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About Journal

Journal of Applied Research in Electrical Engineering (J. Appl. Res. Electr. Eng.) is a single-

blind peer-reviewed, open access and free of charge international journal published by Shahid
Chamran University of Ahvaz in cooperation with Iranian Association of FElectrical and
Electronics Engineers (IAEEE). The JAREE is a medium for global academics to exchange and
spread the latest discoveries and advances in their applied research in electrical engineering.
The JAREE aims at presenting important results of analytical, computational and
experimental works within all specialized fields of electrical engineering (electronics, power,
control and telecommunications). It welcomes high quality original research papers from
contributors throughout the world. All papers are subject to a peer reviewing procedure.
Submission, processing and publication of the papers in JAREE is free of charge.

Types of accepted papers include:

e Research articles
e Review articles
o Applied articles

Research papers are expected to present innovative solutions, novel concepts, or creative
ideas that can help to address existing or emerging technical challenges in electrical
engineering.

Application papers are expected to share valuable industry experiences on dealing with
challenging technical issues, developing/adopting new standards, applying new technologies
or solving complex problems. JAREE welcomes application papers that can have a significant
impact on industry practices in the coming years.

Review papers are expected to provide insightful and expert reviews, tutorials, or study cases
on an important, timely and widely-interested topic in electrical engineering.

All researchers in the fields of electrical science are invited to publish their scientific and
research achievements in this journal. Interested authors can submit their manuscripts in the
journal's website. More information is available in the website on how to prepare and submit
the manuscripts.
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The Journal of Applied Research in Electrical Engineering aims to provide a medium for
dissemination of innovative and consequential papers that present analytical, computational
and experimental works within all specialized fields of electrical engineering (electronics,
control and telecommunications). The scope of the journal includes, but is not limited

power,

Amis and Scope

to, the following topic areas:

Electronics:

Optical electronics, photonics and solar cells
Integrated analog circuits and mixed signals
Integrated radio frequency circuits

Digital electronics (VLSI)

Semiconductor devices

Sensor technology

Dynamics and stability of the power systems
Power system protection

Electric power quality

Operation and planning of the power systems
High voltage insulation technology

Flexible AC Transmission Systems (FACTS)
Electric power distribution systems

Smart grids, micro-grids, renewable energies and distributed generation
Reliability of electrical energy systems
Energy management and electricity market
Electric machines and transformers

Power electronic and electric drives

Control:

Linear and non-linear control systems

Adaptive, optimal and stochastic control

Fuzzy systems, neural networks and intelligent control
Robotic and mechatronic

Modeling, Identification and optimization of systems
Guidance and navigation systems

Automation, industrial control and instrumentation

Telecommunications:

Signal and image processing

Wireless and cellular communication systems
Telecommunication networks

Radar and sonar

Information theory and coding

Cognitive radio

Antenna design

Microwave devices

Wave propagation and electromagnetic compatibility
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How to submit a manuscript

For the initial submission, the authors have to just send the main manuscript file and the signed
Copyright Form of the journal. While preparing manuscripts for initial submission, authors are kindly
requested to follow the guidelines, described below:

e The manuscript should be written in a Microsoft Word file (.doc or .docx).

o The file should include text (preferably in 10 points, “Times New Roman” font) and all figures
(figures can be placed within the text at the appropriate point or at the end of the text).

e The manuscript pages should be prepared either using a double-column single-line spacing
layout or a single-column double-line spacing layout. A margin of at least 1.5 cm on each side
is required.

e All papers should be composed of Title, Author Name, Affiliation, Corresponding author email,
Abstract, Keywords, Body, and References.

e The manuscript should be written in good English. It should have been carefully checked for
clarity, conciseness, the correctness of grammar, and typographical errors.

e The corresponding author should sign the journal copyright form on behalf of any and all co-
authors and upload it to the Journal’s Submission System when submitting the manuscript.
The journal copyright form can be downloaded from here.

e The corresponding author can use the JAREE Template for Cover Letter as a default text for
the cover letter when submitting the manuscript.

e Itis recommended that the title of the paper does not contain abbreviations or formulae.

¢ The abbreviations used in the abstract should be introduced both in the abstract and again on
first use in the body.

¢ References should be numbered in the order they are mentioned in the text.

Manuscript Submission

Submission to this journal proceeds totally online and you will be guided stepwise through the
creation and uploading of your files. All correspondence, including notification of the Editor's decision
and requests for revision, takes place by e-mail. To submit your manuscript, click on the Submit
Manuscript link on the journal's homepage. Then, click on Register to create an author account. A
message is sent to your email address containing your username and password. Then, login to the
Journal’s Submission System at the User's login page using the username and password to submit
your new manuscript. Once you have logged in, you can change your password by clicking on the My
Home link at the top menu.

Copyright and Open Access License

An author submitting a paper should ensure that he or she has the right to submit the paper to JAREE
and that it contains nothing defamatory. The JAREE will assume that all co-authors have agreed to the
submission of any paper received. The corresponding author should sign the journal copyright form
on behalf of any and all co-authors and upload it to the Journal’s Submission System when submitting
the manuscript.
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A Hybrid Technique Combining Robust and DNN for Thyroid Disease Prediction on
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* Corresponding Author: Elahe.Moradi@iau.ac.ir

Abstract: Thyroid disease poses an important public health risk, reducing the quality of life and increasing healthcare
expenditures. In recent years, Artificial Intelligence (Al) algorithms have become essential tools for diagnosing and
predicting thyroid disease. Although various Al-based algorithms have been applied to this task, their performance is
often hindered by imbalanced data. This research proposes a hybrid approach that combines robust techniques and Deep
Neural Networks (DNN) to address this challenge in thyroid disease prediction. The present paper employs the publicly
available thyroid disease dataset, obtained from the University of California, Irvine machine learning repository. To
manage the data imbalance, Random Under (RU) and Random Over (RO) sampling techniques are applied. A
comparative analysis reveals that the hybrid approach, combining robust and DNN with RO sampling, significantly
outperforms the RU sampling method on the imbalanced dataset. To assess the effectiveness of the proposed technique,
the variant criteria are employed such as accuracy, F1-score, recall, precision, Area Under Curve (AUC), confusion
matrix, and Receiver Operating Characteristic (ROC) curve. The hybrid approach achieves superior results, with a
testing accuracy of 98.719%, recall of 100%, precision of 97.45%, and an F1-score of 98.71%. These findings demonstrate
the robustness and effectiveness of the approach, underscoring its potential for real-time disease prediction.

Keywords: Deep Neural Network (DNN), Robust, Prediction, Imbalanced Dataset, Thyroid Disease, Accuracy.
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1. INTRODUCTION Several data-driven algorithms for the prediction and
diagnosis of thyroid disease have been discussed in the
literature. In [9], the authors presented five machine learning
algorithms including Support Vector Machine (SVM), K-
Nearest Neighbor (KNN), Random Forest (RF), Logistic
Regression (LR), and Multilayer Perceptron (MLP) for
diagnosis thyroid disease. The results displayed SVM had the
best effect of diagnosing this disease with an accuracy rate of
92%. The authors of [10] studied seven Al models including
Decision Tree (DT), SVM, KNN, MLP, RF, Gaussian
Process, and XGBoost. Among them, RF algorithm
performed the best with the accuracy 81.30%. In [11], two
different classifiers including Naive Bayes (NB), and KNN
were analyzed for thyroid disease detection and the results
exhibited that KNN was the most accurate classifier with
93.44% accuracy. In [12], the authors employed eleven Al
algorithms to normalize which one achieved the best accuracy
for diagnosing thyroid disease and the artificial neural

The thyroid gland is one of the main glands of the body,
which indirectly affects all the organisms of the body, such as
the heart and kidneys. Thyroid disorders can slow or speed up
metabolism. When hormone levels are too low or too high,
the signs of this disorder can be seen in hyperactivity and
hypoactivity. The most common thyroid diseases include
hypothyroidism, hyperthyroidism, thyroid gland enlargement
(goiter), thyroid masses, thyroid cancer, and thyroid
inflammation (thyroiditis) [1, 2]. Recently, techniques based
on data mining and artificial intelligence algorithms such as
machine learning, deep learning, and reinforcement learning
have attracted the attention of many researchers in the
diagnosis of diseases [3, 4]. These algorithms can discover
patterns in medical data and thereby improve the decision-
making process. Therefore, they can influence treatment costs
and increase the quality of medical care [5-8].
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network classifier obtained the highest accuracy with a value
of 95.87%. In [13], the authors compared two machine
learning methods, decision tree and random forest, to enhance
the accuracy of thyroid disease detection. A thyroid dataset
from the UCI machine learning repository was utilized in the
study, with the random forest model achieving an accuracy of
85%.

In [14], the authors classified thyroid disease into four
categories: hyperthyroid, hypothyroid, euthyroid patient and
euthyroid. They did this by using a multi-class support vector
machine. A high accuracy of 83.37% in a high-dimensional
feature space was displayed in the results of training the
proposed approach with a dataset from the UCI repository. To
do a comparative analysis for improved thyroid disease
prediction, several machines learning techniques, including
decision trees, random forests, KNN, and artificial neural
networks, were applied to the dataset in [15]. For a more
comparison, classification was done on both the sample and
non-sample datasets. Following the dataset's preprocessing,
the random forest technique produced the best results, with an
accuracy rate of 94.8%. The three machine learning methods
for thyroid texture segmentation and classification that the
authors compared in [16] were support vector machine,
artificial neural network, and random forest classifier.
Employing a feature extraction technique, they extracted
features to train the classifiers. The technique achieved an
accuracy of about 90% across all three approaches. The
authors of [17] explored the potential predictive value of
thyroid hormones in clinical outcomes using a retrospective
analysis of 2,086 inpatients. They employed supervised
learning techniques to create a prediction model that included
sensitivity and specificity of 91%, 79%, and 0.86 on the ROC-
AUC. In [18], the authors evaluated a proposed feature
technique using ten machine learning classifiers. The dataset
consisted of 2,211 instances from 247 patients treated at a
Naples hospital. Due to class imbalance, the Synthetic
Minority Oversampling Technique (SMOTE) was applied to
oversample the minority class. Among the tested models, the
EXTC model demonstrated the best performance with an F-
score of 84%.

In [19], the authors developed diagnostic models for the
thyroid disease via multilayer perceptron technique. The
study found that the genetic algorithm with multilayer
perceptron model achieved a classification accuracy of 95%,
outperforming the particle swarm optimization with
multilayer perceptron model, which reached 85.5%. In [20],
the authors investigated a deep learning model using a
modified ResNet-based Convolutional Neural Network
(CNN) to detect five types of thyroid diseases. The training
process was optimized using dual optimizers, Adam and
Stochastic Gradient Descent (SGD), to enhance accuracy.
The proposed model achieved 97% accuracy after retraining
with SGD, compared to 94% with the standard ResNet. In
[21], a sequential Convolutional Neural Network (CNN)
method was assessed for detecting thyroid abnormalities,
leveraging its ability to automate feature extraction and focus
on regions-of-Interest. The proposed technique achieved an
accuracy of 81.5%, with a precision 0of 97.4% and a sensitivity
of 83.1%, demonstrating its effectiveness in classifying.
Enhanced data segmentation employing K-means clustering
improved scalability and efficiency with large medical
datasets. The hybrid technique displayed an improvement in

diagnostic accuracy and precision, with performance gains of
approximately 15-20% over traditional methods.

In [22], a deep neural network (DNN) model was
developed to predict thyroid disease using demographic data
from an imbalanced dataset. The model incorporated various
sampling techniques and activation functions, achieving a
classification accuracy of 93.90% and outperforming the
Random Forest (RF) baseline by 36.63% in lift performance.
In [23], thyroid disease prediction was performed using both
machine learning and deep learning methods. Among the
evaluated models, Random Forest and Recurrent Neural
Networks (RNN), combined with SMOTE for data balancing,
achieved the highest classification performance with
accuracies of 98.16% and 97%, respectively. In [24], the
authors employed the synthetic minority oversampling
technique (SMOTE-NC) technique to address data imbalance
and applied a deep learning model based on Long Short-Term
Memory (LSTM) for thyroid disease prediction, achieving an
accuracy of 93%. Furthermore, the study reported that the
Light Gradient Boosting Machine (LGBM) outperformed the
LSTM model, demonstrating higher predictive accuracy in
the same experimental setting. In [25], a novel hybrid model
named TDIP, integrating Long Short-Term Memory (LSTM)
and Support Vector Machine (SVM), was proposed for
thyroid disease classification. To address class imbalance, the
study applied SMOTE and employed Bidirectional Feature
Elimination for optimal feature selection. The combined
approach effectively enhanced model performance, achieving
a classification accuracy of 97%.

Existing research shows that predictive accuracy requires
further improvement when conventional techniques are
applied, as prediction accuracy plays a critical role in the
application of Al algorithms in medicine. Furthermore, the
features of thyroid disease datasets exhibit wide ranges and
the presence of outliers. Previous works have commonly
utilized normalization and standardization techniques.
Therefore, it is essential to explore algorithms that can ensure
robustness in the presence of outliers. Additionally,
considering the imbalanced nature of the dataset, appropriate
balancing techniques are essential. In many previous studies,
synthetic minority oversampling technique has been
predominantly used.

The main objectives of this research can be summarized
as follows:

e Tackling the challenges of imbalanced data: The focus
is on addressing the limitations posed by imbalanced
datasets, a frequent challenge in disease prediction. In
this study, both random over (RO) sampling and random
under (RU) sampling are used to generate synthetic
samples, and balance the dataset, leading to a more
robust predictive algorithm.

e Employing Robust technique in dataset preprocessing:
The application of this technique on the thyroid disease
dataset, in the presence of outliers, leads to improved
performance and enhanced accuracy of the proposed
algorithm.

e Developing an improved prediction method for thyroid
disease: This research introduces a hybrid technique
combining robust and deep neural networks with RO
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sampling to improve thyroid disease prediction and
diagnosis.

This study is structured as follows: Section 2 provides an
overview of the dataset for thyroid disease and explores the
application of hybrid deep neural network techniques
combined with data balancing methods to enhance
performance. Section 3 presents the results and discusses the
efficacy of the proposed methods. Finally, Section 4
concludes the research.

2. THYROID DISEASE DATASET AND PROPOSED
TECHNIQUES

In this section, the thyroid disease dataset and the
techniques applied in the present paper are presented.

2.1. Thyroid Disease Dataset

This study utilizes the thyroid dataset from the
University of California, Irvine (UCI) Machine Learning
repository [26]. The dataset includes 3772 instances with 29
attributes as input features, supports binary classification. In
the thyroid disease dataset, the target variable was
categorical, where 'P' denoted the presence of hypothyroidism
and 'N' indicated its absence. The attributes included factors
such as age, sex, thyroxine medication, query on thyroxine,
sick, thyroid surgery, antithyroid medications, query
hyperthyroid, treatment, pregnant, query hypothyroid, TSH
measured, TSH (actual TSH value), T3, referral source, TT4
measured, T4U, T3 measured, TBG, TT4, FTI measured,
TBG measured, T4U measured, FTI, lithium, tumor, goiter,
psych, and hypopituitary, all assessed based on their
corresponding blood levels. Hypothyroidism served as the
target variable [12, 26]. The thyroid dataset consists of 3772
instances, with 92.29% (3481 samples) are classified as 'P',
and only 7.71% (291 samples) are classified as 'N', indicating
a significant class imbalance in the dataset. Fig. 1 depicts the
distribution of the imbalanced dataset for each class in this
binary classification. Fig. 2 illustrates the flowchart of the
hybrid DNN techniques proposed for thyroid disease
prediction. This diagram presents the overall workflow,
including data preprocessing, class balancing, model training,
and performance evaluation steps designed to improve
predictive accuracy on an imbalanced dataset.

Samples

P N

Fig. 1: Distribution of imbalanced thyroid dataset.

Thyroid Dataset
v
| Feature Scaling: S8 and RS Methods

2

Class Binary Balancing using RU

and RO Sampling Techniques
Data Split
Training Validation Testing
Set Set Set

DNN Algorithm by Leveraging RU and RO
Sampling Techniques and SS and RS Methods

+ +

| Evaluation the Proposed Techniques |

v
Select the Best Classifier for
Thyroid Discase Prediction

Fig. 2: Flowchart of the hybrid DNN techniques for Thyroid
disease prediction.

2.2. Proposed Techniques

Outliers present in the thyroid dataset adversely
influence the classifier's training, leading to longer training
times and diminishing performance. Furthermore, some
features have large values and a wide range, which further
exacerbates the increase in training durations. As a result, the
implementation of a robust feature scaling technique is
required.

e Feature Scaling

In previous research, common feature scaling techniques
such as normalization scaling and standard scaling (SS) were
applied to the thyroid disease dataset. In this study, due to the
presence of outliers in the public dataset, the robust scaling
(RS) method is proposed, which demonstrates superior
performance compared to the two conventional scaling
techniques. Robust scaling approach addresses the problem
of outliers by using the median and quartiles. This technique
scales data based on the interquartile range (IQR), which is
the difference between the third quartile (Q5) and the first
quartile (Q;), rather than relying on the mean. The
mathematical formulation of the robust scaling equation is as
follows:
_x=0Q

0 -

Here, x denotes the main value, and x,, is the scaled
value [27, 28]. This paper will compare two scaling
techniques, standardization and robust scaling, along with
dataset balancing methods applied to the thyroid disease
dataset in Section 3.

e RU and RO Sampling Techniques

(1)

The imbalance refers to the unequal distribution of data
across classes, which can significantly impair the
performance of the classifiers, often biasing them toward the
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class with more data. Therefore, balancing the dataset is
crucial for improving the predictive performance in thyroid
disease diagnosis. In this paper, random over and random
under sampling techniques have been applied to balance the
dataset.

Under sampling is a popular method for addressing class
imbalance issues. It selects a subset of the majority class,
resulting in high efficiency. The major limitation is that many
majority class samples are discarded. By decreasing the size
of the dominant class, under sampling achieves dataset
balance. Retaining all instances from the minority class while
randomly selecting an equal number of instances from the
majority class creates a balanced dataset, suitable for further
analysis [29]. Over sampling approach seeks to balance the
dataset by increasing the representation of minority class
samples. Instead of eliminating the abundant instances, new
unique data points are generated through techniques such as
resampling, bootstrapping, or the synthetic minority over-
sampling [30].

The algorithms below formalize the implementation
details of both class - balancing strategies employed in this
study. Algorithm 1 specifies the RU Sampling procedure,
which systematically reduces majority - class instances to
equalize class proportions. Algorithm 2 outlines the RO
Sampling procedure, which incrementally replicates
minority - class instances until parity with the majority class
is achieved.

Algorithm 1: Random Under (RU) Sampling Technique for Balancing
Thyroid Dataset
Input:
- Original dataset D = {(x;,y;)} where x; € R™ represents
feature vector, and y; € {0, 1} represents class label.

Output:
- Balanced dataset Dy, with equal representation of minority
and majority classes.
1. Identify minority and majority classes:
o  LetD,,, = {(x;,y;) € D|y; = minority class}.
e LetDy,; = {(x,y;) € D|y; = majority class}.
2. Determine target sample count:
o Npin = |Dpin| (number of minority samples).
o My = |Dma j| (number of majority samples).
. Set target_count =n,,;,,.
3. Randomly under sample the majority class:
. Shuffle Dy, ;.
. Select the first target_count samples from shuffled D;,q; —

DmujSub'
4. Construct the balanced dataset:
° Dry = Dmin U DmujSub'
5. Return Dgy.

Algorithm 2: Random Over (RO) Sampling Technique for Balancing
Thyroid Dataset

Input:
- Original dataset D = {(x;,y;)} where x; € R™ represents
feature vector, and y; € {0, 1} represents class label.
Output:
- Balanced dataset Dy, with equal representation of minority
and majority classes.
1. Identify minority and majority classes:

o  LetD,, = {(x;,y;) € D|y; = minority class}.
e LetDpy,; = {(x4,y;) € D|y; = majority class}.
2. Determine target sample count:
o Npin = |Dpinl (number of minority samples).
. Npqj = |Dma j| (number of majority samples).

. Set targetcount = Minaj-
3. Randomly oversample the minority class:
e Initialize Dpingep = Drnin-
. While |DminRep | < target_count :
—  Shuffle Dy,
—  For each sample (x, y) in shuffled D,y,;,:
0  Append acopy of (x,y) t0 Dpyingep -
o If|‘DmMRep | = target_count, break.
4. Construct the balanced dataset:
° DRO = Dmuj U DmL'nRep'
5. Return Dg,.

Table 1 presents the number of samples in the original
(imbalanced) and balanced datasets through the RU and RO
sampling techniques. Figs. 3 and 4 demonstration the
balanced distribution of the thyroid dataset achieved through
the RU sampling method and the RO sampling method.

o Dataset Splitting for Thyroid Disease Prediction

After applying standard scaling and robust scaling
methods, as well as random under (RU) and random over
(RO) sampling techniques to the thyroid dataset, the data was
split into testing and training sets with an 80:20 ratio.

Table 1: Imbalanced and balanced instances of thyroid

disease.
Total Minority ~ Majority Ratio of
number of of of majority to
instances instances  instances minority
instances
Imbalanced 3772 291 3481 11.96
samples
RU sampling 582 291 291 1.00
method
RO sampling 6962 3481 3481 1.00
method
P 50.00% N %.,J 291 291

Fig. 3: Distribution of balanced thyroid dataset using RU
sampling method.

3500

3000

22
50.00% N g
]

P N

Fig. 4: Distribution of balanced thyroid dataset using RO
sampling method.
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The training set was further divided into training and
validation subsets in an 85:15 ratio. All experiments, aimed
at comparing deep neural network algorithms, were
conducted using Jupyter Notebook and the Python
programming language. Pre-processing was carried out using
Python libraries, such as NumPy, Pandas, Matplotlib, and
Seaborn. The Scikit-learn library, along with Keras and
TensorFlow, was used for training of the DNN algorithm.

e Deep Neural Network algorithm

Most prior studies on thyroid disease prediction have
predominantly utilized classical machine learning algorithms.
This paper, leverages deep neural networks (DNN), a subset
of deep learning, to classify the dataset and detect thyroid
disease. Fig. 5 illustrates the overall architecture of the DNN
used in this study, consists of one input layer, two hidden
layers, and one output layer. A sequential approach was used
to initialize the model and build the layers. In the proposed
algorithm, the number of neurons in the input layer was
aligned with the features of the dataset. The first hidden layer
comprised 256 neurons, the second hidden layer contained 64
neurons, and the output layer, designed for the classification
of the thyroid dataset, featured a single neuron. The activation
of the input and hidden layers was facilitated by a Rectified
Linear Unit (ReLU) function, which processes inputs by
converting any negative values to zero. The ReLU function is
mathematically defined as:

ReLu(x) = max (0, x) 2)

The output layer utilized a sigmoid activation function,
defined as follows:
1
: d(x) = — 3
sigmoid(x) i 3
Here, x is equal value of the sum of weighted, and e is
equal Euler's number [16].

To prevent overfitting, a dropout layer was added after
each layer. For optimization, the Adam optimizer was applied
for training the deep learning algorithm. The loss was
calculated using binary cross-entropy, while accuracy served
as the metric for evaluating the algorithm. The model was
trained for 300 epochs, with a batch size of 32, a learning rate
of 0.001, and a validation split of 0.15. Deep neural network
classification was performed by Python 3.9.12, leveraging
libraries such as Scikit-learn, Keras, and TensorFlow for
algorithm development and evaluation. To provide a concise
overview of the experimental setup, all key parameters used
in the proposed deep neural network algorithm are
summarized in Table 2.

e Performance Assessment Metrics

This study utilizes various measures, including accuracy,
precision, F1-score, recall, receiver operating characteristic
(ROC) curve, and area under the curve (AUC) to assess the
performance of robust artificial intelligence methods applied
to the thyroid dataset. Also, the performance of the proposed
algorithms is evaluated using the confusion matrix, as shown
in Table 3. To define the metric formulas, it is essential to first
outline the main components of the confusion matrix. TP, TN,
FP, and FN indicate true positive, true negative, false
positive, and false negative, respectively.

Table 2: Parameters for the proposed deep neural network

algorithm.
No. Parameter Value / Description
1 Activation Function ReLU
(Hidden)
2 Activation Function Sigmoid
(Output)
3 Optimizer Adam
4 Loss Function Binary Cross-Entropy
5 Learning Rate 0.001
6 Batch Size 32
7 Epochs 300
8 Hidden Layer 1 Neurons 256
9 Hidden Layer 2 Neurons 64
10 Output Layer Neurons 1

Input Hidden Hidden Output
Layer Layer Layer Layer

Fig. 5: Deep neural network for thyroid disease prediction.

e Performance Assessment Metrics

This study utilizes various measures, including accuracy,
precision, Fl-score, recall, receiver operating characteristic
(ROC) curve, and area under the curve (AUC) to assess the
performance of robust artificial intelligence methods applied
to the thyroid dataset. Also, the performance of the proposed
algorithms is evaluated using the confusion matrix, as shown
in Table 3. To define the metric formulas, it is essential to first
outline the main components of the confusion matrix. TP, TN,
FP, and FN indicate true positive, true negative, false
positive, and false negative, respectively.

Accuracy serves as a measure of the model's overall
proficiency, signifying the percentage of the test dataset that
the model accurately classifies. Correctly identified instances
are termed TP and TN, whereas misclassified instances are
FP and FN. Accuracy is determined as follows:

TP +TN
100 4

X
TP+ FP+TN +FN
Table 3: The confusion matrix.

Accuracy (%) =

Actual Class
+ -
+ TP FP
©
g 2
= ©
'o —
0O
a - FN TN
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Conversely, precision and recall seek to capture the
proportion of TP and TN. Precision, in particular, assesses the
classifier’s ability to refrain from incorrectly labeling
negative instances as positive, and it is defined as follows:

Precision (%) = x 100 5)

TP + FP

Alternatively, recall quantifies the sensitivity of the
model. It represents the proportion of correctly predicted
instances for a given class relative to the total occurrences of
that class, and is expressed as follows:

P
Recall (%) = m————=x 100 6
ecall (%) = 75 FN ©)

The Fl-score, primarily used for comparing classifier
models rather than global precision, reflects the weighted
harmonic average of the Precision and Recall metrics. By
giving more importance to lower values, the F1-score ensures
that a classifier achieves a high score only when both
precision and recall are strong. The formula is defined as
follows [ 18, 20]:

1
F1 — measure (%) = 2 %

(1/Precision) + (1/Recall) X

100 (7)

Furthermore, a thorough evaluation of the hybrid
algorithms is conducted using the AUC and ROC curve,
providing a comprehensive analysis of their performance.

3. RESULTS AND DISCUSSION

After preprocessing the thyroid disease dataset, which
includes examining missing values and outliers, feature
scaling is performed using both standard scaling and robust
scaling methods. Due to the imbalance in the binary classes,
the dataset is balanced utilizing the RU and RO sampling
techniques. Subsequently, the data is partitioned into three
segments including training, validation, and testing,
employing the train-test split function from the Scikit-learn
framework in Python. Finally, the deep neural network
algorithm is applied in four scenarios to evaluate the
prediction of thyroid disease using various classifier metrics.
The following are the four hybrid approaches used for the
classification of thyroid disease in this study:

e  Hybrid technique deep neural network and RU

sampling, by leveraging standard scaling,

e  Hybrid technique deep neural network and RU

sampling, by leveraging robust scaling,

e  Hybrid technique deep neural network and RO

sampling, by leveraging standard scaling,

e  Hybrid technique deep neural network and RO

sampling, by leveraging robust scaling.

Table 4 presents a comparison and evaluation of the deep
neural network algorithm across the four specified scenarios,
utilizing metrics including accuracy, recall, Fl-score, and
precision. In Table 5, the performance of the hybrid deep
neural network techniques is assessed using two criteria:
AUC and computational time, providing a more
comprehensive comparison. Figs. 6 and 7 illustrate the
comparison and evaluation of the performance of four hybrid
deep neural network techniques based on classifier metrics. It
is evident that the hybrid deep neural network approach
utilizing RO sampling and robust scaling achieves superior
performance among the proposed hybrid techniques.

Table 4: Assessment of the proposed techniques.

Assessment criteria (%)

Techniques Accuracy Precision Recall  Fl-score
RU SS 94.87 96.23 92.73 94.44
RU RS 95.73 94.64 96.36 95.50
RO_SS 98.64 97.31 100.00 98.64
RO RS 98.71 97.45 100.00 98.71

Table 5: Comparison of AUC and computational time for
the proposed techniques.

Criteria Techniques
RUS SS RUS RS ROS SS ROS RS
AUC (%) 97.62 98.21 99.08 99.31
Computational Time (s) 21.11 22.42 143.18 141.72

Performance (%)
4

05 55 AUS RS
Proposed Techniques

7 Accuracy B Precision B Recall [ Fl-Score

Fig. 6: Performance evaluation of the proposed techniques
on thyroid dataset.
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Performance (%)

S5 AUC (%) EEE Computational Time (s}

Fig. 7: Comparison AUC (%), and computational time of
the proposed techniques on thyroid dataset.

It is also worth mentioning that the two hybrid deep
neural network techniques employing RO sampling, in
conjunction with both standard scaling and robust scaling
methods, outperform the hybrid techniques using RU
sampling in classifying the thyroid disease dataset.
Nevertheless, the RU sampling hybrid models show
computational times approximately one-seventh of their RO
sampling counterparts. For a more comprehensive evaluation,
Figs. 8,9, 10, and 11 present the ROC curves and confusion
matrices of the proposed techniques, demonstrating the
advantage of the hybrid deep neural network technique
utilizing RO sampling and robust scaling.
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Fig. 8: ROC curve and confusion matrix of hybrid DNN
technique utilizing RU sampling and SS.

Fig. 9: ROC curve and confusion matrix of hybrid DNN
technique utilizing RU sampling and RS.

Fig. 10: ROC curve and confusion matrix of hybrid DNN
technique utilizing RO sampling and SS.

Fig. 11: ROC curve and confusion matrix of hybrid DNN
technique utilizing RO sampling and RS.

Figs. 12, 13, 14, and 15 illustrate the accuracy curves for
the training and testing techniques of deep neural networks
utilizing RU sampling with standard scaling (SS), RU
sampling with robust scaling (RS), RO sampling with
standard scaling (SS), and RO sampling with robust scaling
(RS), respectively. These findings indicate that the deep
neural networks using RO sampling with RS achieve the best
performance after 300 epochs.

Maodel Accuracy

Accurscy

o 50 100 180 200
Epoch

Fig. 12: The training and testing accuracy for the DNN
employing RU sampling with SS.
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Fig. 13: The training and testing accuracy for the DNN
employing RU sampling with RS.
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Fig. 14: The training and testing accuracy for the DNN
employing RO sampling with SS.

0.92 4

Fig. 15: The training and testing accuracy for the DNN
employing RO sampling with RS.

In Table 6, the accuracy and loss values of the proposed
techniques are compared. The hybrid deep neural network
technique with RO sampling and robust scaling outperforms
the other techniques. Figs. 16, 17, 18, and 19 depict the loss
curves for the training and testing techniques of hybrid DNN
employing RU sampling with SS, RU sampling with RS, RO
sampling with SS, and RO sampling with RS, respectively.
These results illustration that the hybrid DNN using RO
sampling with RS achieve the best performance after 300

epochs.
Table 6: Accuracy and loss comparison of the proposed
techniques.
Criteria Techniques
RUS SS RUS RS ROS SS ROS RS
Accuracy (%) 9487 9573  98.64 98.71
Loss 0.52 0.44 0.09 0.07
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Fig. 16: The training and testing loss for the DNN
employing RU sampling with SS.

Fig. 17: The training and testing loss for the DNN
employing RU sampling with RS.
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Fig. 18: The training and testing loss for the DNN
employing RO sampling with SS.

0.05

Fig. 19: The training and testing loss for the DNN
employing RO sampling with RS.

The figures depicting the accuracy and loss curves for the
training and testing sets of the hybrid deep neural network
techniques with class balancing methods reveal that random
over sampling exhibits higher accuracy and reduced loss
compared to random under sampling, thereby delivering

enhanced performance in the diagnosis and prediction of
thyroid disorders.

To highlight the effectiveness of the proposed hybrid
deep learning approach, a comparative analysis was
conducted against recent deep learning methods applied to
thyroid disease prediction on imbalanced datasets. Table 7
presents a side-by-side comparison of the proposed model
with four relevant studies using key performance metrics:
accuracy, precision, and recall. Additionally, Fig. 20 visually
illustrates these comparisons to provide a clearer
understanding of relative performance across models.

4., CONCLUSION

The identification of thyroid disorders has gained
significant importance in the medical field, particularly due
to the necessity of early diagnosis and appropriate treatment
to prevent complications and reduce mortality rates. One of
the significant techniques for disease prediction in recent
years has been the application of artificial intelligence
methods, such as machine learning and deep learning. These
methods have attracted considerable attention from
researchers due to their ability to enhance predictive
accuracy. This study utilized a publicly available thyroid
dataset comprising 3772 imbalanced samples from the UCI
Machine Learning Repository. A hybrid robust neural
network technique was employed to predict thyroid disease,
incorporating class-balancing algorithms such as Random
Over (RO) sampling and Random Under (RU) sampling. To
address the presence of outliers in the thyroid dataset, the
Robust Scaling method was applied to enhance the
algorithm’s performance. Four hybrid deep neural network
techniques were evaluated on this dataset. Upon evaluating
and comparing the performance of these hybrid techniques
using standard classification metrics, it was observed that the
deep neural network combined with RO sampling
outperformed the model employing RU sampling in terms of
classification accuracy, although at the expense of higher
computational time. The findings highlight the superiority of
the hybrid deep neural network technique by leveraging
random over sampling combined with robust scaling,
achieving an accuracy of 98.71%, recall of 100%, precision
of 97.45%, F1-score of 98.71%, AUC of 99.31%, and a loss
function value of 0.07.
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Fig. 20: Performance comparison of the proposed technique
with recent deep learning methods on the imbalanced
thyroid datasets
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Table 7: Comparison of the proposed technique with recent
deep learning methods for Thyroid disease prediction on the
imbalanced dataset.

Ref Leziﬁ'i)ng Balancing Accuracy Precision Recall
' Method Technique (%) (%) (%)
22] RF, DNN SMOTE 93.90 - 98.20
[23] RNN SMOTE 97.67 87.00 86.00
[24] LSTM SMOTE-NC 93.00 95.00 96.00
SVM,
[25] LSTM SMOTE 97.00 96.00 98.00
This DNN RO Sampling 98.71 97.45 100.00
research
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Abstract: Capacitor banks are commonly used in power grids for purposes such as power control and power factor
correction. Capacitor banks are exposed to high-amplitude and high-frequency currents in circuit breaker switching.
Also, if a fault occurs near the substation where the capacitor bank is installed, the energy stored in the capacitor bank
at the fault location is discharged. The discharge of this energy causes currents to pass through at a high frequency and
in large quantities. These high currents cause damage to the circuit breaker. To prevent these deleterious effects, the
use of transient limiting reactor in capacitor banks is recommended. In this paper, an algorithm for determining the
desirability of the amount of transient limiting reactors in shunt capacitor banks is designed based on the IEC Std
62271 standard. The algorithm was then developed for use in the electrical industry in the form of a software called
Transient Analyzer. In the developed software, the C# programming language is used to develop and implement
algorithms and data processing. The software has been tested and debugged using data from 20 regional electricity
substations in Khuzestan. The proposed software is highly efficient compared to the conventional simulation method
and can be used with simple data entry and fast processing and presentation of results and data analysis in a short time.

