

This study employed content analysis to explore peacebuilding-related news coverage
in four Latin American countries—Colombia, Mexico, Chile, and Peru—focusing on
prominent media outlets such as El Tiempo (Colombia), El Universal (Mexico), El
Mercurio (Chile), and El Comercio (Peru). The analysis revealed key insights into the
communicative strategies and thematic focus of these newspapers. While this study did
not directly analyze communicative strategies, understanding these strategies could sig-
nificantly enhance the interpretation of the clusters identified in this research. Future
studies should employ qualitative approaches, such as discourse analysis or news frame
analysis, to provide deeper insights into the biases, frames, and communicative inten-
tions within each newspaper’s reporting. This could reveal how the political agendas
and editorial policies of media organizations shape the narrative around peacebuilding,
influencing public opinion on the matter.

A critical observation from this study was the variation in the portrayal of peace-
building actors across the media. While some outlets emphasize the role of govern-
ments, others focus on corporations, religious organizations, or civil society actors.
Understanding the contributions and impacts of these different actors is essential for
future research, as it could clarify their roles in fostering peacebuilding ecosystems and
highlight collaborative efforts across sectors in addressing social challenges.

The intersection of the private sector and peacebuilding is an area of growing interest
in both academic and public spheres. This study found limited coverage of the private sec-
tor’s role in peacebuilding, suggesting that this relationship warrants further exploration.
Future research should examine how the private sector contributes to peacebuilding, the
scope of its involvement, and the challenges and limitations it faces. Understanding these
dynamics will be critical for formulating comprehensive peacebuilding strategies that
involve all societal actors.

Though the political orientations and biases of the analyzed newspapers were beyond
the scope of this work, it is important to note that the outlets studied belong to the Pan-
American media consortium, Grupo de Diarios de América (GDA). This affiliation
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could influence editorial decisions and coverage priorities. Future research could cross-
validate these findings by analyzing news corpora from competitor outlets, such as El
Espectador in Colombia, Reforma in Mexico, La Tercera in Chile, and La Repiiblica in
Peru, to gain a more balanced understanding of media portrayals of peacebuilding.

The LDA (Latent Dirichlet Allocation) semantic analysis used in this study pro-
vided valuable insights but is limited by the model’s inability to explicitly account for
relationships between clusters or incorporate historical context into the analysis. The
interpretation of LDA results is dependent on the expertise of researchers, which was
crucial in this study given the social, political, and historical complexities of the Latin
American context. Future computational social science projects will require even more
sophisticated interdisciplinary collaboration between computer scientists, data scien-
tists, and social scientists. This is particularly true as the use of machine learning (ML)
and natural language processing (NLP) algorithms continues to expand, including the
emerging trend of using large language models (LLMs) in the analysis of non-numerical
data. The challenges of integrating mathematical models with the nuances of text data are
significant, underscoring the need for domain expertise to interpret outputs meaningfully.

Further research should explore the application of advanced semantic algorithms,
such as Dynamic Topic Models (DTM) or Topics Over Time (ToT), which account for
the temporal dimension of the news data. These models could provide a more nuanced
understanding of how peacebuilding narratives evolve over time. Additionally, Corre-
lated Topic Models (CTM) or Structural Topic Models (STM) could offer insights
into the relationships between topics and clusters, which were not addressed by the LDA
model used in this study. Cross-checking LDA findings with these advanced models
could further validate the results and deepen the analysis.

Finally, the cross-cutting themes identified in this study—such as the influence of
the Catholic Church, the role of the private sector, and the focus on domestic and inter-
national conflicts—demonstrate the diverse ways in which peacebuilding is represented
in the media across different Latin American contexts. Future research should continue
to expand on these findings, using interdisciplinary approaches and advanced computa-
tional methods to deepen our understanding of peacebuilding narratives and their impact
on society.
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Abstract. This comparative study examines the application of nonlin-
ear control strategies to pulse width modulation-controlled current source
converters (PWM-CSCs), with a focus on proportional-integral (PI) con-
trol and proportional-integral passivity-based control (PI-PBC). PWM-
CSCs play a crucial role in power electronics, enabling precise current
flow regulation and control, which is essential for maintaining stability
and achieving accurate management in electrical systems. Additionally,
this paper highlights the significance of adaptive load estimation, which
facilitates real-time adjustments to control strategies, thereby enhancing
system efficiency and performance. By thoroughly analyzing dynamic
models and control methodologies, this study demonstrates how the PI-
PBC approach effectively stabilizes the system’s incremental model to
ensure optimal operation. The findings contribute to the advancement of
control techniques in power electronics, offering valuable insights into the
implementation of strategies for optimizing current regulation in complex
electrical systems.

Keywords: Non-Linear Control - System Stability - Dynamic
Modeling - Current Regulation

1 Introduction

1.1 General Context and Motivation

In power electronics, pulse width modulation-controlled current source convert-
ers (PWM-CSCs) have become essential devices for precise current regulation in
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a variety of electrical systems. Unlike voltage source converters (VSCs), which
primarily focus on voltage control, PWM-CSCs are specifically designed for cur-
rent regulation [9]. This design makes them particularly suitable for applica-
tions requiring precise current control and robust system stability. Such con-
verters are widely used in renewable energy systems, motor drives, and grid-
connected applications, where accurate current control is vital for a reliable and
efficient operation [27]. The ability of PWM-CSCs to maintain stable current
under diverse operating conditions underscores their increasing importance in
modern power systems, especially as renewable energy sources and distributed
generation become more prevalent.

The growing complexity of power systems and the evolving nature of electri-
cal loads have led to an increasing demand for sophisticated PWM-CSC control
strategies. The inherent nonlinearities of these devices pose significant challenges
to conventional control methods, particularly when faced with varying load con-
ditions or rapidly changing system dynamics [19]. To address these issues, non-
linear control techniques, such as passivity-based control (PBC), have gained
prominence as robust alternatives capable of handling complex dynamics [10].

This paper presents a comparative study of nonlinear control strategies,
focusing on proportional-integral (PI) control and PI-PBC in the context of
single-phase PWM-CSCs. The performance of these control methods is analyzed
under various operating conditions, particularly against load variations, evalu-
ating key behavioral parameters such as steady-state performance and harmonic
content.

A significant element of this study is the integration of adaptive load estima-
tion into control strategies. Adaptive load estimation is critical for PWM-CSCs
[5], as it enables real-time adjustments to control parameters in response to
fluctuating load demands, thus enhancing system performance [23]. This adapt-
ability ensures efficient converter operation by minimizing energy waste and
improving overall system stability [3]. The ability of control systems to dynam-
ically respond to load variations is particularly vital in modern power systems,
where loads are often unpredictable and may fluctuate rapidly [4]. By incor-
porating adaptive load estimation with nonlinear control strategies, this study
evaluates the impact of real-time load adjustments on the effectiveness of both
PI and PI-PBC controllers.

1.2 Fundamental Concepts

1.2.1 Pulse Width Modulation Current Source Converters

PWM-CSCs are widely utilized in power electronic applications given their
capacity for current regulation within electrical systems [14]. These converters
operate by modulating the duty cycle of switching elements, thereby regulating
the current injected into or drawn from a load. In single-phase systems, PWM-
CSCs are especially effective in applications requiring precise current control,
such as renewable energy integration and high-performance motor operation
[18]. The primary advantage of PWM-CSCs over VSCs lies in their direct cur-
rent regulation capabilities, making them well-suited for scenarios where cur-
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rent stability is more critical than voltage regulation [14]. Maintaining stable
and well-regulated current in single-phase applications is challenging due to the
inherent nonlinear behavior of converters and the dynamic nature of loads [15].
This nonlinearity, coupled with the need for a rapid response to changes in oper-
ating conditions, requires advanced control strategies capable of addressing these
complexities while ensuring a stable operation [21]. While traditional linear con-
trol techniques may suffice for simpler systems, they often fall short in more
demanding situations, thus necessitating the use of nonlinear control methods.

1.2.2 Nonlinear Proportional-Integral Control

The nonlinear PI approach extends the traditional PI control strategy to address
the limitations of linear PI controllers in systems with significant nonlinearities
[33]. Although conventional PI control has been widely adopted in power elec-
tronics due to its simplicity and ability to correct steady-state errors, its per-
formance deteriorates in the presence of system nonlinearities and time-varying
dynamics, as encountered in PWM-CSCs [32]. Nonlinear PI control dynamically
adjusts proportional and integral gains by considering the system’s nonlinear
characteristics, thereby enhancing robustness [28]. For PWM-CSCs, i.e., inher-
ently nonlinear systems, nonlinear PI control modifies the modulation index not
only based on the reference current, but also in response to the system’s non-
linearities [22]. This approach helps to mitigate the overshoot, oscillations, and
slow response times implied under rapidly changing load conditions or when
operating far from the nominal points. Consequently, nonlinear PI control offers
improved stability and performance, making it more suitable for current regula-
tion in complex power electronic systems [29, 34].

1.2.3 PI Passivity-Based Control

The PI-PBC approach is a nonlinear control strategy that leverages the passive
properties of a system to achieve stability [13]|. Specifically, PI-PBC incorpo-
rates proportional-integral actions within the passivity framework. This app-
roach uses the port-Hamiltonian representation of the system, where dynamics
are defined in terms of energy storage, dissipation, and interconnection [30]. The
port-Hamiltonian structure is particularly appropriate for PWM-CSCs, as it
effectively captures the converter’s bilinear dynamics. PI-PBC guarantees global
asymptotic stability through the design of a control law based on the system’s
passive behavior, ensuring energy dissipation over time and leading to a sta-
ble equilibrium [11]. PI-PBC effectively controls current regulation by explicitly
accounting for system nonlinearities, especially under varying load conditions
and disturbances [31].

1.2.4 Adaptive Load Estimation

Adaptive load estimation offers precise load estimation by accounting for poten-
tial changes [7]. Along with responsiveness to fluctuations, it is essential for the
optimal operation of PWM-CSCs [8]. Adaptive load estimation involves the real-
time assessment of load conditions, with control parameters adjusted accordingly
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[1]. This capability is crucial in applications with time-varying or unpredictable
loads [36], such as renewable energy systems, where generation and consumption
patterns can fluctuate rapidly. Incorporating adaptive load estimation into the
control framework allows PI and PI-PBC controllers to respond effectively to
changing operation environments. For instance, the control strategy can adapt
to sudden load increases by modifying the modulation index or the control gains
to maintain a stable and efficient operation. This adaptability improves control
performance and enhances the overall system reliability, reducing the risks of
instability and excess energy consumption [2].

1.3 Research Objective

The main objective of this study is to evaluate the performance of nonlinear
PI control and PI-PBC strategies for single-phase PWM-CSCs, with a specific
emphasis on the role of adaptive load estimation [35]. By examining how these
control strategies address varying load conditions and system nonlinearities, this
work provides a comprehensive analysis of their effectiveness in managing cur-
rent regulation and ensuring system stability. Through a detailed exploration
of the underlying dynamic models, control formulations, and stability criteria,
this research advances the development of advanced control methodologies in
the field of power electronics. Ultimately, this study aims to pave the way for
more efficient, reliable, and adaptable current-controlled power systems.

1.4 Document Structure

This paper begins with an introduction to PWM-CSCs, emphasizing the impor-
tance of nonlinear control strategies, particularly PI control and PI-PBC. The
subsequent section presents the dynamic model of the studied PWM-CSC, which
serves as the basis for the analysis. The third section outlines the methodology
employed to evaluate the efficacy of the control strategies, while the fourth one
concentrates on the load estimation process, which is of paramount importance
in enabling adaptive control. In the fifth section, the experimental results and
the simulations are presented, showcasing the performance of both controllers
under various load conditions. In the conclusion, potential avenues for future
research on control systems for power electronics are outlined.