Keywords: Inrush currents, Shunt capacitor bank, Transient limiting reactor, Transient analysis software, IEC standard.
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1. INTRODUCTION These transient states can have dangerous
consequences, such as the failure of circuit breaker

1.1. Background connections due to the passage of high-frequency current for

Shunt capacitor banks are used for correction of voltage single and back-to-back capacitor bank switching and the
profile, power factor and elimination of specific harmonics failure of the circuit breaker to operating properly for the
in the power network [l]. Among the essential near-fault. To prevent or reduce these transient states, there
considerations related to the use of these equipment in the are various solutions, one of which is the use of transient
power network are the presence of transient states caused by limiting inductors [2]. This solution is reliable and
them. These transient states are 1) the inrush current caused economical, and the mentioned inductors do not need a
by the transient state of a single capacitor bank connected, short-term maintenance period. The mentioned inductors are
2) the inrush current caused by the back-to-back connected installed in series with the capacitor bank to limit transient
capacitor bank transient state, and 3) the transient current current. For example, in shunt capacitor banks with a star
caused by the energy discharge of the capacitor bank in the connection, these inductors are placed between the busbar
event of a near external fault. Modes (2) and (3) can be seen and the circuit breaker, between the circuit breaker and the
in Fig. 1. capacitor bank or between the capacitor bank and the neutral

point in each phase.
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1.2. Related Research

In [2], the issue of using transient limiting inductors,
which are placed in series with shunt capacitor banks in each
phase, is discussed in detail. The primary purpose of these
inductors is to limit the transient currents caused by the
energization of the capacitor bank and the discharge current
of the capacitor bank in the event of nearby faults. In banks
with star connection, said inductors are placed between bus
and circuit breaker, circuit breaker and capacitor or neutral
point and capacitor in each phase. Since the primary purpose
of these fixed inductors is to limit the transient currents
associated with the capacitor bank, they are called transient
limiting inductors.

In general, these inductors are introduced as damping
inductors in the IET literature, current-reducing inductors in
common use in the US, and for inductors used to limit large
fault currents, and transient limiting inductors, which is the
choice of the IEEE capacitor subcommittee.

In [3], firstly, national and international standards and
authoritative articles related to the removal of destructive
effects caused by transient currents caused by shunt
capacitor banks and considerations for the use of transient
limiting inductors in shunt capacitor banks were reviewed
and then based on the IEC standard [5], reference article [1]
and IEEE standard [4, 6-11].

(2)

(b)

Fig. 1: (a) The inrush current caused by the transient state of
the capacitor bank connected back-to-back, (b) The transient
current caused by the discharge of the energy of the
capacitor bank in the condition of the occurrence of an
external fault

12

In the paper [12], first, the capacitor current is
accurately calculated when the capacitor bank is placed in
the circuit, and the constant component and the transient
component of the capacitor current are obtained,
respectively. Then, a pre-charge strategy is proposed to
reduce the inrush current caused by the capacitor being
placed in the circuit according to the calculation results. The
proposed strategy can make the transient component of the
current at the closing moment zero or minimal. Then a pre-
charge strategy for single-phase, two-phase and three-phase
pre-charge is proposed and the topology of the pre-charge
device is presented based on the target value. Finally, a
PSCAD simulation model is built to validate the proposed
precharge strategy. The simulation results show that the
inrush current can be limited below 1.7 p.u. Also, the
duration of the temporary closure has been greatly
shortened. Thus, the effectiveness of the proposed pre-
charge strategy is confirmed.

In the article [13], simulation has been done to study the
inrush current characteristics of capacitor bank switching in
Indonesia. The simulation results show that the inrush
current for switching meets the IEC standard. However, for
back-to-back switching, the inrush current exceeds the
standard limit. With measurement data, the value of contact
resistance for CB with back-to-back switching condition for
each phase has a very different value and tends to fail. To
reduce the inrush current, the use of damping inductor has
been studied and the results show that the damping inductor
can minimize the amount of inrush current by setting the
correct value of the inductance of the damping inductor
related to the reactive power of the capacitor bank.

In reference [14], in order to reduce the inrush current
of shunt capacitors, the mathematical model of the real
system in the shunt capacitor placement circuit has been
created. The strategy in the three-phase shunt capacitor
placement circuit is calculated when the inrush current is
minimum and the effectiveness of the strategy is verified.
The mechanical closing of the breaker is analysed. The
measurement error of the synchronous voltage, the error
reduction method is presented, and the closing delay is
calculated to ensure that the shunt capacitor can be closed
accurately at a certain time, and the impact of the closing
current of the shunt capacitor on the power system is
reduced.

1.3. Motivation

In this article, according to the standard IEC 62271-100
and, of course taking into account the supplementary
materials from standards [4,5,7], a comprehensive algorithm
for calculating the transient currents caused by the single
capacitor bank switching, back-to-back capacitor bank
switching and the discharge of the capacitor bank [1,8] is
extracted.

The advantage of this algorithm is calculating the
mentioned currents without computer simulation. Of course,
it is worth mentioning that the outputs of this algorithm have
been discussed and investigated by conducting computer
simulations of sample substations in the EMTP-RV
environment, which will be discussed in this article. Finally,
the mentioned algorithm is completed by adding the
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necessary criteria for the transient limiting inductor based on
the IEC standard, in such a way that by receiving
information from the power network, it is possible to reach
the output of the utility value of the inductor after the
implementation of the proposed algorithm. Also, if the
inductor is not installed, it is possible to obtain the required
amount of inductor based on the proposed algorithm.

1.4. Contribution

The algorithm presented in this article is based on [15]
which reviews the single-line diagram of Khuzestan
province substations and concludes that we are able to
develop a software called Transient Analyzer to determine
the amount of the series reactor of shunt capacitor banks in
the power grid. The information of 20 substations studied in
Khuzestan province was simulated by EMTP-RV software
and its results were used to verify the designed algorithm.
The software is highly efficient compared to the
conventional simulation method and can be used with
simple data entry and fast processing and presentation of
results and data analysis in a short time.

2. REQUIREMENTS FOR SHUNT CAPACITOR BANK
SWITCHING BASED ON STANDARD IEC STD 62271-100

The IEC committee develops standards and guidelines
which are constantly updated. For this reason, it is essential
to have access to the latest relevant instructions.
Additionally, due to the continuous technical advances in
the field of circuit breakers, it is essential to obtain the
recommendations of the equipment manufacturer regarding
the transient current capabilities of the circuit breaker. In
general, two circuit breaker parameters are mentioned in the
IEC standard [4] for shunt capacitor bank circuit breakers, 1)
peak value of transient current and 2) frequency of transient
current. In this standard, the exact requirements have been
considered for all circuit breakers at all voltage levels; 1)
The inrush current peak is less than or equal to 20 kA
(i_peak<20 kA) and the inrush current frequency is less than
or equal to 4.25 kHz (f<4.25 kHz). It is worth noting that in
IEEE standards [9-11], the requirements of capacitor bank
switching are given, which are different for every voltage
level than the IEC standard, which is the same for different
voltage levels.

3. CIRCUIT DIAGRAM FOR CAPACITOR BANK SWITCHING
CALCULATIONS BASED ON STANDARD IEEE STD
C37.012

The circuit diagram that is conventionally considered to
perform capacitor bank switching calculations, as an
example for the capacitor bus with the presence of two
capacitor banks, is shown in Fig. 2. The transient current
limiting inductance consists of the bus inductance between
the switches, L, the inductances between the switches and
the capacitor banks, L; and L,, the inductances of the
capacitor banks, L., and L.,, and any additional inductance.
The total sum of the inductance between the capacitor
banks, L.y + Ly + Lpys + Ly + Ly, is very small compared
to the source inductance, L;. In most cases, the total
inductance is less than 1% of the source inductance, and the
contribution of the source inductance to the back-to-back
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switching inrush current is negligible [5]. However,
regarding the switching of a separate capacitor bank, the
said inductance has a dominant effect. In connection with
the external network, to perform switching calculations, the
said network is replaced with the Tonen equivalent circuit
including voltage source and short circuit impedance (L) as
source inductance. The capacitor bank itself is not simple.
But, in general, its value is in the order of 10 pH and 5 pH
for banks with a voltage higher than 52 kV and lower than
52 kV, respectively. In Table 1, for different voltage levels,
the conventional values of inductance between capacitor
banks are given [4].

Transients are the result of sudden changes in the power
grid. Opening or closing a circuit breaker changes the
topology of the network and the related flows. It always
takes a period for the network conditions to stabilize after
the changes as mentioned earlier. All transients occur due to
electrical connection or disconnection in the power grid or
energy injection through lightning strikes or static
discharges. In the following, it will be introduced how to
calculate the size and frequency of the inrush currents
caused by electrifying the capacitor bank and discharging
the current of the capacitor bank.

3.1 Inrush currents caused by energizing shunt
capacitor banks

Energizing the capacitor bank by the circuit breaker
creates a connected inrush current, which is a function of the
applied voltage, the value of the capacitor's capacity, the
value of the inductance of the connected path, and the
remaining charge of the capacitor at the moment of the
circuit connection. In general, there are two different
scenarios for energizing capacitor banks in shunt.

- Energizing a single capacitor bank
- Back-to-back energization of the capacitor bank

The connected inrush current in a charged capacitor bank
can be higher than in an uncharged (uncharged) capacitor
bank, depending on the polarity of the main voltage and the
remaining charge on the capacitor. Calculating the value of
peak inrush current and the corresponding frequency can be
done relatively simply by assuming that the capacitor bank
is discharged and connected when the maximum inrush
current is produced.

Source

Capacitor Bank Capacitor Basnk2

Fig. 2: Conventional circuit for switching calculations
of two capacitor banks [4].
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It is always assumed that the capacitor bank has been
discharged before it is energized. This assumption is
reasonable. The reason for this is the existence of discharge
resistors in the capacitor bank building. Conventionally, the
duration of the discharge of the capacitor bank is within 5
minutes [4].

4, The inrush current of a single capacitor bank
switching transient

The switching phenomenon of a single capacitor bank
can be well understood through Fig. 2. As it can be seen
from the circuit theory, after connecting the switch in the
circuit of Fig. 3, the current flows in the circuit, and this
current has two components: constant and transient. The
mentioned transient current will have the highest amplitude
when the switch closing action occurs at the peak of the
voltage wave. If the voltage wave is sinusoidal, the transient
current component will be in (1) [6].

Rs
i(6) = i; pear X e Is' X sinw;t @
where R; is the source series resistance, L is the inductance
of the source series, and i; peqr is the peak value of the

passing current. Also, f; = 1/2my/ (LsCy) is the frequency
of the inrush current of the circuit, and because the ohmic
resistance of the circuit is relatively small, the value of the
transient current peak is determined by the wave impedance
of the circuit, Z [6].

V2u C
il-peak=—=\/§u>< —1=UX
Z L,

Where u is the single-phase RMS voltage, U is the nominal
line-to-line voltage of the network, and C; is the capacitor
bank value. Also, the value of the peak capacitance current
of the constant component is obtained from (3) [6].

26,

—— )
3L,

2
\/fxi1=\/§u><wcl=J;xU><wC1 3)

where w and i; are the effective value of the permanent
capacitor current and the value of the grid frequency,
respectively.

L R <<l Ll

@_FY’W_/M

1L
i
Ly
#
o
11
Ll
L]

Fig. 3: Simplified circuit diagrams of the single capacitor
bank: Cs (dissipation capacitor), Rs (source-series
resistance), and Ls (source-series inductance) circuit
parameters on the grid side, C1 and L1 are circuit
parameters on the capacitor bank side [5].

14

From the ratio of peak currents of constant and transient
components from (2) and (3), the following relation will be
obtained [6]:

Wi

w+/L:Cy T w

Also, if I, is considered as the RMS value of the nominal
short circuit current, equation (2) and the frequency of the
inrush current can be written as (5) and (6) [6]:

L peak 1

V2 x iy

@)

f;
f

ii peak = \/E\/ Iscil (5)
Ise ©®
w; = w l_
1

Specifically based on Fig. 3, the power of a single-phase
short circuit in the capacitor bank busbar is equal to [6]:

u2

p, = )
k wLg

Moreover, the power of single-phase capacitor bank is
equal to [4]:

PC == uzwcl (8)
The ratio of the equations (7) and (8) is equal to [6]:
P w?L,C, w? f?
which can be written using (4) and (9):
lipear _ (P 10)
\/7 X i1 PC

Equations (9) and (10) show that the peak value of the
transient component of the current is usually higher than the
peak value of the steady component of the current. In the
IEEE standard [4], it is pointed out that the peak value of the
transient current component is usually about 20 times the
peak value of the constant current component.

5. BACK-TO-BACK CAPACITOR BANK SWITCHING
INRUSH CURRENT

The energization of one capacitor bank while the other
adjacent capacitor bank is in service is known as back-to-
back switching. By increasing the number of shunt capacitor
banks in service, the amplitude and frequency of inrush
current flowing between the capacitor banks increases. To
understand the back-to-back switching phenomenon, we can
consider Fig. 4. In this figure, the capacitor bank C, is in the
circuit before the capacitor bank C; is energized. By putting
the equivalent capacitor and the equivalent series inductance
in equation (2) and the equation f; = 1/2mV(LsC;), the
equations (11) and (12) will be obtained [4]:
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’C ’2 C
iipeak=\/§><u>< LﬂZUX ngﬂ (11)
eq eq
fim e a2
" 21, [Cog X Lo
_ G X G 13)
G +G
Leq = Ll + L2 (14)

Considering the two equations i; = u X wC; and i, =
u X wC, as permanent currents of two capacitor banks,
equations (15) and (16) can also be considered for the peak
inrush current and its frequency [4].

i
. = \/E X X 1—2
Hipeak U uwLeg Gy + 1)
— as)
uiqi
=V2x |—2%
WLeq(iy +13)

1 wu(iy +1iy)
fi=—X |———7
2 Leqiql,
16)
1 2rfu(iy +iy)

2n Leq il i2

Also, considering C, = aC; in which a > 1 means C, >
C;and L, = %1 from equations (11) and (12), equations (17)
and (18) will be extracted [5]:

a Ci
X_
+1 Ly
2 a C;
= [=xUX X [—
3 a+1 Ly

fi=—F=— (18)

2L, G,

Comparing (4) and (17), it can be seen that the inrush
current of capacitor bank Cj, i.e., (17), can be expressed as a
function of the constant component of the first bank current

[5].

. a _fi .
l; peak = m X ?l X \/Ell (19)

iipeak=\/ixuxa

a7

Equation (19) is used in practice to calculate the
transient component of the inrush current of back-to-back
capacitor banks with two or more banks.

Capacitance banks with n+1 branches, according to Fig.
5, can first be combined as equivalent to two capacitor
banks and then using equations (11) and (12), provided that
L, and C, from Fig. 3 with the following parameters should
be replaced [5].

1

=oo 1 20
Zj=(n+1)Lj

j=2
c' = Z C 1)

j=(+1)

LI

6. OUTRUSH CURRENT OF CAPACITOR BANKS

In the condition that there is a fault near the shunt
capacitor bank(s) at the substation and one of circuit
breakers at the beginning of the adjacent feeder is closed in
the presence of the fault (for example, during the single-pole
reclosing, in addition to the main current component,
another current component with the frequency and a
significant amount will pass through the mentioned switch,
which is the outrush current of the capacitor bank in the
fault location. Fig. 6 shows an example single-line diagram
that calculate the value and frequency of outrush current in
the presence of a single capacitor bank [1]. The peak value
of the capacitor bank outrush current, and its frequency can
be calculated based on the diagram shown in Fig. 6 through
the following equations [1, 7, 8]:

Te Te
Fig. 4: Circuit diagram of two back-to-back capacitor banks
[5].

TTTe T

Fig. 5: Back-to-back n+1 capacitor banks diagram [5].
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ZJ=(n+1>L_
= @3)
Ceq = Gj
j=(n+1)
1
fi= (24)
27-[\/(Ladj + Leq)(ceq)
(25)

) v 2 (C ) 1
.= X |=X X
lpkl ? 3 “ (Ladj + Leq)

In these relationships, ipk is the maximum outrush
current (kA), f ; is the transient current frequency of
discharge of the capacitor bank, V/,is equal to the line
voltage, Ladj is the inductor at the beginning of the adjacent
feeder in the bus location, and the fault location, Leq is the
equivalent inductor of the branches of the capacitor bank
(including the bank inductor) The capacitor is our capacitor
between the capacitor bank and the beginning of the bus,
and C eq 1s the equivalent capacitance of the capacitor banks.
For shunt capacitor banks, a reasonable estimate of the
outrush current can be calculated as follows [7]:

Q¢ kvar
X ,
L

where ipk is the maximum outrush current (kA), f is the

1000
3f

i = (26)

frequency of the power system, QC is the three-phase

nominal reactive power of the capacitor bank, and L is the
inductance between the capacitor bank and the fault location

(1H).

7. AN ALGORITHM FOR DETERMINING THE USEFULNESS
OF TRANSIENT LIMITING INDUCTORS

Fig. 7 shows the flowchart of the comprehensive
algorithm for determining the desirability of the limiting
inductor [12]. The steps of implementing the algorithm are
as follows:

Step 1: In this step, the inrush current iy (i) and its
oscillation frequency f;, (i) in the scenario of connecting a
single capacitor bank for each capacitor bank are calculated
using (2) and (4).

Step 2: In this step, the suitability of the calculated
values is checked according to the TEC62271-100 standard.
In other words, it is checked that the range of inrush current
is less than 20 kiloamperes, and the frequency of its
fluctuations is less than 4250 Hz.

Step 3: In this step, the inrush current iy, (i) and its
fluctuation frequency fj,p, (i) in back-to-back scenarios are
calculated based on (11), (12), (20), and (21).
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Step 4: In this step, similar to the second step, according
to the IEC standard, the suitability of the values calculated
in the third step is checked.

Step 5: In this step, the inrush current iy, (1) and
its oscillation frequency f,,rusn(i) in the capacitor bank
discharge scenario in the condition of near-fault occurrence
are calculated using (22) to (25).

Step 6: In this step, similar to the second, and fourth
steps, according to the IEC standard, the suitability of the
values calculated in the fifth step is checked.

It is worth mentioning that in each of the second, fourth
and sixth steps, according to the standard [3], the inrush
current, and calculated frequency are compared with the
allowed values. If the calculated current and frequency are
not in the allowed range, by increasing the TLI inductance
value specified under Ladd, calculations are calculated again
with the new inductance and this repetition loop continues
until the current and frequency are within the allowed range.
Finally, Ladd is considered to be the minimum inductance
required for the inductor to be optimal.

8. SIMULATION AND DISCUSSION

In this section, the studied network modeling report in
EMTP-RV software and the evaluation of the proposed
comprehensive algorithm are given.

8.1. Networks Modelling

Fig. 8 shows the single-line diagram of a studied
substation including two shunt capacitor banks with a
nominal power of 4.8 MW. In this substation, two capacitor
banks are connected to the 33 kV bus. Also, the nominal
specifications of each circuit breaker are:

- The nominal voltage of the switches is 36 kV.

- The nominal short-circuit current of the circuit
breakers is equal to 25 kA.

- Ly and L, are the inductance between the bus and
the capacitor bank circuit breaker

- L3 and L, are the inductance between the capacitor
bank circuit breaker and the capacitor bank

- Lgys1 and Lgys; are the inductance of the bus path
between circuit breakers.

First, this network was modeled in EMTP-RV software.
Then, different capacitor bank switching scenarios were
simulated through the 5512 CB.

IR

c1 c2

=

tn

T T

Fig. 6: System diagram to evaluate the capacitor bank
outrush current [2].
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Fig. 7: Comprehensive algorithm for determining the

desirability of transient limiting inductor.
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Fig. 8: Single-line diagram of 33 KV studied substation.

8.2. Comparison of EMTP-RV Results and Proposed
Algorithm

In Tables 2 and 3, respectively, the results obtained from
checking the suitability of the transient limiting inductor
concerning the transient states of capacitor bank switching
in the studied substation with the EMTP-RV software and
the proposed algorithm can be seen. As can be seen, the
peak current and frequency values using the proposed
algorithm in Table 2 are very close to the corresponding
values in Table 1.

The current waveform obtained from the transient states in
the EMTP-RV software is shown in Figs. 9, 10 and 11.

Table 1: Conventional inductance values between capacitor

banks [4].
Maximum rated Bus bar Conventional
voltage (kV) inductance per  inductance between

phase (%) banks* (UH)

17.5 and below 0.702 10 to 20

36 0.781 15 to 30

52 0.840 20 to 40

72.5 0.840 25to 50

123 0.856 35t070

145 0.856 40 to 80

170 0.879 60 to 120

245 0.935 85to 170

* This value does not include the inductance of the capacitor
bank itself. In total, the inductance of the capacitor bank is in
the order of 10 pH and 5 pH for banks with a voltage higher
than 52 kV and lower than 52 kV.
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Fig. 10: The back-to-back switching current waveform of
SC11 (EMTP-RV).
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Fig. 11: Outrush current waveform (EMTP-RV).

Table 2: Evaluation Results for the network by EMTP-RV.

Scenario Peak current Current Amount of
(kA) frequency (Hz) inductor
Single- 1.144 484 Desirable
bank
switching
SC11
Back-to- 3.806 3209 Desirable
back
switching
SC11
Outrush 15.024 3215 Desirable
current

Table 3: Evaluation results for the network by the proposed

algorithm.
Scenario Peak current Current Amount of
(kA) frequency (Hz) inductor
Single bank 1.150 486 Desirable
switching
SC11
Back-to-back 3.840 3231 Desirable
switching
SC11
Outrush 15.280 3224 Desirable
current

The comparison of the results of Tables 1 and 2 can be
seen in Fig. 12 in a more specific way. Another point that
can be mentioned in Tables 1 and 2 is the result of
examining the usefulness of the transient limiting inductor,
obtained with both methods of the same output in this
connection.

9. DEVELOPMENT OF SOFTWARE
9.1. Methodology

The production and development of a software package
requires step-by-step actions that can finally be presented in
the form of efficient, and standard software. Therefore, in
the following, the method used in producing the software
package is explained in 5 steps. These steps can be seen in
Fig. 13.

9.2. Design and Implementation of Database Based on
Database Management System

Using the database management system provides the
possibility of editing, deleting, and adding data in the future.
if the volume of input data is high, they can be saved for
later use. Therefore, since substations may undergo changes
in development plans and need to be updated or add new
data, it is necessary to design the data in a database that can
be managed or edited. Therefore, MySQL data management
system has been used in the design and implementation of
this software package.

17
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Sample Substation 1

M Single Bank Switching

M Back-to-back Switching
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Fig. 12: The percentage difference between the transient
current value in EMTP-RV software and the proposed
algorithm.
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Fig. 13: Action diagram for software development to
determine the desirability of transient limiting inductors for
shunt capacitor banks.

Before designing the database, the processes and
algorithms were checked, and then the database tables were
designed according to the data and the relationship between
them. The relationship between the tables was determined
differently to avoid redundancy and repetition of data. One
of the most fundamental challenges in developing a database
is determining the exact relationship between data tables.
Accurate knowledge of the nature of the data, as well as
complete knowledge of the processing algorithms in which
the data are used, are among the factors that influence the
determination of the relationship between the data tables.
Therefore, the database model has been extracted by
conducting numerous investigations regarding the exact
knowledge of the nature of the data and how to use the
processing algorithms. Next, as an example in Fig. 14, the
structure of the data table of breakers is given.

In the first field, a numeric ID is assigned to each
breaker, which is unique and cannot be empty, and in the
second field, a name is assigned to each breaker, which is a
string type and cannot be empty. In the third field (bb_id),
this breaker is assigned to a busbar whose value is numerical
and cannot be empty. In the field (i_sc_b), the value of the
short circuit current is of decimal type and cannot be empty.

Tables are linked through foreign keys. Like the table of
circuit breakers, which is linked to the table of busbars
through the bb _id field and specifies the busbar to which the
circuit breaker is connected. Also, when inserting data, it is
necessary to validate the type of user input data so that they
do not encounter errors when inserting into the database.
Like the breaker short circuit current field that cannot be
empty and must enter a numerical value, otherwise it will
not be allowed to enter information in the database.

9.3. Design, Implementation, and Development of User
Interfaces Under the Visual Development
Environment

After compiling the database to communicate between
the written algorithms, the database, and the user requests, a
user interface is needed, and the visual development
environment has been used to create this connection. In fact,
by the user interface, the required data is received from the
user and stored in the database, and then, according to the
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user's request for processing, the required data is called from
the database tables, and its report is displayed through the
user interface.

In Fig. 15, there is an example of a user interface that
can add, delete, and edit data by clicking on its different
parts. In Fig. 15, the user can add a new substation in the
software through the designed user interface. Moreover, in
Fig. 16, the user can perform the desired processing on the
data stored in the database by selecting the processing
method, the desired station, and voltage level.

9.4. Design and Development of a Software Package
based on C# Programming Language

C# programming language has been used to develop the
user interface and compile algorithms as well as to
communicate with the database in the visual environment.
This language has several advantages, including:

1- Syntax similar to Java, C++, and C language

2- The most powerful programming language from Net
Framework. Uses.

3- High security

4- Ability to reuse codes with rich libraries for use in
different fields

5- Being multi-platform (Cross-Platform)
9.5. Testing and Debugging

After the initial compilation of the algorithms, receiving
data from the database, and reporting the processes resulting
from the implementation of the algorithms, it is necessary to
create test data to test and check the performance of the
software in different conditions and display possible errors
to the user; In order to ensure the correct implementation of
the obtained algorithms, when using the software, the user
can perform the desired processing and receive a favorable
report by receiving the appropriate message and correcting
the data.

# Name  Type Collation  Atributes Null Default Comments Extra Action
0 1id int(11) No None AUTO_INCREMENT 7 Change (@ Drop More
| 2 name /» varchar(500) utig_persian_ci No None o/ Change @ Drop More
3 bb_id  int(11) No  None & Change @ Drop More
| 4ischb double No None o Change @ Drop More
Fig. 14: Table structure of data breakers in MySQL database
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Fig. 15: Sample user interface (main page of the software).
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Upload SLD:
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Fig. 16: User interface example (add substation).
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Testing and debugging is one of the most extended
steps in software production, because the suitability of all
algorithms and models used in the software is examined
according to the sample data, and the system messages to
the user are determined and modified with great accuracy
and sensitivity; To avoid unforeseen ambiguities while using
the software. This stage of developing the software package
is repeated many times to fix all the tests and bugs of the
software. Figs. 17 and 18 show examples of error messages
in adding a station and a breaker, respectively. Fig. 19
shows the steps taken in the testing and debugging stage of
the software. After preparing the initial version of the
software package, the sample data has been entered into the
software. Software bugs, including error notification when
entering incorrect information as well as during data
processing, matching the output of the coded algorithm in
the software with the manually calculated results, and then
the solution is determined by holding joint meetings
between the computer group and the electrician.
Applications are provided to report errors and modify
algorithms. Moreover finally, the solutions provided in the
software have been applied, and a new version has been
provided. These measures have been continued until all the
problems have been resolved and corrective measures have
been implemented during numerous meetings.

9.6. Documenting, Improving, and Finalizing the
Proposed Software Package

In order to finalize the software, user interfaces, and
graphical interfaces for data entry, the selection of
processing operations and reporting were reviewed. The
arrangement of graphic elements, and data entry steps was
modified so that the user could quickly enter the data and
get the desired output from the software. The software report
was modified according to the user's needs. Primary data
and graphic charts were applied in the report to understand
the results of the processes better. In order to improve the
application of the software in organizations and its use by
several users, the user management section has been added
to the software, which allows the definition of new users
with different accesses. This way, each user can enter data
from different stations, perform processing operations, and
get reports from the software.

Substation Name :
Error
Substation

6 Enter a substation name
Upload -

Breaker Name: 789
Substation: Abazar
[ Error > '\'
|
~ ] & short circuit current must be a positive number
- |
I ox 1
Cancel || Add

Fig. 18: Sample message when adding a breaker.

The user management section is shown in Fig. 20. It is
possible to add, delete, and edit users. In the section of the
main page of user management, it is possible to search
among users and the time of their last login. To document
and improve the use of the software, a user guide was
developed. In this guide, how to work with all the menus, as
well as how to enter data, perform processing operations,
and report from the software, are illustrated. Figs. 21 and 22
are examples of software manual pages.

Determining sample
data and
determining
software bugs

Holding a meeting to

investigate problems

and provide practical
solutions

Preparation of the
initial version

> =

\/

Apply the solutions
provided in the
software and produce
a new version of the
software

Testing and re-
debugging the new
version of the
software

>

Fig. 19: Diagram of software testing and debugging
procedures.
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Fig. 20: User management section in Transient Analyzer
software.
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Khuzestan Regional Electric Co.

Khuzestan Regional Electric Co. or

Fig. 21: Transient Analyzer software manual.

2. Software sheet guide
2.1. substations sheet

In station 1, the buttons in the station sheet are shown.

Braskers  Copecitor Banks  Busbars  susdtscers [

[ 5 ki G)z Oy O 0.

Subeation Remove =D T |
so Subetation Frequercy |

©u4 O O 6~ O

Excel Sundtation

‘et Detete Aca
Voltsge level  Volkage level  VoRage level

Fig 1: Substation sheet

2.1.1 Deter of

According to picture 1, the list of stations will be opened by clicking on button number 1
(new window). In this window according to picture 2,enter the value of the network
frequency and after confirmation, this value is stored in the software database.

Network frequency 50

Fig 2: Detection of network frequency

Fig. 22: Transient Analyzer software manual.
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10. PRACTICAL EXAMPLE

In the following, Shadegan substation network is
considered as a sample network to check the desirability of
series inductors with the help of the proposed software.

10.1.  Case Study

Fig. 23 shows the diagram of Shadgan substation,
including a bank of shunt capacitor banks with a rated power
of 4.8 MW. In this station, two capacitor banks are
connected to the 33 kV bus. Also, the nominal specifications
of each of the circuit breakers are:

- The nominal voltage of circuit breakers is 36 kV.

- The nominal short-circuit current of circuit
breakers is equal to 25 kiloamperes.

- Lq and L, are the inductance between the bus and
the circuit breaker of the capacitor bank.

- L3 and L, are inductance between the capacitor
bank circuit breaker and the capacitor bank.

- Lpysy and Lgys;, are the inductance of the bus path
between circuit breakers.

Network information:

U, 33kV
L The inductance of the source is equal to
7.5 mH and according to the frequency
of 50 Hz, it is equivalent to 2.385 ohms.
Li, L, The inductances between the bus and the
circuit breaker of each capacitor bank
Ls, Ly Inductances between capacitor bank

circuit breaker and each capacitor bank
Bus inductance between capacitor bank
circuit breakers.

Inductance of each phase
capacitor bank.

!
Lgys1 9 L'susz

Lgc11, Lscrz in each

5512,5522  circuit breakers
The short circuit current of the source
(I) is equal to 8.774 kA at a voltage of
33 kV.
10.2. Investigating the Desirability of Transient Limiting

Inductors of Sample Networks Using the Proposed
Software

The information under Sections 1-3 is entered in the
Transient Analyzer software and after all the processes are
done, the software report is presented in Figs. 24 and 25.
Fig. 24 shows the characteristics of the desired station, and
Fig. 25 shows the results of the processing done by the
developed software.

As shown in Fig. 25, the results of single capacitor bank
reconnection processes are favorable according to the IEC
Std62271-100 standard. However, the results of back-to-
back capacitor bank connection processes are unfavorable
according to the standard, and up to 78 microHenries are
required for the limiting inductor. The series should be
added so that the results are favorable. Also, the results of
capacitor bank energy discharge processes in the conditions
of near external fault occurrence are unfavorable according
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to the standard criteria, and it is necessary to add 78 pH to
the series limiting inductor to make the results favorable.
Therefore, in total, if 78 pH of inductance is added to the
series inductor, the results will be favorable in all three
scenarios.

Ur=33KV
3
Jls
\\
4.5m .‘ 4.5m~ b‘
Lgysy !| |Lpys2
/\/‘/\l'\;‘ WYY
iy By
im D) ")1‘
& L *( m
407 “2
f% 5512 FL 5622
71 7
15m < L3 Ly 2 45m

Fig. 23: Single-line diagram of 33 KV substation.
f

1, General specifications

Processing results of the desirability of transient limiting inductors

in shunt capacitor banks larec.colr

User specifications Name & Family | Company Date & Time
Manager System Sadegh Rekabeslami : Jundi Shapoor University |  1401/09/12 9:21
2, Specifications of substation
Short circuit Short citcult | Frequ Short circuit
Subetation curtent(A) | Reactance (ohm)| ) | Substation Poston | e cuyay
Shadegan 2,383 50
3. Specifications of selected busbars
Voltage level | Adjacent Distance of ‘Shortcreukt curent
Busbar onm) breaker o v m-(m“:‘n) of adjacent h:':‘(':A)
51 33 5022 1 25
52 3 5042 1 25
4, Specifications of capacitor banks
[ Voltage Level Reactive power Limiting inductance
SRR O (kv) (MVA) (uH)
sci1 3 48 0
SC12 33 48 0
5. Specifications of circuit breakers
- Breaker Distance of P
shortcreuitcurrent | breaker | *° Swae | downdbrany || | BN
il (kA) to source (m) o Vs
51 55
5512 2% 55 Bk SC1A17 20
5522 % 55 52 55 SC12 14
Basbar

Fig. 24: Software report - Shadgan station specifications.
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6.1. Investigating the desirability of series limiting inductors at the voltage level of 33 kv

6.1.1. The results of single capacitor bank switching processes

Min Additional TLL " |pesicabe imiting inductor | Frequency | Current Peak | Capacitor
(uH) 10 () (KA) pank. | Breaker
Desirable 487.05 1.16 scit 5512
Desirable 487.20 116 sc12 5522
6.1.2. The results of back-to-back capacitor bank switching processing
Min Additional TLI * uency| CurrentPeak | capaci
(uh) (1EC Standard 62271-100) Fre(qm) (KA) Bonk || Breaker
78 Undesirable 8.943 10.62 sCit 5512
78 Undesirable 8.943 10.62 sc12 5522
6.1.3 The results of capacitor bank energy discharge processes in near fault conditions
Min Additional TL1 * inductor| Frequency | Current Peak i
Busbal Adjacent
(uH) (EC Standard 62271-100)] (17) (KA) r el
78 Undesirable 8.692 41.30 51 5022
8 Undesirable 8692 4130 ) 5042
6.2. Analysis of 33 kV voltage level processes
Min Additional TLL* (uH)]  Desirable limiting inductor Voltagelevel | ¢ 0o
(IEC Standard 62271-100) (kv)
78 Undesirable 33 Shadegan

Fig. 25: The results of Shadgan station processing
algorithms.

CIRCUIT BREAKER NAME

Min Additional TLI

= B Bach 1o Back
g
£
M Single Bank =]
g
:

CIRCUIT BREAKER NAME

Fig. 26: Software report - diagram of the results of Shadgan
station's processing algorithms.

Fig. 25 shows the report of software processing
algorithms in Shadgan station. The inrush current and its
frequency and minimum inductor have been compared for
the suitability of conduit capacitor bank switching scenarios,
back-to-back, and capacitor bank discharge in the near-fault
location.

11. CONCLUSION

In this article, based on IEC standards for shunt
capacitor banks, using nominal information of circuit
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breakers, capacitor banks, the distance between the installed
equipment and the corresponding busbar short circuit level,
a comprehensive algorithm for determining the desirability
of the value of transient limiting inductors in capacitor
banks was tried. Then, according to the comparison of the
results of the developed algorithms with the results of the
EMTP-RV software, the validation of the proposed
algorithm was done, and it was observed that the difference
percentage is less than 2%. Therefore, the developed
proposed algorithm has good accuracy compared to EMTP-
RV software. Also, the methodology of developing and
producing software for determining the desirability of shunt
capacitor bank series inductors was investigated. In the end,
the proposed algorithm was released in a software package
called «Transient Analyzer for ease of use.
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Abstract: This paper introduces an innovative method for underwater object detection and recognition using a deep
learning framework and autonomous underwater vehicles. The proposed method uses a deep learning framework with
a network of underwater mobile robots operating within three-dimensional environments. To navigate these
environments effectively, a random decentralized algorithm guides autonomous underwater vehicles (AUVSs) in detecting
objects within confined three-dimensional spaces. The deployment strategy involves utilizing the vertices of a cubic grid
to optimize the positioning of AUVs across the search area. To enhance the object detection capabilities of mobile
underwater robots within these environments and address the complexities of similar objects concealed in their
surroundings, deep learning based on the YOLOvV6 framework is refined to achieve improved performance and efficiency
metrics. Specifically, the proposed Camouflaged Sea Edge and Attention Module (CSEA) is integrated into the YOLO
framework, resulting in a substantial (8%) enhancement in mean average precision (mAP) performance, with a negligible
impact (approximately 3%) on efficiency when evaluated on the publicly available TrashCan benchmark dataset.
Additionally, to accelerate the training convergence and to better detect small objects within the TrashCan dataset, a
distinct loss function based on Distance Intersection over Union (DloU) is employed in the final proposed model. Several
ablation studies are conducted to compare various YOLO models and evaluate the performance of the proposed CSEA
module on the TrashCan dataset.
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more easily scaled to handle larger workloads by adding more
robots to the fleet [1].

By integrating deep learning techniques into such
networks, researchers utilize these robots with the ability to

1. INTRODUCTION

In recent years, the progress in marine robot development
has created fresh possibilities for ocean exploration. When
combined with advanced machine vision techniques, self- autonomously process and interpret a vast array of
driving underwater vehicles (AUVs) have proven very
effective in studying the underwater world. Using a network
of AUVs can significantly increase the speed and efficiency
of certain tasks. This is especially valuable in tasks with tight
deadlines or search and rescue operations. Because in tasks
that require extensive sensing or data collection over a large
area, multiple robots can cover more ground simultaneously.
Moreover, having various robots provides redundancy. If one

underwater data, ranging from diverse marine species to
submerged structures. Furthermore, to keep waste out of the
ocean, it’s beneficial to use self-operating marine robots to
clear debris from the water, which depends on having a robust
and accurate system for detecting objects [2].

Recently, deep learning models have demonstrated
remarkable success in various applications, including object
detection [3], visual place recognition [4], segmentation [5],

robot fails, others can continue the task, and this improves classification [6], and video processing [7].

system reliability. In addition, multi-robot systems can be
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Fig. 1: Sample camouflaged objects in underwater images.
Deep learning architectures that are designed specifically for
object detection are categorized into two-stage and one-stage
frameworks. The one-stage architectures, such as YOLO [§]
(You Only Look Once) and SSD [9] (Single Shot Detector),
perform object detection in a single pass. On the other hand,
two-stage object detection architectures, like Faster R-CNN
[10] or Mask-RCNN [11], employ a two-step process. They
typically involve a first stage that generates region proposals
and a second stage that refines these proposals by predicting
more accurate bounding boxes and object classes, enabling
high-precision object detection but at the cost of increased
computational complexity and slightly slower inference
times, which makes them unsuitable for detecting objects in
real-time in underwater environments.

With the advancement of deep learning techniques, several
methods for detecting objects in underwater environments
have been introduced [12-15]. While these algorithms take
advantage of both the one- and two-stage deep learning
frameworks to detect underwater objects, they still have
difficulties in detecting challenging scenarios, including poor
video quality, low visibility, contrast, and distortions in
sharpness, non-uniform lighting, and reflections from
suspended particles. As shown in Fig. 1, one of the common
challenges in underwater images is that the object has high
similarity in hiding with its surrounding environment, which
affects the final performance of the utilized detector.
Moreover, the effectiveness of a group of autonomous
underwater vehicles (AUVs) in searching for objects in
situations where the presence of targets is uncertain and the
environment is unpredictable relies on the efficiency of the
search strategy.

In this paper, we extend the distributed random search
algorithm presented in [16-18] by combining the proposed
distributed search approach with deep learning object
identification methods to improve the AUV’s object detection
abilities in the search environment. Using this algorithm, the
AUVs move on the vertices of a cubic grid to detect objects
in the entire search area. The vertices in the cubic grid will
enhance the distribution of deployed autonomous underwater
vehicles (AUVs). Consequently, they optimize the object
detection task by efficiently spreading AUVs in the search
area. In this paper, unlike the previous studies, it is assumed
that the AUVs are equipped with object detection capabilities.
Moreover, we discuss the pre-processing steps necessary to
enhance underwater images, the architecture of convolutional
neural networks tailored to underwater scenarios, the
importance of annotated datasets for training, and the various
challenges and ongoing research efforts in this field. We
apply a newly designed module, namely CSEA, and analyze
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its performance on the baseline YOLOvV6 [19] framework
using the publicly available benchmark dataset [20]. Due to
the lack of natural light and the blurry condition in underwater
images, objects in the taken frames are close to the
background. The main advantage of the designed CSEA
module in combination with the YOLOvV6 architecture is the
capability to distinguish these types of objects. The main
contributions of this paper can be summarized as follows:

1- This work proposes an extension to the distributed
random search algorithm presented in [16-18] by
integrating deep learning object detection methods,
aiming to enhance the AUV's object detection
capabilities in underwater search scenarios.

We used the YOLOV6 architecture [19] as the baseline
and applied the proposed Camouflaged Sea Edge and
Attention (CSEA) module to enhance the detection of
camouflaged objects in underwater images.

To determine the most suitable YOLO architecture for
underwater object detection, we trained and compared
various YOLO detection models.

We conducted a comprehensive quantitative and
qualitative ablation to the
performance of the proposed CSEA module when
integrated with the baseline architecture.

To evaluate the effectiveness of our proposed model, we
applied it to the well-known TrashCan dataset [20] and
compared its performance with state-of-the-art (SoTA)
methods, including [12-15,20].

experiment evaluate

2. RELATED WORK

Underwater object identification has attracted remarkable
research interest in recent years due to its extensive utility in
fields such as marine engineering. Currently, advanced
techniques for detecting underwater objects are based on deep
learning frameworks, which can be summarized as follows.

2.1. Object Detection Architectures

Single Shot Detector (SSD) [9] and YOLO (You Only
Look Once) [8] are well-known one-stage pipelines that aim
to perform object detection and localization in a single pass
through the network. These architectures divide the image
into a grid of cells and predict bounding boxes and class
scores directly for each cell. Typically, one-stage methods are
faster due to their single-pass nature. They may need help
with accurately localizing small objects or handling complex
scenes with overlapping objects and often have lower
accuracy compared to two-stage methods, especially on
challenging datasets. Nevertheless, two-stage approaches like
Faster-RCNN [21] and Mask-RCNN [22] pipelines are more
accurate, especially in scenarios with small objects and
complex backgrounds. These methods break the object
detection process into the region proposal and object
classification stages. Firstly, they produce region proposals
(potential object bounding boxes) using techniques like
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Region Proposal Networks (RPN). They then classify the
proposed regions and refine the bounding box coordinates.
However, two-stage methods are computationally more
intensive due to the two-step process and may not be as
applicable for applications that require real-time outputs as
one-stage methods.

The one-stage and two-stage deep-learning object
detection frameworks have been used in many SoTA
underwater object detection algorithms [12-15] on
benchmark datasets and achieved good performances. For
example, Ref. [14] modified the Mask-RCNN [22]
architecture by applying dilated convolution to improve the
feature maps outputted from the feature pyramid network
backbone, and an attention mechanism that led to adaptive
learning for the network. These improvements make their
proposed pipeline more suitable for detecting small garbage
underwater. Ref. [20] introduced the benchmark TrashCan
dataset and established a foundational detector using the
Faster-RCNN [21] and Mask-RCNN [22] frameworks. This
dataset and detector combination have become a significant
reference point for subsequent research in trash detection,
providing a standardized benchmark for evaluating detection
performance and advancing the state of the art. Ref. [23]
utilized the capabilities of YOLOV3 to identify underwater
marine life and floating debris on the ocean’s surface. Their
study suggests that we can effectively use autonomous robots
like drones and underwater vehicles as viable tools for the
continuous monitoring and assessment of the marine
environment. Ref. [24] combined the idea of deep-learning
techniques and autonomous underwater vehicles (AUVs) to
detect submerged objects in underwater environments
effectively, which achieved promising results in underwater
object detection. Ref. [24] proposed the idea of using a single
autonomous underwater vehicle to identify submerged
marine debris by analyzing Forward-Looking Sonar (FLS)
imagery. To that effect, they first trained a deep learning
Convolutional Neural Network (CNN) to perform image
classification to recognize distinct objects within the FLS
images. Then, the trained model is fed as an object detector
by using a sliding window technique to identify and localize
underwater objects. This early method highlights the
capability of deep learning techniques and autonomous
underwater vehicles in underwater object detection.

The above-mentioned innovative strategies represent
significant contributions to the domain of detecting
underwater objects using mobile robots, which forms the core
focus of this paper. However, all of the mentioned studies
utilized the idea of one AUV in their research. By using the
potential of multiple autonomous underwater vehicles
(AUVs), we can significantly enhance our ability to search
and cover a wider range of underwater domains than using
only one AUV, which increases efficiency, improves
coverage, and enhances object detection capabilities in
underwater environments.
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Fig. 2: The overall architecture of the baseline YOLOv6
[19].

2.2. YOLO Architectures for Object Detection

YOLO architectures [8], [25], [26] are single-stage object
detection frameworks that do not require the Regional
Proposal Network as used in two-stage frameworks like
Faster-RCNN [21] and Mask-RCNN [22]. The YOLO
architectures are also well-known for working well in multi-
processing with powerful GPUs, and their networks not only
reduce delays caused by hardware but also expand the range
of applications in industrial settings.

After the success of the first version of YOLO introduced
by [8], multiple improved versions of a framework based on
YOLO have been proposed [8, 25, 26]. Inspired by ResNet
and [27] Feature Pyramid Network (FPN) [28], the Ref. [26]
improved the performance of the previous generation by
modifying the feature extraction backbone via using a skip
connection like ResNet (Darknet-53) and utilizing more
prediction heads like FPN [28]. Ref. [25] improved the
accuracy and inference time of the previous model by
introducing a decoupled prediction head and modifying the
feature extraction backbone. YOLOV6 [19] also introduced a
new backbone called EfficientRep and modified the middle
parts of the architecture by introducing Rep-PAN Neck,
which led to a more efficient pipeline in terms of FPS and
better performance regarding precision compared to the
previous frameworks. It is worth mentioning that the
researcher has developed other versions of YOLOs, and their
performance and efficiency are slightly better in terms of
Precision and FPS compared to the previous architectures.
The models and their implementation of these models, such
as YOLOv5 [29], YOLOR [30], YOLOvS [31], and
YOLONAS [32] can be found on GitHub.

YOLOvV6 [19] is a recent architecture from the YOLO
world. Its framework has several advantages in object
detection; it is designed to be hardware-efficient and fast
while still maintaining high accuracy, making the YOLOV6 a
well-suited object detection model for a wide range of
applications. Furthermore, the YOLOvV6 head is an anchor-
free head, which means that it does not rely on predefined
anchors to predict bounding boxes. Instead, the head predicts
the center and size of each object directly, which makes the
YOLOvV6 head faster and more efficient than anchor-based
heads like Faster-RCNN [21]. Fig. 2 illustrates an overview
of the YOLOVG6 pipeline, which is composed of three main
components: Backbone, neck, and Head, which can be
summarized as follows. Firstly, the Efficient-backbone
module extracts features from the input image.
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Fig. 3: The sensing and communication ranges are
represented by R, and R, respectively.

Then, the elements from the backbone are passed through
the Rep-PAN neck to fuse them and enhance the detection
features. Afterward, the combined features are passed
through the anchor-free head to predict the center and size of
each object. Finally, the predicted bounding boxes are post-
processed to remove duplicates and filter out low-confidence
detections.

Although the YOLOVG6 architecture has shown remarkable
performance in general object detection datasets [33], its
performance may decline on challenging ocean or underwater
images due to the complexity of the objects in these
environments and the low-resolution images. One of the
challenges that affects the performance of the baseline
YOLOG6 model is that the object has high similarity with its
background, which is abundant underwater. These types of
images, as shown in Fig. 1 make the baseline model perform
poorly on these images. Inspired by the recent progress in this
field and aiming to enhance the accuracy of the baseline
model for these images, we incorporated a novel module
known as the Camouflaged Sea Edge and Attention (CSEA)
module onto the YOLOV6 architecture. This addition aids the
model in more effectively identifying images of this nature.

3. METHODOLOGY

In this paper, we consider the challenge of object detection
by a network of AUVs equipped with deep-learning object
detection  algorithms bounded three-dimensional
environments. Assume that mobile underwater robots are
deployed to detect objects. Note that, in real-world scenarios,
mobile robots can exhibit a diverse range of movement
patterns. In this study, we specifically examine a system

in

where mobile robots move randomly within the search area.
We assume that the AUVs are using sensors with limited-
range object detection capabilities, denoted as Rg. The AUVs
can only identify objects located inside their detection zone,
which is a sphere of radius Rg. Additionally, we consider an
object as identified when it falls within the sensing range of a
mobile underwater robot.
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[}
Fig. 4: The specified target region (T) is depicted as a cube,
V denoted by *,V represented by *.” [17].

To guide an autonomous underwater vehicle (AUV) back to
the search area, upon reaching the boundary of the search
region, it is given a new random heading that steers it back
into the search area. The objective of the search is to detect
objects in the given search area. We also adopt a spherical
communication model for each AUV, denoted as R, > 0, as
shown in Fig. 3. This implies that AUV i can gather
information about its neighbors within a sphere with a radius
R, defined by:
Sir, = P €R% 1 (p — pi(K)) IS R} (1)

Here, we utilize a random search algorithm based on a
cubic grid to effectively disperse the autonomous underwater
vehicles (AUVs) throughout the search area, enabling object
detection within a confined 3D space. Consider a cubic grid

that divides the target region T into uniform cubes, each

2R . .
fs. Denote V as the infinite set

comprising the centers of all cubes within this grid. The set

having sides of length.

V =VNTis referred to as a cubic covering set for T, as
depicted in Fig. 4. In the initial phase of this algorithm, the
AUVs create a shared cubic grid that covers the entire search
area. Subsequently, they execute the object detection task by
navigating randomly among the grid vertices.

As illustrated in Fig. 5, autonomous underwater vehicles
(AUVs) are represented as spheres with a sensing radius
denoted as R, and they navigate randomly within the
designated search area. Throughout the search process, these
mobile underwater robots retain information about detected
objects and share this data with other robots within their
communication range. In the depicted scenario, AUVs 1 and
5, as well as AUV 1 and 3, fall within each other’s
communication ranges, facilitating the exchange of search
information between them. Consequently, AUV 3 and 5
establish indirect communication through AUV 1, optimizing
the search task by avoiding redundant searches for objects
already detected by their counterparts. Note that, to always
keep the mobile underwater robot inside the search area, the
algorithm calculates how far the robot can move in the next
step without going outside the boundary. If the calculated
distance would take the robot beyond the search area, a new
distance is chosen. This repeats until a valid distance is found,
ensuring the robot stays within the designated region.
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Fig. 5: Spheres denote the AUVs, -- depicts communication
between the neighboring AUVs [18].

The search operation is conducted by the mobile underwater
robots, which navigate randomly to the vertices of a cubic
grid using random movements. Initially, it is assumed that
autonomous underwater vehicles (AUVs) lack a common
covering grid and a shared coordinate system. Consequently,
consensus variables are employed to establish a unified
covering grid, as outlined in [29]. This covering grid consists

of the centers of cubes that tessellate the search area.

2R, 2R, 2R,
V= (x+alﬁ,y+azﬁ,z+a3ﬁ)

2

Vector V; denotes the positions of cube centers utilized to
tessellate the search area. In this context, a;, a,, and a3
belong to the set of integers Z. The algorithm takes the
sensing range R, and coordinates (x, y, z) as inputs, serving
as a seed for the 3D grid’s growth. For establishing a shared
covering grid, it is assumed that each AUV possesses
consensus variables x;(k), y;(k), and z;(k) within its
coordinate system.

The sensing range Ry, and a point gq;(k) =
(x;(k), ;(k), z;(k)) uniquely define a 3D grid. Hence, q; (k)
and R; uniquely determine a 3D grid in T. The consensus
variables q;(k) = [x;(k) y;(k) z;(k)] along with scalar
parameters a4, @,, az and R, describe the positions of the
grid’s vertices. The AUVs initiate with different values for
coordination variables x;(0), y;(0), and z;(0), ultimately
converging to consensus values X,, ¥y, and z,, establishing a
common coordinate system for the AUVs. Let p;(k)
represent the coordinates of AUV i at time k, and C[q, R,]
defines the nearest vertices of the 3D grid to point p. The
following equations demonstrates the rules for updating the
consensus variables and the coordinates of AUVs, which can
be commutated as:

x; (k) + Xjen;a0 % (k)

kD = TN )
_yilk) + Yjenya0 vy (k)
ylk+ 1) === S 3)
_ zi(k) + Xjen,a0 2 (k)
Zk+ 1) == Nl
pi(k + 1) = Clq;(k), Rs1(p: (k) )
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YOLO NECK

Fig. 6: The overall diagram of the proposed underwater
object detection framework. The EAM (up-right) and EFM
(up-left) modules were redesigned from [36] and [37],
respectively.

Here, N; (k) represents the set of neighboring AUVs j (where
j#iandj € 1,2,...,n) within its communication range, and
IN; (k)| denotes the number of neighbors at time k. Following
the above equations, each underwater robot updates its
consensus variables by averaging its values with those of its
neighbors within its communication range. After building the
common grid, the AUVs travel between grid vertices until
they identify all objects using the introduced deep learning
method.

3.1. Baseline Model

In this work, inspired by the YOLOv6 [19] and the
camouflage object detection [34,35] architectures, we design
a new framework, as shown in Fig. 6 to improve the baseline
YOLOvV6’s (see Fig. 2) performance in underwater object
detection. As seen, the network first extracts the features from
the backbone, and then the extracted features to enhance the
features are fed into the Rep-PAN neck to further improve the
receptive field and the localization of multi-level feature
maps. The resulting multi-level features are provided in the
proposed module (CSEA), which consists of three main sub-
blocks (more details in section 3.2) for processing to better
focus on the region of interest of the object. Finally, the
outputs of the CSEA features are passed through an anchor-
free prediction head module that outputs the final bounding
box and classes of the input image.

3.2. Camouflaged Sea Edge and Attention (CSEA)
Module

Inspired by [36], after extracting multi-level features from
the backbone and the neck of the YOLOVG6 architecture, we
integrated a new module (as shown in yellow Fig. 6) to help
the model effectively distinguish the object structure and
details. The integrated module is composed of three sub-
blocks: edge-aware module (EAM), edge-guidance feature
module (EFM), and edge mask attention module (EMAM).

The EAM sub-block combines the low and high-level
features coming from the neck of YOLOvV6, which effectively
extracts object boundary-related edge semantics, which later
help the upcoming sub-bloks to better capture edge features
that are important in close to background object.
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Fig. 7: The utilized Edge Mask Attention Module (EMAM)
[38].

To that effect, as seen in Fig. 7, both the low-level and high-
level features pass through a two 1x1 convolution layer to
output an edge feature (f,) that is obtained by concatenation
and convolution operations, followed by the Sigmoid
function.

The EFM sub-block works similar to an attention module
in a vision transformer [37] pipeline. It enhances the
representation learning in object detection by incorporating
boundary-related edge cues into feature representations. This
module uses a channel attention mechanism locally to
improve cross-channel interaction and identify important
alerts among different feature channels. The process involves
element-wise multiplication between the input features (f;)
and edge features (f,), followed by a skip-connection and a
3%3 convolution to produce fused components.

Finally, we utilize a new attention module, namely edge
mask attention module (EMAM), to enable the model to
obtain more contextual semantics and focus accurately on
different regions of the feature maps more likely to contain
objects [38]. The proposed sub-block is shown in Fig. 4.
Assume F be the fused multi-level feature maps coming from
the EAM and EFM sub-blocks. As shown, the global
attention map (G) in the EMAM sub-block can be computed

as follows:
N expCafi
g =F ® (Cy - Zvj EXpC“fj Fi)

where ¢, and ¢, are 1x1 convolutions that are learnable. The
F is the 1-dimensional (1D) version of F. The i and j in (5)
mean the enumeration for all the positions of the 2D input
and the
multiplication. Then to further achieve channel-wise

dependencies of (5), the global attention maps transformed
(T) as follows:

(&)

feature maps, ® operation denotes matrix

T = a(ci(R(Ln(c2(5))))) Q)
where o denotes the sigmoid function. ¢; and c, represent the
trainable 1x1 convolutions. R and Ly show the RelU function
and layer normalization, respectively.

The final output (V') of EMAM sub-block can be calculated
as follows using (5) and (6):

29

Y=GOF

where (O shows the element-wise multiplication.

(7

3.3. Loss Function

The head of the YOLOV®6, as shown in Fig. 2, uses two loss
functions for the final prediction: the classification loss that
predicts the category of the object and the bounding box
regression loss that outputs the coordinates of the bounding
box. For the classification, an improved combination version
of cross entropy and focal loss (FL) [39] called Varifocal Loss
(V) [40] is used, which is defined as follows:

Va(Di, G;)

[ —Gi(Gjlog(Dy) + (1 — G)log(1 — Dy), G; >0

- —(ZDiy(l - Di)' G] =0
Where D; is the predicted class score by the model, and G;

®)

denotes the score of the ground truth in the dataset. We use
the Distance-IoU (DIoU) Loss [41] for bounding box
regression. DIoU is an improved version of GIOU [42] loss,
which converges faster during training and works better on
small and dense object detection.

p*(D,G)
cz

)

where p(-) illustrates Euclidean distance. ¢ represents the

‘CDIOU =1-1IoU +

diagonal length of the smallest bounding box that covers both
detected and ground-truth bounding boxes. IoU is the
intersection over a union computed as:

|D NG|
: (10)
|D U G|
where |. | denotes the area, G = (x',y',w’, h") is the ground-
truth, and D = (x, y, w, h) is the predicted box. The final loss
of the model, which considers both the classification of (8)
and (9), can be defined as :
L=V + Loy (11)

where 1, and 4, are hyperparameters that are set to 0.8 and 1

IoU =

during our implementation.

4, EXPERIMENTAL RESULTS
4.1. Implementation Details

The proposed model is fine-tuned until it reaches
convergence (~ 150 epochs) by using the transfer learning
technique. To optimize the parameters associated with the
loss functions, the AdamW optimizer [43] is employed,
accompanied by the poly-learning policy. This optimization
algorithm ensures that the model learns and adapts effectively
throughout the training process. The training phase is carried
out on a 24 GB memory of the NVIDIA RTX 3090 GPU. We
set the batch size to 16 during training.
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Different augmentation strategies are applied during training,
including image resizing, random rotations, and horizontal
flipping. The augmentation process enables the final model to
acquire a more comprehensive understanding of the
TrashCan dataset and be more generalizable and robust in
real-world, unseen scenarios.

4.2. TrashCan Dataset

The TrashCan dataset [20] is designed specifically for
underwater object detection. The images of this dataset are
collected using remotely operated underwater vehicles
(ROVs), which are obtained from the J-EDI dataset [44].

The TrashCan dataset includes 7212 images of different
underwater objects (22 diverse classes), mainly from the Sea
of Japan. The resolution of images in this dataset changes
from 480x270 pixels to 480x360 pixels, where they are
annotated in the COCO dataset [33] annotation format using
rectangular bounding boxes and segmentation labels. Fig. 8
illustrates some sample images of this dataset.

4.3. Evaluation Metrics

The Average Precision (AP) metric relies on precision-
recall measures and works with the classes of multiple
objects. It defines a positive prediction by using Intersection
over Union (IOU). Precision measures the accuracy of the
model for positive predictions. The Recall metric checks how
many actual positive cases the model correctly recognizes.
The precision (P) and Recall (R) can be calculated as follows:

P= i (12)
" TP +FP

R = TP (13)
" TP+FN

where TP and FP denote true positives and false positives,
respectively. False Negatives (FN) are the number of object
regions that the model did not correctly predict.

Let G; be the j™ ground-truth in the given image, and D; be
the (" detection bounding box (D). Therefore, we can
calculate the precision and recall based on the intersection
over union (IoU) metric as follows:

30

Table 1: Comparing the proposed method’s performance
with SOTA methods [12-15] on the TrashCan [20] dataset.
The best performance is highlighted in bold.

Model-Name AP APso  AP7;s APy  APn AP,
RISDU [12] 038 0.49 0.32  0.38 — —

GCC-Net [13] 0.41 0.61 — — — —

Hongetal. [20] 029 0.51 028 021 030 0.40
Deng et al. [14] 044 0.65 048 035 0.48 0.66
MLDeT [20] 042 0.63 046 037 042 057
Proposed 045 066 047 038 046 0.63

IAMSTE

Fig. 9: Qualitative res

——. i
ults of the proposed model on
challenging samples of the TrashCan Dataset [20].

Area(Gj N Di)
B Area(Gj uD;)
In the end, for handling multiple object categories, the mAP

IoU

(14)

can be formulated as follows:

1 N
mAP = NZAPL-
i=1

where AP; denotes the average precision of the i —th class.

(15)

4.4. Quantitative Results

In this section, we carried out a thorough evaluation of
underwater object detection methods using the mean Average
Precision (mAP) is a widely accepted metric in the object
detection community. Table 1 presents a quantitative
comparison of our proposed model with SoTA techniques on
the TrashCan dataset. Our model outperforms other methods
[12-15] on the TrashCan dataset, achieving the highest mAP.

4.5. Qualitative Results

Fig. 9 illustrates the qualitative results of the proposed
model on some challenging images of the TrashCan dataset.
As seen, the proposed model accurately detects objects in the
images, which confirms the effectiveness of the proposed
model.
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Table 2: Comparison of the map performances of different
deep learning models [19, 25, 26] on the TrashCan dataset.

Model mAP
YOLOv3 0.33
YOOX 0.35
YOLOv6[Baseline] 0.37

Table 3: The effect of the utilized module on the baseline
model. The best performance is highlighted in bold. "FPS"
demonstrates the frames per second.

Model Module mAP FPS
Baseline - 0.37 68
Proposed CSEA 0.45 65

It is worth mentioning that there are certain limitations to the
proposed architecture, which may fail in some sample
images. The proposed method has difficulty in the detection
of low-resolution images and objects that are heavily
occluded. These challenges are common and unresolved
issues in the object detection community. One potential
solution for addressing these challenges is augmentation
techniques during training and using a higher number of
instance images that contain low-resolution and occluded
objects.

4.6. Ablation Study

We evaluate the performance of several SOTA deep-
learning models using mean Average Precision (mAP) and
Frames Per Second (FPS) metrics. To that effect, we first
evaluated different YOLO models on the TrashCan dataset.
As shown in Table 2, the YOLOv6 model has the best
performance in terms of mAP, which makes it a good
candidate as our baseline detection model for further
investigation. Building upon this foundation, we applied the
introduced CSEA module, which we integrated into the
YOLOvV6 architecture, as demonstrated in Table 3. The
incorporation of the CSEA module on the baseline leads to a
remarkable performance boost, signifying a substantial
improvement in object detection accuracy. The successful
detection of camouflage objects in Fig. 10 also confirms the
in the
architecture. We also experimented with the efficiency of our
models. As seen in Table 3, the baseline model achieved a
good efficiency in terms of FPS (~ 68), which confirms it can

effectiveness of the utilized module baseline

be used in real-time applications like underwater object
detection using mobile robots. It can also be seen that
applying the designed CSEA module does not affect the
efficiency of the final model, and it obtains a close speed to
the baseline model.

5. DiscussioN AND FUTURE WORK

Deep learning models are renowned for their requirement
of substantial data for training, which often leads to enhanced
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Fig. 10: Comparing quailitatively the propose

background.
inference performance and more generalization capabilities
on novel datasets. Our work falls into this category as well.

As evident from the results presented in Table 1. While our
proposed model achieved the SoTA performance on the
TrashCan dataset, with an average precision of 0.45, these
results fall short of practical application in real-world
scenarios. However, this performance can be improved by
utilizing a larger dataset, which could be obtained from real-
world annotated datasets that are costly or can be
synthetically created in limited environments to further
investigate the illumination variation and generalization
capability of the model, such as the pool that we intend to
explore in future research. Ultimately, our objective is to
apply the findings of deep learning detections to real-world
autonomous underwater vehicle robots for practical and
meaningful applications.

6. CONCLUSIONS

In this study, we have presented the idea of integrating
distributed random search techniques with deep learning
techniques to identify challenging cases in underwater images
using AUVs within a 3D search environment. After
experimenting with different baseline object detection
frameworks, we have selected the YOLOvV6 pipeline as the
baseline, which has better efficiency and accuracy
performance. We have designed a new module, namely
Camouflaged Sea Edge and Attention Module (CSEA), and
integrated it with YOLOv6 architecture to improve the
detection of objects hidden in the background. We have
compared our model with SoTA models on the benchmark
TrashCan dataset that is designed for underwater object
detection and recognition. The quantitative results have
shown that the final model achieved competitive performance
in comparison with SOTA methods on the TrashCan using
the Average Precision metric and a real-time performance (~
65) in terms of FPS. The CSEA module in the architecture
boosted the mAP by a large margin (~ 8%) than the baseline
and had a minor effect (~ 3) on the FPS. We have also
provided qualitative results to show the performance of the
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model and the designed CSEA module on challenging
underwater images.
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Abstract: Gaming is the notion of playing electronic games that involves users in the form of avatars or characters engaging
with an interactive digital experience to achieve a specific gaming objective. Blockchains can enhance the overall gaming
platform by helping to provide auditing, transparency, incentivization, security, and verification features in gaming. We
analyze distinct blockchain-stemmed gaming structures, understand 11 tasks of blockchain-stemmed gaming reflection,
and investigate them extensively regarding gaming- and blockchain-linked qualities. We packed an inaugural sample of
94 paper origins by extracting the papers for filtering standards chased down from E-collections, imposing a systematic
and longish quality assessment scheme. Derived from the study, in blockchain-stemmed gaming, blockchain can support
game auditing (C1), game incentivization (C2), gamification (C3), cooperative game play (C4), game fraud prevention and
fair play (C5), game DApps with extendibility (C6), game asset ownership protection and asset transactions (C7), game
user-produced elements security (C8), game credential verification (C9), game rule transparency (C10), and crypto gaming
(C11). Extensive investigation discovers that in blockchain-stemmed gaming, 21.7% exploit gamification (C3), 75.6%
exploit linear blockchain, and 10.8% exploit PoS consensus. As deficits, consensus approaches like proof of authority and
stake, and unconventional blockchain are rarely used, while blockchain-based gaming concepts such as C1, C8, and C10
are deficient. Ultimately, we expose the advantages and asperities of the reflection of blockchain-stemmed gaming and
then extend offers to shrink them.
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customization, players can create unique avatars by selecting
1. INTRODUCTION different appearance options, while in a war game, weapons
and equipment can be customized [5]. Game accessibility
options include adjustable difficulty levels, scalable text sizes,
and colorblind modes, allowing the game to be able to be
played by a differently abled audience [6].

In gaming, rules define how players deal with the game,
and among them are two types of rules: formal rules that are
formally defined and written for gaming and the other is
informal, unwritten rules that are not formally expressed but

need to be learned by the player to play the game [1]. In The game contains the software, content, mechanics, and
traditional games, game assets are owned by the game design elements that define the player experience, and it can
operator, while in blockchain-based gaming, assets can be provide excitement, fear, happiness, security, insecurity, or
owned by the players [2]. In contrast to traditional games, in indifference as an objective feeling to the end-users [7]. The
which all assets are created by the game creators, user- game client communicates with the game server to exchange

produced elements are a new and emerging concept that data like player actions, game state updates, player
allows players to produce and share their customized information, etc., while the game server is responsible for

creations within the game environment [3]. In multi-modal managing the game world, processing game logic, and
multiplayer gaming environments, speech input and communicating between multiple clients [8]. Authentication
multimodal gestures facilitate the wuser to interact is critical in online games to identify the users they claim to
collaboratively within the game [4]. In character be and provide permissions to use the game’s features. In

34


https://jaree.scu.ac.ir/
mailto:nilmantha@eie.ruh.ac.lk
https://doi.org/10.22055/jaree.2025.47893.1136
https://orcid.org/0000-0002-3045-1596
https://doi.org/10.22055/jaree.2025.47893.1136
https://doi.org/10.22055/jaree.2025.47893.1136

P. A. D. S. N. Wijesekara

Journal of Applied Research in Electrical Engineering, Vol. 4, No. 1, pp. 34-55, 2025

order to achieve this process, users need to log in, and once
logged in, they are provided with an authentication token [9].
Analytics can provide an insight into the player’s behavior
such that the game can be updated dynamically to suit the
player’s behavior. Research in [10] has shown that, using a
multi-level game theoretical model, subordinates and
principals at organizational levels should have explicit
contracts for monitoring and sanctioning, where agents are
players.

By simulating real-world scenarios, serious games aim to
bring behavioral changes in the participants of the game
subsequent to playing the game and can simulate real-world
situations that may be difficult to implement in reality due to
safety concerns, cost, time consumption, etc. while aiming to
develop the gamer’s skill [11]. On the other hand,
gamification integrates game-like features such as points,
badges, leaderboards, and challenges into non-game-related
activities in order to motivate the desired activity [12]. Within
game user research, it involves studying the interaction among
players and their surroundings, using the interaction between
humans and computers, studying media, and studying social
science in diverse game types, not limited to entertainment
games [13]. In a study that assessed the backend side of
massive multiplayer online gaming, it was shown that the
infrastructure-as-a-service tier performs superiorly to the
platform-as-a-service tier in cloud platforms in terms of real-
time latency [14]. This work surveys diverse approaches
where blockchain has been utilized in numerous gaming
concepts discussed above.

Blockchain is a decentralized ledger scheme that securely
records transactions across a network of computers [15]. In a
linear blockchain, there is a successive block continuum
leveraging cryptographic hash links [16]. A non-conventional
blockchain deviates from the linear blockchain, where
transactions are not grouped into blocks, but individually
linked to multiple previous transactions [17]. A digital
signature, which is realized using public-key cryptography, is
used to warrant the authenticity of transactions by using a
private key for signing them and a public key to verify the
signatures [18]. Smart contracts autonomously apply
agreements banning the requisite for middlemen, reducing the
risks of fraud and falsification, and are further strengthened
by a high degree of trust thanks to blockchain’s immutable
features [19].

Centered around this investigation, the blockchain-
stemmed gaming reflection can be ranked among the 11 tasks.
First, within game auditing, the data stored in the blockchain
can be utilized for auditing the game [20]. Next, within game
incentivization, it includes the principle of the play-to-earn
concept, or it involves trading in-game virtual assets with the
aid of blockchains and tokens/cryptocurrencies [21].
Alternatively, in blockchain-driven gamification, a gamified
concept is utilized along with blockchain-driven storage and
collaboration to improve security and trust [22]. Further,
blockchains can provide cooperative game play by facilitating
the creation of cooperative game worlds, using specific
cooperative consensus approaches that are based on
cooperative game play, or maintaining cooperative scoring
systems [23]. Next, in blockchain-stemmed game fraud
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prevention and fair play, game fraud like cheating is avoided
using smart contracts and consensus mechanisms and also
includes fair maintenance of true randomness without
skewness from third parties [24]. Moreover, game DApps can
be administered to perform a certain operation related to the
game, such as opening a loot box with high trustworthiness
[25]. Then, in blockchain-stemmed game asset ownership
protection and asset transactions, game assets are typically
tokenized and associated with the digital IDs of the players,
and ownership regarding assets is stored on the blockchain
[26]. Next, blockchains can provide transparency and
accountability for game user-produced elements’ security and
also be utilized for game credential verification by
implementing authentication and access control with the
assistance of smart contracts [27]. In blockchain-stemmed
game rule transparency, game rights and rules are
implemented as a distributed system with the approval of
peers [28]. Finally, crypto gaming refers to storing in-game
resources that exist as tokens in the blockchain on top of a
cryptocurrency network and trading game assets for
cryptocurrency [29].