2 Dynamical Model

2.1 PWM-CSC Dynamics

The electrical topology of the studied PWM-CSC is depicted in Fig. 1. This con-
figuration allows for independent current control, regardless of the input voltage,
through electronically controlled switches such as IGBT or MOSFET transistors.
This setup enables the modulation of both the magnitude and the direction of
the output current [37]. The PWM strategy facilitates the generation of control
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Fig. 1. Configuration PWM-CSC

signals for the inverter switches based on the computed modulation index, which
is represented by m.

The PWM-CSC’s configuration includes an output filter that absorbs the
current generated by harmonics, utilizing the capacitor C,. Consequently, the
system can be modeled using state variables corresponding to the current in the
inductor (is) and the voltage across the capacitor (v.). By applying Kirchhoff’s
laws, Eqgs. (1) and (2) are formulated.

L. di;it) —Vi(t) — Rais(t) — mue(t), (1)
c, dvét(t) = mis(t) — Grue(t). (2)

The DC input source is represented by Vi, and Lg is a boosting induc-
tor designed to absorb the harmonics generated during PWM switching. This
inductor is modeled with a series resistance Rs. Additionally, G represents the
equivalent conductance of a linear load, which is expressed as G, = %L. In other
words, when expressed in terms of the state variables x;(t) and z2(t), the system
is characterized by

Lyit(t) = Vi(t) — Rea1(t) — ut)za(t), (3)
Coia(t) = u(t)z1(t) — Gras(t). (4)



PI-PBC of PWM-CSC 113

It should be noted that only two switches can operate at any given time. The
PWM signal, which determines whether the transistors are activated or not, is
the result of a comparison between a reference signal and the triangular carrier
signal, which has been adjusted to have a frequency of 10kH z. Thus, to achieve
the desired operation, z5(t) = V,, sin(wt + ), where V,, is the peak voltage, w is
the angular frequency, and 6 represents the phase angle.

Remark 1. The nonlinear control design of the PWM-CSC modeled by Egs. (3)
and (4) requires determining the admissible trajectory for all the state variables.
To this effect, the desired operating point (z7,z%) must be evaluated in the
dynamical model, which yields the following desired state-space dynamics:

L@i(t) = Vi(t) — Rswi(t) — u(t) z5(t), (5)
Cotry(t) = u(t) @1 (t) — Gras(t), (6)
where the control input at the equilibrium point (i.e., u(¢)*) can be obtained from

both equations. However, when using Eq. (5), a division by x5(¢) will appear, so
the best option to obtain this control input is through (6).

u(t)” = O] (Cod3(t) + Gras(t)) - (7)

Note that the main goal of the PWM-CSC application studied in this research
is to provide a sinusoidal voltage profile to a linear load (see Fig.1). The value
of the desired variable z3 is fully known, i.e., 5 = V,, sin (wt), where V,, is the
voltage desired amplitude, and w represents the desired angular frequency.

3 Control Strategies

3.1 Nonlinear PI Control

The objective of the proposed Nonlinear PI controller is to ensure the asymptotic

convergence of x5 and to maintain a tight behavior of z; for all ¢ > 0 [18]. To

this effect, it is assumed that the function following the reference is given by:
x1(t) = Is + I sin(2wt + ). (8)

The DC value of i is represented by I, while the frequency should be twice
that of the AC side. The amplitude of the harmonic ripple, denoted by Iy, is

given by:
v2o\? oV’
I — m m
" \/(4wLISRL> +(4LIS> ’ ©)

and the phase is as follows:

¢ = tan Y (WCRy). (10)
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Considering that it is defined as u(t) = u*(t) + @(¢), and following the rec-
ommendations of [25], this control input takes the following form:

1

t
) = s (Coti) + Guaz ~ ko -k [ 22). )
zi(t) 0
where k, and k; are constant values representing the proportional and integral
action, and To = x2 — x5 is intended to be zero.

Remark 2. The authors of [17] recommended avoiding the division by 27 (¢) in the
Control Input (11), as it would introduce some oscillations in the average control
input. These oscillations can be easily absorbed by the PI control component,
which implies that, for the sake of simplicity in the control implementation, the
following control input is implemented:

u(t) = Il (Cos'r§(t) +GrLa(t) — kyds — ki /0 t gzz) . (12)

The Lyapunov stability theorem allows ascertaining the stability of a linear
or nonlinear system [16]. This is done by examining the existence of a positive-
definite Lyapunov function V (z), for which the time derivative V (z) is negative-
definite. The negative-definiteness of V (z) implies that the equilibrium point at
the origin (z1, x2) is globally asymptotically stable. Consequently, the control
strategy proposed herein ensures that x5 is asymptotically stable. By substitut-
ing the Eq. (12) into (4), the following is obtained:

i
Coia(t) = —(kp + Ry )F2 — k/ Ta. (13)
0

This implies that o tends to zero, thereby ensuring that zo — 23, which
guarantees an asymptotic behavior towards the reference. However, in the desired
Control Input Reference (7), it can be observed that knowledge of G, is required
to ensure a reliable supply of real-time load demand information, which can then
be used to adjust the control action. This estimation, in turn, contributes to a
more efficient inverter operation, thereby avoiding unnecessary energy supply.
Therefore, a load estimator design is proposed, as described in the next section.

3.2 PI-PBC

The proportional-integral passivity-based control (PI-PBC) framework is a well-
established method in control theory, particularly suited for a specific class of
nonlinear dynamical system characterized by a bilinear structure [6]. By utilizing
classical PI controllers, this approach facilitates the design of controllers that are
asymptotically stable (specifically in the sense of Lyapunov) by employing port-
Hamiltonian theory in the context of passive systems [26].

In a recent work by [12], it was shown that the PI-PBC method is especially
effective for controlling power electronic converters with linear loads. It manages
to stabilize the converter at its equilibrium point by applying a PI controller to
the system’s passive output.
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3.3 Port-Hamiltonian System

A PWM-CSC can be described as a port-Hamiltonian system, as expressed in
the following structure:

0 Co 5:”2 “\|v : ~lo L T2 +‘gs
[l ] = (Lo ) - [ e BB [5] o
Di=(J (u) =R)z+9,  (15)

In this representation, D refers to the energy storage matrix, and J (u) is the
interconnection matrix, which is skew-symmetric, meaning that 7 (u)+J " (u) =
0. Additionally, R represents the dissipation matrix, and ¢ is the vector of exter-

nal inputs. The specific structure of each matrix can be derived by comparing
Egs. (14) and (15).

Remark 3. The design of a PI-PBC controller necessitates the definition of an
incremental model, which requires the existence of an equilibrium trajectory or
an operating point. In the case of the PWM-CSC, an equilibrium trajectory is
indeed present.

The dynamical system expressed in (15) admits an equilibrium trajectory,
which denoted by x*. The corresponding dynamic behavior is described by the
following equation:

Di* = (J (u*) —R)a* + 9, (16)

where * represents the time derivative of the trajectory (which, for single-
phase converter applications, is nonzero), and u* represents a smooth control
input.

To obtain the incremental model, which characterizes the system’s error
dynamics, the state variable errors are defined as & = ¢ —2* and © = v —u*. By
subtracting the desired Dynamical System (16) from (15) and performing the
necessary algebraic manipulations, the incremental model is obtained, as shown
in Eq. (17).

Di=J (@) x* + (J (u) — R) &, (17)

Theorem 1 (PI-PBC law). The incremental model indicated in (17) can be
asymptotically stabilized by defining an appropriate PI control law, as outlined
by [25], leading the system to a stable equilibrium at & = 0 when the control
input 4 is given by Eq. (18).

i

i = —kyj — ki,

z =

(18)

S =

where k, and k; are positive control gains, an
of the system.

y represents the passive output
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Proof. To determine whether the control law defined in (18) stabilizes the Incre-
mental Model (17), the principles of Lyapunov stability are employed.

Theorem 2 (Lyapunov stability theorem). A dynamical system & = f (&)
is asymptotically stable at the origin (T = 0) if there is a Lyapunov candidate
function V (Z) that satisfies the following conditions:

1. V(%) is positive-definite, i.e., V(Z) > 0 for all T # 0, and V (0) = 0.
2. The time derivative V (Z) is negative-definite, i.e., V (Z) < 0.

Based on Theorem 2, a candidate Lyapunov function is defined in (19), whose
time derivative is calculated in (20).

1 1
V(%,2) = §5CTD5C + 51@227 (19)

V(i,2) =& Di+ k2. (20)

Substituting the Incremental Model (17) into this Lyapunov function results
in (21).

V(,2) =2 (J (@) z* + (T (u) — R) %) + kiZy
=3 Ri+i"T(0)x* + kiZj (21)
By exploiting the properties of the skew-symmetric matrix, it can be sated

that &' J (@) & = 0 [20]. Additionally, given the structure of the interconnection
matrix, the following holds:

J(@)e* = Jia'h = Ji = [(f _01}

Substituting this result into Eq. (21) along with the control input defined in
(18) leads to the final stabilization result i.e., (23).

V(#,2) = 2 Ri+i Jia*u+ kiZg (22)
= -8 RE+ I Jia* (—kypf — kiZ) + ki 2, (23)

A port-Hamiltonian system with the structure defined by (18) has a passive
output, as characterized in Eq. (24).

=7 Nt = j=a"T Nz (24)
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Finally, considering the passive output definition in (24), the time derivative
of the Lyapunov candidate function is reduced to

V(#,2) = -3 RE—§ kpj — kil 2 + ki 23,
=& RE—§ kp§ <0, (25)

This confirms that the PI-PBC control input defined in (18) successfully
stabilizes the incremental model at the origin, thus completing the proof. The
asymptotic stability of the system is further validated by applying LaSalle’s
invariance principle, as demonstrated by [6].

To complete the controller, i.e., u = u+u*, the passive output g is calculated,
which yields

.
- - 0-1 z ~ - .~
j=a"T Nz = [af 23] [ } {;j = = a}Ts — 1571. (26)

This produces the following PI-PBC controller:

1 ts
U= o (Cods + Gras) — by (a¥ds — a3d1) — ks / (@53 — a3dn)dr. (27)
x7 0
Remark 4. To implement the PI-PBC control law defined by (27) in a PWM-
CSC application, it is necessary to calculate the trajectory followed by the induc-
tor current, i.e., 7. This trajectory is reached by solving the differential equation
of the desired dynamical system in (17), which is presented below:

Lgi7 = Vs — Ry} — u™a3. (28)

4 Load Estimation

Considering the information provided by the state variables and the model
described in Egs. (3) and (4), an integral estimator is proposed, as shown in
Eq. (33). This estimator is specifically crafted to achieve asymptotic convergence
to the load value, employing the corresponding conductance G, [24].

GL = Gr + af(z), (29)

The goal of the estimation process, represented by G L, 1s to ensure conver-
gence towards G, as the time ¢ approaches infinity. To facilitate this convergence,
an initial estimate is defined: G (t) = G (0)e= P,

The estimation error is defined as

GL =G —Gy. (30)
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In designing the estimator, it is important that G, — 0 as ¢ — co. Conse-
quently, the time derivative of the estimation error, as indicated in Eq. (30), can
be expressed as

éL :GL[ —GL+af($2).i‘2. (31)
From this, the formulation for G 1 1s derived.
. . u(t C:' -
Grr = af(xz) <é)$1 - CLSU2> + a(z3 — B)GL. (32)

Thus, the estimation is articulated as

Gr = Grr +af(z). (33)
The parameters and functions G5, «, and f(z2) are specified in accordance

with Egs. (34) and (32). The estimator requires inputs including u, the control
signal, and the state measurements z; and x2, as depicted in Fig. 2.

flz2) = —%Coxg. (34)

u(t)

|

Estimator

GL=Gri + Oéf($2)i72

o

a1 (t) 2(t)

Grp<—

Fig. 2. Load estimator

5 Simulations and Results

The proposed controller design was implemented in a simulated environment
using the Matlab ®software. The performance results of the proposed con-
trollers and load estimator were analyzed. To conduct the simulation, the fol-
lowing parameter values were defined, with the aim of interpreting the results
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obtained: V, = 150V, V, = 48V, L, = 10mH, C, = 200pF, and R; = 1€). These
values were selected according to [17].
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First, an experimental tuning of the PI controller constants was conducted
with k, = 0.2 and k; = 0.2, allowing the pulse-width modulation system to adjust
the switching and achieve the desired behavior x3(t) = Vj sin(wt 4+ 6)V. On the
other hand, the PI-PBC constants were set to K, = 1.5 and K; = 0.8. When the
implementation was performed with a constant load of 5012, the resulting voltage
behavior was observed, as detailed in Fig.3 for both controllers. While both
strategies reached the desired value, the PI-PBC controller exhibited a superior
performance by reducing the response variation. Furthermore, the steady-state
response achieved the expected value and the desired behavior.

Likewise, the response demonstrates a notable improvement in behavior,
exhibiting a reduction of approximately 5% in the steady-state error. However,
the PI controller attains this steady state more quickly, as evidenced in Fig. 4.

Table 1. Comparison of the control parameters

Parameter PI-PBC|Nonlinear PI
Ve 149.4 |150.3V

Vims 105.6 |106.3V

I, 2.986 A 3.006 A

Lrms 2.112A |2.125 A
THD; 3.35% [2.72%
Steady-state error max|0.05 A [0.26 A
Settling Time 56 ms |47 ms

45

40 -

35

30 -

N
o
T

Current [A]
N
S
T

of ——PI-PBC
Nonlinear PI
Desidereded response

5 I I I I
0 0.05 0.1 0.15 0.2 0.25
Time [s]

Fig. 5. Tracking the current under variable load conditions
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Table 1 presents a comparison of the performance parameters for each case.

In the case involving a variable load that is combined with the results of
the estimator, it is worth highlighting that the PI controller reaches the desired
value more rapidly. However, once the steady state is achieved, and in the face
of a load variation, the PI-PBC responds with a precise tracking of the changes
in current, as shown in Fig. 5.

Likewise, it can be observed that, as expected, the voltage behavior is always
guaranteed to be at the desired value, regardless of the load demand. This is
evidenced in Fig. 6.
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Fig. 6. Tracking the voltage under variable load conditions

6 Conclusions

The results of this study indicate that both the PI and PI-PBC controllers are
capable of achieving the desired current levels. However, the PI-PBC demon-
strates a superior performance profile. Specifically, it reduces the response vari-
ation and steady-state error compared to the traditional PI controller. This
enhanced stability is necessary for applications that require precise current reg-
ulation, highlighting the effectiveness of PI-PBC in managing the complexities
associated with nonlinear systems.

While the PI controller is faster in reaching steady-state conditions, the PI-
PBC stands out due to its impressive capability to accurately track changes in
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load once the steady state is attained. This distinction suggests that the PI-PBC
is better at handling dynamic environments with fluctuating load conditions.
Consequently, the PI-PBC’s ability to maintain its performance under variable
loads makes it a preferable choice in applications that demand adaptability and
reliability.

In the context of this study, parameter tuning was pivotal in achieving the
desired system behavior. The PI controller was tuned with k, = 0.2 and k; = 0.2,
whereas the PI-PBC utilized k, = 1.5 and k; = 0.8. These parameter selec-
tions were instrumental in enhancing the overall performance of the pulse-width
modulation (PWM) system, and the higher gains of the PI-PBC allowed it to
effectively deal with the inherent nonlinearities of the PWM-controlled systems.

The PI-PBC demonstrated a superior capacity for adapting to variable load
conditions, which is particularly significant in dynamic electrical systems. Its
performance underscores the usefulness of this control strategy in real-world
applications where load changes are frequent and unpredictable. By maintaining
a more consistent current regulation in these scenarios, the PI-PBC constitutes
an invaluable asset in the design and implementation of advanced power elec-
tronic systems.

Ultimately, the findings of this research contribute significantly to the ongoing
development of control techniques within the field of power electronics. By pro-
viding valuable insights into the implementation of control strategies to optimize
current regulation in complex electrical systems, this study lays the groundwork
for future advancements. In conclusion, while both controllers are effective, the
PI-PBC offers notable advantages in terms of stability and adaptability, partic-
ularly in environments characterized by fluctuating load conditions.
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Abstract. The Navigation Subsystem of an autonomous ground vehi-
cle has been developed to follow a predefined trajectory along a semi-
structured environment. For this purpose, a linear algebra-based con-
troller has been designed taking into account the Ackerman kine-
matic model. Furthermore, two PID controllers and two one-dimensional
Kalman filters have been implemented to allow the proper adjustment of
the vehicle’s linear velocity and steering angle. A CAN expansion module
has also been installed in the vehicle Navigation Subsystem, enabling it
to communicate with the vehicle Environment Description Subsystem,
which provides information about the surroundings, allowing the Navi-
gation Subsystem to react to external stimuli. Finally, several tests were
performed to verify the correct behavior of the controllers and the com-
munication interface.

Keywords: Linear algebra-based controller - Autonomous vehicle -
Ackerman kinematic model - Kalman filter - CAN communications
protocol - Trajectory tracking - PID controller

1 Introduction

An autonomous vehicle is defined as one capable of recognizing its environment
and making decisions based on the information received. It can operate as a
traditional vehicle without the intervention of a human user. However, the Soci-
ety of Automotive Engineers (SAE) defines six levels of autonomy, ranging from
fully manual to fully autonomous. Current commercial developments are clas-
sified between level two, where sensors are used to trigger alarms to assist the
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user, and level three, where control can be delegated to the vehicle, but the
user needs to be alert to take control at any time [11]. The development of
autonomous vehicles is gaining relevance due to the potential advantages they
offer, such as the reduction of traffic accidents and smoother mobility [10,19].

Nowadays, the state of the art shows heterogeneous development, with small
fleets delivering packages in low-traffic suburban areas, autonomous farm vehicles
[14], and semi-autonomous services that can switch control between the driver
and the vehicle according to the traffic scenario’s complexity, allowing the driver
to take control at any time, especially in emergency scenarios [10,11,19]. How-
ever, several applications can be implemented using autonomous ground vehicles
designed to operate in semi-structured environments, such as package delivery
within a university campus or as part of Industry 4.0 processes. Full autonomy
is not required in these environments, where terrain and building architecture
are previously known but dynamic obstacles appear.

This work involves the commissioning of a prototype vehicle developed to
study and research autonomous ground vehicles and their applications [2]| in
semi-structured environments. It has been modeled as an Ackerman vehicle,
where linear thrust is provided by the rear axle, while the direction is modified by
the steering shaft at the front axle [1,6,7,15,16,20,22]. The mapping component
has been excluded from the navigation system at this stage of the project, and
the vehicle trajectory is provided as referenced routes to a coordinate system.
Furthermore, a linear algebra-based controller is designed using the Ackerman
kinematic model. This controller uses the vehicle’s direction and its position
in the reference coordinate system to calculate the vehicle’s linear velocity and
steering angle. Two PID controllers are implemented to allow the linear velocity
and the steering angle to follow the reference generated by the main controller
[6,7,16,20,22], and two one-dimensional Kalman filters are used to reduce the
variance in measurements of the vehicle’s linear velocity and steering angle.

Additionally, a Controller Area Network (CAN) expansion hat has been
installed on the main Raspberry Pi processor to enable it to communicate with a
secondary unit to obtain additional information about the surroundings, such as
real-time image processing scanning, or results of the application of algorithms
for robust mission planning [12]. The CAN protocol, originally developed for
the automotive industry, allows multiple devices to share information across a
bidirectional communication bus [8,9].

The remainder of this article is organized as follows: Sect.2 describes the
system, mathematical models and system design are treated in Sect. 3, results
from the navigation controller are exhibited in Sect.4, vehicle limitations are
commented on in Sect. 5, and relevant conclusions are summarized in Sect. 6.

2 System Description

2.1 Vehicle Description

The prototype used in this work is a 4:1 scale model of the BMW i8 Spyder
controlled by a Raspberry Pi 4B. This vehicle is equipped with a DC motor at
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the right rear tire, which provides linear thrust, and a second DC motor that
controls the steering angle of the steering shaft. The distance between the axes
is 70 cm, and the distance between the tires is 55 cm, as pictured in Fig. 1.

=%

55 cm

70 cm

Fig. 1. Prototype dimensions.

2.2 Sensors

The vehicle is equipped with velocity and direction sensors, as well as four ultra-
sonic distance sensors located at the rear, front, and sides. These HC-SR04
sensors detect obstacles within a 4m range in direct sight. The power supply
consists of two 12V 7 Ah lead batteries. The first one powers the entire elec-
tronic systems, and the second one powers the DC motors.

Linear Encoder. To measure linear velocity, a slotted wheel shown in Fig. 2a
was installed at the right rear wheel. This wheel was designed to produce 90 sig-
nal transitions per rotation at the light beam from an LM393 encoder. Therefore,
the linear velocity v, is measured as v = nnd,,/(90Ty) where n is the number
of encoder transitions, d,, is the wheel diameter, and T is the sample time at
which the transitions are measured.

Steering Position Sensor. The vehicle uses a DC motor to turn the steering
column, which is equipped with a velocity reduction box. To assemble the steer-
ing position sensor, a potentiometer is used to measure the steering angle. This
setup, illustrated in Fig. 2b, functions as a servomotor [13].

The signal from this potentiometer is digitized using an MCP3008 analog-
to-digital converter (ADC). Since the steering angle, 1, ranges from —30 to 30°,
whereas the potentiometer signal, Pt, reads values between 0.65 and 0.35 respec-
tively, the transduction of the voltage signal to the steering angle is performed
as ¥ = —200 - Pt + 100.
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Position = =
reference /7 Gear
+ DC Motor Reduction —>

Box

Position
measured

e F—
() (b)

Fig. 2. Sensors installed on the system: (a) Slotted wheel blueprint. (b) Servomotor
system diagram.

2.3 Architecture of the Vehicle Control System

The prototype consists of two primary subsystems: the Environment Description
Subsystem (EDS) and the Navigation Subsystem (NavS). The EDS uses sensors
such as LIDAR, cameras, and proximity sensors to map the environment of the
vehicle. In contrast, NavS follows a predesigned trajectory, receiving data from
the EDS via a CAN bus, as well as from its own navigation sensors, to control
the prototype movement. Both the EDS and NavS can be remotely monitored
via a WiFi connection. The general architecture of the system is shown in Fig. 3.

Monitoring
Station
_l < * | Actuators I
— A

/0

Environment
Description
System

Navigation
System

Environment

Cognitive Navigation

Sensors

Sensors

Fig. 3. System architecture diagram.
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The focus of this work is the development of the main controller for the
NavS. This controller comprises three embedded systems that allow the vehicle
to follow a predefined path.