We found two review papers that have been published so
far related to blockchain-based gaming. In the first paper, the
authors do a systematic exploration of how blockchain has
been utilized to improve educational gaming and provide
insights for educational institutes [30]. In the second one, the
reviewers discuss the crypto games using Ethereum as the
cryptocurrency while comparing game characteristics with
legal gambling perspectives [31]. However, to our perception,
so far no one has done a survey on the whole blockchain-
based gaming concept, discussing diverse aspects of game
auditing, fraud prevention, asset ownership protection,
incentivization, credential verification, rule transparency, etc.
using blockchain technology. Thus, we aim to fulfill that
deficiency by using this appraisal.

Fig. 1 disseminates the title listing of this inspection.

1.1. Contribution to Conventional Literature

e  We separated and briefly illustrated the gaming idea
(Section 3);

e  An outline of the blockchain structure is exposed
(Section 4);

e  Analyze conventional blockchain-stemmed gaming
structures (Section 5);

e Investigate extensively on the analyzed blockchain-
stemmed gaming structures (Section 6);

e  The advantages and asperities of blockchain-stemmed
gaming are exposed (Section 7);

e  Offers and coming ways for harnessing blockchain-
stemmed gaming are exposed (Section 8).

2. METHODOLOGY

This study analyzes the active examinations of
blockchain-stemmed gaming spread as digital files
throughout history, imposing a systematic and longish mixed-
method quality evaluation scheme [32].
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Fig. 1: Title listing of blockchain-stemmed gaming inspection.

Particularly, it evaluates a combination of the principles
of gaming and blockchain. Therefore, all unprecedented
research papers and cyberworld papers posted on gaming,
blockchain-stemmed gaming, and blockchain characterize the
scenario set in the setting of this study. However, the scenario-
set sources are enigmatic to explore. Hence, imposing the
pertinent investigating terms and filtering standards, we
packed 97 sources from unprecedented research papers and
cyberworld papers.

We chased down Google Scholar, ScienceDirect, ACM
Digital Library, Wiley Online Library, MDPI, and IEEE
Xplore Digital Library. The favorite investigating terms were

"Gaming" OR "Blockchain-stemmed gaming" OR
"Blockchain-stemmed user produced content" OR
"Blockchain-maintained game rules transparency” OR
"Blockchain-maintained virtual assets” OR "Blockchain-

stemmed multiplayer functionality” OR "blockchain and

game architectures” OR "blockchain-stemmed game
monitoring and analytics" OR "Blockchain-stemmed serious
games" OR "Blockchain-stemmed gamification” OR
"Blockchain-stemmed game authentication" OR

"Blockchain-stemmed game auditing”" OR "Blockchain-
stemmed game fraud prevention" OR "Blockchain and game
incentivization" OR "Blockchain and game asset ownership
protection" OR "blockchain and game asset reusability"” OR
"Blockchain".

Some factors in extracting the papers articulated the
filtering standards. First, the referenced research orders
English phrasing, and thereafter, it orders exceptional
connection to the investigating term. Next, for elevating the
reliableness of the conducted study, serial articles were
supplied with a raised preference than seminar papers and
non-peer-reviewed  content. We  didn't  prioritize
unprecedented research papers within a specified content
producer satisfying the filtering standards; rather, we
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processed all content producers equivalently. The final
filtering standard publishes that a specified unprecedented
conceptual essay orders revelation within the time of 1975 and
2024.

The inaugural sample was moderated to 94 origins of
papers; latterly, it was disclosed that 3 origins were surpluses.
We quoted conceptions and illustrations employing 38 paper
origins. To complement this study with prevalent studies, we
at last fused 2 literature analysis papers to the assemblage of
papers, shifting the universal volume of origins of papers to
134,

To study accumulated blockchain-stemmed gaming, we
drew on the catalogs for study categorization. We drafted
realizations drawing on Office 365 to objectively oversee
study data glued to gaming- and blockchain-stemmed factors
[33].

3. GAMING
3.1. Game Features
3.1.1. Rules

Rules are considered the building blocks of a game since
they define how participants deal with the game and among
them. There exist two types of rules in gaming according to
literature. One is formal rules that are formally defined and
written for gaming, and the other is informal, unwritten rules
that are not formally expressed but need to be learned by the
player to play the game [34]. If rules are not clearly defined,
it will affect the gameplay and degrade the quality of
experience felt by the player. Rules define how players move
around the game and how they earn points to win the game.
In [35], the authors review how gaming can be used for
education by changing the play rules such that it engages the
student in a hands-on learning activity.
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3.1.2. Assets

Assets are different virtual properties (visual-audio
components) that constitute the game, including but not
limited to character models, animations, background music,
sound effects, credits, items, avatars, etc. CloudyGame has
been proposed as a new software architecture to share and
manage various playing instances with on-demand game asset
streaming on edge servers, enabling cloud gaming on the edge
[36]. These contribute to improving the immersion and appeal
of a game, providing a better experience for the player. The
avatar customized by users has been shown as a virtual asset
that captures the virtual identity of players in massive
multiplayer online games [37]. In traditional games, these
assets are owned by the game operator, while in blockchain-
based gaming, assets can be owned by the players. Monster is
a scheme that utilizes deep learning and generative artificial
intelligence models with the Pixel2Mesh architecture to
automatically generate 3D gaming assets that would
otherwise require a graphic designer [38].

3.1.3. User-produced elements

In contrast to traditional games, in which all assets are
created by the game creators, user-produced elements are a
new and emerging concept that allows participants to produce
and share their customized creations within the game
environment. Barbarossa is a user-generated content-driven
pervasive role-playing game that introduces portability to
pervasive games otherwise restricted to limited environments
[39]. This is different in comparison to traditional games,
where the players are restricted to a specific game. Moreover,
this user-generated content has the capability to be
collaboratively utilized in numerous games that encourage
players to create new content. In [40], the authors propose a
method to learn user quality-of-perception of cloud gaming
utilizing features of user-produced elements like feature
words of text. Examples of user-generated content are custom
levels, mods, skins, characters, etc. that are not predefined by
the game developer. There are instances in which entire new
games have been created due to user-generated content.
Examples are “Counter Strike” and “Defense of the
Ancients”, which evolved from “Half Life” and ‘“Warcraft
117, respectively [41]. User-produced content can be
optimally collected on game servers, where the game creators
can make real-time decisions based on user statistics derived
from them [42]. Data collection should not negatively affect
the gaming performance and should be collected with
minimal overhead; therefore, real-time optimizing systems
are more appropriate for data gathering [43].

3.1.4. Multiplayer functionality

Multiplayer functionality provides the opportunity for the
players to interact with each other in real-time, either
cooperatively or competitively, through a network in online
multi-playing games. Research in [44] points out 4
networking aspects that should be satisfied for efficient multi-
playing: networking resources like bandwidth and latency,
communication architectures, scalability by parameterization,
and security against cheating and vandalism. The level of
multi-playing can vary from simple cooperation to large-scale
battles. Features such as matchmaking, leaderboards, and
voice can improve the overall multiplayer experience. In [45],
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a ranking system has been introduced to improve the user
experience for massive multiplayer games like “League of
Legends”. In multi-modal multiplayer gaming environments,
speech input and multimodal gestures facilitate the user’s
ability to interact collaboratively within the game [46].

3.1.5. Customization options

Customization options predefined by the game developer
allow players to personalize their gaming experience based on
their own playstyle and preferences. For instance, in character
customization, players can create unique avatars by selecting
different appearance options. In [47], researchers show that
there is less association between avatar customization and
cooperation or competition in game play, while these have a
resemblance to social outcomes. In a war game, weapons and
equipment can be customized. These further include a
customizable user interface that allows adjustments in display
options, audio preferences, etc. In interactive storytelling, a
user-centric approach is recommended, which provides
various customization levels for optimizing the gaming
experience without being limited to technology attributes or
medium characteristics [48].

3.1.6. Accessibility options

Accessibility options aim to strike a balance between
players’ physical and cognitive abilities. A review in [49]
shows that differently abled people find difficulties in games
due to not receiving feedback, not having identification in in-
game responses, and the inability to provide inputs from
various input devices. These include adjustable difficulty
levels, scalable text sizes, and colorblind modes, allowing the
game to be played by a differently abled audience. To improve
accessibility, game developers often use subtitles and audio
descriptions. For instance, in [50], a user-friendly interface
with visual cues and icons is designed for gaming that can be
projected to a screen or use touchscreen technology, reducing
the struggle of interacting while playing board and card
games.

3.2. Architecture of a Game
3.2.1. Game client

The game client is the application program with which
the players interact directly, which is installed on the player’s
device and responsible for rendering graphics, playing
sounds, and handling user input. In a performance evaluation
done by using the game Ms. Pac-Man, it has been found that
frame rate and distortions of display are critical factors for
gaming using thin clients, while they have different degrees
of robustness to network impairments [51]. The game client
communicates with the game server to exchange data like
player actions, game state updates, player information, etc.
The data-transfer channel among the game server and the
client should meet the high-end quality of service
requirements for the purpose of the game to be productive
[52]. Another study done on the performance of the client in
mobile cloud gaming states that they can save energy by 30%,
and bitrate and framerate affect the decoder’s resource
consumption, with framerate having the highest effect [53].

Fig. 2 disseminates the hybrid client-server architecture
that exists in multiplayer games.
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Fig. 2: Hybrid client-server architecture of multiplayer games.

3.2.2. Game server

The game server is responsible for managing the game
world, processing game logic, and communicating between
multiple clients. An algorithmic approach to server
provisioning by using queuing theory and stochastic models
in order to select server type and distribution of software has
been studied in [54]. Moreover, in [55], a cloud mobile
gaming approach by shifting the workload of gaming engines
to cloud servers while mobile devices only provide gaming
commands to servers has been used and tested for user quality
of experience. Furthermore, it stores the authoritative version
of the game state so as to warrant consistency among all
clients. In order to prevent authentication problems and
unauthorized use of copyrighted content, server abandonment
should be prevented in order to protect the rights of game
stakeholders [56]. Not only that, it handles physics simulation,
game rule enforcement, player connections, and
matchmaking. In mobile cloud gaming, the network should
result in low-latency communication while also maintaining
reliable communication, since gaming involves the
transmission of video and audio frames [57]. Therefore, link-
lifetime-based routing approaches are more suitable to be
deployed in such environments that take into effect the
dynamics of the mobile network while also minimizing
latency [58].
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3.2.3. Monitoring and analytics tools

Monitoring tools can track the performance and health of
game servers in order to identify if any issues exist. Research
in [10] has shown that using a multi-level game theoretical
model, subordinates and principals at organizational levels
should have explicit contracts for monitoring and sanctioning,
where agents are players. Analytics can provide an insight into
the player’s behavior so that the game can be updated
dynamically to suit the player’s behavior. Research in [59]
shows that game and learning analytics are less suitable for
analytics in serious games and that serious game analytics are
required to show actionable insights to retrain or remediate
playing learners. Moreover, similar measures and gameplay
action behavior profiles with n-grams to preserve navigation
of directional paths have been evaluated for differentiation of
user profiles in serious games [60].

3.3. Gaming Concepts
3.3.1. Serious games

Serious games are aimed at ambitions beyond enjoyment,
like education, demonstration, training, etc. By simulating
real-world scenarios, they further aim to bring behavioral
changes in the participants of the game subsequent to playing
the game. Serious games can simulate real-world situations
that may be difficult to implement in reality due to safety
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concerns, cost, time consumption, etc., while aiming to
develop the player’s skills [61]. Furthermore, they incorporate
game mechanics and elements while aiming to achieve a
specific purpose. They can be used to improve the
psychological and physiological sensory motor functions and
change the nutritional factors of elderly people in
rehabilitation [62]. An investigation into the impact of serious
games on medical training indicates that the game has
motivated experienced medical students; however, it is
counter-productive for new students [63]. A serious game
designed for disaster preparedness of earthquakes’ behavioral
response and evacuation has shown that the game play has
increased knowledge about evacuation and self-efficacy [64].

3.3.2. Gamification

Gamification is the principle of applying game design
principles and elements in non-game contexts with the
objective of enhancing engagement and motivation. It
integrates game-like features such as points, badges,
leaderboards, and challenges into non-game-related activities
in order to motivate the desired activity. For instance, a study
done using the Kano model shows that fitness applications
that reward users based on completing workouts have a high
degree of user satisfaction [65]. Furthermore, systematic
reviews suggest that language learning platforms with
progress tracking using virtual reality and gamification indeed
help to learn foreign languages effectively, especially the
English language [66].

3.3.3. Exercise gaming

Exercise gaming demands physical activity from the
players, promoting physical fitness of the players while at the
same time providing entertainment. In a study done among
older adults aged more than 50 years, they preferred virtual
augmented exercise gaming over traditional exercises, despite
not having evidence for an association between physical
fitness and game performance [67]. These often involve full-
body tracking and motion controllers. “Exercise My Game”
has been shown as a platform to transform a given traditional
action game into a full-body motion game by mapping control
input into game action and mixing input feedback with the
game’s interface by considering game requirements [68].

3.3.4. Simulation gaming

Simulation games replicate real-world systems in a
virtual environment. Players can take on different roles, such
as controller, manager, and designer of diverse elements like

State update

cities, vehicles, etc. A comparative study done on two flight
simulation games, “Falcon 4.0” and “Microsoft Flight
Simulator”, shows that Falcon participants have shown short
and long transfers in flight evaluation metrics, proving that the
game has fortified them for common and special military
activities [69]. In the planning profession, the “SimCity”
game simulator has been used to provide a dynamic decision-
making surrounding for students to develop problem-solving
skills and crafting, despite not being a tool that helps to
achieve learning outcomes in all students [70].

3.3.5. Social games

Social games are games that promote social interaction
and are played with cooperation or competition with other
players. In social games, according to [71], challenges,
communication, providing gifts, meeting friends, and friends
bars have been identified as techniques that improve the social
aspects of social games. “World of Warcraft” has been shown
as a game that has social aspects that allow players to have
social relations and provide social game elements such as
grouping with social networks [72].

3.3.6. Narrative games

Narrative games involve delivering narratives or
character-driven experiences, where players make choices
that influence the direction of the story, leading to various
branching paths. Research has shown that game mechanics in
narrative games provoke the game players to act in a way that
helps in the construction of engaging stories out of the
player’s mind by creating tension using spatial conflicts,
characterization, and moral dilemmas [73]. In the narrative
game “Life is Strange”, non-violent interpersonal conflicts are
encouraged and allowed to be experienced by game
mechanics that do not emphasize winning or losing, but rather
putting into practice ethical exploration and empathy [74].

3.4. Game Ecosystem

The game ecosystem is graphically disseminated in Fig.
3.

3.4.1. User

Users are the individuals who interact with the game and have
their own set of skills and preferences. Within game user
research, it involves studying the interaction among players
and their surroundings by using the interaction between
humans and computers, the study of media, and social science
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Fig. 3: Cloud-based multiplayer game ecosystem.
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in diverse game types, not limited to entertainment games
[75]. However, some computer game users have been
reported to show addiction to it, characterized by excessive
use of gaming such that it negatively interferes with common
tasks, and these users have shown lower dopamine levels to
gaming-related stimuli [76].

3.4.2. Interface software and device

Interface software and devices are the mediums through
which users interact with the game. In [77], a hand-gesture-
based interface to interact with the game in a public setting
using vision algorithms to identify the complex gestures has
been studied. Hardware interfaces include gaming consoles,
personal computers, and mobile phones. The software
interface provides the graphical and audio interfaces required
to navigate menus, control characters, and interact with the
game environment. However, in pervasive gaming, users are
not restricted to traditional graphical user interfaces or
computer screens, but are supported by tangible user
interfaces in which players can grasp and move real-world
objects for interaction with the game [78].

3.4.3. Backend platform

The backend platform is comprised of infrastructure and
services that support online functionality and connectivity to
the game, such as databases, servers, networking protocols,
matchmaking algorithms, etc., enabling multiplayer
gameplay, social interactions, downloadable content, etc. In a
study that assessed the backend side of massive multiplayer
online gaming, it was shown that the infrastructure-as-a-
service tier performs superiorly to the platform-as-a-service
tier in cloud platforms in terms of real-time latency [14].
Moreover, game-backend-as-a-service has been proposed
with the development of gamification as a service in order to
provide cross-platform game services embedding game
features like leaderboards and remote storage [79].

3.4.4. Game

The game contains the software, content, mechanics, and
design elements that define the player experience. A game can
provide excitement, fear, happiness, security, insecurity, or
indifference as an objective feeling to the end-users. In order
to deliver a particular objective feeling to the user, there are
numerous game categories such as action, puzzle, shooter,
fight, flight, sports, strategy, etc. The author in [80] argues
that gameplay and interactivity are distinct features, while
gameplay is associated with emotions and player experience.
Game play can consist of narratives, immersive worlds, and
rewarding progression systems, while it can be aligned with a
game story to enhance the player experience by enhancing
immersion and improving player motivation. In [81], authors
proposed machine learning to classify game events in order to
discuss the relationship among diagnosed event clusters and
patterns in game design to incorporate player personal profiles
for analysis. Machine learning can be effectively used to
classify game events and for other classification or regression
problems related to gaming [82].
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3.5. Game Mechanism
3.5.1. Game loop

The game loop is the backbone of the game, which is a
continuous loop that runs throughout the game’s lifetime. The
main functions of this are input handling, updating, and
rendering graphics. This loop starts by gathering input from
the player, such as key strokes, joystick inputs, etc., and the
game updates its internal state based on the received input by
considering other factors such as physics calculations, game
logic, etc., in order to render the updated state to the screen.
Work in [83] proposes the simultaneous parallel operation of
a graphic processing unit and a central processing unit to
process game loop activities using Lua scripts to choose the
best processor for a given task by considering performance
over time. Moreover, this loop is iteratively run throughout
the game to provide an illusion of real-time gameplay. Some
have proposed the gameplay loop for educational game design
using knowledge from didactics, taking into consideration
curriculum and mediation, and player-centric design [84].
Thus, knowledge generation models like machine learning
tools can be effectively utilized to extract knowledge from the
game loop for improving game design [85].

3.5.2. Game authentication

Authentication is critical in online games to identify the
users they claim to be and provide permissions to use the
game’s features. In order to achieve this process, users need
to log in, and once logged in, they are provided with an
authentication token that uniquely identifies a player session.
For subsequent transactions between the game client and
server, this authentication token is used for user validation. By
criticizing weaknesses in single-time user authentication,
continuous authentication has been realized in gaming
environments with the aid of mouse movement tracking
acting as credible reliability markers to authenticate users in
real-time and has shown good performance compared to static
authentication [86]. Some have proposed a novel interactive
framework that necessitates players to pursue a gaze pattern
in order to provide authentication to the game that prevents
early-prepared videos or images from deceiving the
authentication system [87].

3.5.3. Virtual assets

Virtual assets are items or currency within a gaming
environment that are really valuable to the game players, such
as weapons, armor, virtual currency, etc. However, it has been
reported that some have misused virtual assets, such as virtual
currencies, in multiplayer online games where cybercriminals
have used them to send virtual currencies to other cyber-
criminals, known as money laundering [88]. These assets are
usually created by game developers using 3D modeling
software and are stored in the game database along with their
metadata [89]. Players may buy or sell virtual assets during
gameplay in agreement with game mechanics, either using
virtual or real-world currencies, allowing monetization.
Recently, researchers have proposed photogrammetry, a
technique to generate photorealistic 3D models, for
generating 3D models in gaming systems [90].

Table 1 disseminates conventional literature on the
gaming idea.
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Table 1: Conventional literature on the gaming idea.

Gaming aspect Conventional literature Strategy Performance
Game rules Authentic design [35] Changing play rules for learning Not applicable
Game assets CloudyGame [36] Streaming of assets dynamically and sharing game instances 70-80% lower memory and computational resource requirement,
scalable

Virtual assets [37]

Study role of game character in massive multiplayer online games

Offer implications to business field

Monster [38]

Deep learning with Pixel2Mesh architecture

Reduce intervention and expenditure for 3D game object
construction

User generated

Barbarossa [39]

User generated content driven pervasive role-playing game

Improves user quality of experience

elements CGQOoE [40] Predicting cloud gaming QoE using user produced elements using Able to predict QoE and can analyze factors affecting it
14 feature words
Multiplayer Multiplayer computer games [44] Present 4 networking aspects for efficient multi-playing Discuss and analyze the aspects
functionality Sensitive matchmaking [45] A ranking system to improve user experience Applicable to League of legends and can be generalized
Multimodal multiplayer tabletop Players interact directly using speech and hand gestures Multimodal gestures and speech enhance collaborative
gaming [46] interaction
Game Avatar customization [47] Cooperative gaming and avatar customization In game cooperation and competition have an effect on social
customization outcomes
Interactive storytelling [48] Customization levels for optimizing gaming experience Have analyzed on interactive storytelling
Game Interaction with accessibility [50] A user-friendly interface with visual cues and icons Reduces the struggle for interacting for playing board and card
accessibility games
Game client Thin client gaming [51] Evaluate performance of game Ms. Pac Man using 3 thin clients Frame rate and distortions of display are critical factors for
gaming

Mobile cloud gaming
performance [53]

Cloud gaming platform to do experiments on actual mobile clients

Save energy by 30% and bitrate and framerate affect decoder’s
resource consumption

Game server

Server provisioning [54]

Queuing theory and stochastic models

Computationally efficient and cost optimal

Cloud server based mobile
gaming [55]

Develop a MGUE model and a prototype to measure user
experience

Validate MGUE model and characterize user experience

Server authentication [56]

Propose ideas to prevent server abandonment

Protection measures can protect access to legally purchased
items

Game Monitoring and gaming [10] Multi-level game theoretical model with monitoring and Has applied the model to the financial service industry
monitoring and sanctioning
analytics Serious game analytics [59] Analyze and discuss on the perspective of serious game analytics

Game and learning analytics are less suitable for analytics in
serious game

Evaluation of similarity measures
[60]

Differentiate players based on GAD profiles using similarity
measures

Similarity measures used in combination are more effective

Serious games

Prevention and rehabilitations
[62]

3 criteria to evaluate effectiveness of serious games

Improve the psychological and physiological sensory motor
functions of elders

Medical training [63]

Five empirical studies to assess serious games

Motivated the experienced medical students

Disaster preparedness [64]

Training done in Auckland city hospital using immersive virtual
reality

Increased the knowledge about evacuation and self-efficacy

Gamification

Fitness application [65]

Reward users based completing workouts, Kano model for
evaluation

High degree of user satisfaction

English language learning [66]

Virtual reality and gamification

Help to learn foreign languages effectively

Exercise gaming

Virtual augmented exercise
gaming [67]

Tested 3 versions of VAE

Preferred for virtual augmented exercise gaming over traditional
exercises

Exercise my game [68]

Full body motion game by mapping control input into game action

Converted Portal 2 into exergame “Sportal”

Simulation
gaming

Transfer of training [69]

A study done using 3 groups: Falcon, Microsoft FS, and control

Falcon 4.0 players have shown short and long transfer in flight
evaluation metrics

SimCity [70]

Have evaluated the learning of students using SimCity

Allow students to develop problem solving skills and crafting

Social games

Social mechanics [71]

Analyze social mechanics in social games

Different mechanisms were found to encourage social activity

World of warcraft [72]

Explore social relations and social game elements impact
experience

Design suggestions to enhance user experience are proposed

Narrative games

Narrative game mechanics [73]

Conduct 3 case studies

Provoke the game players to act and create tension

Life is strange [74]

Detailed case study of representations of how game mechanics
allow playing of interpersonal conflicts

Non-violent interpersonal conflicts are encouraged

Game user

Game user research [75]

Learn about interactions between users and game

Present a case study on methods

Game addiction [76]

Studied interactions for a motorbike riding game

Game users have shown excessive use of gaming

Game interface

Playing into wild [77]

Hand gesture-based interface

Obtained results for “Tortellino X-Perience”

Pervasive gaming [78]

Tangible interface by physically grasping and moving

Developed framework as part of a game design course

Game backend

Multiplayer game backends [14]

Evaluate suitability of cloud platforms for developing backend of
MMOG

infrastructure-as-a-service tier performs superior to platform-as-
a-service tier

GBaaS [79] Game-backend-as-a-service for cross platform game services Survey some GBaaS

Gameplay Gameplay emotions [80] Argue gameplay and interactivity as distinct features Gameplay is associated with emotions and player experience
PPAX [81] Gameplay experience assessment with machine learning Discuss relationship among events and game design patterns

Game loop Adaptive game loop [83] Game loop activities using Lua scripts to choose the best processor Find the optimum processor for grouped tasks

Educational game design [84] Player centered design using knowledge from didactics A case investigation of a literacy game shows the application of
gameplay loop method
Game User identity [86] Mouse dynamics for continuous authentication Good performance compared to static authentication
authentication Live authentication [87].

Gaze pattern for authentication

Prevents early prepared videos or images from deceiving the
authentication system

Virtual assets

Photogrammetry [90]

Generate photorealistic 3D models

Discuss possible areas of application

Blockchain is a dispersed ledger scheme that securely
logs transactions across a network of computers [91]. The
records are immutable, making it not possible to alter or delete
them without the consensus of the participants, further making

4, AN OUTLINE ON BLOCKCHAIN

the blockchain transparent [92].

4.1. Design

In a linear blockchain, there is a successive block
continuum leveraging cryptographic hash links [93]. A non-
conventional blockchain deviates from the linear blockchain,
where transactions are not grouped
individually linked to multiple previous transactions [94].

into blocks but

This structure makes them scalable and has a high throughput,

41




P. A. D. S. N. Wijesekara

Journal of Applied Research in Electrical Engineering, Vol. 4, No. 1, pp. 34-55, 2025

‘ Header .
<

| Header i |

€ ==

-

as transactions can be processed concurrently. There exist also
hybrid structures that combine the features of linear and non-
conventional blockchains [95].

Fig. 4 disseminates linear and non-conventional blockchain
architectures.

4.2. Consensus

Consensus is the mechanism by which blockchains reach
agreement on the validity of transactions in order to maintain
their integrity [96]. In traditional consensus approaches,
miners compete to solve a complex puzzle, and the first to
solve it gets the opportunity to add the next block [97]. Other
consensus approaches include those based on the number of
coins held and ability to stake, the holding of high reputation
and authority, the ability to allocate disk space, etc. [98].

4.3. Cryptography

Cryptographic algorithms are utilized to maintain the
security and tamper-proof nature of transactions, unlike data
aggregation [99]. In hash functions, input data produces a
fixed-size character string, which is used to ensure data
integrity and create unique identifiers for blocks [100]. A
digital signature, which is realized using public-key
cryptography, is used to warrant the authenticity of
transactions by using a private key for signing the transactions
and a public key to verify the signatures [101]. Cryptographic
tokens are used to represent assets, ownership, and ownership
transfer in decentralized applications [102].

(b)
Fig. 4: Blockchain designs (a) Linear, (b) Non-conventional (Graphchain).

4

4.4, Smart Contracts

In smart contracts, terms of agreement are directly written
into the code that can execute itself when predefined
conditions are met [103]. Thus, these can be used to automate
the execution of agreements, eliminating the need for
intermediaries, reducing the risks of fraud and manipulation,
and further strengthening the high degree of trust thanks to
blockchain’s immutable features [104].

5.
5.1. Reflection

BLOCKCHAIN-BASED GAMING

Centered around this investigation, the blockchain-
stemmed gaming reflection can be ranked into the nether 11
tasks.

Game auditing (C1)

Game incentivization (C2)

Gamification (C3)

Cooperative game play (C4)

Game fraud prevention and fair play (C5)
Game DApps with extendibility (C6)

Game asset ownership protection and asset transactions
(C7)

Game user-produced elements security (C8)
Game credential verification (C9)

Game rule transparency (C10)

Crypto gaming (C11)

Fig. 5 illuminates the reflection of blockchain-stemmed
gaming.
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5.2. Review on Blockchain-based Gaming
5.2.1. Game auditing

For an IoT scavenger hunting mobile game that facilitates
users to interact with real-world locations where player-
received rewards are stored on the blockchain as Non-
Fungible Tokens (NFTs) that can be subsequently utilized for
trading virtual assets in a secure and auditable manner [20].

5.2.2. Game incentivization

In [105], blockchain (permissioned and permissionless)
is applied in the internet of things in order to attract customers
and retain them through in-game asset improved monetization
by using personalized advertisements, where permissioned
blockchain has resulted in improved throughput and delay
performance while public blockchain has facilitated
transparency and immutability. In blockchain-based gaming,
the dealings between the game supplier and gamers can be
modeled as a two-stage Stackelberg game where the virtual
game resources are associated with the player’s address and
traded them using a second exchange market, where the model
decides the game provider’s optimal pricing scheme and the
player’s optimal utility while also considering blockchain gas
fees [21]. In play-to-earn blockchain games where users play
to earn cryptocurrencies in the form of digital labor,
blockchain is utilized to reconfigure the capital-labor
relationship, facilitating the financialization of labor;
however, there is a precarity associated with volatile earnings
and insecure contractual employment [106].

5.2.3. Gamification

Researchers have used a serious gaming strategy to
gamify crowdsensing in a metropolitan water framework
where the gamified environment provides entertainment
while crowdsensing achieves water-linked problems where a
distance-limited multi-depot vehicle routing problem has
been evaluated, while the Hyperledger blockchain supplies
the overall trust among stakeholders in crowdsensing [22].
Knowledge is modeled as triples, and knowledge retrieved
from users is validated and included in the knowledge base by
using a gamified crowdsourcing approach where users are
rewarded for relying on their assistance for the knowledge
verification procedure, and blockchain is availed to archive
the user logs securely [107]. In order to increase human
involvement in crowdsourcing for fake news identification,
gamification has been blended with smart contracts to deploy
the platform rules transparently with elevated trust [108].
Some have used gamification to increase user participation in
vehicle parking, where the users report free spaces and obtain
free parking time in return as a reward, while blockchain has
been utilized to implement the process in a distributed and
decentralized manner with collaboration [109]. In [110], the
authors show how blockchain can be utilized in educational
gamification to achieve security and transparency while also
achieving the desired educational objectives. Similarly,
GamiChain is an online education model that uses
gamification for learning and playing, while blockchain is
utilized to implement security in the system by creating a
distributed storage algorithm in the blockchain [111].
Research in [112] depicts two problems in blockchain-based
gaming systems, which are non-functioning user participation
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and unsustainability in the growth of assets, and proposes a
generic stealth gamification model that contains a gamified
layer in the decentralized applications to interface with the
blockchain. Similarly, “Healthcare Game Blockchain” is a
platform developed for game developers, healthcare
providers, and patients to create serious games related to
healthcare that can be used for patient treatment and
healthcare analytics using big data analytics, where
blockchain is utilized to improve the data sharing security on
the platform [113].

5.2.4. Cooperative gaming

In research [114], reciprocal crowdsourcing is
introduced, which is a decentralized cooperative
crowdsourcing technique driven by blockchain to elevate trust
among the participants who do collaborative work, where a
blockchain game known as “Cell Evolution” is used to build
cooperative game worlds. In order to reduce drawbacks in
conventional consensus in peer-to-peer blockchain games
without changing the game architecture, proof-of-play is a
new consensus approach that has minimum intervention with
game play, providing a decentralized architecture for gaming
[115]. Moreover, this consensus approach has been utilized in
peer-to-peer online games to generate an anti-cheating
technique by providing positive rewards for players who act
as intended and having other measures to tackle long-range
attacks [23]. Alternatively, another research proposes a new
consensus approach to be deployed in blockchain-based
gaming known as proof-of-achievement that focuses on the
number of activities accomplished within the game to achieve
the consensus that is optimum for blockchain-based gaming
[116]. In [117], blockchain is proposed for data sharing to
maintain a secured scoring system for multiplayer games,
which has been tested using the Unity game engine and
Ethereum blockchain, where the score data transaction
process is affected by blockchain gas-related variables.

5.2.5. Game fraud prevention and fair play

By utilizing the assistance of smart contracts and
blockchain, the research in [24] customizes games with the
least modification to game clients to manage game status at
the servers by consensus mechanisms to check modifications
to player assets, minimizing dishonesty and distributed refusal
of service attacks in multiplayer online games. Similarly,
“GINA” is an approach for online peer-to-peer games to
improve the security and authenticity of data communication
by using a smart contract-rooted blockchain packet transfer
for sensitive data, an off-chain encrypted packet transfer, and
an Ethereum-compatible currency known as “GiCoin” to buy
and sell assets [118]. Driven by the fact that games such as
gambling games need to have a true random number generator
without being manipulated by a centralized authority,
research in [119] shows how blockchain can be utilized to
achieve the preceding purpose of making the gameplay fair.
Moreover, some propose a game-theoretic approach to protect
randomness in blockchain-based games where agents bet on
random event outcomes to align the incentives with low
skewness [120]. Similarly, in another research, authors
propose blockchain as a solution to manage the private
random state in online multiplayer gaming in a decentralized
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manner, thanks to its transparency and immutability features
[121].

5.2.6. Game DApps with extendibility

The study in [122] proposes a methodology for creating
decentralized apps with blockchain for blockchain-based
crypto-collectible games that presents the specifications and
application design process and finally compares them with
guidelines. In research [25], authors propose smart contracts
running on blockchain to implement loot boxes in video
games and design a DApp that demonstrates the buying and
unclosing of loot boxes, which has yielded improved
transparency and trustworthiness compared to the traditional
technique.

5.2.7. Game asset ownership protection and asset
transactions

In a study that has implemented a mobile game using
blockchain resource tokens and self-executing contracts, it
was shown that the blockchain introduced features like trust
and transparency, providing genuine asset ownership, have
resulted positively towards gameplay by improving self-
engagement and player retention [123]. Transaction
Certification Authority is a distributed ledger scheme that
provides an immutable and cryptographic framework for
managing the generation and ownership transfer of digital
assets by tracking transactions and maintaining a record of
asset ownership [26].

“GameBlockchain” is a scheme that enables secure
transactions leveraging non-fungible tokens, is open source,
and provides the opportunity for game stakeholders to create
and exchange game assets in a secure approach by recording
critical operations on the blockchain [124]. A representation
of blockchain gaming assets is utilized to enhance the data
exchange in gaming and provide distributed data storage to be
used by decentralized apps [125]. In a multiplayer tourism
serious game, a visualized transaction scheme is implemented
using the Ethereum blockchain by integrating it with the game
engine to handle simulation of transactions among various
characters in the game, and in this system, the gas price
variable has affected the transaction process speed [126].
Furthermore, research in [127] demonstrates how blockchain
can be utilized to reward users using fungible and non-
fungible tokens in a 2D-game where metadata and token
images are recorded in the IPFS.

5.2.8. Game user-produced elements

In [128], artificial intelligence and blockchain are
combined to detect hate speech in user-generated content of
online games known as “MetaHate” in the metaverse, where
gradient boost-based Al detects hate speech while blockchain
provides transparency and accountability.

5.2.9. Game credential verification

Work in research [27] shows how an alternative security
mechanism can be deployed when the confidential security
key is misplaced by using smart contracts for depositing game
digital assets into them, accompanied by a set of
authentication inquiries that can be deployed in cyber games
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to access players’ accounts without the secret key. In order to
avoid players’ data from being manipulated, work in [129]
proposes a decentralized LoORA WAN with a gateway system
to secure the states in the game network, a hashing algorithm
to tackle privacy, and smart contracts to cater to delay
requirements and user authentication.