The NavS integrates the input of the aforementioned sensors, controls the
two DC motors as actuators, and employs three embedded controllers to navi-
gate semi-structured environments, as shown in Fig. 4. The linear algebra-based
controller (LAC) processes sensor signals to calculate the optimal linear velocity
and steering angle necessary to track the vehicle’s target trajectory. The PID
controllers then convert these commands into PWM signals that drive the DC
motors. To mitigate the high error variance in raw sensor measurements, which
impedes smooth vehicle control, two Kalman filters are incorporated.

Filtered —»@—»[ SPID HSMOTOR

Speed | Speed PID Speed Motor
) Controller
Speed Kalman Filter Speed
. Trajectory Reference > Reference 3 :

Environment jecoly G Navigation
Description CAN — Subsystem
Subsystem CAN Module  Filtered | Linear Algebra |Angular Position

Angular Controller Reference

Position

Angular Position —)@—»[ APPID ]—)[APMOTOR
Kalman Filter

Angular Position  Angular
PID Controller Position
Motor

. Angular Position v

Fig. 4. Architecture of the vehicle control system.

3 Mathematical Models and System Design

3.1 Ackerman Kinematic Model

The Ackerman kinematic model, shown in Fig.5a, describes the behavior of a
four-wheeled automotive vehicle, in which the linear velocity is provided by a
powertrain on the rear axis, and the steering angle is controlled by a steering
column on the front axis [16]. Furthermore, by using the simpler Ackerman
bicycle model [7,20], the front and rear axes can be modeled as a single wheel
in the middle of the vehicle, as shown in Fig. 5b.

The vehicle position is measured in a reference coordinate system, relative to
the middle of the rear axis. The vehicle’s orientation, 6, is the angle at which the
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(a) (b)

Fig. 5. Ackerman model: (a) Kinematic model. (b) Bicycle model.

vehicle needs to move forward to properly track the reference trajectory, and v
is the steering angle of the front wheels [7,16].
The discrete form of the Ackerman kinematic model is defined as in (1).

Ty =Tp-1+To Va1 ~COS(9n_1)

Yn =Yn—1+To - Vo1 -sin(f, 1) (1)
on = 9n—1 + % ' tan(wn—l)
where x,, and y,, coordinates describe the vehicle’s trajectory at instant n, while
Vi—1, 0n—1, and 9,1 refer respectively to the car speed, its orientation angle,
and the steering angle of the front wheels at instant n — 1. Furthermore, L,
corresponds to the length between the front and the rear axes, and Ty, to the
sampling time, set to 0.1s.

3.2 Linear Algebra Based Controller Design

For tracking the reference trajectory, the LAC requires the current linear vehicle
speed and its steering angle as inputs. Initial conditions are zero for the vehi-
cle’s position and orientation. The LAC calculates the target linear velocity and
steering angle, so equations in (1) are rewritten in matrix form, as shown in (2).

cos(0,) 0 Tnt+1 = Tn
in(6,) 0 ' Ly —y 2)
sy, . = — . n+l — Yn
01 tan(1y,) To Orr 0.

n
L
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For the system to have a unique solution, the condition in (3) needs to be
satisfied.

V= — -

To

cos(0,,
[ (0n) ®)

sin(6,,)

LTn+1 — Tn
Yn+1 — Yn

This condition forces both direction vectors to be parallel, leading to the
condition described in (4).

Sin(en) Yn+1 — Yn
= = n 4
cos(l,)  Tpi1 — xn tan(6r) )

To satisfy this condition, a variable is sacrificed, so that x and y coordinates
can follow the reference trajectory. This variable is the orientation, so it will be
called 0., from now on. Therefore, the desired next position of the vehicle is
calculated as described in (5).

Tpt1 = Trefnyn — Ka - (mrefn — )
Yn+1 = Yrefpny1 — ky : (yrefn - yn) (5)
9n+1 = eez,,LJrl - k@ . (eezn - 9")

where k;, k, and kg are constants between 0 and 1 that determine the roughness
of the controller action. The closer to 1, the smoother the controller action.
The relations in (6) are defined to simplify the equations of the controller.

Az = Trefpi1 — kg - (-Trefn - wn) — Tn
Ay = Yrefnir — ky : (yrefn - yn) —Yn (6)
A = eezn+1 — ko - (aezn - en) —bn

Finally, the equation system is solved by applying the linear algebra property
AT - Az = AT . b. The solution of the system is described by (7).

V., 1 [Az-cos(fe.,) + Ay -sin(be.,,)
-7 m
tan(1y,) To foL

3.3 Kalman Filter

The Kalman filter is an important iterative algorithm that uses predictions of
the system state to reduce the error variance from measurements taken from
sensors [3,21]. In this work, this filter is used to reduce the variance of both the
linear speed and the steering angle measurements. The Kalman filter alternates
prediction and correction (filtering) stages with each new provided measurement.
It consists of five steps: projection of the state ahead and the error covariance
ahead from system dynamics, computation of the Kalman gain using the state
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error covariance and the measurement error covariance, state updating with the
help of the projected state and the current measurements, and finally, filtering
of the error covariance from the projected covariance.

v~ N (p02);a' ~ N (1,0%) 3y ~ N (u,03) (8)
p=FE{z}=E{y}

Since the sampling time is small and we do not have a complete characteri-
zation of the dynamics of the system, the projections of the state ahead and the
error variance ahead are simply chosen as the previous filtered values, as shown
in (9), simplifying the model.

/ . 2 _ 2
T = Tk—-1; Uac;‘ - O'wk,l (9)

The filtered current system state is computed in (10).

Tn =27 + (Kyp) - (Yn — 27,) (10)
where K, is the Kalman filter’s gain, computed in (11).

Kp=——tn (11)

being, afcn, the error covariance for the current filtered system state, shown in
(12).

or =(1-Ky,)-02 (12)

Tn

The filtered value depends on the filter gain. As the gain is closer to one, the
filtered variable is closer to the new measurement; otherwise, when the gain is
closer to zero, the filtered value is closer to the projected system state ahead.

Kalman Filter for Speed Measurements. The variance of the raw speed
measurements was computed, resulting in a value of 1500 (cm/s)?. This value
was used to set up the error variance of the projected speed, while its initial
value was set to 0 cm/s. The algorithm was also programmed so that when there
is a significant change in the speed, the estimated variance is reset to the initial
value, so that the filtered speed turns out closer to the measured value. Figure 6a
shows the smoother behavior for the filtered speed in contrast to the raw data.
The error variance for the system speed in the steady state was reduced from 60
(em/s)? to 30 (cm/s)? once filtered.

Kalman Filter for Steering Angle Measurements. The Raspberry Pi reads
the ADC output values as a fraction of the reference voltage level. When the
vehicle’s wheels are straight, the measured signal is 0.5, so this value is used to
initialize the filter. Furthermore, the initial error variance is set to 0.1. Analo-
gously to the speed filtering, the error variance is reset when there is a significant
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Fig. 6. Vehicle position variables measurement: (a) Speed measurement. (b) Steering
angle measurement.

change in the steering angle to reduce the Kalman gain and achieve filtered esti-
mates closer to the current measurements. Figure 6b shows the steering angle for
raw and filtered measurements. The error variance was reduced approximately
by half, from 4.38 1076 to 2.23 -10~¢ by Kalman filtering.

3.4 Controller Area Network Communications Protocol

The Controller Area Network (CAN) protocol is a serial communication stan-
dard originally designed for the automotive industry, offering strong immunity to
electrical interference and built-in error detection and correction capabilities [9].
This protocol facilitates communication between microcontrollers and electronic
devices by enabling data sharing across a common bidirectional transmission bus.
The CAN protocol is typically divided into layers, with the application, physical,
and data layers being the most common configuration. In the standard protocol
used in this application, messages consist of 10 bytes to transmit environmental
information related to navigation from a secondary processor. Alternatively, the
extended protocol uses 94 bits [8].

This setup is advantageous as it reduces vehicle wiring by minimizing cabled
connections. The CAN bus operates as a transmission bus, meaning that all
nodes connected to the bus receive transmitted data. However, message contents
and arbitration rules dictate which node responds to the message [9].

In this project, a CAN bus was installed in the prototype to enable commu-
nication between the EDS and NavS. Tests demonstrated that when the NavS
received a warning signal from the EDS via the CAN bus, the vehicle’s trajectory
shifted from the primary path to a secondary path as directed by the EDS.

3.5 Speed and Steering Angle PID Controllers

To translate the speed reference computed by the LAC, a PID controller was
designed that takes as input the speed error and produces a PWM signal to feed
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the DC motor. The transfer function G, (s) of the speed system was identified
using the Alfaro two points method [17], and it is described as in (13).

o ( )7 K - e tos _ 3.5'670'36.5
oS/ = T-s+1  2-s5+1

(13)

where, K is the system gain, tg corresponds to the system delay, and 7 is the
system time constant. Analogously, the steering angle transfer function G, (s) is
described as in (14).

5.93 . =017
Gals) = 000 5 1) (14)

The control action CAp;p provided by the PID controller is computed as in
(15) [4].

CAPID = KC . (e(t) + i /e(t) - dt + Td . ie(t)) (15)
T; dt
where e(t) represents the error between the reference and the current value, and
K¢, T; and Ty are the controller’s proportional, integral and derivative gain,
respectively.

The speed PID controller is tuned with Dahlin’s method since it produces
a smooth response without an overshoot. Further, tuning expressions and the
gain values for both PID controllers are reported in Table 1, where 7, is a tuning
parameter, that is chosen as in (16) [4].

%>08yn>&LT (16)
0

Table 1. PID Controllers Tuning Methods

Gain|/Speed Controller|Steering Angle Controller

Expression|Value [Expression |Value
1 T 2:-Tc+T1+41
T | 2 2-Te + 7T+ 1t0/1.25
Ty o 0.18 |Eretor o o8

To showcase the functionality of the speed PID controller, a step change from
0 to 100 cm/s is applied as a reference. Figure 6 depicts the controller’s behavior.
It is evident that the actual speed of the vehicle successfully tracks the reference.

Similarly, for the steering angle PID Controller, a reference with step changes
to 15° and —15° are established. A slight discrepancy between the reference and
the actual steering angle is exhibited, attributed to the weight of the steering
column. Figure6b depicts the behavior of the controller.
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4 Results from Implementation of the LAC

A circular trajectory with a 2-m radius was designed to test the LAC system
embedded with the PID controllers. The vehicle successfully followed the trajec-
tory, achieving a root mean squared error (RMSE) of 10.1cm, as illustrated in
Fig. 7a.

Additionally, the LAC calculates the vehicle’s desired orientation relative to
its current position and the reference trajectory. Figure 7b shows the vehicle’s
orientation performance in comparison to the LAC-generated reference, with an
RMSE of 0.11rad.

The performance of the PID controllers was also evaluated during the test.
The steering angle behavior, depicted in Fig. 7c, reveals that the PID controller
struggles to accurately follow a variable reference, resulting in an RMSE of 19.1°.

Figure 7d shows the vehicle’s speed behavior throughout the test. Speed drops
were observed at certain intervals, attributed to inaccuracies in the speed sensor
installed on the prototype. Nevertheless, the controller was able to compensate
for this sensor error, tracking the LAC-generated reference with an RMSE of
22.94cm/s.
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Fig. 7. Circular trajectory tracking test: (a) Trajectory tracking. (b) Vehicle orienta-

tion. (¢) Steering angle. (d) Vehicle speed.
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A CAN expansion module was attached to the main processor to facilitate
communication between the NavS and the EDS. To demonstrate the function-
ality of this system, two distinct routes were programmed: a straight line and a
circular trajectory with a 2-m radius, as used in the previous test. The vehicle
was programmed to switch from the first route to the second upon receiving a
warning message. Figure 8a illustrates the vehicle’s position relative to the trajec-
tory, showing that it successfully adjusted its path upon receiving the message,
with a root mean squared error (RMSE) of 7.6 cm. The behavior of the vehi-
cle’s orientation, speed, and steering angle closely mirrors the results from the
previous test.