5.2.10. Game rule transparency

In research [28], in order to transfer the sole
proprietorship of game rights and rules from game creators to
a distributed approach and to prevent the game creators from
changing the rules arbitrarily and asset prices, reward
mechanisms, etc., a decentralized computation and token
administration scheme using the Ethereum blockchain is
proposed for game networks.

5.2.11.Crypto gaming

CryptoKitties is the first widely recognized blockchain-
based crypto game. In CryptoKitties, a study has investigated
the value construction scarcity among CryptoKitties token
owners presented in the form of virtual cats and blockchain-
proven ownership using DappRadar and Etherscan analytics
[29]. In a cloud gaming system rooted in tokens,
“CryptoArcade” is a system that utilizes cryptocurrency to
provide a resource-aware pricing technique that prevents
quality of service degradation while players further use smart
contracts to trade tokens prior to gaming [130]. Similarly,
“CloudArcade” is a token-driven cloud gaming scheme to
provide resource-aware silent payments that use payment
channels to improve the system’s performance to protect
users’ payments on floating prices [131].

6. REVIEW INVESTIGATION
6.1. Investigation of Individual Structures

Table 2 emphasizes the extensive investigation of
blockchain-stemmed gaming structures in view of gaming
qualities, blockchain qualities, and posted time.

6.2. Overall Investigation

Fig. 6 illuminates the dissemination of blockchain-
stemmed gaming in view of gaming qualities, blockchain
qualities, and posted time. As illuminated from Fig. 6a, C3
(blockchain-stemmed  gamification) has the highest
proportion (21.7%) of BC-stemmed gaming reflection, after
C7(16.2%), C4 (13.5%), C5 (13.5%), C11 (8.1%), C2 (8.1%),
C6 (5.4%), C9 (5.4%), C1 (2.7%), C8 (2.7%), and C10
(2.7%). Likewise, in BC-stemmed gaming, 75.6% of schemes
apply a linear blockchain, while 21.6% have a generic design
and 2.8% have a non-conventional design, as illuminated in
Fig. 6b. Furthermore, as illuminated from Fig. 6c, the majority
of schemes (21.6%) have been created to apply unspecified
consensus, succeeded by PoW (19.0%), PoW/PoS (13.5%),
PoS (10.8%), and so forth. Ultimately, when examining the
fluctuation of schemes associated with BC-stemmed gaming,
as illuminated from Fig. 6d, it is apparent that the reflection
has been launched by 2018, raised until 2021, condensed until
2023, and observed an increment in 2024.
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Table 2: Investigation of blockchain-stemmed gaming structures

Reflection Proposal Blockchain Blockchain Smart Additional features Performance Year
design consensus contracts
Game auditing (C1) Scavenger Hunt [20] Linear PBFT Yes BLE beacons, NFT Estimate maximum active players 2020
Game  incentivization | Mobile gaming [105] Linear PoS, PBFT Yes Cross game asset transfers Improved throughput, delay | 2021
(C2) performance
Loot box market [21] Linear PoS Yes Two-stage Stackelberg game Game provider should adopt a | 2022
conservative pricing scheme
Playing for keeps [106] Linear PoS Yes Play to Earn Reflect an ongoing financialization of | 2024
labor in gaming
Gamification (C3) Crowdsensing water [22] Linear PBFT Yes Vickrey—Clarke—Groves High trust in gamified scenario 2021
auction model
Knowledge content | Linear PoW Similar Contribution-based rewarding Validate knowledge content | 2021
validation [107] approach successfully
Fake news detection [108] Generic Generic Yes Octalysis Increase public intention to use the | 2021
platform
Gamified smart parking | Linear DPoS No Beacon information collection Save time and money for parking 2019
[109]
Student centered learning | Generic Generic No Gamification model RPG game model suitable for | 2021
[110] increasing user motivation
GamiChain [111] Linear PoW/PoS Yes Agile development methods, | Support Merdeka campus program 2022
IPFS
Gamification in blockchain | Linear PoW/PoS Yes Gamification model No performance analysis presented 2018
[112]
Healthcare games [113] Non- PoA Yes Big data analysis, patient | User interface design and | 2023
conventional tracking and treatment implementation approach provided
Cooperative game play | Cell evolution [114] Linear PoD Yes Reciprocal crowdsourcing Increased engagement due to full | 2020
(C4) control of what is owned
Proof of play [115] Linear Proof-of-play | No A new block writing procedure | Minimum game intervention and | 2019
overhead
P2P game [23] Linear Proof-of-play | No Anti-cheating mechanism Proof of play is advantageous over | 2023
PoW
Proof of achievement [116] Linear Proof-of- No None Optimized performance for blockchain | 2019
achievement games
Scoring system [117] Linear PoW Yes Unity game engine Score data process affected by gas | 2021
related variables
Game fraud prevention | Real-time cheat prevention | Linear Simple Yes Optimization strategies Minimize cheating and DDoS attacks 2018
and fair play (CS) [24] majority
GINA [118] Linear PoS Yes GiCoin, off-chain encrypted | Improved game  security and | 2021
packet transfer authenticity
Random number generation | Linear MBET Yes Random number generation | Effective  algorithm and  good | 2019
[119] algorithm performance
Game theoretic randomness | Linear PoW No Game theory Only slight skewness in distribution of | 2019
[120] random events
Private random state [121] Linear PoW Yes Six key entities, | Maintain prolonged random state 2020
incentivization
Game DApps with | Secure DApp [122] Linear PoW Yes Consider application life cycle | Discuss several guidelines for smart | 2020
extendibility (C6) contracts
Loot boxes [25] Linear PoW/PoS Yes Decision theory Analyze DApp’s accuracy, security, | 2021
cost
Game asset ownership | Blockchain game features | Linear DPoS Yes Blockchain asset tokens Improve self-engagement and player | 2022
protection and asset | [123] retention
transactions (C7) Digital game asset | Generic Generic No None Track ownership transfer of assets 2021
management [26]
GameBlockchain [124] Linear Custom Yes NET Able to create and trade assets 2022
Video game data exchange | Generic Generic Yes Hashing No performance analysis 2019
[125]
Tourism serious game [126] | Linear PoW Yes Multiplayer transaction system | Gas price variable has affected the | 2020
transaction process speed
Mage Runner [127] Linear PoS Yes IPFS, tokens A basic implementation is | 2024
demonstrated
Game user produced | MetaHate [128] Generic Generic Yes Artificial intelligence 86.01% accuracy 2024
elements security (C8)
Game credential | Online game authentication | Generic Generic Yes Security questions Security questions can cope with | 2021
verification (C9) [27] malicious behavior
Delay management [129] Generic Generic Yes LoRA WAN, hashing Solve delay and untrusted network | 2018
users
Game rule transparency | Decentralized computing | Linear PoW/PoS Yes Decentralized ~ computation, | Proxy based computation takes less | 2020
(C10) and NFT [28] NFT, IPFS time than game server
Crypto gaming (C11) CryptoKitties [29] Linear PoW/PoS Yes Breeding the queen bee | Investigated the value construction | 2021
concept scarcity
CryptoArcade [130] Generic Generic Yes Prospect theory, | Avoid QoE degradation, EUT players | 2022
cryptocurrency are more probable to buying
CloudArcade [131] Linear PoW Yes Cryptocurrency, resource- | Good generality on QoE-driven | 2020

aware pricing

application
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7. DISCUSSION
7.1. Advantages

7.1.1. Game rule decentralization

In traditional games, the game rules are defined by the game
creators, and they have sole proprietorship over them. In
blockchain-based games, the game creators lose the sole
proprietorship, and game rights and rules are implemented as
a distributed system with the approval of peers. This can
indeed prevent game creators from having sole centralized
control over in-game asset prices, rules, and reward
mechanisms. On the other hand, blockchain-based gaming is
player-driven, meaning that centralized authority is nullified
by the decentralized blockchain approach, preventing
manipulation by the central authorities. Indeed, in these
systems, it facilitates the players and developers to interact
and come to an agreement regarding rules, prices, reward
mechanisms, etc.

7.1.2. Better game authentication

Smart contracts that execute upon meeting certain conditions
can be deployed in blockchain-based gaming systems to
reinforce game authentication and access control. Moreover,
they can also be used as a secondary mechanism for game
players to authenticate themselves if the primary mechanism,
such as the private key, is lost. Due to blockchain, identity
theft and impersonation can be minimized, as player identities
can be stored as digital immutable IDs in the blockchain.
Blockchains replace traditional game authentication with
decentralized authentication without needing intermediaries,
reducing centralized authentication vulnerabilities such as
hacking attacks. Blockchain-based gaming also caters to
cross-platform authentication, where players access their
accounts and game assets across multiple games and
platforms.

7.1.3. Secure game asset ownership transfer

In ownership assignment, the digital identifier of the game
player is associated with in-game assets. Trusted asset
ownership protection can lead to higher player retention since
players feel more protected about their asset ownership. In
blockchain-based games, ownership regarding assets can be
recorded on the blockchain so that it cannot be tampered with
once recorded, preventing third parties from claiming false
ownership. In these systems, the game assets are typically
represented in the form of NFTs on the blockchain that are
unique to each asset and easily verifiable, allowing players to
have true ownership and control over the assets. This
facilitates users to easily trade assets, and in those instances,
the transfer of ownership will be recorded on the blockchain,
providing ownership of the asset to the new owner.

7.1.4. Facilitate fair play

Cheating is a form of misconduct in computer gaming where
players may take secondary measures, avoiding or overriding
game rules, to win the game. Due to blockchain, the game
servers can monitor the game status by using consensus
approaches to check modifications to player assets,
preventing cheating. Moreover, cryptographic techniques can
be incorporated for off-chain storage along with in-chain
storage of sensitive data to enable fair play. Moreover, in
order to maintain true randomness in gaming, blockchain can
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be deployed, preventing manipulation or biasedness from
centralized third parties and facilitating fair play, like in the
case of gambling. Furthermore, in multiplayer online games,
the private random state can be maintained owing to the
immutable and transparent features of the blockchain. Finally,
consensus approaches can also be incorporated to reward
good players and punish players who cheat.

7.1.5. Trusted and secure gameplay

In cooperative game worlds, trust is an important parameter
that can be protected due to the characteristic features of
blockchain. In such instances, crowdsourcing can be
implemented with the aid of blockchain, facilitating trusted
collaboration. Moreover, novel consensus approaches suitable
to be deployed in blockchain-based games, such as proof-of-
play and proof-of-achievement that reward players based on
game progress and achieve collective approval, can be
effectively utilized to increase the security and
trustworthiness of the game. Moreover, in multiplayer games,
blockchains can enable tamper-proof recording of the scoring
system, preventing third parties from manipulating the score
and improving the trust and security of the gameplay.

7.2. Asperities

7.2.1. Security vulnerabilities of blockchain games

A case study shows that even though blockchain games are
relatively more secure than non-blockchain-based gaming
solutions, they can still have security vulnerabilities [132].
Specifically, smart contracts that are deployed on blockchain
are known to have vulnerabilities where attackers can hijack
the contract, such as in the event of calling a “fallback”
function. These vulnerabilities can exist in different layers,
ranging from virtual machine design to Solidity language. If
an intruder obtains entrance to the private wallet of a
blockchain and if two-step verification does not exist, he can
further penetrate into the game server and may take control of
game assets. Furthermore, due to these vulnerabilities, attacks
like cookie replay, injection, cross-site scripting, brute force
attacks to crack authentication, etc.

7.2.2. Crypto games imaging players as financialized
subjects

According to a study conducted on crypto games, they are
known to imagine players as financialized subjects using risk
and investment as solutions to economic problems [133]. This
can shift the focus of gaming experiences from objective
feelings like entertainment, fear, etc. to opportunities for
making profit. This can further destabilize the cryptocurrency
market as players tend to be engaged in trading and business
activities rather than playing and enjoying the game.
Moreover, players with high financial capability may get the
opportunity to buy rare assets and win the game, while fluent
players who are less economically capable may not get that
opportunity and thus may lose the game. This practice can
lead to pay-to-win implementation scenarios where game
developers design the game so that players who spend money
are more capable of winning.

7.2.3. Low balance in gaming costs, supplies, and wealth

Relying on a study done regarding the rise and fall of
CryptoKitties, it has been found that the imbalance in the
game supply of assets, gaming cost, and revenue, and the
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hiatus among wealthy and penniless gamers, has contributed
towards the downfall of the game [ 134]. When the game costs
do not tally with the supplies and wealth, it can create an

BC-stemmed gaming reflection distribution
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economic imbalance where the higher-wealth players may get
an advantage over the low-wealth ones. Moreover, if the costs
of achieving in-game assets are very low, it can negatively
affect gaming by diminishing the player’s long-term
engagement within the game. On the other side, if the in-game
assets or currency are much higher than the demand, it can
lead to asset inflation, making them less valuable and making
it challenging for players to achieve game goals.

7.2.4. Additional communication overhead in gaming

In multi-player online games, there is a huge load of
information transmitted among the players and game servers.
When blockchain is incorporated into such a scenario, the
communication burden is even greater, as it causes additional
communication for distributed transaction creation,
verification, and consensus processes. Due to this, it can result
in increasing the overall latency of the system, degrading the
real-time effect of gaming and the quality of service.
Moreover, this can further result in a requirement for higher
communication bandwidth to maintain the quality of service.
Thus, users with slower internet connections will be easily
penalized.
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7.2.5. Higher gaming cost

Owing to the incorporation of blockchain, the gaming
cost has naturally increased. One of the reasons for this is the
increase in communication overhead, which makes
communication more expensive compared to traditional
gaming. The other main cost is the blockchain transaction cost
since every blockchain transaction causes transaction fees
known as gas fees in the Ethereum blockchain. These costs
are avalanched in games that involve a high degree of in-game
asset transfers and interactions, like massive multiplayer
online games. Thus, this higher cost can limit players from
engaging in blockchain-based games compared to traditional
gaming.

8. CONCLUSION, OFFERS, AND COMING WAYS

In this investigation, we investigated gaming features, the
architecture of a game, gaming concepts, the game ecosystem,
and game mechanisms. Afterwards, with an outline of the
blockchain structure, we investigated blockchain-stemmed
gaming. Centered around this investigation, we understood
blockchain-stemmed gaming reflection within 11 tasks: game
auditing (C1), game incentivization (C2), gamification (C3),
cooperative game play (C4), game fraud prevention and fair
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play (C5), game DApps with extendibility (C6), game asset
ownership protection and asset transactions (C7), game user-
produced elements’ security (C8), game credential
verification (C9), game rule transparency (C10), and crypto
gaming (C11). Likewise, we extensively investigated the
selected articles regarding 11 tasks of reflection, gaming- and
blockchain-linked qualities. Finally, we exposed the
advantages and asperities to the reflection of blockchain-
stemmed gaming.

This inspection improves the conventional literature by
presenting conducive knowledge connected with blockchain-
stemmed gaming. This can guide the chances for the
investigators to derive the conventional tides and differences
in blockchain-stemmed gaming to fund subsequent research.

Centered around the asperities identified, the following
offers can be extended to shrink them.

e The smart contract codes deployed in blockchain games
need to be properly audited before actual implementation
to detect any vulnerabilities that exist within the code.
Specifically, auditors need to check for every possible
situation of inputs and conditions that the code may run
in order to detect the vulnerabilities. Further, they need to
do formal verification, code feature matching, and
symbolic execution.

e Blockchain-based games should not be designed entirely
using a pay-to-win model, even though in crypto games
it involves trading in-game assets among players. The
game design should be aligned such that higher fluent
players tend to win the game rather than those who buy
in-game assets. In order to reduce this gap, the
performance gains gained through game assets can be
reduced.

e The blockchain games should maintain a good balance
between gaming costs, supplies, and wealth because it
determines the success of the game. The game needs to
be engineered with the scarcity of assets principle in
mind, where there is a scarcity of assets and players
engage in different activities to earn assets and ultimately
win the game. The game designers should avoid setting
in-game asset values too high or too low and should set
an optimum price after a feasibility study to match the
player’s wealth and skills.

e In order to overcome the difficulty of high
communication overhead due to blockchain, system
designers can think of alternative blockchain
architectures and consensus mechanisms that incur lower
communication overhead than a traditional linear
blockchain  deploying  proof-of-work  consensus.
Moreover, robust communication techniques with data
compression can also aid in reducing the communication
overhead. Moreover, transactions can be offloaded from
the blockchain while keeping only references in the
blockchain to reduce communication overhead.

e Toreduce gaming costs, in-game assets can be tokenized,
allowing players to own their digital items, which can
allow them to trade assets over multiple game platforms,
reducing the costs of acquiring in-game assets. Deviating
from the pay-to-win model, play-to-earn mechanics can
be implemented in the blockchain-based game design,
allowing players to engage in the game and rewarding
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them based on their positive engagement, allowing them
to earn to rectify the gaming costs.

First, a coming way to develop blockchain-based gaming
is by researching consensus techniques that are specifically
designed for gaming environments. Moreover, since this
reflection of blockchain-based gaming has been known for
security vulnerabilities, especially those related to smart
contracts, they could be tested against quantum computer
attacks and designed to resist quantum computer threats as
well. Moreover, scholars may propose robust blockchain
architectures designed for gaming purposes that have a lower
communication overhead with alternative distributed storages
along with blockchain.
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Abstract: This work presents the design, simulation, and performance evaluation of a three-phase multilevel inverter
(MLI) system integrated with photovoltaic (PV) technology for grid-connected applications. The proposed system consists
of a photovoltaic array, a Maximum Power Point Tracking (MPPT) controller based on the Perturb and Observe (P&O)
algorithm, a DC-DC boost converter for voltage regulation, and a cascaded H-bridge multilevel inverter equipped with
an LC filter to reduce output distortions. The entire system is modeled and analyzed using MATLAB/Simulink.
Simulation results reveal that the system delivers a peak power output of 3000 W, maintains a regulated DC bus voltage
0of 800 V, and produces a stable three-phase AC output voltage of 400 V (RMS). The proposed inverter topology effectively
reduces the Total Harmonic Distortion (THD) of the output waveform to 2.8% by optimizing the switching strategy using
sinusoidal pulse width modulation (SPWM), significantly outperforming the 6.5% THD observed in conventional two-
level inverter systems. Additionally, the system achieves an improved conversion efficiency of 96%, up from the typical
92%, through effective MPPT operation and low-loss inverter design. These improvements ensure superior power quality
and reliable grid synchronization. The study underscores the viability of multilevel inverters in enhancing the
performance of PV systems and promoting the efficient utilization of renewable energy sources for grid integration.
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NOMENCLATURE
ns Number of switches in conduction per 1. INTRODUCTION

cycle The growing global energy demand and the urgent need
fs Switching frequency for sustainable alternatives have significantly accelerated the
lavg, Irms Average and RMS current transition towarq renewable energy sources. Among these,
solar photovoltaic (PV) systems have become a prominent
Eon, Eoff Energy lost during turn-on and turn-off solution due to their wide availability, minimal environmental
vdc DC link voltage impact, and long-term reliability. Their integration with
modern infrastructure, especially the electrical grid and
lload Load current electric vehicle (EV) charging stations, has received
Qrr Reverse recovery charge increasing attention, as it enables clean energy utilization and
reduces reliance on fossil fuels. However, achieving optimal

Qg Gate charge . ;
system performance presents persistent challenges in energy
Vg Gate drive voltage conversion efficiency, energy storage management, and grid

synchronization. A conventional PV system typically
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comprises a PV array, a Maximum Power Point Tracking
(MPPT) controller, a DC-DC converter, energy storage units,
and an inverter for DC to AC conversion. MPPT controllers
are critical in extracting maximum energy from PV panels,
particularly under fluctuating irradiance and temperature
conditions. The DC-DC boost converter increases the panel
voltage to meet the input requirements of the inverter and the
connected grid or load. To maintain stable operation, battery
banks serve as energy buffers. For AC power delivery and
grid connectivity, MLIs are often preferred due to their ability
to produce stepped output voltages that enhance power
quality, reduce total harmonic distortion (THD), and improve
overall system efficiency. Pulse-width modulation (PWM)
techniques further support inverter control, allowing reliable
operation under varying load demands [1-3].

The rising adoption of EVs has created a parallel demand
for sustainable charging infrastructure. Traditional charging
stations predominantly rely on grid electricity, which may
still be derived from non-renewable sources. Integrating PV-
based systems with EV charging stations offers a sustainable
alternative that lowers operational costs and carbon
emissions. Such integration ensures uninterrupted charging
through grid support while utilizing solar energy during
daylight hours. The effectiveness of PV systems depends
heavily on environmental factors such as sunlight intensity,
shading, and temperature. To address these variations, MPPT
algorithms are employed to consistently maximize energy
capture. Conventional MPPT methods such as Perturb and
Observe (P&O) and Incremental Conductance (IC) are
widely implemented due to their simplicity and ease of
deployment [4-7]. However, their performance declines
under rapidly changing environmental conditions. Recent
advances have introduced intelligent MPPT techniques based
on fuzzy logic, neural networks, and artificial intelligence.
These methods offer faster response and improved tracking
accuracy in dynamic settings. In parallel, conventional boost
converters used in DC-DC stages often experience high
voltage stress and switching losses, limiting system
efficiency. To mitigate these issues, researchers have
proposed advanced converter designs, including interleaved
and cascaded configurations, which enhance voltage gain and
reduce ripple. In this context, the current study implements a
high-efficiency DC-DC boost converter integrated with a
filter to ensure voltage stability and suppress noise. At the
core of power delivery lies the inverter stage. Among
multilevel inverter topologies, the diode-clamped, flying
capacitor, and cascaded H-bridge configurations are the most
extensively studied. The diode-clamped multilevel inverter
(DCMLI) uses clamping diodes to generate multiple voltage
levels, resulting in improved output quality. However, it
encounters issues such as voltage imbalance and increased
complexity in diode arrangement, which limit its scalability.
The flying capacitor multilevel inverter (FCMLI) replaces
diodes with capacitors to achieve stepped output voltages.
While this approach offers better voltage balancing, it
requires a large number of capacitors, increasing the system’s
size and cost. The cascaded H-bridge multilevel inverter
(CHBMLI), due to its modular structure and ease of
implementation, has become popular in PV systems. It
achieves high voltage levels using series-connected H-bridge
cells, each powered by an independent DC source.
Nevertheless, its reliance on isolated power supplies poses
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challenges in practical implementation. PWM strategies are
essential in shaping inverter output. Sinusoidal PWM
(SPWM) provides a straightforward technique for harmonic
reduction, while Space Vector PWM (SVPWM) enhances
DC bus utilization and inverter efficiency. Selective
Harmonic Elimination (SHE) is another widely explored
method that suppresses low-order harmonics by solving
nonlinear equations, thereby improving waveform quality.
Hybrid modulation strategies that combine these methods are
gaining traction to optimize performance. When MLIs are
integrated into grid-connected PV systems, they enhance
energy extraction, reduce THD, and facilitate smooth power
injection. Studies indicate that THD values can be reduced
below 3%, aligning with IEEE 519 power quality standards.
In addition, MLIs are increasingly used in EV charging
stations, where they enable efficient DC-AC conversion and
support bidirectional power flow in vehicle-to-grid (V2G)
applications [8-11].

Ongoing research in MLI development focuses on
minimizing component count, enhancing fault tolerance, and
embedding artificial intelligence-based control methods to
improve reliability and operational intelligence. However, as
voltage levels increase, the circuit complexity rises,
demanding more switching devices, diodes, or capacitors.
This growth not only escalates the cost and control overhead
but also complicates modulation strategies and real-time
operation. In diode-clamped inverters, voltage imbalance
among capacitors can lead to system instability. Similarly, in
flying capacitor inverters, maintaining balanced voltage
levels across capacitors is crucial, as imbalances may cause
overvoltage stress on power devices and reduce component
lifespan [12-15]. Although voltage balancing techniques such
as redundant switching states and feedback control have been
proposed, they increase system complexity and sensor
requirements. Even though MLIs reduce switching stress
relative to two-level inverters, higher-level designs introduce
more semiconductors, leading to increased conduction losses.
While optimized PWM strategies such as SVPWM and SHE
help mitigate these losses, their computational demands make
real-time processing more challenging. The adoption of wide-
bandgap semiconductors such as Silicon Carbide (SiC) and
Gallium Nitride (GaN) offers a promising route to reduce
switching losses, but their high cost remains a limiting factor
for widespread deployment. Furthermore, the growing
number of components increases the likelihood of system
faults and necessitates robust detection and mitigation
strategies. These include redundant power paths, fault-
tolerant control algorithms, and system reconfiguration.
However, these solutions require additional hardware and
increase the computational burden, making them less suitable
for cost-sensitive applications [15-18].

Managing THD and electromagnetic interference (EMI)
is another critical concern. Although MLIs inherently reduce
THD by generating stepped waveforms, improper modulation
or variable loads can reintroduce harmonics. High-frequency
switching also contributes to EMI, potentially affecting
nearby electronic systems. Filters—both passive (LC, LCL)
and active—are essential to maintain compliance with
standards such as IEEE 519 and IEC regulations. Passive
filters, though commonly used, add bulk and may cause
resonance issues, while active filters provide dynamic
harmonic compensation at the cost of increased control



P. Ezhilvannan et al.

Journal of Applied Research in Electrical Engineering, Vol. 4, No. 1, pp. 56-68, 2025

complexity and expense. The performance of MLIs in
renewable energy applications is further influenced by
fluctuating power input, particularly in PV and wind systems.
Stable operation in such dynamic conditions necessitates
intelligent control systems, including Al-based algorithms
and predictive control models. Maintaining synchronization
with the grid is particularly critical, as deviations in phase,
voltage, or frequency can result in power instability or
disconnection. Phase-Locked Loops (PLLs) are widely
employed for synchronization, but their accuracy can degrade
under grid disturbances such as voltage sags or frequency
shifts. Adaptive PLLs and Model Predictive Control (MPC)
approaches have been explored to address these issues, yet
their implementation increases design complexity.
Ultimately, while MLIs hold considerable promise for
enhancing the efficiency and quality of renewable energy
systems, several practical challenges hinder their widespread
adoption. These include the complexity of component
coordination, cost of implementation, computational
demands of control strategies, and the need for compliance
with stringent power quality standards. Overcoming these
challenges is essential for the continued development of high-
performance, grid-compatible PV and EV charging systems
[19-24].

The following are the objectives of the PV integrated
three phase grid system:

e The research aims to design and implement a PV-based
energy system that efficiently integrates with the utility
grid. The system incorporates a three-phase multilevel
inverter to ensure seamless energy conversion and
delivery, reducing reliance on conventional power
sources.

e The study focuses on enhancing the performance of the
DC-DC boost converter by improving its efficiency and
minimizing power losses. By selecting appropriate
switching devices and control strategies, the converter
steps up the PV output voltage with high efficiency while
maintaining voltage stability.

e The implementation of a three-phase multilevel inverter
aims to reduce THD in the output waveform, improving
power quality. Pulse-width modulation techniques are
employed to achieve a near-sinusoidal AC output,
ensuring grid compliance.

e The research utilizes the Perturb and Observe (P&O)
MPPT algorithm to maximize power extraction from the
PV array under varying environmental conditions. Real-
time optimization of the duty cycle ensures that the system
operates at peak efficiency.

2. THREE PHASE MULTILEVEL INVERTER WITH GRID
SYSTEM

Figs. 1 through 10 collectively illustrate the design,
operation, and modulation of a two-stage grid-connected PV
system integrated with a three-phase MLI for efficient
renewable energy conversion and EV charging applications.
Fig. 1 presents the block diagram of the proposed two-stage
PV system. The PV array generates direct current (DC)
electricity, which is optimized using a MPPT algorithm. The
harvested power is then processed through a DC-DC boost
converter to elevate the voltage to the desired level required
by the inverter. This high-voltage DC power is fed into a
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three-phase MLI, which transforms it into alternating current
(AC) suitable for grid connection and EV charging. A filter
stage is incorporated after the inverter to mitigate THD,
thereby enhancing power quality, energy efficiency, and
system stability. Fig. 2 elaborates on the integration scheme
of the PV system with a three-phase utility grid using a
filtering mechanism. Fig. 3 illustrates the conventional five
level MLI. The PV-generated DC is first conditioned by a
high-efficiency boost converter and then converted to AC
through a three-phase MLI. The inverter produces stepped
voltage waveforms that reduce harmonic distortion. The
output is further refined using a three-phase filter that
eliminates high-frequency harmonics, ensuring smooth and
high-quality power delivery to the grid. This setup supports
bidirectional power flow, making it suitable for vehicle-to-
grid (V2G) operations and smart grid scenarios. Fig. 4
illustrates the circuit design of a reduced-switch five-level
MLI topology. This inverter configuration generates five
distinct output voltage levels: +2Vdc, +Vdc, 0V, -Vdc, and -
2Vdc. By using a minimal number of power switches, this
design reduces switching losses and complexity while
maintaining high output quality. The inverter operates with
an optimized switching sequence controlled by PWM signals,
enabling efficient power conversion and reduced component
count, which is ideal for compact and cost-effective
renewable energy systems. Figs. 5, 6, and 7 display the
inverter’s stepped output waveforms corresponding to
specific voltage levels. Fig. 4 shows the waveform for the
+2Vdc state, where the inverter connects the load to the
highest DC potential, contributing to peak AC voltage. Fig. 6
depicts the +Vdc state, representing an intermediate voltage
level that provides smoother transitions during positive
waveform cycles. Fig. 7 illustrates the OV state, a neutral
condition that helps maintain waveform symmetry and
balance during AC signal transitions. These voltage states
collectively improve power quality by reducing the rate of
voltage change and limiting high-frequency harmonics. Fig.
9 highlights the -2Vdc output state, achieved when the
inverter switches connect the load to the lowest DC potential.
This state, together with the positive and intermediate levels,
forms a complete set of voltage steps that contribute to a near-
sinusoidal output, significantly reducing THD and EMI.
Finally, Fig. 10 shows the generation of Pulse Width
Modulation (PWM) pulses used to control the switching
states of the five-level inverter. These PWM signals
determine the precise timing for switch activation, ensuring
accurate voltage generation, harmonic suppression, and grid
synchronization. This modulation technique enhances overall
system performance, making the inverter suitable for high-
efficiency PV-grid integration and EV charging applications.
The proposed system employs a reduced-switch five-level
CHBMLI topology. This choice offers a favourable trade-off
between performance and complexity. Compared to diode-
clamped and flying capacitor inverters, the reduced-switch
CHBMLI requires fewer components, resulting in lower
switching losses and simpler modulation. Additionally, it
produces high-quality stepped waveforms, contributing to a
significant reduction in THD. However, limitations include
the need for precise voltage balancing and increased control
complexity under dynamic loading, which are addressed in
this design using optimized PWM and filter integration.
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3. MPPT AND POWER LOSS ANALYSIS

Maximum Power Point Tracking is a crucial technique
used in photovoltaic (PV) systems to maximize energy
extraction under varying environmental conditions, such as
changes in solar irradiance and temperature. The MPPT
algorithm, as illustrated in the provided flowchart,
continuously measures the voltage (V) and current (I) of the
PV system, subsequently computing the power output (P) by
multiplying these values (P =V x I). The core principle of the
algorithm is to dynamically adjust the duty cycle of a DC-DC
boost converter to track the maximum power point (MPP),
ensuring optimal efficiency. The flowchart describes a
Perturb and Observe (P&O) method, one of the most
commonly implemented MPPT techniques. Initially, the
algorithm measures the power at the current time step, P(k),
and compares it with the previous power value, P(k-1). If the
power remains unchanged, no adjustments are made.
However, if a power increase is detected (P(k) > P(k-1)), the
algorithm further examines whether the voltage has also
increased. If the voltage has risen (V(k) > V(k-1)), the duty
cycle is increased (D = D + AD), pushing the system further
along the P-V curve in search of the MPP. Conversely, if the
voltage has decreased (V(k) < V(k-1)), the duty cycle is
reduced (D = D - AD) to move the operating point back
toward the MPP. Similarly, if a power decrease is detected
(P(k) <P(k-1)), the algorithm determines whether the voltage
has increased or decreased and adjusts the duty cycle
accordingly to maintain operation at or near the peak power
point. By continuously cycling through this process, the
MPPT controller ensures that the PV system operates at the
most efficient point, adapting to fluctuations in environmental
conditions. Fig. 12, which presents the power-voltage (P-V)
characteristics of a PV array, further illustrates the
significance of MPPT in energy harvesting. The curve
demonstrates how power output varies with voltage, with a
clear peak corresponding to the MPP. If the system operates
to the left of this peak, an increase in voltage leads to higher
power output, whereas if the system is to the right of the peak,
increasing voltage results in power loss. The MPPT controller
continuously adjusts the operating voltage to remain at the
peak of the curve, preventing energy loss and maximizing
power generation. This technique is critical for ensuring that
PV systems achieve high efficiency, particularly in large-
scale solar installations where even minor improvements in
energy harvesting translate to significant gains in electricity
production. Without MPPT, PV systems would be unable to
dynamically respond to environmental changes, leading to
suboptimal performance and energy losses. As solar energy
adoption continues to grow globally, advanced MPPT
algorithms, such as incremental conductance and fuzzy logic-
based methods, are being explored to further improve
performance, efficiency, and adaptability in diverse operating
conditions. The implementation of MPPT not only enhances
renewable energy utilization but also contributes to the
broader goal of sustainable and efficient energy generation.
The conduction loss of Insulated Gate Bipolar Transistor
(IGBT) can be calculated in the following Eq. (1) [5],

1 T
Peond,igeT = ;f [Vfl(t) + Ronlz(t)] dt )
0
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The conduction loss of diode can be calculated in the
following equation [5].

PCond,D = %fOT[Vf[D (t) + RDIIZ) (t)] dt (2)

For an m-level inverter (m=5), the conduction losses per
switching device depend on the duty cycle which is calculated
in (3) [5].

Pcong = 15 - fs - Vflavg + 1N Ronlrzms

3)

Switching losses occur due to finite turn-on and turn-off
times, which is calculated in (4) and further energy lost during
turn-on and turn-off can be calculated in (5) and (6) [5].

Ns

Paw = ) (Eoni + Forte) @
im1
1

Eon = EVchloadton (5)
1

Eott = 5 Vachoadtost (6)

Diode reverse recovery losses occur due to stored charge
removal can be calculated using (7) [12].

1
Bec = E QrVacfs (7
These include control circuit losses, driver circuit losses,
and gate drive power are calculated using (8) [12].

Paux = Pariver  Peontrol )
For an IGBT gate drive, which is calculated in Eq. (9) [12],

Piriver = Qngfs )

Equation (10) provides the total power loss in a five-level
inverter based on switching characteristics and device
parameters [12].

Piotal = X [ns(VfIan + Roulrzms)

1
+ nsfs E Vdclload (tou + toff) (10)
1
+ Ny EerVdcfs + nggfs]
4. RESULTS AND DISCUSSION
Fig. 13  illustrates the current-voltage (I-V)

characteristics of the PV array. The curve shows how the PV
current varies with voltage under different solar irradiance
levels. The short-circuit current (Isc) and open-circuit voltage
(Voc) define the extreme operating points of the system.
MPPT techniques adjust the voltage to ensure maximum
power extraction, enhancing system efficiency. Fig. 14
presents the DC-link capacitor voltage profile in the PV
system. The capacitor stabilizes the DC bus voltage by
filtering ripples and transients before supplying power to the
multilevel inverter. Maintaining a steady DC bus voltage
ensures efficient power conversion and minimizes voltage
fluctuations affecting inverter performance. Fig. 15 shows the
three-phase output voltage of the inverter before filtering. The
stepped waveform contains high-frequency harmonics due to
the switching operation of the multilevel inverter. The
unfiltered output may cause grid disturbances; hence, a
filtering system is necessary to smoothen the waveform and
meet grid quality standards. Fig. 16 depicts the variation in
three-phase output current when the load changes. The
inclusion of a filter ensures stable current delivery with
minimal distortions, improving power quality. The current
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waveform remains consistent, reducing harmonics and
improving efficiency for grid integration and EV charging
applications. Fig. 17 illustrates how the grid-connected
inverter responds to variations in load current. When the load
demand fluctuates, the inverter adjusts its output to maintain
stable grid integration. The system ensures seamless power
delivery without voltage imbalances or excessive harmonic
distortions. Fig. 18 presents the THD analysis of the
inverter’s output voltage and current with a filtering circuit.
The filter significantly reduces harmonic distortion, ensuring
compliance with IEEE 519 standards. The proposed system
achieves a THD below 3%, improving power quality and grid
stability. Fig. 18 compares the THD of the conventional and
proposed MLI systems. The conventional system exhibits a
higher THD (~6.5%), while the proposed MLI achieves a
reduced THD (~2.8%). This improvement enhances power
quality, making the system more suitable for grid-connected
applications. Fig. 19 illustrates THD analysis of conventional
and proposed MLI system. Fig. 20 presents the efficiency
comparison between the conventional and proposed methods.
The conventional system operates at ~92% efficiency, while
the proposed method achieves ~96%. The enhanced
efficiency is due to optimized switching control, reduced
power losses, and improved MPPT performance, making the
system ideal for renewable energy applications. Table 1
illustrates the parameters of PV connected three phase grid

system. Fig. 21 illustrates the SWOT analysis of proposed
inverter. Table 2 illustrates the performance analysis of
conventional and proposed inverter.

Table 1: Performance parameters of three phase grid
connected grid system.

Parameters Values

PV system peak power 3000 W

PV system peak current 55A

DC capacitor output voltage 800V

Three-Phase output voltage (without 230 V (Peak)

filter)

Three-Phase output current (with ~10 A

filter)

Grid connected current variation 0-12 A

THD output voltage (with filter) 2.80%

THD output current (with filter) 2.50%

THD of conventional MLI 6.50%

THD of proposed MLI 2.80%

Efficiency of conventional method 92%

Efficiency of proposed method 96%

Output power (Conventional) 2800 W

Output power (Proposed) 3000 W

Power quality improvement 30-40% reduction in
THD

™M

eV (k), I (k)

\ 4

v

Compute: P (k) =V (k) I (k)

P (k) =P (k-1)

V (k) >V (k-1)

Increase Duty Decrease Duty Increase Duty Decrease Duty
Cycle Cycle Cycle Cycle
D=D+AD D=D-AD D=D+AD D=D-AD
V (k-1)=V (k)
P (k-1)=P (k)

Fig. 11: Maximum power point tracking system for PV system.
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[ Strengths ]

v Low THD (2.8%) — IEEE 519 compliant
v High efficiency (~96%) via MPPT

v Fewer switches reduce cost and losses

v Modular structure — scalable design

v’ Suitable for grid & EV charging

[ Weaknesses ]

X Needs precise voltage balancing

X No redundancy — single switch failure is critical
X High control precision required

X Limited real-time validation

[ Opportunities ]

= Smart grid and V2G potential
= SiC/GaN for higher performance
= Hybrid PV + storage expansion
= Adaptive control with AI/ML

[ Threats ]

A Competing inverter topologies

/\ Harmonies during modulation errors

A Tech may be outdated without upgrades
N\ Harsh environments reduce reliability

Fig. 21: SWOT analysis of proposed five level inverter.

Table 2: Comparative analysis of conventional and proposed five level MLI.

Criteria Proposed CHBMLI Diode-Clamped MLI Flying Capacitor MLI Conventional Two-Level
System (DCMLI) (FCMLI) Inverter
Switch count ~ Reduced (8 switches for 5- High (requires clamping High (requires multiple Minimal (2 or 3 per phase)
level output) diodes per level) capacitors)
Output quality ~ Low THD (2.8% with filter) Moderate (3.5-5% Low (but needs balancing  High THD (>7%)
(THD) typical) control)
Efficiency High (~96%) Moderate (~90-93%) Moderate (~92-94%) Moderate (~90-92%)
Cost Moderate (fewer switches High (more components High (costly capacitors Low (simpler but low
and no need for isolation) and complex diodes) and balancing circuit) performance)
Complexity Moderate (PWM with High (voltage balancing High (complex control for Low (simple PWM control)
reduced switches) + diode network) capacitor balancing)
Modularity High (cascaded H-bridge Low Low Low
structure)
Reliability Improved with fewer Susceptible to diode Capacitor degradation Moderate, but low resilience
components imbalance failures under thermal stress to THD or grid issues

Figs. 22 and 23 depict the hardware implementation and
real-time performance output of the proposed five-level
CHBMLI integrated with a PV system. The experimental
setup consists of a PV emulator, MPPT controller, a high-
efficiency DC-DC boost converter, and the CHBMLI
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configured with reduced switch topology. The inverter is
constructed with a total of eight switches and multiple
isolated DC sources to generate five distinct output voltage
levels effectively reducing switch count and improving
conversion efficiency.
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Fig. 22: Hardware setup of proposed five level MLI.
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Fig. 23: Real time five level output voltage.

Fig. 23 presents the oscilloscope capture of the real-time
inverter output voltage waveform, clearly demonstrating the
expected stepped nature. The waveform validates the
system’s capability to synthesize a near-sinusoidal AC output
with minimal harmonic distortion. The five-level output
ensures lower dv/dt stress, contributing to reduced
electromagnetic interference (EMI) and improved power
quality. The experimental results closely match the
simulation analysis, with THD levels observed below 3%,
aligning with IEEE 519 standards which is analysed in Fig.
24. This validates the robustness and practicality of the
hardware implementation for grid-connected renewable
applications, particularly in EV charging stations where high
efficiency and power quality are critical. The setup confirms
real-time feasibility of the proposed topology with reliable
modulation and control strategies.

5. CONCLUSION

The proposed PV-based three-phase MLI system has
been successfully designed and analyzed for grid and EV
charging applications. The simulation results validate the
system’s ability to improve energy conversion efficiency,
power quality, and grid stability. The implementation of an
MPPT-controlled DC-DC boost converter effectively
maximizes power extraction, ensuring an optimal DC bus
voltage of 800 V. The MLI topology minimizes harmonic
distortion, reducing THD to 2.8%, which significantly
improves grid compatibility. Compared to conventional
inverters, the proposed system enhances efficiency to 96%
and reduces power losses, making it a more reliable and cost-
effective solution. The study also highlights the advantages
of integrating PV energy with the grid, offering a sustainable
and uninterrupted power supply. However, further research
can focus on optimizing the MLI structure to reduce the
number of switches and improve cost-effectiveness.
Additionally, real-time implementation and experimental
validation of the system would provide deeper insights into
its practical feasibility. Overall, the proposed system presents
a promising approach for enhancing the reliability and
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Fig. 24: THD analysis of five level inverter.

efficiency of renewable energy-based power conversion
systems, paving the way for improved EV charging
infrastructure and smart grid applications.

ACKNOWLEDGMENTS

This work was supported by the Sree Vidyanikethan
Educational Trust (SVET), Tirupati, Andhra Pradesh, India.

CREDIT AUTHORSHIP CONTRIBUTION STATEMENT

Parimalasundar  Ezhilvannan: Conceptualization, Data
curation, Formal analysis, Investigation, Methodology, Resources,
Software, Supervision, Validation, Visualization, Writing - original
draft, Writing - review & editing. Kumar Reddy Cheepati:
Conceptualization, Data curation, Formal analysis, Methodology,
Resources, Software, Supervision, Validation, Writing - original draft,
Writing - review & editing. Suresh Krishnan: Conceptualization,
Data curation, Formal analysis, Funding acquisition, Investigation,
Methodology, Software, Supervision, Validation, Visualization,
Writing - original draft, Writing - review & editing.

DECLARATION OF COMPETING INTEREST

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper. The
ethical issues; including plagiarism, informed consent,
misconduct, data fabrication and/or falsification, double
publication and/or submission, redundancy has been
completely observed by the authors.

REFERENCES
[1] M. A. Hosseinzadeh, M. Sarebanzadeh, C. F. Garcia, E.
Babaei, J. Rodriguez, and R. Kennel, "Reduced
multisource  switched-capacitor multilevel inverter

topologies," IEEE Transactions on Power Electronics,
vol. 37, no. 12, pp. 14647-14666, Dec. 2022.

[2] Z.Zhang, J. Yao, and A. loinovici, "Switched-Capacitor
multilevel inverter with input source-load common
ground for applications supplied by green energy," IEEE
Transactions on Circuits and Systems I1: Express Briefs,

vol. 71, no. 1, pp. 186-190, Jan. 2024.

J. He, Y. Ye, and X. Wang, "ZVS and inrush charging
current suppression design for switched-capacitor
multilevel inverters," |IEEE Transactions on Power
Electronics, vol. 38, n0. 9, pp. 10611-10616, Sept. 2023.

V. Sirohi, T. S. Saggu, J. Kumar, and B. Gill,
"Implementation of a novel multilevel inverter topology
with minimal components—an experimental study,"
IEEE Canadian Journal of Electrical and Computer
Engineering, vol. 47, no. 1, pp. 7-14, winter 2024.

(4]


https://doi.org/10.1109/TPEL.2022.3191013
https://doi.org/10.1109/TPEL.2022.3191013
https://doi.org/10.1109/TPEL.2022.3191013
https://doi.org/10.1109/TPEL.2022.3191013
https://doi.org/10.1109/TPEL.2022.3191013
https://doi.org/10.1109/TCSII.2023.3297321
https://doi.org/10.1109/TCSII.2023.3297321
https://doi.org/10.1109/TCSII.2023.3297321
https://doi.org/10.1109/TCSII.2023.3297321
https://doi.org/10.1109/TCSII.2023.3297321
https://doi.org/10.1109/TPEL.2023.3290570
https://doi.org/10.1109/TPEL.2023.3290570
https://doi.org/10.1109/TPEL.2023.3290570
https://doi.org/10.1109/TPEL.2023.3290570
https://doi.org/10.1109/ICJECE.2023.3340326
https://doi.org/10.1109/ICJECE.2023.3340326
https://doi.org/10.1109/ICJECE.2023.3340326
https://doi.org/10.1109/ICJECE.2023.3340326
https://doi.org/10.1109/ICJECE.2023.3340326

P. Ezhilvannan et al.

Journal of Applied Research in Electrical Engineering, Vol. 4, No. 1, pp. 56-68, 2025

[5] G. Kampitsis, E. 1. Batzelis, A. Kolokasis, E. Matioli,
and B. C. Pal, "A generalized phase-shift PWM
Extension for improved natural and active balancing of
flying capacitor multilevel inverters," IEEE Open
Journal of Power Electronics, vol. 3, pp. 621-634, 2022.

C. 1. Odeh, A. Lewicki, and M. Morawiec, "A simplified
SPWM scheme for a compact 3-level dual-output
inverter," IEEE Transactions on Circuits and Systems II:
Express Briefs, vol. 71, no. 9, pp. 4351-4355, Sept.
2024.

A. Khoshsaadat, and M. Abedini, “A new topological
method for output voltage clamping of immittance-based
constant current load resonant converters,” J. Appl. Res.
Electr. Eng., vol. 3, no. 1, pp. 33-39, 2024.

(6]

(7]

[8] Z. A. Alqgarni, "Design of active fault-tolerant control
system for multilevel inverters to achieve greater
reliability with improved power quality," IEEE Access,

vol. 10, pp. 77791-77801, 2022.
9]

K. Suresh and E. Parimalasundar, "A modified multi
level inverter with inverted SPWM control," IEEE
Canadian Journal of Electrical and Computer

Engineering, vol. 45, no. 2, pp. 99-104, Spring 2022.

[10]K. V. Vasuda, L. K. Johny, and J. Mathew, "Effective
DC link utilization of multilevel dual inverter with single
source in the maximal distention mode," |EEE Access,
vol. 12, pp. 26212-26221, 2024.

[11]X. Zheng, J. Yao, Z. Xu, and A. loinovici, "Multioutput
switched-capacitor multilevel inverter with intrinsic
elimination of the photovoltaics induced leakage current
and high boost factor," IEEE Transactions on Industrial
Electronics, vol. 70, no. 6, pp. 5850-5861, June 2023.

[12]1. A. Hassanvand, J. Ebrahimi, and M. Abasi, “Voltage
regulation in low voltage distribution networks using
reactive power capability of photovoltaic inverters and
pid consensus algorithm,” J. Appl. Res. Electr. Eng., vol.
3,no0. 2, pp. 159-167, 2024.

[13]A. Awadelseed, A. Lewicki, and A. Igbal, "Single-Phase
15-level switched-capacitor boost multilevel inverter
topology for renewable energy applications," IEEE
Access, vol. 12, pp. 90782-90793, 2024.

[14]Y. Wang, F. Liu, S. Chen, G. Shen, and Q. -G. Wang,
"Prediction errors analysis and correction on FCS-MPC
for the cascaded h-bridge multilevel inverter," IEEE
Transactions on Industrial Electronics, vol. 69, no. 8, pp.
8264-8273, Aug. 2022.

[15]M. Abedini and M. Abasi, “Optimization of PSS and
UPFC controllers to enhance stability by using a
combination of fuzzy algorithm and shuffled frog leaping
algorithm,” J. Appl. Res. Electr. Eng., vol. 3, no. 2, pp.
168-176, 2024.

[16] G. Kampitsis, E. 1. Batzelis, P. D. Mitcheson, and B. C.
Pal, "A clamping-circuit-based voltage measurement
system for high-frequency flying capacitor multilevel
inverters," IEEE Transactions on Power Electronics,
vol. 37, no. 10, pp. 12301-12315, Oct. 2022.

[17]N. K. Prah II, E. Twumasi, and E. A. Frimpong,
“Combined economic emission dispatch in a grid-

67

connected microgrid using an improved mayfly
algorithm,” J. Appl. Res. Electr. Eng., vol. 2, no. 2, pp.
112-119, 2023.

[18]Salem, H. Van Khang, I. N. Jiya, and K. G. Robbersmyr,
"Hybrid Three-phase transformer-based multilevel
inverter with reduced component count," IEEE Access,
vol. 10, pp. 47754-47763, 2022.

[19]E. Silva, A. M. Alzamora, M. T. A. Evo, and H. de Paula,
"Design for reliability of DC-link capacitors for
multilevel inverter topologies operating in hostile
environments," IEEE  Transactions on  Industry
Applications, vol. 60, no. 4, pp. 5882-5892, July-Aug.
2024.

[20]V. S. K. Prasadarao, S. Peddapati, and B. Kumar, "A
voltage-boosting  seven-level  switched  capacitor
multilevel inverter with reduced device count," in IEEE
Journal of Emerging and Selected Topics Power
Electronics, vol. 12, no. 1, pp. 743-753, Feb. 2024.

[21]M. D. Siddique, M. Seyedmahmoudian, S. Mekhilef, and
A. Stojcevski, "Open-Circuit fault-tolerant high-gain
multilevel inverter topology with minimum of 2/3 level
in postfault condition," IEEE Transactions on Power
Electronics, vol. 39, no. 10, pp. 12013-12017, Oct.
2024.

[22]Jakhar, N. Sandeep, and A. K. Verma, "A five-level X-
type boosting inverter with reduced stored energy of
switched-capacitors," IEEE Transactions on Circuits
and Systems 11: Express Briefs, vol. 71, no. 3, pp. 1476-
1480, March 2024.

[23]H. Aghaei, E. Babaei, and M. B. B. Sharifian, "Two
compact three-phase multilevel inverters for low-voltage
applications," IEEE Transactions on Power Electronics,
vol. 38, no. 1, pp. 647-656, Jan. 2023.

[24] S. Mondal et al., "A switched-capacitor based single-
phase transformerless inverter for grid integration," IEEE
Transactions on Applied Superconductivity, vol. 34, no.
8, pp- 1-5, Nov. 2024, Art no. 5001005.

BIOGRAPHY

Parimalasundar Ezhilvannan received
a Ph.D. in Electrical Engineering from
Anna University, Chennai, in 2016.
Currently serving as a Professor in the
Department of Electrical and Electronics
P Engineering at Mohan Babu University,
L ! | Tirupati, India. Earned an M.E. in Power
" o Electronics and Drives from PSG
College of Technology, Coimbatore, in 2009, and a B.E.
in Electrical and Electronics Engineering from the
Government College of Engineering, Bargur, in 2007. Has
over 15 years of teaching and research experience,
primarily focused on power electronics, electrical drives,
and energy-efficient systems. Research interests include
universal converters and controllers, hybrid electric
vehicles, and multilevel inverter technologies. Published
numerous research papers in reputed international
journals and conferences. Actively serves as a reviewer
for several indexed journals and maintains strong

™



https://doi.org/10.1109/OJPEL.2022.3209540
https://doi.org/10.1109/OJPEL.2022.3209540
https://doi.org/10.1109/OJPEL.2022.3209540
https://doi.org/10.1109/OJPEL.2022.3209540
https://doi.org/10.1109/OJPEL.2022.3209540
https://doi.org/10.1109/TCSII.2024.3380414
https://doi.org/10.1109/TCSII.2024.3380414
https://doi.org/10.1109/TCSII.2024.3380414
https://doi.org/10.1109/TCSII.2024.3380414
https://doi.org/10.1109/TCSII.2024.3380414
https://doi.org/10.22055/jaree.2024.45659.1096
https://doi.org/10.22055/jaree.2024.45659.1096
https://doi.org/10.22055/jaree.2024.45659.1096
https://doi.org/10.22055/jaree.2024.45659.1096
https://doi.org/10.1109/ACCESS.2022.3193790
https://doi.org/10.1109/ACCESS.2022.3193790
https://doi.org/10.1109/ACCESS.2022.3193790
https://doi.org/10.1109/ACCESS.2022.3193790
doi:%20https://doi.org/10.1109/ICJECE.2022.3150367
doi:%20https://doi.org/10.1109/ICJECE.2022.3150367
doi:%20https://doi.org/10.1109/ICJECE.2022.3150367
doi:%20https://doi.org/10.1109/ICJECE.2022.3150367
doi:%20https://doi.org/10.1109/ACCESS.2024.3362923
doi:%20https://doi.org/10.1109/ACCESS.2024.3362923
doi:%20https://doi.org/10.1109/ACCESS.2024.3362923
doi:%20https://doi.org/10.1109/ACCESS.2024.3362923
https://doi.org/10.1109/TIE.2022.3198236
https://doi.org/10.1109/TIE.2022.3198236
https://doi.org/10.1109/TIE.2022.3198236
https://doi.org/10.1109/TIE.2022.3198236
https://doi.org/10.1109/TIE.2022.3198236
https://doi.org/10.22055/jaree.2024.45398.1092
https://doi.org/10.22055/jaree.2024.45398.1092
https://doi.org/10.22055/jaree.2024.45398.1092
https://doi.org/10.22055/jaree.2024.45398.1092
https://doi.org/10.22055/jaree.2024.45398.1092
https://doi.org/10.1109/ACCESS.2024.3419265
https://doi.org/10.1109/ACCESS.2024.3419265
https://doi.org/10.1109/ACCESS.2024.3419265
https://doi.org/10.1109/ACCESS.2024.3419265
doi:%20https://doi.org/10.1109/TIE.2021.3104594
doi:%20https://doi.org/10.1109/TIE.2021.3104594
doi:%20https://doi.org/10.1109/TIE.2021.3104594
doi:%20https://doi.org/10.1109/TIE.2021.3104594
doi:%20https://doi.org/10.1109/TIE.2021.3104594
https://doi.org/10.22055/jaree.2024.45910.1104
https://doi.org/10.22055/jaree.2024.45910.1104
https://doi.org/10.22055/jaree.2024.45910.1104
https://doi.org/10.22055/jaree.2024.45910.1104
https://doi.org/10.22055/jaree.2024.45910.1104
https://doi.org/10.1109/TPEL.2022.3174062
https://doi.org/10.1109/TPEL.2022.3174062
https://doi.org/10.1109/TPEL.2022.3174062
https://doi.org/10.1109/TPEL.2022.3174062
https://doi.org/10.1109/TPEL.2022.3174062
https://doi.org/10.22055/jaree.2023.43803.1070
https://doi.org/10.22055/jaree.2023.43803.1070
https://doi.org/10.22055/jaree.2023.43803.1070
https://doi.org/10.22055/jaree.2023.43803.1070
https://doi.org/10.22055/jaree.2023.43803.1070
https://doi.org/10.1109/ACCESS.2022.3171849
https://doi.org/10.1109/ACCESS.2022.3171849
https://doi.org/10.1109/ACCESS.2022.3171849
https://doi.org/10.1109/ACCESS.2022.3171849
https://doi.org/10.1109/TIA.2024.3382268
https://doi.org/10.1109/TIA.2024.3382268
https://doi.org/10.1109/TIA.2024.3382268
https://doi.org/10.1109/TIA.2024.3382268
https://doi.org/10.1109/TIA.2024.3382268
https://doi.org/10.1109/TIA.2024.3382268
https://doi.org/10.1109/JESTPE.2023.3342123
https://doi.org/10.1109/JESTPE.2023.3342123
https://doi.org/10.1109/JESTPE.2023.3342123
https://doi.org/10.1109/JESTPE.2023.3342123
https://doi.org/10.1109/JESTPE.2023.3342123
https://doi.org/10.1109/TPEL.2024.3425468
https://doi.org/10.1109/TPEL.2024.3425468
https://doi.org/10.1109/TPEL.2024.3425468
https://doi.org/10.1109/TPEL.2024.3425468
https://doi.org/10.1109/TPEL.2024.3425468
https://doi.org/10.1109/TPEL.2024.3425468
https://doi.org/10.1109/TCSII.2023.3325623
https://doi.org/10.1109/TCSII.2023.3325623
https://doi.org/10.1109/TCSII.2023.3325623
https://doi.org/10.1109/TCSII.2023.3325623
https://doi.org/10.1109/TCSII.2023.3325623
https://doi.org/10.1109/TPEL.2022.3203165
https://doi.org/10.1109/TPEL.2022.3203165
https://doi.org/10.1109/TPEL.2022.3203165
https://doi.org/10.1109/TPEL.2022.3203165
https://doi.org/10.1109/TASC.2024.3474304
https://doi.org/10.1109/TASC.2024.3474304
https://doi.org/10.1109/TASC.2024.3474304
https://doi.org/10.1109/TASC.2024.3474304

P. Ezhilvannan et al.

Journal of Applied Research in Electrical Engineering, Vol. 4, No. 1, pp. 56-68, 2025

collaborations with both academic and industrial partners.
Committed to advancing smart and sustainable power
electronic systems through innovative research and
interdisciplinary engagement.

Kumar Reddy Cheepati earned his
Ph.D. in Electrical and Electronics
Engineering from JNTU Kakinada in
2021. He is currently an Associate
§ Professor at KSRM College of
Engineering (Autonomous), Kadapa,
' Andhra Pradesh. He completed his
M.Tech in Maintenance Engineering from SJICE, Mysore
(now JSS Technical University) in 2011 and B.E. from St.
Joseph’s College of Engineering, Chennai in 2009. With
over 10 years of teaching experience, he previously served
at Sree Vidyanikethan Engineering College, Tirupati, and
Navodaya Institute of Technology, Raichur. Dr. Cheepati
has published several papers in Scopus, SCI, and ESCI-
indexed journals and has presented at international IEEE
conferences. His research focuses on predictive control
techniques for shunt active filters in compliance with
IEEE 519-2014. He holds a patent on a “Clutch Lever
Restriction Assembly” and actively reviews for journals
such as EPSR, JCSC, and Circuit World. He is regularly
invited for academic and research engagements

Suresh Krishnan received a Ph.D. in
Electrical Engineering from Anna
University, Chennai, in 2017. Currently,
serving as an Associate Professor in the
Department of Electrical and Electronics
Engineering at Christ University,
Bangalore. Earned an M.E. in Power
Electronics and Drives from Sona
College of Technology, Salem, in 2012, and a B.E. in
Electrical Engineering from Anna University, Chennai, in
2008. Research interests include universal converters and
controllers, hybrid electric vehicles, and DC-AC
converter systems. Published several research papers in
reputed international journals and presented at key
conferences focusing on power electronics and renewable
energy  integration.  Contributions have  been
acknowledged in academic and applied domains,
particularly in the advancement of electric vehicle
technologies and efficient power conversion architectures.
Actively involved in reviewing scholarly articles and
participating in technical committees across various IEEE
and Scopus-indexed platforms. Dedicated to advancing
both teaching and research in modern power electronics
systems.

'y
¢

Copyrights

© 2025 Licensee Shahid Chamran University of Ahvaz, Ahvaz, Iran. This article is an open-access article distributed under
the terms and conditions of the Creative Commons Attribution —Non-Commercial 4.0 International (CC BY-NC 4.0)

License (http://creativecommons.org/licenses/by-nc/4.0/).

68


http://creativecommons.org/licenses/by-nc/4.0/

J. Appl. Res. Electr. Eng., Vol. 4, No. 1, pp. 69-75, 2025 DOI: 10.22055/jaree.2025.48107.1141

L‘.WE Journal of Applied Research in Electrical Engineering

Shahid Chamran
University of Ahvaz

E-ISSN: 2783-2864
P-ISSN: 2717-414X
Iranian Association of Homepage: https://iaree.scu .ac.ir/

Electrical and Electronics
Engineers

Research Article

Power Resource Allocation in Downlink NOMA Systems Using Joint
Sum-Rate and Bit-Error-Rate Optimization

Mohammad Hasheminejad!"=', Mohsen Sheikh-Hosseini>”

! Department of Electrical Engineering, University of Jiroft, Jiroft, Iran

2 Department of Computer and Information Technology, Institute of Science and High Technology and Environmental
Sciences, Graduate University of Advanced Technology, Kerman, Iran

* Corresponding Author: m.sheikhhosseini@kgut.ac.ir

Abstract: The Nonorthogonal Multiple Access (NOMA) technique is one of the key enablers of next-generation cellular
communications, facilitating the sharing of the same resources among users. The effectiveness of NOMA relies heavily
on implementing a robust power allocation strategy that considers diverse influential factors. To address this challenge,
we propose an innovative multi-objective power allocation scheme for downlink NOMA systems using the Multi-
Objective Particle Swarm Optimization (MOPSO) algorithm. This approach simultaneously optimizes users' sum data
rates and average bit error rates (BERs). The performance of the proposed method is analyzed in comparison to two
benchmark approaches of Fixed Power Allocation (FSPA) and Greedy Algorithm-based Power Allocation (GAPA). The
results confirm that, although our method offers comparable performance to these approaches regarding energy
efficiency and sum data rate, it provides remarkable BER gain compared to these benchmarks.
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1. INTRODUCTION network of small cells, significantly improve coverage and
capacity in high-demand environments. To manage this
density efficiently, network slicing within virtualization
frameworks allows the dynamic creation of multiple virtual
networks, or "slices," each tailored to meet a specific
requirement to ensure that the diverse traffic demands are met
with optimized resource allocation [9].

The continuous evolution of wireless technologies has
led to the development of advanced cellular networks such as
5G, beyond 5G, and 6G, which promise transformative
capabilities in connectivity, speed, and reliability [1-3].
However, these networks face significant challenges,
including signal degradation due to channel impairments and

path loss, particularly in high-frequency bands [3-5]. In the Additionally, advanced access techniques like Non-
context of 5G, advanced paradigms such as cooperative Orthogonal Multiple Access (NOMA) have emerged as a
communications, Device-to-Device communications, and promising technology for 5G and beyond, offering superior
full-duplex communication have been proposed to enhance resource management compared to traditional orthogonal

coverage, capacity, and energy efficiency [6, 7]. Furthermore, multiple access (OMA) methods [10-12]. Unlike
key enablers such as massive Multiple-Input Multiple-Output conventional OMA schemes like TDMA, FDMA, and
(MIMO) systems, millimeter-wave communications, and CDMA, NOMA allows sharing of the same resources across
ultra-dense networks (UDNs) address the limitations of time, frequency, and code domains, distinguishing users by
conventional networks [6-8]. UDNs, by deploying a dense different power levels [12-14]. To ensure reliable
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communication and system efficiency, the power allocation
is done based on the values of the user channel gains. In
particular, in the case of downlink NOMA, the available
power is distributed in descending order of channel gains,
enabling data recovery through Successive Interference
Cancellation (SIC) at the receivers [15, 16].

Existing research on NOMA performance analysis
encompasses a range of strategies aimed at enhancing various
aspects, including spectral efficiency, energy efficiency, user
fairness, and overall network reliability and capacity [17]. To
this end, artificial intelligence tools, including various
optimization techniques, have garnered significant interest in
the design and optimal resource management of the NOMA
scheme. The joint optimization of power allocation and
channel assignment in NOMA systems is considered NP-hard
due to the combinatorial nature of the problem, which
involves a large search space and complex interactions
between variables [15, 16, 18-22]. This difficulty arises from
the need to simultaneously determine the optimum power
levels for users and assign channels in a way that maximizes
system performance metrics such as throughput or fairness,
while also satisfying Quality of Service (QoS) constraints and
system power constraints. This optimization problem is
further complicated by the need to consider the decoding
order for SIC and, in some cases, additional factors such as
reflection coefficients in Reconfigurable Intelligent Surface
(RIS)-assisted systems [8, 22]. Optimization techniques are
also explored in the context of integrating NOMA with
MIMO technologies, addressing resource management
challenges, and implementing advanced signal processing for
effective  NOMA schemes [22]. Additionally, the
implementation of SIC is a key factor in NOMA performance,
with research indicating that optimized power allocation can
significantly improve system throughput [24]. Moreover, the
effects of imperfect receivers on NOMA performance have
been investigated, highlighting the importance of robust SIC
mechanisms [25].

The recent literature on power allocation optimization of
NOMA systems has presented various strategies to enhance
system performance. Reference [26] introduces a power
allocation scheme for uplink NOMA systems, optimizing
sum throughput under constraints using the Karush-Kuhn-
Tucker conditions, showing improved throughput over OMA
systems. Reference [27] extends the optimization to downlink
NOMA systems, employing Lyapunov optimization to
address long-term network utility maximization, overcoming
the non-convex nature of the problem with a dynamic
programming-based algorithm. Reference [28] proposes a
dynamic power allocation strategy for uplink NOMA, which
outperforms fixed power allocation, especially at low Signal-
to-Noise Ratios (SNRs). In particular, reference [24] focuses
on the downlink NOMA with SIC, where the proposed power
allocation  algorithm significantly improves system
throughput compared to OMA. Reference [29] develops two
power allocation strategies for downlink NOMA based on
channel state information and predefined QoS, demonstrating
superior performance to OMA. Reference [30] studies
downlink NOMA power allocation using a genetic algorithm-
based approach, achieving near-optimal performance with
reduced complexity. Reference [31] analyzes NOMA in
heterogeneous cloud radio access networks, proposing a joint
optimization of user association, scheduling, and power
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allocation, showing improvements in rate, interference
mitigation, and fairness. Reference [32] compares three
power allocation schemes for NOMA, with full search power
allocation yielding the best performance despite its
complexity. Lastly, reference [33] explores a sub-optimal
power allocation algorithm for 5G NOMA systems with
hybrid beamforming, enhancing data flow with a low-
complexity iterative technique.

Multi-objective optimization algorithms can enhance
power allocation in uplink and downlink NOMA by
simultaneously addressing various objectives such as
maximizing throughput, energy efficiency, and fairness
among users. These algorithms can provide a balance
between conflicting objectives as existing works have applied
various optimization techniques to address the trade-offs
inherent in NOMA systems [12, 26-28].

This research aims to use multi-objective optimization
tools to improve the efficiency of the power allocation
algorithm in downlink NOMA systems. To be more precise,
unlike most of the existing studies which often allocate power
through optimizing one performance metric, we implement a
Multi-Objective Particle Swarm Optimization (MOPSO)
technique that simultaneously optimizes both the sum data
rates of the users and the mean BER. The MOPSO algorithm
is an extension of the classical Particle Swarm Optimization
(PSO) method, which itself was inspired by the collective
social behavior observed in fish schools and bird flocks. PSO
is a population-based optimization technique in which
particles iteratively adjust their positions within the search
space, guided by both their own experiences and those of
neighboring particles, to identify optimal solutions [34, 35].
MOPSO adapts this concept to address problems involving
multiple conflicting objectives by maintaining a diverse set of
solutions that approximate the Pareto front. Consequently,
MOPSO combines the simplicity and efficiency of PSO with
the capability to effectively tackle multi-objective
optimization problems [36].

The novelties and contributions can be itemized as:

= Novel Approach: Unlike most proposed NOMA
power allocation methods that focus solely on sum
rate or BER, our approach optimizes both criteria
simultaneously.

= General Framework: We present a flexible
framework that can be adapted to various network
conditions and user requirements, enhancing power
allocation strategies.

* Performance Improvement: We conduct a
comprehensive performance analysis under diverse
scenarios, validating the robustness of our proposed
power allocation method and highlight its advantage
in terms of different key performance metrics.

The rest of this paper is organized as follows: the next
section includes the signal model, problem statement, and the
details of the proposed MOPSO algorithm. The third section
outlines the experimental setup and discusses the results
obtained. Finally, the fourth section provides a conclusion
summarizing the study's key findings.
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2. SUGGESTED POWER ASSIGNMENT APPROACH
2.1. System and Signal Model

Fig. 1 represents the schematic of the power-domain
downlink NOMA system consisting of one base station (BS)
and K users, each with one antenna. In this system, the BS
divides the available power between users according to their
channel gains and transmits a superimposed signal over the
common channel. On the users’ side, the SIC receiver is
employed to remove interference and decode their data.

The model of received signal at the k" user terminal will
be:

Vi = WX + 1y = by oy /D X + 1

1

= hk[Z{'c:_ll\/Exi + \/ﬁxk + Xk \/Exi] + 1y M
in which h, = g,/\/1 + di models the effective channel
between the k" user and the BS, where d,, stands for the
distance between these two, gy is the small-scale fading of
the environment with Rayleigh distribution, and « is the path
loss factor of this environment. n, represents the noise
sample at the k" user terminal and follows additive white
Gaussian noise (AWGN) with zero mean and variance Nj,.

The parameter X = Zle\/ﬁ X, represents the
superposed signal of the BS terminals to be transmitted over
the channel. In this formulation, pj, is the allocated power to
the k" user and x; denotes the desired signal of this user
which is a complex symbol of a digital modulator with the
constraint of E[|x,|?] = 1. As mentioned earlier, the BS
assigns py to different users according to the values of the
channel gains |h;|?. Actually, if the channel gains are sorted
so that |hy|? < |hy|? < < |hg|?, the BS divide the
available power between different users so that p; > p, >
-+ > pg. This power allocation approach granitizes the
reliable data recovery at the user terminals using process
described in the sequel.

To recover x;, from y, at the k'™ user terminal, the
interfering signals of all previous users, i.c., (x4,
X5,..., Xx_1), are first removed in a sequential manner using
maximum likelihood (ML) detector and SIC. Then, by
considering the signals of the remaining users (Xy41, Xi42»-- -

X ) as interference, the ML detection is carried out to recover
x, with the below signal to interference plus noise (SINR)
ratio.