Figure 8b presents the vehicle’s orientation behavior in comparison to the
LAC-generated reference. The vehicle tracks the orientation reference within an
acceptable error range of 0.1rad, with the highest error detailed in the figure.

Similarly, Fig. 8¢ shows the steering angle performance relative to the LAC-
generated reference. The PID controller struggles to follow the variable trajectory
accurately, resulting in an RMSE of 17.57° for the steering angle.

The vehicle’s speed during the CAN message reception test was also analyzed.
The vehicle tracks the speed reference generated by the control system, though a
speed peak is observed at second five in Fig. 8d. This anomaly occurs because the
test was designed to stop the vehicle completely before switching to the second
trajectory, causing a brief spike upon restarting.

Additionally, Fig.8d shows intervals where the speed drops to Ocm/s, an
error attributed to the inaccuracy of the installed speed sensor. Despite this,
the PID controller for the speed subsystem compensates for the sensor error,
following the generated trajectory with an RMSE of 22.9 cm/s.

5 Vehicle Limitations

The system has inherent physical and mechanical limitations that restrict its
ability to navigate routes beyond its capabilities. Initially, any programmed route
must be designed with a minimum traveling speed of 50 cm/s to ensure that the
vehicle’s motor can effectively propel its weight.

Moreover, due to the vehicle’s substantial mass, increasing velocity results
in higher system inertia, causing the vehicle to widen its trajectory’s curvature
radius. Consequently, the vehicle may not be able to return to its starting point
on circular routes. Extensive trial and error determined that the vehicle can
successfully complete a circular route with a minimum radius of 2m at 50 cm/s.
Furthermore, the steering angle system is limited by mechanical stoppers that
prevent angles from exceeding 30°, as surpassing this threshold would strain the
gear reduction box.
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Fig. 8. CAN message reception test results: (a) Trajectory tracking. (b) Vehicle orien-
tation. (c) Steering angle. (d) Vehicle speed.

6 Conclusions

This work presents the design of an autonomous vehicle based on a scaled model
of the BMW i8 Spyder, with a wheelbase of 70cm and a width of 55cm. The
vehicle is equipped with ultrasonic distance sensors, a velocity sensor, and a
steering angle position sensor. It is powered by two DC motors, which control
both linear velocity and steering column movement. Additionally, a CAN expan-
sion module is installed on the main processor to enable communication between
the Navigation Subsystem (NavS) and the Environment Description Subsystem
(EDS).

The vehicle employs a linear algebra-based controller, complemented by two
PID controllers, to track pre-programmed trajectories within a referential coor-
dinate system. However, deviations between the reference and actual positions
arise due to nonlinearities in the steering mechanism and the weight of the pro-
totype.

The testing phase involved the vehicle navigating circular trajectories,
demonstrating the effectiveness of the designed controllers in trajectory tracking.
Additionally, a message reception test showcased the vehicle’s ability to alter its
trajectory upon receiving a warning signal.
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While the results are promising, route design must consider the prototype’s
physical limitations to ensure successful navigation. The current findings pro-
vide sufficient evidence that the prototype is ready for further testing in semi-
structured environments.

However, the tests reveal that the PID controller for the steering angle subsys-
tem struggles to accurately follow the trajectory generated by the linear algebra-
based controller (LAC), with the steering angle RMSE reaching nearly 20°. The
authors recommend designing a control law better suited for tracking variable
trajectories, such as an additional linear algebra-based controller, which has been
shown to improve reference tracking in similar studies [5,18].

Despite these limitations, both tests show consistent behavior across RMSE
values for trajectory tracking, vehicle orientation, steering angle, and speed.
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Abstract. Motor imagery (MI) frameworks have a long history of being used
in different motor training applications. Since the emergence of brain-computer
interfaces (BCI), MI techniques have been integrated into BCI frameworks to
enable controlling external devices through interpreting neural signals into exe-
cutable commands. Virtual reality (VR) has the capacity to introduce novel ways
of improving the performance of MI-BCI trainings through enabling embodiment
prior to and during the tasks. While the performance improvements achieved by
using VR-based embodiment during the MI training has been investigated pre-
viously, the effects of VR-based motor priming prior to the training needs to be
further addressed. This study uses machine learning (ML) to find out whether or
not VR-induced avatar embodiment before the actual MI-BCl training is capable to
make significant differences in electroencephalography (EEG) signals recorded
from the users. Detecting the most relevant features which best represent such
differences enables the introduction of biomarkers of VR-based motor prim-
ing embodiment in MI-BCI applications. Relating these biomarkers to the spe-
cific neurophysiological functions which facilitate MI can help in design and
development of MI-BCI applications with improved accuracy and performance.

Keywords: brain-computer interface - motor imagery - embodiment - virtual
reality - electroencephalography - machine learning

1 Introduction

Defined as the mental representation of a movement action without actually performing it
[1], motor imagery (MI) techniques have been used in various domains of motor training
to enhance training and performance. This is achieved through stimulating the related
neural pathways via mental practice and visualization of the intended movements. The
MI trainings result in strengthening the neural pathways in the brain associated with
motor skills, enhancing motor accuracy and improving the overall motor performances
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related to the discipline where the training is being used [1-5]. The applications of MI
include (but are not limited to) rehabilitations, sports, cognitive, different types of motor
therapies, and even music [2]. For example, in sports psychology, MI — alongside other
mental practices- has been proved to be affective on the acceleration of learning and
improvement of motor skills, increasing confidence in the athletes and improving their
techniques [3]. In rehabilitation, MI is utilized as a powerful tool to facilitate relearning
or restoring motor skills after a stroke, injury or illness [4—6]. This is mainly due to the
fact that the event-related synchronization/desynchronization (ERS/ERD) during an MI
task resembles the activities of the brain during the actual planning and practice of the
movements. As a result, MI activities helps in strengthening and restoration of the neural
pathways related to motor functions [6, 7].

A more recent application of motor imagery is in brain-computer interfaces (BCI)
where it enables individuals to control external devices through an interface that is
capable of interpreting the MI-associated neural signals [8]. In such applications, motor
imagery is generated by the users through envisioning certain movements (such as mov-
ing fingers, hands, etc.) while not doing the actual physical movements. The related neu-
ral activities of the users’ brain are then detected through some type of neuroimaging (e.g.
electroencephalography (EEG) [9], functional magnetic resonance imaging (fMRI) [10],
etc.) and then interpreted into predefined commands for controlling a device through its
interface. This not only offers creative solutions to people with motor conditions and
disabilities, but also introduces new ways of communicating with motor interfaces for
the healthy population.

Effective detection of MI cues and their translation into BCI commands requires
recognition of distinct patterns in the signals related to certain motor activities/commands
depending on the utilized neuroimaging technique. For example, when using EEG signals
for an MI-BCI interface, it is important to consider how variable certain characteristics
of the signals used in BCI applications may be for the same motor imagery task among
different individuals [11, 12]. This requires extensive training frameworks for the users
to become familiar with the process and become capable of generating more robust EEG
patterns based on the visual and performance-based neurofeedback that they receive from
the interface [13]. All these drawbacks have resulted in introduction of new paradigms
into MI-BCI, including the application of virtual reality (VR).

VR has the capacity to offer a more real-time and immersive feedback to the MI-
BCI user, enabling an immediate sense of performance in terms of the accomplished
motor task [14]. Providing a type of visual feedback that resembles the natural setting
of performing the intended motor task, VR allows the users to see whether the intended
task is done correctly while performing it, resulting in higher performance rates than
other visual feedbacks (such as flat screen feedbacks) for MI-BCI tasks [15, 16].

Moreover, the performance of MI-BCI trainings can be enhanced through motor
priming-induced learning. Motor priming is the process of offering stimulant cues for
activating specific neural pathways related to that motor task in the user’s brain [17].
Motor priming results in increasing MI performance through facilitating the neural plas-
ticity in the user’s brain as well as increasing their motivation, attention and engagement
in the intended task [17, 18]. Motor priming can be introduced to the learning pro-
cess through different sensory cues, such as visual, auditory and somatosensory stimuli.
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Auditory priming involves playing sudatory instructions as well as sound effects related
to the motor task, helping the users to synchronize their imagined movements with the
presented auditory stimuli [17, 19]. On the other hand, somatosensory priming includes
introducing proprioceptive and/or tactile stimuli and feedback to the MI task, resulting
in the users to better imagine the MI task and enhance their performance [20]. One of the
most effective types of priming is visual priming which involves introducing relevant
visual stimuli to the MI training. This can be achieved through showing the footage of
related body movements before asking the users to start their MI task, activating their
visual cortex.

With the capability to present visual, auditory, tactile and proprioceptive feedbacks,
VR offers a unique opportunity to combine different types of priming-induced learning
to the MI-BCI frameworks. Additionally, it can introduce physical activity related to
the MI task which can further boost the performance of the training [21]. All these
characteristics enable VR to induce a unique sense of embodiment to the MI-BCI prior
to and during the training. The VR-induced sense of embodiment might be helpful to
the BCI performance [22] and how the resulting MI-related EEGs are modulated by the
BCI framework [23].

While there has been an open debate about the effectivity of sense of embodiment
embedded in the MI-BCI training on the BCI performance and the modulation of the
Ml-related EEG characteristics, its impact when it is used as a motor priming phase
prior to the actual MI-BCI task has never been studied before [9]. The goal of that
study was to investigate the effects of the VR-based sense of embodiment induced
during the priming phase prior to the actual MI-BCI training on the enhancement of
the ERD patterns. This between-subjects study concluded that there is no significant
difference between the ERD patterns and MI-BCI accuracy between the experiment
group who were subjected to a VR-based embodiment motor priming phase and the
control group who were deprived of such embodiment phase prior to the beginning of the
MI-BCI task. While that conclusion was made based on training a linear classifier using
a standard BCI feature extraction method emphasizing on comparison of lateralization
index, investigating the differences of the EEG features using other machine learning
(ML) algorithms and through classification based on other EEG-based features is not
investigated.

In this study, we leverage a dataset collected in [9] to find biomarkers of VR-induced
sense of embodiment prior to BCI training in the EEG signals recorded during the MI-
BCI task [24]. Several different ML algorithms (Stochastic Gradient Descent (SGD),
Support Vector Classifier (SVC), Decision Tree (DT), Naive Bayes (GNB), K-Nearest
Neighbors (KNN), Random Forest (RF) and a Multilayer Perceptron (MLP)) were used
to classify the EEG signals recorded during the MI-BCI task for the two experiment and
control groups mentioned before. The study aimed to determine whether ML approaches
were able to accurately classify the two groups based on the features extracted from
EEG data, and determine which features best represent the effects of priming sense of
embodiment on the MI-BCI.

Additionally, we explore the potential of using neural networks for classifying the
two groups based on the scalograms generated of the EEG signals for different time
windows through Continuous Wavelet Transform. Contrary to the traditional machine
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learning methods, where various time and frequency domain features are offered to be
used to train the model and assess the accuracy of the resulting classifiers, in neural
networks, we use scalograms as raw data to be fed into the algorithms without the
need for manual feature engineering [25]. Therefore, in this study, we incorporate deep
(EfficientNet, MobileNet V2 and NasNet) and shallow neural networks to see how they
can automatically discover complex hidden patterns and automatically learn intricate
features from the scalograms. Although the usage of the mentioned pre-trained neural
networks in EEG classification through scalograms may be limited due to some reasons
such as the need for fine-tuning of the networks for the specific application, the results in
this study are promising due to the ability of these architectures to automatically extract
complex patterns and hierarchical features that shows potential in capturing meaningful
information from time-frequency representations.