2
— |hie| “pg

Yi=7=
|l ” 2841 P No

@

2.2. Problem Statement and Formulation

As outlined before, this research aims to optimally
allocate power resources between different users of the
downlink NOMA systems by modeling this problem as a
constrained multi-objective optimization problem and
solving it using MOPSO. Our two objective functions are the
sum of the achievable data rates and the average bit error rate
of the users, where the former can be modeled using the well-
known formula of information theory as

RY¥ fi(y1, ., ¥k) = ZIIS=1 Ry
= Yi=1log, (1 + )
Ihk|®pic )

=YX _lo (1+—
Yk=1108; No+hel2 5K v o

where R, is the achievable data rate of k%" user.
In the case of the second objective function, the average BER
of the system, i.e., P,, can be formulated as

def 1
P = vy s Vi) = Ezlé:lpe,k

1
= 23 fi e Vi)

in which P, represents the average BER of k" user. Unlike
Ry, P, i not only depends on its corresponding SINR v, but
also is a function of previous SINRs (yy, ..., ¥x_1) due to the
error propagation caused by imperfect SIC at the
(x4, ., X}—1 ) terminals. Moreover, finding an exact
expression for f, (¥4, ..., V&) is not straightforward. Therefore,
the analysis of P, is much more complex or even impossible.
As it is common, herein, we use Monte-Carlo simulation to
compute this objective function. It is important to note that
optimizing the first function involves maximization, while the
second function needs to be minimized. Considering the
relevant  constraints, the proposed, multi-objective
optimization problem in this research can be formulated as
follows:

)

4)

hg

UEk |—»  UE:1-UEk1 decoding :-»{ UE:i-UEk1 SIC  |—»| UEx decoding

:—p-[ UE:-UEx2 SIC ]—» UEk 1 decoding

BS

UE: | —»  UE: decoding

Power

Freq.

Fig. 1: A shematic of the downlink NOMA scheme with K uers [37].
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min —
P1,wPK (Pe, =R),
Yheibk =P (5)
subject to P >Dpy > >y
P.x = BERy,

where P it the total power available at the BS terminal,
therefore, the constraint of YX_, p, = P must be satisfied. In
addition, BER,; represents a threshold which guarantees the
minimum reliability required by users.

2.3. The Multi-Objective PSO Approach

The multi-objective PSO algorithm will be employed to
find the optimal power allocation p = [py,...,px] that
balances the two objectives. The PSO process can be
described as follows:

a. Initialization:

- Each particle (p;) is a power vector that contains k
elements, where each element relates to a user. The
velocity vector of each particle (V;) represent the rate of
change of a particle’s power in the search space.

- Randomly initialize a swarm of particles, where each
particle represents a potential solution (power allocation
vector).

- Initialize each particle’s position p;, and velocity V;.
b. Fitness Evaluation:

- For each particle, evaluate the fitness based on the
two objectives:

- Calculate the sum rate R, and the BER for the given
power allocation.

- Use a weighted approach or Pareto dominance to
evaluate the performance of each particle.

c. Update Rules:

- Update the velocity and position of each particle
based on its personal best position and the global best
position found by the swarm.

- The updated equations are as follows:

Vit + 1) = 0Vi() + c173 (Popes — PilD))
+Co1y (pglobal - pi(t))
pit+1) =p () +Vi(t+1)

(6)

O]

d. Termination:

- The algorithm iterates until a stopping criterion is
met (e.g.,, a maximum number of iterations or
convergence of the swarm).

2.4. Computational Complexity Analysis

The computational complexity of the proposed MOPSO
algorithm can be characterized in terms of the key problem
parameters. N denote the total number of users, G the group
size, P the number of particles in the swarm, and [ the
maximum number of iterations. For a given particle,
evaluating the objective functions (sum-rate and BER)
involves computing the SINR, sum-rate, and BER for all
groups. Under a fixed grouping strategy, this requires O (N)
operations per evaluation. Thus, the total complexity of
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MOPSO is approximately O(P X I X N), where P X [
represents the total number of candidate solutions evaluated.
In following simulation settings (P = 50, I = 100), this
yields 5,000 evaluations, which is tractable for NOMA
scenarios with up to 12 users and results in MATLAB
runtimes below two seconds on a standard desktop.
Therefore, the computational cost of the proposed method is
negligible compared to the substantial performance gains
reported in the subsequent section.

3. EXPERIMENTAL SETTING AND RESULTS

This section aims to evaluate the performance of the
proposed Multi-Objective PSO Approach for optimizing
NOMA grouping. To this end, well-known MOSPO n
technique is adopted. The downlink NOMA system is
implemented in MATLAB software so that a BS is located in
the center of the cell with a radius of 50m, and the users are
scattered randomly and uniformly inside this cell. Moreover,
a Rayleigh fading channel of three taps and a path loss
exponent of @ = 2 are included. The SNR per bit (E,/Ny)
changes from 0 to 40 (dB). The BPSK modulation is
considered for the BS terminal and SIC receiver at the users'
stations. In the simulations, two scenarios are considered for
the number of users; these are K = 6 and K = 12, and a user
grouping of size two is assumed in each scenario. Moreover,
Fixed Power Allocation (FSPA) and Greedy Algorithm-based
Power Allocation (GAPA) are utilized as benchmark methods
to evaluate the performance of our proposed approach,
labeled as "MOPA" in the subsequent figures, which is based
on MOPSO under settings specified in Table 1. Fig. 2 and Fig.
3 represent the sum date rate results for the NOMA systems
of K = 6 and K = 12, respectively. Notes, since the group
size is set equal to two, it is worthing to emphasize that the
number of groups in the scenarios of N = 6 and N = 12 will
be three and six, respectively. The sum rate results in Fig. 2
and Fig. 3 are obtained by summing the data rates across all
groups. Similarly, the spectral efficiency and BER results in
the subsequent figures are derived by averaging over values
of the corresponding metric over all groups. The comparison
presented in these Fig. 2 and Fig. 3 reveals that, while the
overall sum rate performance of the three methods is
relatively similar, the FSPA method demonstrates a slight
advantage over the other two. Fig. 4 and Fig. 5 illustrate the
results for the energy efficiency, where the former stands for
the K = 6 users and the latter has K = 12 users. As can be
seen, Fig. 4 shows that the three methods perform similarly
in the 6-user scenario. However, as the number of users
increases to 12, the proposed method described in this study
exhibits a significant performance improvement compared to
the other two methods, as shown in Fig. 5.

Eventually, the BER results of both N = 6 and N = 12
scenarios are compared in Fig. 6. As seen, the advantage of
the proposed method becomes evident in its substantial
improvement in BER compared to the other two methods.
This superiority arises from the inclusion of BER as one of
the objective functions in the proposed MOPSO method, a
critical consideration that is absent in the other methods.
Given the pivotal role of BER in ensuring communication
reliability, the proposed method's effectiveness is clearly
demonstrated.
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Table 1: Parameter setting of the MOPSO.

3.2

Parameter Setting $ AN
Particle count 50 3
Maximum iterations 100 g
Weight of inertia 0.7 3 2ef
Factor of cognitive learning (c1) 1.5 %
Factor of social learning (c2) 1.5 § zer
Maximum speed 2 3'-‘3‘ sal .
Elite fraction 0.7 g '
Objectives functions Sum-Rate and BER Mol D
Size of archive 20 !
Factor of eXploration 0.2 21 0 1‘1 1l2 1I3 1‘4 1l5 1‘6 1l7 1‘8 1‘9 20
Factor of exploitation 0.2 Transmitted power (dBm)
Fig. 5: Energy efficiency results for the NOMA system of
2.95 K = 6 users.

2.94 -

293 | —tt— MOPO, N=6
7 10F —©— GAPA, N=6
s —Pp—FSPA, N=6
€292} - B —MOPO, N=12
o — W —GAPA, N=12
g N = Y = FSPA, N=12
®? 291+
&
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4. CONCLUSION
=293+
s In this paper, a novel MOPSO-based method is proposed
E2021 for power allocation in downlink NOMA systems, effectively
DE: addressing the dual objectives of minimizing BER and
® 20911 maximizing the sum rate. The method identifies the optimal
Pareto front for power allocation by categorizing users based
29 SAPA on channel gain, enabling a balanceq trade—off.betwef?n these
—p—FSPA two key performance metrics. This study is particularly
2.89 w—MNoPA noteworthy as it simultaneously considers both BER and sum

10 M 12 13 14 15 16 17 18 19 20
Transmitted Power (dBm)

Fig. 3: Sum date rate results for the NOMA system of K =
12 users.

rate, diverging from conventional approaches that often
prioritize one metric to the other. The proposed solution
outperforms two benchmark methods, Fixed Power
Allocation (FSPA) and Greedy Algorithm-based Power
Allocation (GAPA), in terms of BER. Additionally, the
comparative analysis demonstrates that the proposed method
achieves performance comparable to these benchmarks in
terms of spectral efficiency and sum rate.
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analysis, the linearised model of the actual nonlinear model

1. INTRODUCTION . .
used was an inaccurate representation of the real model for a

Since its inception in the 1960s, permanent magnet single prediction step since the actual nonlinear model of the
synchronous motors (PMSM) have been adapted and used in PMSM had numerous local solutions and required several
several heavy industrial applications and the automobile iterations and starting points to produce the desired control
industry [1]. The PMSM is an electrical motor which runs at value. This led to the development of NMPC. NMPC is the
synchronous speed with the rotating magnetic field current state of the art in control algorithms, especially
produced by the applied (fixed frequency) AC source. Its utilized in the chemical industry for its numerous benefits
voltages are regulated by a controller and Voltage Source such as: its ability to handle uncertainties, disturbances, and
Inverter (VSI) to achieve varying speed ranges. It has effective control of nonlinear systems [4]. NMPCs are of
numerous beneficial applications in milling, electric vehicles three types. First, the traditional NMPC: this used the actual
(EVs), aerospace, etc. [2]. Control of PMSM was previously nonlinear model for every prediction step but had the
achieved using V/F control, Field Oriented Control (FOC), limitation of result analysis difficulty. Second, the
and recently, Fuzzy Logic, Model Predictive Control (MPC) Successive Linearization NMPC: This was an improvement
[3]. FOC being the most commonly used control technique of the traditional NMPC but had limitations of
had numerous limitations, e.g., slow rise and settling times, computational burden. Finally, the Explicit NMPC which
which led to the development of Linear MPC. Linear MPC also had the limitation of computational complexity due to
was developed to address the limitations of FOC but the use of large data size, is application specific and requires
required a linear model of the dynamic equation large data and large memory allocation [5-7]. Several
representing the physical PMSM model. Though, it had techniques have been developed to individually combat
numerous standardised theories which facilitated its results these limitations. For instance, reference [8] developed a
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constrained optimization implicit NMPC control technique
to significantly improve the stability of the speed, but had a
slow settling time. Reference [9] proposed a nonlinear MPC
strategy based on input-output feedback linearization (IOFL)
to drive the state or manipulated variable to a steady-state
and prevent further overshoot of the state and control
variables when at a steady—state. With the intent to reduce
computational burden and achieve efficiency, this technique
exhibited an unstable quadrature voltage and was inefficient
in dealing with transient behaviors. Reference [10]
employed an Explicit MPC of PMSMs based on multi-point
linearization to also combat computational burden, but used
a few operational points for the linearization which had a
significant impact on the stability of operating points far
from the used operating points. Other literatures such as
[11], also used the concept of double MPC online. These
reviewed documents suggest that the problem of
computational burden still exists and current utilization has a
close relationship with stability, therefore, the desired
controllable parameters such as speed or torque, are required
to be controlled in parallel with the current using a multi—
objective optimization [12] and also, use a closer grid of
operating points to pre-compute the starting conditions
required to converge to the solution faster [13].

This paper aimed to develop a multi-objective
Constrained multi-input multi-output (MIMO) Reference
Based Offline Steady-State (RBOSS) NMPC for Permanent
Magnet Synchronous Motors (PMSMs) using a Voltage
Source Inverter (VSI); to improve speed tracking
performance of the successive linearization technique and
ensure utilization and stability in real-time while reducing
the online computational burden. The strategy adapted to
achieve the results of this research work was first to develop
an offline algorithm to efficiently pre-compute the steady—
state values of ranges of speed setpoints. This is used to
determine: 1. the speed setpoint constraint and 2. Initial
condition of the online optimization of the current and speed
parameters. Secondly, I proceeded to use the offline steady-
state values for the linearization of a PMSM model in an
online NMPC optimizer, which uses a multi-objective
moving horizon cost function to predict future state and
control values. This offline computed steady-state values
used in the online optimization of a MIMO PMSM
nonlinear system of equations as a look-up table to
determine future states accurately is the novel approach
employed to ensure stable and faster control at various speed
ranges.

The rest of this paper is organized in this manner:
Section 2 provides a brief overview and theoretical concept
of the domain of study of NMPC as employed in PMSM
control. Section 3 introduces the proposed strategy which
seeks to reduce computational burden online while ensuring
stability in the controllable parameters. Section 4 is devoted
to simulation works using MATLAB/Simulink based on the
principles outlined in Section 3; accessing the results to
validate the efficacy of the proposed strategy. Section 5
finalized the article with a summary of key findings,
observations and future trends of study.
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2. CONCEPT orFr NMPC IN PMSM

In PMSM’s, the interaction between two magnetic
fields first generated by a permanent magnet and secondly,
the stator, when a rated AC source is applied, results in a
torque that causes the rotor to turn synchronously with the
stator's rotating field. The two main types are the Surface
Mount and Interior PMSM. In the Surface Mount, the
permanent magnets are mounted on the surface of the rotor
to provide a uniform air gap; it has a simple structure. In the
Interior PMSM, the permanent magnets are embedded
within the rotor, providing better protection against
demagnetization and allowing for more efficient operation at
higher speeds. It offers several advantages such as: high
efficiency, better power density, quiet operation and less
maintenance [14]. The governing equations of the PMSM
are as follows:

dl Vo I4R I, L,w

Za_’d_ d7F L avq e (1)

dt L, Ly | L,

dﬁ = ﬁ — ﬁ — A_mwe — —Id Lq e 2)

at L, Ly L L,

dwe _ 44 _ _ 2Bwe

2 = g Te—Ti—=2) A3)
3

To=(5) o0 Chnlg + (La = Lq)laly) @)

The major drawback of this motor is its dependence on
the source voltage and frequency for its running speed.
Since AC sources are of a constant frequency of 50/60 Hz at
120, 220 or 415V in a single / three phase system
respectively, a controller is required to alter certain motor
parameters such as voltage or frequency to attain the desired
stability or controllable parameters such as speed, torque or
current setpoint. The general block diagram of using NMPC
in PMSM control is illustrated in Fig. 1. In this figure
Va, Vo Ig, g, La, Lg, R, we, Ay, 0, T}, T,, J are the d —and q
— axis stator voltages, current, inductance, flux linkages,
stator resistance, electrical velocity, max. magnetic flux
linkage, pair poles, electrical angle, load torque,
electromagnetic torque and inertia [15]. In a tracking
application such as the speed tracking shown in Fig. 1, the
process begins with the use of a PI controller to generate a
reference quadrature current, I, proportional to the reference
controllable parameter, i.e., speed, while the direct current
I, is set to zero reference for surface mount PMSM. This
serves the purpose of d — q reference frame alignment for
start — up. For torque control purpose, it is generated using
another suitable controller from the flux linkage [16].

MPC /
NMPC
Algorithm

I,=0

I,

= q
5 p@ b | o = vt
A o
type Inverter|

A
e

Fig. 1: General block diagram of using NMPC in
PMSM control.
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The NMPC is a closed loop control strategy that uses a

cost function subject to the dynamic model to determine the

error and cost within a prediction horizon, N, between a

sensed three — phase converted d — q current from the motor
(using the park transform) and the generated reference d — q
current to compute for a new optimised control value. This
control value is converted from d — q to three phase using
the inverse park transform which is later used to generate a
three — phase PWM signal for a three — phase inverter. The
inverter uses the PWM signal to control the voltage and

frequency of the PMSM according to the error signal

generated by the NMPC to reach the desired setpoint [17].

3. PROPOSED RBOSS NMPC METHOD
The general control scheme of the proposed RBOSS

NMPC is illustrated in Fig. 2. In this scheme, three major
steps are followed.

a. PMSM Modelling, linearization and discretization.
b. Reference-based offline steady-state computation:

i.  Develop an algorithm based on the successive

ii.

Use the developed offline algorithm to
compute the steady-state values of a carefully
selected grid of speeds.

Online NMPC: Develop an online NMPC
algorithm based on successive linearization
technique using the MHE cost function following
the steps below:

i.

ii.

iil.

iv.

Use the recently measured parameter to
linearize the PMSM nonlinear model.

Substitute the recently measured parameter,
X, into the discrete linear model to obtain the
next state.

Substitute the current state, x;, reference state,
7, and predicted state, Xyqx into the MHE
cost function.

Use the computed offline steady-state values
as starting condition to solve the problem
online using SQP optimizer. This penalizes
the cost across a prediction horizon based on
the assigned weight.

linearization NMPC using the L1-norm cost
function.

Identify, Linearise

in Eqn. (8)-(12) -
14

Generate a Grid of
and discretise Refererlce Speed,
Start nonlinear  model w =
into Xis1 = (@0, @, @3, ..., @, ]
AXi + BiUy + gic , thus, @y < @y <

Fori=
1to
size(@)

2

Solve  the  optimization
problem in Eqn. (13 -(17)
using Table 2 in Appendix A

to obtain steady — state

values X5 (@) =
T

[l dr I q we] k

Store the steady-state
solution obtained offline
in a look — up table as

Fig. 2: A flow chart for Computation of Offline Steady — State Values for PMSM.

Speed
Constraint
Model

w l‘*’e

I, 4 )

n —p PID
b —
RBOSS NMPC
Algorithm

LA

Xss@), where Xg@) = End
]Rny =
[*ss@1y Xss@zyr - Xsstan]
Voltage
PWM Source
type Inverter

Fig. 3: Control scheme diagram of RBOSS NMPC.
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3.1. PMSM Modelling, Linearisation, and Discretization

Equations (1) - (4) are put in the following form by
substitutions:

%:ﬁ_ﬁ_l_—]quwe (5)
dt L, Lg L,

dﬁz ﬁ_ﬁ_ﬂ_mwe _Id Lq we (6)
dt ~ L, Ly I L,

dw, _ 314 Ay pD? _Tipp Bw, ™

dt 2] ] ]
The system above is linearised and discretised using the
Forward Euler method in order to put the system in state-
space form, F = A, X, + B, U, + g, where:

Ak =
[ . Ly AT w, I"Lg AT
[ 1—RSLAT Ly Ly |
R, AT :
| Ld-ATd-we 1-= - T-<)1 +a L") ®)
—— a Ly L /|
q 3-AT - A, pp? B - AT
[ 0 1-—
2+] J
»
X =1, ©)
lw,
AT 0
B E ar 10
k — 0 Lq ( )
0 0
v,
v =] (1)
LVq
_ (Iq - Lq - we)
Lg
Iy Lg-
9 d Ld We (12)
a
Ty pp
]
A, = R™*™ is the state matrix, X, = R" is a vector of state
variables, B, = R™*™ is the control matrix, U, = R™,

gx = R™™ is the inherent disturbance of the PMSM
dynamic model, and k, is the current discrete time step. In
the discretized model above, the disturbance is additive and
hasr=1.

3.2. Reference Based Offline Steady - State Computation

The offline steady-state values are computed using a
grid of reference speeds, @ separated by an interval decided
by the controller’s designer as in (15) and stored for later
use in an online NMPC algorithm. It is obtained by solving
an offline optimization problem in (13) subject to (14)-(17)
to obtain the I, mapped to each speed setpoint in the grid of
speeds. I; = 0, for all speed ranges as shown in (16);

min P ](T)k(X(T)k' U(T)k)

X0, X1, X
P M-1
2 2
=D Mol + D lUall,
i=1 i=0

U, Ug,UM-1

(13)

Subject to

79

x(T)k.H_ = f(x(T)k!u(T)k! nu') (14)
where

W, E® (15)
I; =0, V@ (16)
Ve < U@kH < Vi a7
where:

X@, € R" is the measured state at the current reference
speed,

Ug, € R™ is the control value at the current reference
speed,

Q = diag(n) > 0, is a positive definite diagonal matrix
of dimension n,

R = diag(p) = 0 is a semi-positive definite diagonal
matrix of dimension m, and

w =R = {@w,, W, Wy, ...,Gy} is a vector of reference
speeds.

All steady-state I, values computed must be within a
chosen control voltage range of =V, to V;. as in (17). The
offline steady-state computation and optimization process
are performed using the steps simplified in Fig. 3.

3.3. Online NMPC

During the online computation, the pre-computed
steady-state values are used as a starting condition for an
online NMPC optimisation problem across a prediction and
control horizon, N, and N, .The algorithm is simplified in
Fig. 4. The optimisation problem to be solved online is
formulated as follows in (18) - (21).

min_ Jie(ie» Xy U—1, U)

X0, X1,--X
Ug, U1, UM—-1
P M-1
~ 2 2
= D Newuell?, + D 8%l (s)
i=1 i=0
M-1
2
+ D [ AUl
i=0
Subject to:
Xrije = f (o Wi Xss@y)) (19)
—Vae < Upqipe < Ve (20)
xo = xk (21)
where:
. - R
Cr+ilk = Xlz+i|k - rkT+i|k = [Id' Iq'(‘)]““k -
~ - AT . .
[Id, Iq,a)]kmk is the tracking error between the

optimal predicted states, X and the reference state, 7.
_ 9T T _[7 7 AT
DXpcripe = Kiewie = Xiewie = [l Iq'w]kﬂlk -
T . -
[Id, Iy, (u]kﬂ,lk is the prediction error between current

prediction, X and previous state measurement, X.

T T ,
AUpyipe = [Vd’Vq]lqk - [Vd’Vq]k—uk is the control

effort and Q,, is the weight for the prediction error.
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Define Linearise and discretise the Dot s @

system nonlinear  model  and > g ) Choose Prediction and Initialise xo = X3,
model B constraint in the form: ﬁu?;?tlof’ 7. u ) Control Horizon, N, and N > and uy = 0,

FX,U,w) X1 = ArXi + BrUy + gk fe e T Pk Tkl

For k= 1to
max. Iteration

A

Use Eqn. 19 to Optimise

Obtain a U, € Uy to obtain U

predicted  state from Ty by successively Update Evaluate Return
and control linearizing the Jacobian uy = U, JiEID) and
trajectory Xy and model around same Where to  for Update
Uy using steady — state values, U, € Uy Xir1ik U = Uy
f (o, U, 1) Xss(@y) for all prediction

horizon step.

Access stored A look — up table is

Xss((?)) = use to determine the
RN and appropriate steady —
& =R state value, Xgq(g,)

Fig. 4: A Flowchart for online NMPC optimization for PMSM.

4. SIMULATIONS AND RESULTS ANALYSIS Table 1: PMSM model parameters.

All simulations were performed under fixed simulation Parameter Value(s)
sample time step AT = 2.5¢ — 06 in MATLAB/SIMULINK Stator Resistance, R, 0.0485 Q
for 1 s for each speed setpoint from zero to high-speed of Sampling Period, AT 5%10-6's
2000 rpm while maintaining other data at the default D - q inductances, Ly = Lg 3.95 mH
settings. Rotor flux linkage, A, 0.1194 Wb

For  benchmarking purposes, the  Successive Pair Poles, PP 4
Linearization NMPC technique was used to compare the Rotor Inertia, J 0.0027 Kg'm2
proposed RBOSS NMPC model’s performance. Damping Factor, B 0.00115 Nm-s-rad-1

Load Torque, T} 1 Nm

4.1. Simulations

The model parameters in Table | were used for the
simulation of the two controller types. Table 2, Table 3 and
Table 4 are the tuning parameters for the offline
optimization, the online NMPC, and the PI controller used,
respectively.

4.2. Results and Analysis

In this section, results are presented for the performance
of all the controllers at transient periods at high, medium
and low speeds. Finally, a result of the simulation profile to
compare RBOSS and successive linearization NMPC is
given and compared.

4.2.1. Speed characteristics at transient

Fig. 5 shows the speed comparison between the
different controllers at both high and low speeds during
transient periods.

The key controller for benchmarking the performance
of RBOSS is the successive linearization NMPC. Fig. 5a
shows that the RBOSS has a faster rise time and better
characteristics at low speeds. A general summary of results
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Table 2: Tuning parameters of offline optimisation.

Parameter Value(s)
Grid of reference speed’ state, @ {0, 1,2, ...,2000} rpm
DC voltage, Vdc 230V
Prediction Horizon, P 4
Control Horizon, M 3

Weight of State, Q

Weight of Control input, R

Solver type used

diag (1000, 5, 1000)
diag (0.1, 0.1)
Sequential Quadratic
Programming

Table 3: Tuning parameters of online NMPC.

Parameters

Values

Prediction Horizon, Np
Control Horizon, N¢

Weight of Tracking Error, Q
Weight of Prediction Error, Qex

Weight of Control Input, R

4

3

diag ([3.20, 3.20, 50])
diag ([1, 1, 1])

diag ([0.05, 0.005])
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Table 4: Tuning parameters of PI controller.

Outer (speed) Inner (1) Inner (1,)
P 0.0514 5.1398 5.1398
I 0554 5086.399 5086.399
/,z’ TN N
4 A
1 \\
" ‘\ 1 4
'\‘ ! G
\ ,.'
. 7 . RBOSS NMPC
T Traditional NMPC
E D Successive Lin NMPC
g - FOC
” - Explicit NMPC
Time (s)
(a)
=i
£ [ - RBOSS NMPC
g 1 Traditional NMPC
4 D Successive Lin NMPC
1 FOC
Explicit NMPC
[
Time (s)
(b)

Fig. 5: Transient period comparison of all controllers at (a)
high speeds and (b) low speeds.

or performance metrics comparison of all the controllers by
signal statics and bilevel measurement has been presented in
the Appendix. It gives a summary of the comparison
between FOC, Implicit NMPC, RBOSS NMPC and Explicit

NMPC wusing its bilevel measurement and signal
characteristics.

It is seen that the RBOSS achieved significant
improvement in some metrics over the Successive

Linearization technique. The percentage of improvement is
shown in Table 5. In regards to Fig. 5a, RBOSS at low
speeds exhibit better characteristics due to the provision of a
good and optimized initial condition, thus, owing to the use
of optimized pre-computed offline steady-state values,
further impacting other performance metrics. The explicit
variant, Explicit NMPC, derived from the reference based
offline steady-state NMPC achieved a better rise time and
no steady-state error compared to the field-oriented
controller.

The statics show that some metrics such as overshot and
Torque ripple T,, remained constant, while reference 1 q
current generated by the PI controller and the sensed motor
I currents increased. This is a required character to ensure a
faster rise and settling times. Furthermore, it is clear from
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Table 5: Percentage of change between Successive

Linearisation and RBOSS
step response is a speed @ Percentage of Change
1500 to 2000 rpm (%)
Rise Time -0.019
Settling Time -0.04
Overshoot 0

Steady — state error -0.82
Peak to Peak Iq Current +7.12
Peak to Peak Iq ref Current +59.3
Peak to Peak Id current -19.2
Peak to Peak, Te ripple -67.36

the metrics of all the controllers in Table 5 that, generally, a
reduced current utilization by I, leads to an increased
reference I; and motor I, currents. This behavior is largely
seen in the RBOSS NMPC as a (19%) reduced I; current
leading to an increase in the reference I, and motor I, by
approximately 7% and 59% respectively but largely depends
on the tuning weight of the controllers.

4.2.2. Speed characteristics at steady—state

Figs. 6a and 6b show a graph of high- and low—
speed performance at settled (steady-state) periods. The
performance validation metrics of these graphs are included
in as visual inspection makes it difficult to interpret. In
addition to the metrics, it is observed that the RBOSS
exhibit a strong robustness of the controlled variables, I, I,
and w,. As shown in Fig. 7, at very low speeds for a step
change from zero to 50 rpm the trackability of RBOSS is
better than all the controllers.

4.2.3. Current characteristics for speed ranges from 0 to
2000 rpm

In reference to the motor I, current in Fig. 8, every
speed range exhibited unique current behavior. It is seen that
at very low speeds all I; shows a poor irregular (nonlinear
performance); while it is more evident in the Traditional
NMPC, RBOSS performs better at low speeds from 0 — 150
rpm in Fig. 8 than the Successive Linearization technique.

It is further observed that the current reduces as the speed
approaches the reference speed in the low to mid—speed
range; which is not the same for the maximum or high-speed
range. The current used in high-speed range seems fairly
constant. Sharp spikes in between speed changes in the
current graph are a result of the trade-off in fast rise time
and control effort. Generally, more weight on the control
effort prioritizes archiving reduced current spikes at the
expense of speed rise time.

4.2.4. Simulation time and Simulink profiling

A Simulink profile was performed on the two
controllers namely Successive Linearization and the RBOSS
NMPC techniques to check the computational burden of the
various controllers (see Figs. 9 and 10). A comparison
between the two figures from the Simulink profiler to check
the computational burden shows that a good starting or
initial condition helped reduce the computational time by a
percentage of 30 (30%) for a 0.5 seconds simulation and 8%
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Fig. 6: Steady-state period comparison of all controllers at
(a) high speeds and (b) low speeds.
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- RBOSS NMPC
Traditional NMPC

- Successive Lin NMPC

- FoC

- Explicit NMPC

TSI

Fig. 7: Steady-state period comparison of all controllers
at very low speeds.

for 0.1 seconds simulation. Table 6 and Table 7 show the
comparison between profiling of simulation for 0.01s and
0.05s transient times, respectively.

|
Speed l

150 rpm 500 rpm 1500 rppm 2000 rpm |
. Traditional NMPC - Successive Lin. - RBOSS ‘

0 50 rpm

Fig. 8: Graph of I, current for Traditional, Successive
Lin., and RBOSS NMPC at various speeds.

4.2.5. General observations

The following are a few and the most necessary
observations of the work

1. Sample Time: A lesser sample time made the
controller greatly responsive to slight nonlinearities
and small step change in reference.

2. The Type of Discretization: The Forward Euler
Method was used due to its fast computation, but was
less accurate compared to Tustin Forward and Tustin
Backward discretization methods.

3. A long prediction horizon caused high computational
complexity and was unsuitable for a fast-changing
nonlinear dynamic systems such as PMSM. Hence, a
prediction and control horizon of 4 and 3 were used
respectively.

4. Since the PMSM dynamic equation was known, an
offline symbolic Jacobian was obtained and used as
the online model. This facilitated a fast runtime
unlike obtaining the Jacobian online symbolically
during runtime.

5. Due to the use of zeros as the initial control input
value for the offline computations of the RBOSS
steady—state, the use of previous control input to
better the online computations during runtime lead to
an increase in computational complexity due to high
number of iterations. It is required that, the initial
control input must correlate with that used in the
offline computations.

6. The RBOSS approach required that the steady-state
of all future references be precomputed offline using
the nonlinear equation and an appropriate cost
function. This adds extra labour hours in the design
of the controller; but eliminates the need for extra
online speed—torque MPC optimisation as done in the
cascaded MPC schemes.

7. The tuning of the various NMPC controllers was
time-consuming using the try-and-error method.
Also, the obtained weight values were suitable for a
specific reference point. The reference point chosen
was suitable for the maximum speed to be controlled
by the controller; this leads to a low computational
efficiency for low speeds.
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Fig. 10: RBOSS Simulink profile for 0.01s of simulation.

Table 6: Profile of 0.01s of simulation for computational
burden/time check (in transient periods)

Successive Lin. RBOSS
NMPC
Self — Time (s) 75.072 69.21
Total Time Taken 112.033 85.320
Number of Function Calls 80023 80023

Percentage of Change 8 %

Table 7: Profile of 0.05s of simulation for computational
burden/time check (in transient periods)

Successive Lin. RBOSS

NMPC
Self-Time (s) 100.324 70.591
Total Time Taken 115.649 82.324
Number of Function Calls 80010 80010

Percentage of Change 29.6 %

1. CONCLUSION

In conclusion, a MIMO reference-based offline steady-state
NMPC, RBOSS NMPC has been proposed to tackle the
issues of computational burden. The result has proven to be
better in reducing computational burden by 8 - 29%, has a
fairly better rise time (0.019%), better trackability/less
steady—state error (0.82%), reduced torque ripples (by 67%)
and a reduced magnitude of I; current while maintaining
other characteristics constant. Furthermore, it has been
proven that a multi-objective NMPC optimization technique
with a receding Horizon Cost function helps eliminate the
cascaded MPC scheme which adds extra tuning burden. The
explicit variant of the RBOSS NMPC resulted in better
tracking and a fairly similar settling time to RBOSS but a
slow rise time and a few spikes due to the small size of data
used to replicate the output of RBOSS NMPC and the lack
of better data pre-processing. Using higher data size was
limited by computational power constraints. Also, it was
required that offline steady-state values be computed and
stored in a look-up table for referencing mapped to the
reference speed of the current time step. It uses the same
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reference offline steady—state value as the initial
optimization condition for all prediction steps, unlike the
successive linearization technique which uses the current
estimate of the speed at every prediction step making it
computationally expensive for implicit NMPCs as the
current estimate of the current state and control values may
be far from the most optimal local solution.
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APPENDIX

Table 8: General summary of controllers’ performance metrics.

Step response is a speed change from 1500 to RBOSS Successive Lin. Traditional Explicit FOC
2000 rpm NMPC NMPC. NMPC NMPC
Rise Time (ms) 0.59349 0.59462 0.64002 3.81800 3.82800
Settling Time (ms) 0.75509 0.75536 0.78453 4.65900 4.89500
Overshoot (%) 0.47900 0.47900 1.45700 0.49800 1.53100
Steady — state error (%) 5.50700 5.55200 6.65500 0.00000 8.08000
Peak to Peak Iq Current (A) 3.99300 3.70900 5.98100 5.61600 1.95100
Peak to Peak Iq ref Current (A) 0.18570 0.11650 0.56580 0.17700 0.06156
Peak to Peak Id current (A) 3.09900 3.84900 6.07400 5.88100 1.94700
Peak to Peak, Te ripple (Nm) 2.67000 3.96400 4.28400 4.02300 1.36400
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bandwidth. The flipped voltage follower functions as a voltage buffer within the circuit and utilizes pole-zero cancellation
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a cascode structure yield a significantly high-gain amplifier. The first stage's cascode arrangement for the MOSFET
drivers, along with an active load that has high output resistance, accounts for the majority of the circuit's gain. By
eliminating passive capacitors and substituting them with small MOSFET-based capacitors, the proposed design
effectively reduces chip area while boosting gain bandwidth. The design and simulation processes were carried out using
Cadence IC Design Virtuoso software based on standard TSMC 0.18 pm CMOS technology. The results indicate that the
amplifier achieves a DC gain of 80 dB, a bandwidth of 1.3 GHz, and a phase margin of 84 degrees.
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drain current ratio (gm/Id < 28) compared to the gm/Id ratio
of approximately 40 for BJTs, along with issues such as poor
The operational amplifier (Op-amp) serves as a matching and low output impedance in the strong inversion
fundamental component in nearly all signal processing region [2, 3].
systems, typically employed within a feedback loop to ensure
stable and predictable gain with minimal noise. Its differential
and mathematical operational capabilities have facilitated
analog computations and automation within mixed-signal
environments. However, Op-amps that utilize bipolar
junction transistors (BJTs) tend to consume more power 1,
rendering them unsuitable for many modern application-
specific integrated circuits (ASICs) [1]. In contrast, Op-amps
based on metal-oxide-semiconductor field-effect transistors
(MOSFETs) are becoming increasingly significant in
contemporary signal processing architectures due to their
potential for low-power operation. Nevertheless, their
performance is often hindered by a lower transconductance to

1. INTRODUCTION

The compensation techniques employed in operational
amplifiers often require considerable chip area and involve
more intricate designs compared to the traditional dominant
pole approach (pole splitting) commonly used in classical op-
amp architectures [4,5]. Historically, the Miller effect has
been utilized to create a large capacitance at the output of the
high-gain differential first stage. However, a feed-forward
path is also present, introducing a positive zero that affects
phase characteristics similarly to a pole, which can reduce the
phase margin. Typically, a nulling resistor is added in series
with the compensating capacitor to adjust the location of this
zero, which further increases chip area usage [6-9].
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Compensation techniques utilizing a current buffer,
specifically through a common gate transistor, are highly
effective in enhancing the gain-bandwidth product and power
supply rejection ratio (PSRR) performance. These methods
allow for smaller minimum allowable values of the
compensation capacitor (CC), which provides greater
flexibility in balancing noise performance against power
consumption. A reduced CC facilitates improved design
options, enabling engineers to optimize the operational
amplifier's performance while maintaining low power usage
[10].