If accurately classified, the features that mark the difference of the EEG signals
among the two groups can be used as biomarkers of priming sense of embodiment
during the MI-BCI tasks. Finding and studying the neurophysiological origins of these
markers helps better understand the effects of sense of embodiment on the performance
of VR-based motor imagery tasks and also will be helpful in developing novel methods
for detection and interpretation of MI-induced neural activities in the brain and designing
better BCI frameworks.

2 Methods

2.1 Dataset Demographics and Experimental Design Characteristics

In this study, we take advantage of using the dataset (EEG and EMG) collected by Vagaja
et al in [9]. The dataset comprises of EEG and EMG signals of 26 participants consisting
of 10 male (mean age 25.4 & 7.4 years old) and 16 females (mean age 23 £ 3.2 years
old), all right-handed with normal vision and no reported motor impairments. Half of
the participants were randomly assigned to either the experiment or control groups.
The signals were recorded during two phases of the study: 5-min priming and 10-min
motor imagery training. The priming phase involved two different setups between the
two experiment and control groups. The experiment group underwent an embodiment
priming in which, for the first 3 min, they were instructed to move their upper limbs, head
and upper body and their first-person VR avatar matched their movements in synchrony.
For the subsequent 2 min, a soft paint brush was used to induce the virtual hand illusion
in them through stroking their real right hand in synchrony with a similar animation
for the right-hand of their virtual avatar. On other hand, the control group’s first 3 min
of priming included them watching a footage of a pre-recorded third-person avatar in
VR that did not move in synchrony with their movements and their subsequent 2 min
involved their left hand being stroked by the brush while the third-person avatar’s right
hand was stroked.

The MI-BClI training phase involved all participants imagining the sensation of mak-
ing a fist in their hand based on an arrow pointing to either their first-person VR avatar’s
left or right hand. This training consisted of 40 10-s trials (20 trials distributed randomly
between the left and right hands) followed by a 10-s resting period.
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The EEG signals were recorded through a wireless EEG amplifier (sampling rate
of 500 Hz) and the EEG cap consisted of 32 active electrodes (+3 ACC) distributed
spatially by the 10-20 EEG standard.

2.2 Signal Pre-processing

The whole signals were filtered using a bandpass filter of 0.1 Hz and 60 Hz with a 24
dB/octave steepness slope, and a notch filter of 50 Hz for removing the noise associated
to electrical noise. This filtering approach allowed us to remove the eyeblinks given their
nature of low frequency.

2.3 Machine Learning Pipeline

To investigate the effects of temporal window length on the accuracy of each ML model,
the EEG signals were segmented into 1, 2, 5, and 10 s windows. Then all segmented
windows were labelled as experimental (embodied) or control (non-embodied). Later,
for each segmentation length, time-domain, frequency-domain and non-linear features
were extracted from the segmented EEG signals groups. For feature selection, maximum
relevance minimum redundancy (MRMR) combined with Mann-Whitney U test was
used [26].

The features employed in this study were predominantly chosen by drawing upon
previous research findings that demonstrated efficacy in identifying optimal features for
machine learning (ML) classification of electroencephalogram (EEG) data across various
applications [27, 28]. The time-domain features encompass Temporal Variance (activity),
Mobility, and Complexity, while the frequency-domain feature comprises power spectral
density. Additionally, other features incorporated in the analysis consist of Entropy,
Permutation, Spectral Entropy, as well as nonlinear measures such as Higuchi’s Fractal
Dimension and Hurst’s Exponent. Statistical characteristics like Kurtosis and Skewness
were also included as part of the feature set. The combination of EEG channels of interest
(FC1,FC2,FC5,Cz,C4,CP1, CP2, CP5, CP6), the basic features (10), and the frequency
bands (delta, theta, alpha, beta and gamma) made the final count of candidate features
to be 9x10x5 = 450.

The study employed various classification techniques including Stochastic Gradi-
ent Descent (SGD), Support Vector Classifier (SVC), Decision Tree (DT), Naive Bayes
(GNB), K-Nearest Neighbors (KNN), Random Forest (RF), and Multilayer Percep-
tron (MLP). Subsequently, a heuristic approach was employed to optimize the training
hyperparameters of these models. The dataset was divided into 80% for training and
the remaining portion for testing. Post-classification, the study identified and introduced
relevant markers consisting of channel-frequency band combinations that offer signif-
icant information through specific features to determine whether the signal belongs to
the recordings from the embodied or non-embodied data groups. The performance of
the classifiers was evaluated based on the accuracy percentage metric.

Moreover, to incorporate the neural networks for this type of data, for each trial in
the training and for each participant (in the experiment and control groups), a certain
number of scalograms should have been generated. To maintain consistency with the
traditional machine learning classifications used in this study, the EEG signals were
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Fig. 1. A) EEG signal extracted during one of the 10-s tests performed by the participants. B)
Scalogram corresponding to the EEG signal shown in figure A.

segmented into 2, 5 and 10 s windows and for each one, a scalogram was generated
through Continuous Wavelet Transform. In this method, a scalogram represents how
signal’s power is distributed among different frequency components at each moment in
time. It is worth mentioning that wavelet analysis is especially suitable for non-stationary
signals such as EEG, as it provides a detailed time-frequency representation. In contrast
to the Fourier Transform, which delivers frequency content averaged across the entire
signal, the Wavelet Transform captures localized frequency variations over time, making
it a valuable tool for identifying dynamic changes in EEG activity. Subsequently, the
time-frequency variations in the generated scalograms allows the utilized neural network
to discover complex patterns that can be used to classify the EEG signals. An example
of a 10 s EEG time window and its corresponding scalogram is shown in Fig. 1.
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3 Results

Figures 1 and 2 show the performance of the classifiers for each temporal window length
group (10, 5,2 and 1 s in length) in terms of percentage accuracy. Two different batches
were used for training and testing the classifiers. All 450 features and the top 10%
most relevant features (which are the first 45 features) were selected using the MRMR
complemented by using the Mann-Whitney U test.
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Fig. 2. Classifiers performance for all features (450) set.
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Fig. 3. Classifiers performance for the 45 most relevant features (10% of the total) set.

Since the best performances were presented when using the features extracted from
the 10 s windows group, it was decided to perform additional classifications in order to
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test the most relevant features and thus propose them as possible biomarkers. Table 1
shows the percentages of accuracy obtained by each classifier for different sets of relevant
features extracted from the 10 s swindows group.

Table 1. Classifiers performance for different number of best relevant features extracted from

10-second windows

5 features 10 features 20 features 45 features All features
SGD 70,67 81,25 83,17 88,46 95,19
SvC 72,12 85,58 90,87 96,63 96,63
DT 73,56 80,77 80,77 86,54 87,50
GNB 63,46 64,42 76,92 66,35 71,63
KNN 72,12 87,50 90,87 96,15 99,52
RF 71,63 85,58 88,94 96,15 98,08
MLP 69,71 87,50 91,83 97,12 97,60

Table 2 presents the p value of 10 most relevant features extracted from the 10 s
windows group resulting after applying MRMR + Mann Whitney. Figure 3 demonstrates
the difference between the mean values of the best features in the most relevant frequency
bands for each class. As shown in Fig. 3 the activity in theta had CP5, CP2 and CP1 as
relevant channels. For the PSD in theta CP5, CP2 and CP6 are the relevant channels.
To make it easier to visualize the differences in the figure, all the features’ values were
normalized between 0 and 1, and each pair of topographic maps has its own color scale.

For the neural networks used in this study, the number of scalograms used for each
type of temporal window length in each group = the number of participants (in each

Table 2. P-value for the top 10 most relevant features

Feature P value

CP5_4-8Hz_activity 2,21E-30
CP5_4-8Hz_psd 4,36E-30
CP2_4-8Hz_psd 1,77E-26
CP2_4-8Hz_activity 2,18E-25
FC5_8-12Hz_psd 3,41E-24
FC5_8-12Hz_activity 5,95E-24
Cz_30-60Hz_activity 2,87E-22
CP6_4-8Hz_psd 4,11E-22
FC2_30-60Hz_psd 8,96E-22
CP1_4-8Hz_activity 8,96E-22
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group) x 40 trials x (10 s duration of each trial/window length) x 9 channels of interest.
To address the high computational complexity and resource demands associated with
running the neural networks for a huge number of scalogram images, in this part, the 1-s
window group were excluded from the neural network analysis and the RGB scalogram
images were converted to grayscale images. Table 3 summarizes the accuracy percent-
ages for the neural networks for the scalogram images. Additionally, the optimizers used
for training different neural network architectures when classifying EEG-based scalo-
grams which were found through heuristic search in hyper parameters are written in

Table A.1 in the appendix (Fig. 4).

Table 3. Classifiers performance for different neural networks corresponding to different win-

dows lengths

Window Length Shallow CNN EfficientNet MobileNet V2 NasNet

10s 85,12 83,65 80,29 75,96

5s 83,41 82,45 66,58 66,66

2s 77,88 69,62 68,65 64,12
Embodied Control

Activity 4-8 Hz

PSD 4-8 Hz

Fig. 4. Topographic map for the most relevant features and frequency bands.
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4 Discussion

Since the best performances were presented when using the features extracted from
the 10 second windows group, it was decided to perform additional classifications in
order to test the most relevant features and thus propose them as possible biomarkers.
Table 1 shows the percentages of accuracy obtained by each classifier for different sets
of relevant features extracted from the 10 second windows group.

This approach included a total of 450 features and differentiated the experimental
group from the control group obtaining accuracy percentages for each of the window
groups above 88% when using the set of all features (Fig. 1) and 85% when using the
most relevant features representing 10% of the total data (Fig. 2). The 10-s window group
yielded the best results through KNN classification with an accuracy rate of 87.5% using
the top 10 most relevant features and going up to 99.52% when using the total features
(Table 1). The top 10 most relevant features include activity and PSD in Theta, Alpha
and Gamma, for channels CP5, CP2, FC5, Cz, CP6, FC2, CP1 (Table 2 and Fig. 3).
Figure 3 shows that the mean values of PSD and activity of the most relevant features
were higher for the control group, i.e. the control group showed lower activity and lower
power relative to the experimental group.

Figures 1 and 2 depict that the highest accuracy percentage is achievable through the
classifiers that use the features extracted from the 10-s segmented windows. Except for
the 1-s window classifiers, the percentage of accuracy increases almost linearly when
the length of the segmented window increases.

This would indicate: Firstly, for this specific application, testing with a longer window
length should be considered in order to find the optimal length. Secondly, using shorter
window lengths (1 or 2 s) may result in the loss of important information from the
signal. Thirdly, this is a novel contribution since, to the best of our knowledge, this is
the first time that the length of windows is being studied to find the optimum length for
having the most accurate model. As in the original work [9], the trials were 10 s long,
with the current experimental design, it is not possible to investigate the performance
of classifiers using the features extracted from larger segmented windows, however, for
the specific exercise carried out it, 10 s window length turned out to be the optimal one
within the available possibilities.

Based on our results, the most relevant features included in this study proved to
be useful, since with only 10% of the total number of features we were able to obtain
an accuracy rate of 97.12%. Additionally, with 20 features (almost 5%) and with 10
(almost 2.5%) it was possible to obtain 91.83% and 87.5% respectively. In this sense,
we recommend using these features since in addition to being functional for the desired
classification, they can provide valuable information and reduce the computational cost
related to the processing of large amounts of features. The above also demonstrates the
great usefulness of the feature selection method used in the present study.

When all features were used as inputs, out of the seven classifiers, five had accuracy
percentages above 80%, and when the 45 most relevant features were used, four out
of seven were above that level of accuracy. This represents a novel contribution in
terms of the models produced, not only because with a reduced number of features an
accurate classification can be made between the experimental and control groups, but
also because the obtained results exceed those reported in related works. According to
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Table 2 and Fig. 3, the top ten features that enable the classification are introduced as
possible biomarkers of VR-based priming sense of embodiment in MI-BCI training.
Figure 3 shows the neurophysiological origins of some of the most notable features.

For the neural networks analysis, the classification results reveal interesting patterns
regarding the performance of different models across varying windows lengths. The
shallow network surprisingly outperformed the more complex architectures across all
windows lengths, with its highest accuracy of 85.12% achieved with 10-s windows. Effi-
cientNet followed closely, showing strong performance with 10-second and 5-s windows
(83.65% and 82.45%, respectively), but its accuracy significantly dropped when applied
to 2-s windows. MobileNet V2 and NasNet, despite their advanced architectures, showed
lower performance overall, particularly at shorter windows lengths. These results sug-
gest that while deeper networks like NasNet and MobileNet V2 have the potential for
high accuracy in other domains, they may not be as well-suited for shorter time segments
of EEG-based scalograms without further fine-tuning. In contrast, the shallow network’s
simplicity appears to allow it to better adapt to the temporal nature of the EEG data,
especially with longer time windows. This highlights the importance of both windows
lengths and model architecture in achieving optimal classification accuracy for EEG
data.

The comparison between the neural network-based results and the traditional
machine learning methods shows that traditional machine learning methods, such as
SVC, KNN, and Random Forest, significantly outperformed the pre-trained neural net-
works, particularly when using larger feature sets. Models like KNN and MLP achieved
accuracies as high as 99.52% and 97.60% with all features, while the best neural net-
work performance, 85.12% by the shallow network with 10-second windows, lagged
behind. Traditional methods demonstrated superior classification accuracy, especially
when leveraging feature selection techniques, while deeper neural networks like Nas-
Net and MobileNet V2 struggled, particularly with shorter windows lengths. However,
fine-tuning neural networks could enhance their performance, and their ability to auto-
matically learn features without manual feature extraction remains promising for future
work. This, combined with the use of pre-trained networks, eliminates the need for man-
ual feature selection, making neural networks a valuable approach as they are further
optimized.

Using pre-trained networks based on Image-Net dataset for classifying EEG sig-
nals is limited in the literature. While this makes the comparison between this study
and the existing counterparts difficult, looking at the handful examples shows that the
resulting accuracies in this study are resembling those of the similar works, emphasizing
the potential of using neural networks and transfer learning in EEG classification for
MI-BCT applications. As an example, the maximum accuracy achieved in [29] using
SVM-enhanced EfficientNet for classification of grayscale scalograms is 70%. In [30],
using MobileNet achieved a maximum accuracy of 79.45% for classification of scalo-
grams of EEG signals resulted by using Continuous Wavelet Transform. The ability to
achieve comparable, if not superior, performance through transfer learning highlights the
promise of using pre-trained networks in motor imagery tasks, particularly for MI-BCI
applications, where feature extraction from raw EEG data is challenging.
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S Conclusions

This article presents a novel and promising contribution to the research related to studying
the effects of VR-based embodiments on the motor imagery brain computer interfaces.
Our results show that it is possible to differentiate between two groups that performed
the same task in VR and that underwent different motor priming VR-based embodi-
ment prior to the actual training. This distinction is possible with an accuracy rate of
99.52% using a total of 450 features or with an accuracy rate of 87.5% using only the
10 most relevant features. Additionally, by investigating the effects of using different
lengths for window segmentation of EEG signals to extract the features, it is found out
that classifiers using the features extracted from 10-s segmented windows show the best
percentage of accuracy among other classifiers. The best features which enable such
classification are introduced as biomarkers of VR-based motor priming embodiment in
MI-BCT applications. Relating the specific EEG frequency bands, EEG electrodes and
mathematical characteristics of the EEG signals that these features represent will be
helpful in further understanding the neurophysiological origins of MI-related embod-
iment and can be used in designing and developing MI-BCI frameworks with higher
accuracy and better performance rates.

One of the novel contributions of this paper is the application of EfficientNet,
MobileNet V2, NasNet, and Shallow neural networks for classifying EEG signals
through scalograms using pre-trained neural networks, an approach not extensively
explored in EEG classification literature. While these neural networks have demon-
strated success in related fields such as neuroimaging, this study extends their application
to EEG-based brain-computer interface tasks. The successful implementation of these
models, despite their pre-training on non-biomedical datasets, highlights the potential
for leveraging pre-trained deep learning architectures in EEG signal processing with
further adaptation and fine-tuning.

The limitation of using a maximum length of 10 s for the windows should be
addressed in the future works by an experimental design that allows longer EEG record-
ings. Furthermore, future research endeavors can explore the potential of employing
deep learning methodologies as a more advanced approach compared to traditional
machine learning techniques used in this work to introduce features that may represent
the MlI-related embodiment neural pathways better in the MI-BCI applications.
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Appendix

The following table shows the optimizers used during the training of the neural networks
in this study.
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Table A.1. Optimizers used in training the neural networks

Window Length Shallow CNN EfficientNet MobileNet V2 NasNet
10s Nadam Nadam SGD Adam
5s Nadam Nadam Nadam Nadam
2s Adam Adam Adagrad Adam
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Abstract. Renewable energy sources for electrical power generation are increas-
ingly in demand as the world shifts toward sustainable solutions. Among these,
solar energy has become a prominent option, with solar irradiance data being
widely utilized to estimate potential energy generation. However, the ongoing
impacts of climate change have introduced significant challenges in accurately
measuring the availability of solar resources. To address this issue, forecasting
models can play a critical role in predicting the feasibility and efficiency of solar
energy generation. This paper presents a comparative approach involving two
distinct neural network architectures designed for forecasting solar irradiance,
which serves as a key input for photovoltaic energy systems. Specifically, the
study examines the performance of long short-term memory (LSTM) networks
and Transformer models to determine which approach delivers superior results
under the given conditions. A first scenario proposed to forecast the irradiance
with information from three previous weeks, by employing windows of 24, 48,
72, 84,96, 120, and 144 h. The second scenario used a cross-validation technique.
The analysis revealed that using data from a three-day period combined with a
transformer model equipped with eight attention heads produced the most accu-
rate and reliable forecasting outcomes. This finding underscores the potential of
advanced neural network architectures in optimizing solar energy forecasting and
enhancing renewable energy applications.

Keywords: LSTM - Transformer - Solar Irradiance - Time Series Forecasting

1 Introduction

Nowadays, the world fights with the challenges posed by climate change, the urgency to
transition towards renewable energy sources like solar and wind power has become
increasingly evident. However, the inherent variability of solar and wind resources
presents a significant demanding task for an effective integration into the energy grid
[1]. In this context, accurate forecasting associated to solar variables holds a crucial role
in optimizing energy production processes, enhancing the grid stability, and supporting
the transition to a sustainable energy future [2].
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Forecasting solar resources, like irradiance, involves predicting the availability and
output of these renewable energy sources over various time horizons, ranging from
minutes to days ahead. Such forecasts enable grid operators, energy traders, and poli-
cymakers to make informed decisions regarding energy generation, transmission, and
consumption. Moreover, with the advent of climate change, understanding and predict-
ing the behavior of solar and wind resources under changing environmental conditions
have become paramount.

Inrecent years, advancements in meteorology, remote sensing technologies, and data
analytics have revolutionized the field of renewable energy forecasting [3]. Sophisticated
numerical weather prediction models, coupled with machine learning algorithms, now
enable more accurate and reliable predictions of solar irradiance. Additionally, the inte-
gration of satellite imagery, ground-based sensors, and other observational data sources
enhances the spatial and temporal resolution of forecasts, enabling finer-grained insights
into local weather patterns and resource availability [4].

However, despite these advancements, forecasting solar resources under the current
paradigm of climate change remains a complex and evolving task [5]. The increasing
frequency and intensity of extreme weather events, shifting climate patterns, and other
climate-related phenomena pose new challenges for renewable energy forecasting. As
such, ongoing research efforts focus on developing robust forecasting methodologies
that account for the impacts of climate change on solar and wind resources.

Artificial intelligence (Al) is based on bioinspired models that mimic the natural
intelligence. One example of this, the neural networks are widely used for learning pat-
terns, for example, solar irradiance. Applications of models from Al have been employed
for very fast forecasting for solar irradiance [6, 7], similar approaches with wind speed
have been studied, [8], and rainfall and other climatological variables, too [9, 10].

Changes in the Al area with the improvement of models that are employed with
information with time dependencies, such as sequences or time series area, which was
impacted in 2017 with the inclusion of the seminar paper Attention is all you need, allow-
ing to analyze the sequences in a different way [11, 12]. Due to this, the use of proposed
architecture called transformer is currently used in the Large Language Models, like
GPT, Bard, Gemini, among others [13, 14]. However, the power of transformers can be
exploited in the time series applications in different scenarios [15, 16], which depends on
the specific data series, sample rate, phenomena, among other aspects. Previous to Trans-
formers, recurrent neural networks were widely employed for forecasting tasks. One of
most versatile models has been the Long Short Memory Term (LSTM) neural network,
which has the property to memorize the specific moments to develop the forecasting.
Applications with the use of this neural network for solar irradiance measures can be
detailed in [17-19]. In a similar way, the use of other strategies based on modifications
of this or other architectures have been implemented, however, the results depend on the
specific problem.

Colombia is a country situated in the northwest corner of South America. This makes
that climate be characterized by its diverse geography, encompassing lush rainforests,
rugged mountains, expansive plains, and stunning coastline along both the Pacific Ocean
and the Caribbean Sea [3, 4]. The country’s varied topography gives rise to a wide range
of ecosystems, including the biodiverse Amazon rainforest in the southeast, which makes
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that occupies a strategic location that serves as a bridge between the continents of North
and South America. Additionally, phenomenon like El Nifio contributes to the difficult
task of obtaining information from the weather. In this way, the forecasting of renewable
resources is useful to provide information oriented to establish policies and strategies
for electrical energy generation.

This paper examines the proposal of comparing two different techniques based on
artificial neural networks architectures employed for time series forecasting. The objec-
tive is to supply information based on predictions that support making decisions on chal-
lenges associated with the variability of solar resources in the context of climate change.
For forecasting, the LSTM and Transformer architectures were analyzed, exploring
similar parameters associated to the data and hyperparameters of the networks.

2 Methods

2.1 Dataset

The Colombian meteorological and climatological institute (IDEAM: Instituto de
Hidrologia, Metereologia y Estudios Ambientales) holds a platform where the data
from different climatological variables are available from different places of Colom-
bia, according to acquisition its systems [20]. For this case, data from Valle del Cauca
state was acquired for the study. Information with hour intervals time from January to
August of 2018 was taken into account. A bigger period of time was not considered due
to missing values related to acquisition issues. Figure 1 shows the first ten days of the
acquisition, visualizing the solar irradiance variable.

For training of the models, the month of January was elected for the study, delimiting
the complete sequence to thirty-one days, according to scenario where data acquisition
is restricted as a real one. In a first scenario, the dataset was divided into a training set
with the information from three weeks, and test set was adjusted to the last week of the
month. This idea is supported in a possible implementation of a system that can acquire
data during this period of time and a horizon of one week. The second scenario divided
the information into four folds to apply a technique of cross-validation.

A normalization was implemented, bounding the values to the interval [0, 1]. The
dataset division was established after the normalization, according to avoid to explode
the parameters of the neural network architectures. In addition, this type of normalization
is preferable in time series scenarios due to the preservation of the series behavior.

2.2 Neural Networks Architectures for Sequential Data Analysis

The LSTM neural networks are a type of recurrent neural network (RNN) architecture
specifically designed to address the vanishing gradient problem and capture long-range
dependencies in sequential data [21]. The traditional RNNs had problems associated
to long-term in time series, LSTM networks incorporate specialized memory cells that
allow them to maintain information over extended time periods. The architecture of the
LSTM is based on cells, which consists of a set of three gates: input gate, forget gate,
and output gate. The specific coupling of them allows to be responsible for regulating
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the flow of information through the cell [22]. These gates, controlled by sigmoid and
tanh activation functions, determine which information to retain, discard, or update at
each time step, enabling LSTMs to effectively learn and remember patterns in sequential
data.

One explored hyperparameter of this architecture was the number of cells, this value
was tested from one to five. The implementation was obtained by employing the Keras
framework, and using a dense layer in the output, according the univariate time series.
More cells were not used, due to the advantaged abilities of LSTM networks to handle
sequences of varying lengths, capturing both short-term and long-term dependencies
within the data. Additionally, LSTM networks have been extended and adapted in various
ways to address specific challenges, leading to the development of variants such as
bidirectional LSTMs, stacked LSTMs, and attention-based LSTMs, further enhancing
their versatility and applicability across different domains.

Second architecture analyzed was the Transformer neural network. This kind of mod-
els comprises several key components that allow to capture and process information of
sequence data in a unique way. Its architecture includes two essential parts: encoder
and decoder, each one composed with multiple identical layers. Each layer holds two
principal subcomponents: self-attention mechanisms and position-wise feedforward net-
works. Self-attention mechanisms enable the model to weigh the relevance of each word
in a sequence by considering the relationships between all words simultaneously. This
is achieved through queries, keys, and values, which are linear projections of the input
embeddings. These embeddings are the representation of data through the vectorization
of the sequence to process. This allows the parallelization of the attention, employing
different number of heads. By attending to different parts of the input sequence, the self-
attention mechanism allows the model to capture both local and global dependencies
effectively. In a similar mode as the LSTM one, the hyperparameter of the architecture
was modified, changing the value of the heads in the process following the embedding
with a size of 64. The value of the heads needed to be a divisor of this number, then,
values of 2, 4, 8, 16, and 32 were tested, homologous to five values in the number of
cells of the LSTM.

In addition, the network has position-wise feedforward networks that consist of
fully connected layers applied independently to each position in the sequence [12]. This
part introduces additional flexibility and expressiveness to the model, enabling it to learn
complex relationships and patterns in the data. Moreover, residual connections and layer
normalization are employed to stabilize the training process and facilitate the flow of
information through the network. Together, these internal components of the Transformer
architecture allow for efficient processing of sequential data while capturing both short-
term and long-term dependencies, leading to state-of-the-art performance across various
natural language processing tasks [13].

Finally, other parameter to analyze was the period of time previous to make the
forecasting. For this, it was employed a vector with a specific number of days. Due to
the samples are given by hours, the vectors included 24, 48, 72, 96, 120, and 144 h. This
means that use of data from one day to six days were presented to the network training,
according to real applications. Two scenarios were implemented: i) real-application: the
dataset was divided into a train set with information from first three weeks, and testing
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on the last week; ii) a cross-validation technique with four folds, where the entire dataset
was divided in exact segments, different to the previous week size. According to the time
dependency data, it was taken into account in the division.

2.3 Metrics

The root mean square error (RMSE) is a widely used metric in regression analysis to
quantify the accuracy of a predictive model by measuring the average magnitude of the
differences between predicted and actual values. This metric is calculated through the
formula:

RMSE =

where y represents the predicted values, y represents the original values, 7 is the number
of data points, and X denotes summation. RMSE provides a single value that indicates
the typical deviation of predicted values from actual values, with lower RMSE values
indicating better model performance.

3 Results

As mentioned, two scenarios were implemented according to the validation strategy.
The results for the first scenario are presented, where the training was developed with
three weeks from January and validation followed a hold-out strategy with the fourth
week. Then, second scenario was obtained through a cross-validation strategy where the
dataset was divided into four folds. Then four trainings were implemented, employing
approximately three weeks for training and the test with the fourth week. In this strategy,
the test set was not of the week size exactly due to the division of the dataset. The number
of hours in each dataset was used as reference for the division, where 186 h was the size
for the test set compared to 168 h used in the first scenario. Figure 1 shows an example
of the first ten days of the solar irradiance series.
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Fig. 1. Example of the solar irradiance time series values.
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In the first scenario the experimentation was implemented for evaluation of lags
or previous information necessary to make the forecasting. In addition, the number of
units in the proposed architectures as mentioned. Tables 1 and 2 show the results for the
employment of LSTM neural network and the Transformer architecture, respectively, in
this scenario. The tables include the periods of time, in hours, for making possible the
forecasting. Due to the number of days for the test set is seven days, the longest period
could be six days, 144 h, to forecast the only missing last day.

Figure 2 and 3 show the comparison for the forecasting for both models. Figure 2
visualizes the comparison in the best scenario for the LSTM model, where the forecasting
needed data from six previous days. There, the LSTM obtained the best performance with
an input of 144 h and five cells in the neural network. For the Transformer architecture
case, it was necessary an input of 72 h, three previous days, and three heads after the
embedding. For both figures, the color blue is associated to the original test set, orange
color is for the prediction of the LSTM model, and green color is for the Transformer
model. In addition, for both cases, the straight line is the needed data used as input for
each model and to do the forecasting.

Table 1. Results of the RMSE for the LSTM architecture

Hours 1 Unit 2 Units 3 Units 4 Units 5 Units
24 0.1762 0.1550 0.1525 0.1614 0.1587
48 0.1864 0.1760 0.1679 0.1717 0.1877
72 0.2163 0.1956 0.1791 0.2231 0.1783
96 0.2290 0.2179 0.1956 0.2207 0.2192
120 0.2646 0.2375 0.2508 0.2589 0.2454
144 0.2532 0.1816 0.1736 0.2401 0.1514

Table 2. Results of the RMSE for the Transformer architecture

Hours 1 Head 2 Heads 3 Heads 4 Heads 5 Heads
24 0.1183 0.1177 0.1149 0.1112 0.1128
48 0.1201 0.1112 0.1129 0.1159 0.1234
72 0.1107 0.1150 0.1071 0.1135 0.1086
96 0.1202 0.1220 0.1221 0.1184 0.1171
120 0.1167 0.1122 0.1172 0.1192 0.1162
144 0.1272 0.1244 0.1179 0.1301 0.1240
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Fig. 2. Forecasting for the best performance of the networks based on LSTM architecture.
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Fig. 3. Forecasting for the best performance of the networks based on Transformer architecture.
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The second scenario based on cross-validation can be summed through the Tables 3
and 4. There, it is reported the best value in each fold and window input for each network.
In addition, the number of units (Table 3) and heads (Table 4) where it was found the best
value is exhibited. It is possible to see the differences between the values at comparing
the tables. LSTM networks had higher RMSE values but with less quantity of units for
the architectures compared to the Transformer networks. The minimum value for both
architectures was reached for the input size of 120 h with three units for the LSTM and
four heads for the Transformer.

Table 3. Results using cross-validation for the LSTM architectures

Hours Fold 1 Fold 2 Fold 3 Fold 4
RMSE Units RMSE Units RMSE Units RMSE Units
24 0.1400 5 0.1954 1 0.1602 |2 0.1807 2
48 0.1814 2 0.1942 2 0.1517 2 0.1913 3
72 0.1699 1 0.2124 1 0.1597 1 0.2205 1
96 0.1882 1 0.2006 4 0.1520 |5 0.2285 4
120 0.1979 3 0.1607 5 0.1300 |3 0.2377 4
144 0.2053 3 0.1383 1 0.1504 1 02510 |3
Table 4. Results using cross-validation for the Transformer architectures
Hours | Fold 1 Fold 2 Fold 3 Fold 4
RMSE |Heads |RMSE |Heads |RMSE |Heads |RMSE | Heads
24 0.1153 |4 0.1297 |3 0.1234 |3 0.1347 |5
48 0.1128 |2 0.1301 1 0.1189 |4 0.1363 |2
72 0.1182 |2 0.1291 |5 0.1178 |5 0.1369 |3
96 0.1148 |5 0.1311 |4 0.1160 |1 0.1384 |2
120 0.1211 |5 0.1206 |5 0.1065 |4 0.1420 |1
144 0.1191 |5 0.1185 |4 0.1179 |5 0.1319 |4

4 Discussion

From the results, it is seen that the LSTM models have worse performance compared
to the Transformer ones. This is appreciated in the Tables 1 and 2, where the values,
in general, for the Table 1 are upper than Table 2. Other important aspect that can be
observed is the quantity of looking back is necessary for each model. The LSTM proposal
needs six days with data from 144 h to make the best forecasting process, as seen in
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Fig. 2. Furthermore, the Transformer, with information from three days (72 h) previous
to the forecasting, can develop a better forecasting process. This can be evidence of the
Transformer’s power and the pay attention of data [11].

In spite of the differences between the employed models, a visual inspection of the
results exhibits an operation that follows the movements in the time series, associated
to diary pattern that characterize the solar irradiance. In general terms, it is possible to
propose any of two models for forecasting tasks.

Analyzing the second scenario, it was possible to see how the Transformer archi-
tectures had best results than LSTM ones, in a general way. From Tables 3 and 4 can
be visualized the differences of this effect and the bigger number of heads contrasted
to units in the RNN networks. At the same time, comparing the values for the different
folds, it is possible to see how the last fold had the higher values for the RMSE. This is
due to the division of the dataset, establishing the first week as the test set and three last
weeks as training, which lacks of representation of a real application.

Different works based on the Colombian specific problem has been reported in [3].
There, there were used models based on fuzzy systems and artificial neural networks.
However, the architecture was distant to the presented in this paper, and the results in that
case were no conclusive. More details were presented in [23], where best models were
found based on support vector regressor. Other Colombian studies have been reported in
similar regions that the present one like Narifio, with LSTM, and other lineal models [24].
In addition, data from the Caribbean region of the country was analyzed by employing
just a feedforward network [25], and more locations of Colombia were analyzed in a
multivariate context with neural networks and other machine learning models [26].

However, it is important to note that the different reported works, for the Colombian
case, did not employ transformers architecture within their proposals. Limitations of the
present analysis is based on the variation of the hyperparameters of considered models.
However, it is difficult to establish a clear comparison due to the architectures are totally
different but with fundamentals in neural networks. LSTM depends on the modification
of the cells in the model, meanwhile the Transformer holds many more parameters to
choose. For example, number of layers in the feedforward part, size of the embedding.
These parameters do not have a comparable parameter in the LSTM model. Finally,
computational costs associated to the implementation for each architecture must be
calculated and reported.

5 Conclusions

This present proposal visualizes the comparison between two neural networks archi-
tecture employed for time series forecasting. LSTM and Transformer models were
assessed to forecast the solar irradiance in Colombia. The results showed the power
of the Transformer model, which needed data from three previous days for making the
best prediction.

LSTM architecture continue supporting time series forecasting, but for the analyzed
case, the results were not achieved the performance of the Transformer and its structure
based on attention. From different implementations modifying input sizes and units in
the architectures, it was possible to establish that Transformer networks represent better
alternatives to forecast the solar irradiance in the present case.
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