In Miller and current buffer compensation techniques,
the compensation capacitor usually adds a load to the output
node. However, when a voltage buffer is incorporated into the
feedback loop, the compensation capacitor reduces this
loading effect on the output node. Additionally, the low
impedance at the output node enhances effective feedback.
This compensation approach exhibits high accuracy, as it
primarily depends on the matching tolerances between
transconductance and capacitance. Furthermore,
compensation techniques that utilize a nulling resistor
alongside a voltage buffer yield the same compensation
capacitor and maintain an equivalent gain-bandwidth product
[11-13]. Practical voltage buffers can be created using a
common-drain (CD) transistor. This paper introduces a
proposed compensation technique that employs a variant of
the flipped voltage follower (FVF). In many applications,
FVFs exhibit better performance than traditional CD
configurations due to their remarkably low output impedance.
The FVF cell enables the circuit to attain a wide range of
transconductance while preserving good linearity throughout
the input range. This capability is crucial for applications
requiring precise control over frequency response and signal
processing. This capability is essential for maintaining
consistent performance across various operating conditions
[14, 15]. The schematic of a PMOS version of the FVF is
illustrated in Fig. 1. The FVF consists of a PMOS input
transistor (Mrvr), a transistor (M) with shunt feedback. Also,
the proposed compensation technique involves a transistor
(Mbias) that is used to create the bias current [14]. This
configuration is essential for ensuring stable operation of the
circuit. While the FVF is capable of sourcing high currents,
its ability to sink current is somewhat limited. The internal
feedback loop plays a crucial role in reducing the output
impedance 1/gmgyr of the control transistor by the loop gain
gmororve. Consequently, the output impedance of the FVF is
given by:

! (1)

R =
out Imrve (GmzTorvr)

Fig. 1: Schematic representation of the Flipped Voltage
Follower (FVF).

As shown in Fig. 1, which depicts the FVF. This circuit
can achieve a high slew rate while maintaining low quiescent
current consumption. Additionally, a MOS capacitor
(MOSCAP)-based  frequency  compensation method
minimizes die area usage, effectively eliminating passive
elements that occupy space on the die. Consequently, the die
area can be fully allocated to MOSFETs. In high-frequency
applications, where parasitic capacitance can adversely affect
performance, the incorporation of negative capacitance
significantly reduces it for the preceding stage. This approach
is essential for maintaining signal integrity and enhancing the
overall efficiency of the circuit. The discussed paper employs
a MOSCAP configured as a negative capacitance in
conjunction with a voltage buffer, enhancing both the slew
rate and the unity gain frequency of multistage CMOS
circuits. In this setup, the first stage is designed with active
negative capacitance, which plays a crucial role in optimizing
circuit performance. This innovative use of negative
capacitance effectively reduces the adverse effects of
parasitic capacitances through partial cancellation, leading to
significant improvements in both unity gain frequency and
phase response. The equation for bandwidth (BW) of an
operational amplifier driving a parallel combination of load
resistance R1 and parasitic capacitance C; is given by:

. )
2w C Ry
To enhance bandwidth, reducing the value of C, through
techniques such as negative capacitance is effective. Negative
capacitance can counteract the effects of parasitic
capacitance, effectively lowering the total capacitance seen
by the amplifier and allowing for a higher bandwidth.

BW

The practical circuit described utilizes a MOSCAP as a
negative capacitance, replacing the traditional negative
capacitor (Cy) to enhance performance metrics in multistage
CMOS circuits. In this configuration, the components R, and
C, are indicative of the output resistance and parasitic
capacitance, respectively, which significantly affect the
frequency response of the circuit [15].

The design of the proposed amplifier focuses on
effectively managing both the load capacitance associated
with the amplifying stage and the input capacitance related to
the Negative Capacitance Generator (NCQ) circuit. This dual
consideration is crucial for ensuring optimal performance and
stability of the amplifier in various applications. The
MOSCAP functions as a negative capacitor by connecting the
amplifier’s output to the gain A, effectively creating a
negative capacitance. By incorporating the NCG circuit into
the amplifier's output node, the bandwidth is extended and
can be expressed mathematically as:

Cy=Cy(1-4)) 3)
The total capacitance is given by:
Ceot = Cu |I(Cy + C2) )

The bandwidth P can be calculated as:
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The introduction of a NCG into a circuit significantly
influences its frequency response by creating new poles and
zeros. To optimize the performance of the NCG, it is essential
to ensure that the magnitude of the zero is much greater than
that of the poles. This condition allows the zero to be
effectively neglected, which enhances the bandwidth of the
circuit [16, 17].

This paper is organized as follows: Section 2 of the
discussion focuses on the transfer function, the determination
of pole-zero characteristics, and the criteria for stability in
operational amplifier circuits. The results in this section
clearly demonstrate that the proposed compensation
technique improves phase margin and extends bandwidth, as
elaborated in Section 3. Section 4 outlines widely accepted
figures of merit (FOM;) used to compare the performance of
different designs. In this section, we delve into the
performance of the proposed circuit in comparison to existing
state-of-the-art designs. The analysis focuses on key
performance metrics such as gain, bandwidth, slow rate, and
input/output characteristics. Finally, Section 5 concludes with
a summary of the proposed methodology and suggests
directions for future research [18, 19].

2. PROPOSED TWO-STAGE AMPLIFIER

The proposed two-stage amplifier is meticulously
designed to achieve an adequate GBW and a high phase
margin, which are essential for efficient performance in
various applications. The circuit extends the unity gain
frequency and enhances operational speed while satisfying
stability requirements.

The proposed circuit employs three frequency
compensation techniques: the FVF, MOSCAP, and NCG
block. The block diagram of this configuration is illustrated
in Fig. 3, while its transistor-level implementation is detailed
in Fig. 4. The proposed two-stage amplifier, as illustrated in
Fig. 3, consists of two gain stages connected in series, with
a Feedback Voltage (FVF) block and a MOSCAP serving as
the Cc placed between nodes A and B. This configuration is
critical for ensuring stability and enhancing performance. The
FVF block operates as a voltage buffer, implemented using
transistors Mo—M,, while the MOSCAP serves as the Cc.

This configuration effectively enhances both linearity
and speed within the circuit. The proposed circuit utilizes
a MOSCAP not only as the compensation capacitor but also
to enhance the phase margin of the amplifier. Additionally, a
feedback MOSCAP, denoted as Cy, plays a crucial role in
bandwidth enhancement. The inclusion of the MOSCAP
allows for the elimination of passive elements from the
circuit, thereby reducing die area occupation.

Furthermore, the input stage of the proposed operational
amplifier has been modified using a cascode structure,
resulting in a very high-gain amplifier. The first stage
employs a cascode structure for the MOSFET drivers and

88

T

'JC\_L\
i

[
]S.\¢ ?R] —C;

Fig. 2: Generation of negative capacitance utilizing a
MOSCAP.

Fig. 3: Schematic representation of the proposed circuit's
block diagram.

an active load with high output resistance, which contributes
significantly to the overall gain of the circuit. The NCG
circuit also plays a crucial role by maximizing the zero in the
circuit's transfer function, leading to an increase in gain-
bandwidth product (GBW). The output stage of the proposed
amplifier is configured as a common source amplifier,
utilizing and NMOS transistor (M;3) and a PMOS transistor
(Mi4). This configuration is widely recognized for its
effectiveness in providing high gain and good linearity in
signal amplification. The equivalent circuit for small signal
analysis of the proposed compensation technique is illustrated
in Fig. 5. In this configuration, the input stage is characterized
by an output resistance r,;, output capacitance C; and
transconductance g,,;. The small signal model facilitates the
evaluation of the amplifier's performance by allowing for
linear analysis around a specific operating point. The first
stage is loaded with a NCG, which produces a negative
capacitance that effectively mitigates the effects of parasitic
capacitance from the first stage. The final stage of the
amplifier is configured as a common source amplifier, which
includes an output resistance r,,, total equivalent load
capacitance Cp and transconductance g..
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Fig. 4: Implementation of the proposed compensation technique at the transistor level.
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Fig. 5: Equivalent circuit for small signal analysis of the
proposed compensation technique.

This configuration is known for its ability to provide
significant voltage gain and is widely used in analog
circuit designs. The voltage buffer, represented by
the FVF cell, connects nodes A and B, with its output
impedance denoted as r,». The FVF is a specialized
buffer circuit known for its low-power and low-voltage
operation, making it particularly suitable for modern
analog and mixed-signal applications.

The small-signal transfer function of compact two-stage
CMOS operational amplifier can be expressed as a second-
order equation, which is crucial for analyzing the amplifier's
frequency response and stability. This transfer function
typically takes the form:

_ (Ccror + Ceop)s
((Cy + CTor + (Cc + CITp + Cy)S?

|4
(6)
tIm19mz
1
H(G+ €+ Craro)s + ()
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The transfer function of the proposed compact two-
stage CMOS operational amplifier can be characterized
by its poles, zeros, GBW, and phase margin (PM). The
relevant equations for these parameters are defined as
follows:

The first pole is defined as:

1
p = ™)
((C1 + Coror + (Cc + Crop + CN)
The second pole is given by:
1
p, - (®)
((C1 + Co)(Ce + CL)rolrob)
The zero is defined as:
3 = (Ccror + CeTop) ©)
The gain-bandwidth product is calculated as:
GBW = Im19m2"01%ob (10)
((C1 + C1oq + (Cc + C 10y + Cy)
The phase margin is determined by:
GBW GBW
PM = 180 — tan™! < ) — tan™ ( ) (1
Py P,

The effective capacitance at the output of the first
stage, represented as C;+Cy(1—A4), is indeed reduced,
which plays a significant role in improving the
performance of the amplifier. Additionally, the small
output impedancerob of the FVF contributes
positively to frequency compensation. As a result, the
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poles defined in (7) and (8) are positioned farther from
the unity gain frequency, thereby extending the overall
bandwidth of the amplifier.

3. SIMULATION RESULTS

The proposed compact two-stage CMOS operational
amplifier presented here introduces a method for
frequency compensation in a two-stage CMOS circuit
utilizing negative capacitance through a MOSCAP and
the FVF. This approach effectively enhances the
performance of the amplifier by addressing stability
issues and improving bandwidth. Additionally, the
implementation of a cascode structure in the first stage
significantly ~ enhances the amplifier's gain.
Implementation of the proposed compensation
technique at the transistor level, illustrated in Fig. 4, has
been simulated using the Cadence Virtuoso 6.17
simulation tool with TSMC CMOS 0.18 um process
parameters. The maximum bias current in the circuit is
1.22 mA and supply voltage is set to 1.8 V. All
transistors are working in saturation mode and their
aspect ratios and other circuit component values are
mentioned in Tables 1 and 2, respectively. The slew rate
of proposed circuit is very high as the output voltage of
the given circuit changes rapidly with respect to time.
The simulated transient response with a 1 pF load for
rising and falling edge is shown in Fig. 6 and slew rate
(£) measured is 155 V/uS. The overshoot and 1 %
settling time (average) of the circuit is calculated as
0.860 uV and 1.72 uS respectively. The average slew
rate is 155 V/uS which is very high as compared to other
reported techniques [16, 21-23].

The AC analysis of the proposed amplifier was
conducted for various values of load capacitance (C;),
and the results are illustrated in Fig. 7. This simulation
is essential for analyzing how different load
capacitances affect the amplifier's frequency response,
stability, and overall performance. The performance of
the amplifier remains robust across different load
capacitor values. Specifically, the amplifier achieves
GBW of 1.45 MHz, 1.41 MHz, and 7.48 MHz with
corresponding PM of 81°, 84°, and 107° for load
capacitances of 0.1 pF, 1 pF, and 10 pF, respectively.

|

et

Fig. 6: The step response of the proposed amplifier with a
load capacitance of 1 pF.

Table 1: MOSFETSs dimensions.

MOSFET W (um) MOSFET W (um)
/L(um) /L(um)
M; and M, 56/180 M, 68/180
M3 and M4 70/180 M11 and M12 40/180
Ms and Mg 77/180 M3 20/180
M, and Mg 73/180 M, 40/180
My and Myq 75/180 M;, and M, 70/180
Table 2: Circuit parameters and corresponding numerical
values.
Parameter Simulated results Unit
Gain 80 dB
Gainbandwidth product 1.4 GHz
Current Total 1220 LA
Supply Voltage 1.8 \%
Technology 18 pm
Phase margin 84 (@)
Slew rate 155 (V/uS)
CL(pF) 1 Pf
Cc(pF) 0.001 Pf
FOM1 866 -
FOM2 93 -
Power 1.620 mW
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Fig. 7: Gain and phase characteristics of the proposed circuit
with a load capacitance of C;=0.1 pf.
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Fig. 8: Gain and phase characteristics of the proposed circuit
with a load capacitance of C =1 pf.
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Fig. 9: Gain and phase characteristics of the proposed circuit
with a load capacitance of C;=10 pf.

The output voltage swing of the proposed circuit (Fig.
10), which ranges from 0.2 V to 1.50 V, demonstrates an
improvement over the first stage cascode circuit. This
enhancement in output voltage swing can be attributed to
several factors: In the proposed circuit, two MOSCAPs are
utilized in place of passive capacitors for negative
capacitance and compensation purposes. This design choice
leads to a significant reduction in chip area, as demonstrated
by the equivalent circuit analysis. The calculated chip area
using MOSCAPs is 3669 um?, compared to 4527 um? when
using traditional passive capacitors.

4. DISCUSSION

The proposed compensation technique has been
evaluated against established topologies using two key
FOM: FOMS for small-signal behavior and FOML for
large-signal behavior. These figures of merit are defined
as follows:

FOMS (Small Signal Behavior):

FOMs = (GBW * C,)/Iss (12)
FOML (Large Signal Behavior):
FOM, = (GBWdemonstrates * SLOW (13)

* C,)/Iss

The proposed circuit for bandwidth extension a
significant improvement in performance compared to existing
techniques, as summarized in Table 3. While it requires a
considerable number of transistors, it achieves an optimal
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Fig. 10: Output voltage swing of proposed circuit.
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Fig. 11: Layout of proposed circuit (a) with MOSCAP (b)
without MOSCAP.

combination of GBW, transconductance (GM), and PM.
The high slew rate and elevated values of PM and GM
indicate enhanced stability. Additionally, the calculated
FOM values show substantial improvements over
previously reported methods [16, 21-23]. Notably, the
load capacitance utilized in the proposed circuit does
not influence the FOMs, which is a crucial advantage.
The cascode op-amp configuration employed
contributes to a higher DC gain. Overall, this circuit is
characterized by its simplicity and capability to operate
effectively at very high frequencies.
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Table 3: Performance comparison whit some other research.

DC gain Load Power GBW Compensation Slewrate P.M FOMI FOM2

(dB) rF) (mW) (GHz)  Capacitor(pF)  (V/uS) ©)
[21] 58.59 15 -- 0.81 0.001 53 60.7 160 --
[22] 67 30 2.588 0.29 3.5 13.8 51 351 45
[23] 54 25 1.9 0.55 0.009 17.33 949 - -
[16] 61 1 1.620 1.2 5.6 148 73 740 90
Proposed 80 1 1.740 1.4 0.001 155 84 864 93
circuit

5. CONCLUSION Methodology, Resources, Validation, Writing - original draft,

In this research, a two-stage CMOS amplifier has
been designed with the goals of achieving high DC gain,
wide frequency bandwidth, and a compact chip area. To
enhance the amplifier's gain, a cascode configuration
was implemented in the first stage. This structure
effectively increases the DC gain while maintaining
stability. A compensation capacitor was utilized to
improve the frequency response of the amplifier. The
FVF serves as a practical voltage buffer in this
compensation technique, benefiting from its very low
output impedance, which enhances overall
performance. The incorporation of negative capacitance
reduces the parasitic capacitance from the preceding
stage, leading to significant improvements in GBW.
The addition of a NCG introduces new poles and zeros
at high frequencies, optimizing bandwidth by
maximizing the zero while ensuring it is considerably
larger than the poles. The use of MOSCAPs for
frequency compensation minimizes die area by
eliminating passive components. This allows the die
area to be fully allocated to MOSFETs, resulting in a
reduced chip area of 3669 pum? Simulations were
conducted using Cadence IC Design Virtuoso software
with TSMC 0.18 um CMOS technology. Key
performance metrics include: Slew Rate: £155 V/us,
Overshoot: 0.86 uV, Settling Time: 1.72 ps, GBW
values of 1.45 MHz, 1.41 MHz, and 7.48 MHz with
corresponding phase margins of 81°, 84°, and 107° for
load capacitances of 0.1 pF, 1 pF, and 10 pF,
respectively. Output Voltage Swing: Ranges from 0.2 V
to 1.40 V. The amplifier's performance was evaluated
under varying load capacitance conditions,
demonstrating that the load capacitance does not
adversely affect the figures of merit.
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Abstract: Image texture classification is crucial in machine vision and image processing. The primary step in this
classification process involves extracting features from the image. Numerous techniques have been developed for feature
extraction from textured images; however, local binary patterns (LBP), in both their original and enhanced forms, stand
out due to their simplicity in implementation and their ability to extract effective features that yield high classification
accuracy. Experts widely recognize that deep neural networks excel at classifying images and extracting detailed features.
Building on the strengths of these methods, this study introduces a new model that merges deep learning with enhanced
local binary patterns. This model has been tested on the Outex and CUReT datasets. The experimental results indicate
that combining deep learning with an improved local binary pattern method significantly enhances the accuracy of
texture image classification. According to these results, the classification accuracy of this new model surpasses that of
previous methods.
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focusing on extracting distinct texture features through

1. INTRODUCTION . . ;
various pattern samples, and others enhancing noise

Texture classification is a crucial component of texture resistance with different encoding or threshold strategies.
analysis, aimed at categorizing an unknown sample image This paper concentrates on the former approach, aiming to
into one of several predefined texture classes. Natural images achieve high accuracy by extracting effective texture features
often display variations in scale, illumination, viewpoint, and and merging them with deep neural networks. Computer
rotation, prompting texture classification methods to cover a vision, a broad field of study, involves extracting and
broader spectrum of natural texture attributes. As a result, interpreting information from images and videos through
many approaches have been developed, falling into four computational algorithms. It addresses multiple challenges
primary categories: statistical, structural, model-based, and such as detection, segmentation, motion estimation, and
signal processing. Each category employs different image retrieval. Technological advances and the availability
techniques to extract features from texture images, tailored to of extensive datasets have broadened its application scope.
the method used and the specific textures being analyzed. This paper specifically explores the combination of enhanced
This research introduces a new model for texture image local binary patterns and deep learning methods for detecting
classification that integrates deep learning with an enhanced and segmenting texture images. The goal is to extract relevant
version of the local binary pattern (LBP). There have been features from texture images and integrate them with
numerous advancements in LBP methods, with some convolutional neural networks (CNNs) for optimal texture

94


https://jaree.scu.ac.ir/
mailto:abbasi_behzad63@yahoo.com
https://doi.org/10.22055/jaree.2025.47391.1124
https://orcid.org/0009-0002-5606-2553
https://orcid.org/0000-0002-3308-2781
https://orcid.org/0000-0001-5209-8706
https://doi.org/10.22055/jaree.2025.47391.1124
https://doi.org/10.22055/jaree.2025.47391.1124

B. Abbasi et al.

Journal of Applied Research in Electrical Engineering, Vol. 4, No. 1, pp. 94-105, 2025

classification. The subsequent sections will discuss the
refined versions of LBP methods tailored for texture
classification, highlighting the unique challenges associated
with handling texture databases. Here we delve into the
literature review in this topic:

CNN, has become a dominant approach in texture
analysis, object detection, and pattern recognition. [1]
explored deep learning techniques for texture and dynamic
texture analysis, demonstrating their effectiveness in
capturing complex patterns in image data. Similarly, [2]
investigated CNNs for object detection, re-identification, and
recognition, highlighting their robustness in handling large-
scale visual datasets. In real-world applications, CNNs have
been employed for road defect detection, as seen in [3], where
a CNN-based system was designed to detect potholes,
improving road safety assessments. Another critical
application is surface crack detection, where [4] proposed a
shallow CNN architecture to enhance computational
efficiency while maintaining high accuracy. Traditional
texture descriptors, such as Local Binary Patterns (LBP),
have been widely used in texture classification. [5] conducted
a comparative study between LBP and deep texture
descriptors, revealing that deep learning methods often
outperform traditional approaches in robustness. Further
improvements to LBP were introduced by [6], who proposed
a completed modeling approach for better texture
classification. [7] extended this idea with the Completed
Local Binary Count (CLBC), enhancing rotation-invariant
texture analysis. Peng Yang and colleagues have developed a
descriptor that they use jointly for these challenges. They
apply a complex Dual-tree Complex Wavelet Transform
(DTCWT) to the base image to create an image pyramid. This
pyramid is then merged with the Local Binary Pattern (LBP)
in the DTCWT domain to formulate a method known as
LBPDTCWT (Local Binary Pattern Dual-tree Complex
Wavelet Transform), which is capable of generating robust
texture features. By combining these features, their method
has shown potential to surpass other approaches in empirical
tests on benchmark datasets [8]. Tang Song and team
introduced a fixed-scale descriptor called Sorted Local
Gradient Pattern (SLGP) for classifying textures. Initially,
they developed two complementary local gradient patterns,
LGP Center (LGP CR) and Ring-to-Ring (LGP RR), to
capture the rich gradient information in an image.
Experiments on three texture databases indicate that this
descriptor achieves superior classification results under affine
transformations and both linear and nonlinear grayscale
variations [9]. Creating effective features is a fundamental
task in computer vision, yet finding a balance between
discriminative power and robustness is challenging. Jianbai
Yu and associates introduced a method named PRICoLBP,
which shows resilience against changes in rotation and
illumination. Previous methods have shown that enhancing
spatial uniformity can improve the discriminative power of
features. Despite their efficacy, existing uniformity-based
features often overlook robustness against geometric and
photometric variations. To address this gap, Jianbai Yu and
colleagues explored the resistance to transformations that
maintain spatial uniformity, leading to the development of a
concept called Pairwise Transform Invariance (PTI). They
introduced an approach known as PRICoLBP (Pairwise
Rotation Invariant Co-Occurrence Local Binary Pattern),
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which integrates these novel features with rotationally
invariant binary patterns to enhance robustness [10]. Local
binary patterns (LBP) are recognized as potent descriptors for
texture classification, but traditional LBP and its variants
sometimes struggle with limited performance under restricted
rotational angles. To mitigate this, Kiqiu Kwa and team
developed a new local texture descriptor based on principal
curvatures, called PCLBP. This descriptor combines the
strengths of LBP with principal curvatures (PC) at the texture
surface to improve robustness, employing a multi-resolution
approach and a cross-scale encoding strategy to adjust three
proportional parameters. The simplified PCLBP method is
highly discriminative, invariant to changes in illumination
and rotation, and offers computational simplicity [11]. Given
that variations in illumination and rotation significantly affect
the accuracy of texture image classification, Wei Wang and
colleagues have proposed a new descriptor named Geometric
Completed Local Binary Pattern (GCLBP). Drawing on the
principles of continuous rotation invariance and illumination
robustness from geometric curvature information, this
descriptor uses principal curvatures (PC) computed for all
pixels to represent the magnitude of image gradients,
primarily substituting the primary gradient information in
CLBP [12]. Traditional LBP descriptors, while widely used
in texture analysis, are sometimes limited in capturing fully
discriminative information as they rely solely on the sign bit
differences within a local region. To enhance LBP’s
performance, Jiebin Pan and his team developed a novel
texture classification descriptor called feature-based local
binary pattern (FbLBP). In FbLBP, the difference vector is
divided into sign and magnitude components; the sign
describes the local binary pattern, while the magnitude is
characterized by mean and variance features. This method is
less sensitive to illumination changes and uses a local
adaptive threshold to convert these features into binary codes,
making it highly efficient and parameter-free for application
across various databases [13]. The KNN classifier was
employed for feature classification based on the distribution
of extracted features. The proposed mapping methods were
tested on an enhanced local binary pattern (ELBP) variant.
The developed ELBP showed higher accuracy than
traditional ELBP and other advanced local binary patterns.
Moreover, the proposed mapping approaches improve the
rotational robustness of local binary patterns, especially for
larger neighborhoods. In terms of computational complexity,
the new ELBP provides fewer features, significantly
enhancing processing speed [14]. Rakesh Mehta et al.
introduced a highly efficient and rotationally robust texture
descriptor called Dominant Rotation Local Binary Pattern
(DRLBP). This descriptor achieves rotation invariance by
computing it based on a reference within a local region,
ensuring simplicity. This reference allows quick computation
of local binary patterns while maintaining comprehensive
structural information. The proposed method not only
preserves the complete structural information of local binary
patterns but also stores additional value-based information,
increasing discriminative power. Feature selection involves
learning common patterns from training images and filtering
out redundant, non-informative features [15]. Effective
texture image identification leverages multiple visual cues
from the image appearance. Local Binary Pattern (LBP) and
its variants have been successful in texture description.
However, due to LBP features being discrete indicators of
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patterns rather than numerical values, integrating them with
other distinctive features into a unified descriptor is
challenging. To address the non-numerical nature of LBP
patterns, Jiaopeng Hong et al. propose a numerical variant
called Different Local Binary Pattern (LBPD). LBPD
measures the difference of a local binary pattern from the
mean structure of a specific region in the image. It is
straightforward, rotationally robust, and computationally
efficient. For improved performance, LBPD is combined with
other distinctive cues using a covariance matrix. The
proposed descriptor, Covariance-Local Binary Pattern
Difference (COV-LBPD), efficiently captures the intrinsic
correlations between LBPD and other features compactly.
This approach aims to enhance the robustness and
discriminative power of texture classification systems [16].
Jianhua Guo et al. proposed a comprehensive modeling of the
Local Binary Pattern (LBP) operator and developed an
enhanced framework called Completed Local Binary Pattern
(CLBP) for texture classification. A local region centered on
each pixel is indicated, and its Local Difference Sign
Magnitude Transform (LDSMT) is demonstrated. The central
pixels represent the grayscale level of the image and are
transformed into a binary code, known as CLBP C or
CLBP_Center, using a global threshold. LDSMT divides
local image differences into two complementary components:
CLBP_Sign and CLBP_Magnitude, which are proposed for
encoding. CLBP _S relates to the local binary pattern section
and retains more information about the local structure
compared to CLBP M, indicating that the simple LBP
operator can effectively extract texture features. By
combining the features CLBP_S, CLBP M, and CLBP C in
joint or composite distributions, significant improvements in
rotationally robust texture classification can be achieved. This
approach enhances the robustness of texture classification
against rotation [6]. Texture image classification is crucial in
computer vision research. To effectively capture texture
patterns, a distinctive feature such as Local Binary Pattern
(LBP) is essential. LBP is resistant to uniformity changes and
grayscale variations, and its fast computation makes it
popular in various texture analysis applications. However,
LBP is sensitive to noise. To reduce noise effects and enhance
pattern discrimination, a triple local pattern approach called
Local Ternary Pattern (LTP) has been proposed. Unlike the
binary encoding of LBP, LTP uses a ternary encoding
scheme, making it better at tolerating noise and significantly
enhancing discrimination. These advantages improve LTP's
classification accuracy. This paper thoroughly examines
feature extraction for robust local pattern recognition as an
integer decomposition problem, formulated as a generalized
version of the Bachet de Meziriac Weight Problem (BMWP).
Based on this generalization, Sheng Yang et al. proposed a
Local n-ary Pattern (LNP), specifically parameterized for
n=2, where LBP serves as a specific case. LTP is not a
specific instance of LNP. Both LBP and LTP are recognized
for their success as benchmark methods for evaluating LNP
performance. The proposed LNP significantly improves
texture classification accuracy compared to LBP and shows
considerable enhancement over LTP [17]. While LBP is
sensitive to noise and LTP partially mitigates this issue, both
methods perform similarly when dealing with corrupted
image patterns. To address this, Jianfeng Ren et al. proposed
a Noise-Resistant Local Binary Pattern (NRLBP) to preserve
local structures in noisy images. Small pixels, vulnerable to
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noise, are first encoded as an indeterminate state and then
assigned a value based on other LBP bits. Essentially, they
created an error correction mechanism to recover distorted
image patterns [18]. A local region in an image can be defined
using its central pixel and the differences with its neighboring
pixels. To effectively distinguish structures of various
textures, Nishant Srivastava et al. propose a method called
Noise-Invariant Structure Pattern (NISP), which uses the
central pixel along with local and global information of an
image. Instead of the central pixel, a computed threshold is
used to add the central pixel and the mean intensity in
calculating the local binary pattern code. For incorporating
quantitative information, binary patterns are generated by
taking thresholds related to the central pixel and local/global
contrasts. Additionally, for incorporating adjacency
information of a specific pixel, binary patterns are generated
using global mean thresholds. The proposed method is
insensitive to noise because the central pixel is not directly
used as a threshold [19]. Local Binary Pattern (LBP) is
considered one of the most efficient texture features with high
performance. However, the traditional LBP method is highly
sensitive to image noise and lacks the capability to capture
information within larger structures. To address these issues,
Li Liu and colleagues introduced a robust extension of LBP
called Median Robust Extended Local Binary Pattern
(MRELBP) for texture classification. This proposed model
differs from traditional local binary patterns by utilizing
regional medians instead of raw image intensities. A multi-
scale local binary pattern descriptor is computed by
comparing regional medians on a novel sampling pattern,
effectively capturing both fine-grained and coarse-grained
texture information [20]. Ticheng Song et al. propose a noise-
robust descriptor for texture classification using a set of Local
Contrast Patterns (LCP) through global metrics. To manage
image noise, directional and non-directional difference masks
are designed to compute three types of contrasts: directional,
non-directional, and maximum. For pixel-level feature
description, these responses are separately quantized and
encoded based on various global metrics in specific patterns.
The resulting patterns (LCPs) are collectively encoded to
form the final representation of the proposed texture model
[21]. Local Binary Pattern (LBP) is sensitive to noise and
suffers from limited range detection capabilities. Despite
significant advances, most types of LBP still exhibit
constraints related to noise sensitivity, high dimensionality,
and computational inefficiency. Addressing these issues,
Jibin Pan et al. propose an adaptive local descriptor resilient
to noise named Diamond Sampling Structure Based Local
Adaptive Binary Pattern (DLABP). The objective is to
achieve efficiency, simplicity, and speed through a structure-
based sampling approach [22].

Research in texture detection often focuses on the
challenging task of identifying materials under irregular
conditions, a scenario rarely met by algorithms. In this work,
Mircha Simpoy et al. undertake the first study to describe
identifiable texture features and materials in disarray,
utilizing a newly derived database from the surface tissue
repository. They propose a novel texture descriptor named
FV-CNN (Fisher Vector Pooling of a Convolution Neural
Network), which integrates feature vectors from a
convolutional neural network bank. FV-CNN is considered
significantly advanced in texture detection, effortlessly
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transferring across domains without the need for feature
adaptation as in fully connected layers of convolutional
neural networks. Moreover, FV-CNN can seamlessly
combine multiscale information and describe regions of
arbitrary shapes and sizes [23]. Cancer ranks among the most
perilous diseases for human health. Extensive efforts have
been made in radiology advancements and tools such as
tumor tomography or CT (computed tomography) imaging
for early cancer detection. One of the primary objectives is to
distinguish malignant cancer from benign ones. In recent
years, deep learning, particularly convolutional neural
networks, has aided medical science in cancer identification.
Deep learning algorithms invariably require large databases.
However, collecting such a vast volume of images with
pathological information, especially in medical imaging,
particularly for cancer imaging, remains challenging.
Therefore, strategies for effective learning from small
databases through deep neural network models are essential.
To advance this goal, Shou Zhang et al. investigate two deep
neural network models with a substantial focus on expanding
training samples from two proven pathological small
databases for distinguishing malignant from benign cancers
[24]. Designing texture features with high discriminative
power and robustness under various conditions poses a
significant computer vision challenge with numerous
applications, including material recognition and analysis of
satellite or aerial images. Historically, most texture
description approaches relied on dense statistical
distributions and local features. However, recent approaches
for texture detection and classification in remote sensing
images predominantly utilize convolutional neural networks
(CNNs). The practical operation during the training of these
CNN models involves using RGB channels as inputs, trained
on extensive labeled datasets. In this paper, Rao Mohammad
Anwar et al. present TEX-Net, a convolutional neural
network model with localized binary pattern encoding. TEX-
Net is trained using encoded images to map textures based on
learned local binary pattern information. Additionally, they
propose two deep architectures, initial and final fusion, for
texture and color information integration. Their combined
approach leads to improved classification of remote sensing
images [25]. Reference [25-26] used signal processing
techniques to improve the classification and finally, reference
[27] used the CNNS for controlling applications. Recent
advancements in deep learning involve analyzing CNN
inference processes. [28] examined feature extraction in
CNNs using principal eigenfeatures and logistic regression
probes, providing insights into model interpretability. In
medical imaging, [29] developed a multi-channel, multi-scale
CNN for detecting cerebral microbleeds in MR images,
demonstrating superior performance over conventional
methods. Nonlinear feature extraction techniques have also
gained attention. [30] utilized Dual-Tree Complex Wavelet
Transform  (DTCWT) subimages for  brain  MRI
classification, improving disease diagnosis accuracy.
Similarly, [27] proposed a hybrid Radial Basis Function
(RBF) network with nonlinear ECG features to enhance
sudden cardiac death prediction. The objective of this
research is to implement a method based on the combination
of enhanced local binary pattern and deep neural networks for
classifying texture images. Despite its simplicity, local binary
pattern exhibits computational complexity due to the
increased local patterns, thus suggesting the need for
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improved local patterns that are also highly sensitive to
ambiguous and noisy images. Considering that both enhanced
local binary pattern and deep neural networks are essential
tools for feature extraction, the aim of this research is to
integrate enhanced local binary pattern with deep neural
networks to enhance classification accuracy in texture
classification tasks. There exists the possibility that simple
networks can achieve better results through various sets of
outcomes for texture classification. Instead of focusing on
designing complex networks, it is felt that designing simple
and efficient networks is crucial for challenges such as
accuracy and speed. Therefore, exploring effective utilization
of enhanced local binary pattern computations with deep
learning architectures is also highly noteworthy.

2. PROBLEM STATEMENT
2.1. Introduction

In this section, we will first provide an overview of the
software used to implement the necessary experiments on the
proposed method. Next, we will describe the enhanced local
binary pattern algorithm. Following this, a schematic of the
proposed method will be presented. The aim of this section is
to introduce the proposed method along with its detailed
explanation.

2.2. Concept of the Proposed Method

The main idea of this model is based on the improved
performance of the enhanced local binary pattern (LBP)
algorithm and deep neural networks in feature extraction from
texture images. Each of these methods extracts the desired
features from texture images and connects each other. Unlike
other images, texture images often cannot be processed as
grayscale levels due to their complexity and significant
brightness variations. Moreover, most preprocessing methods
are not applicable to textures and may result in the loss of the
original texture data. The texture of any object is a collection
of image points that form a pattern with either repetitive or
non-repetitive structures. The two main issues related to
texture images are texture classification and segmentation.
Texture classification plays a crucial role in several fields.
The most important part of texture processing is feature
extraction, for which various methods exist. The local binary
pattern (LBP) and its enhanced form are used in both texture
detection and classification. In LBP, a non-parametric
method, the number of neighboring points (P) and the
neighborhood radius R must be specified. The number of
extracted features in this method is 2P. One problem with LBP
methods is their sensitivity to image scaling; methods have
been developed to address this, making them insensitive to
the rotation and scaling of texture images. Additionally,
convolutional neural networks (CNNs) are among the leaders
in image processing. In the next section, it will be
demonstrated that the combination of the enhanced local
binary pattern and convolutional neural networks has been
effectively implemented.

2.3. Selection of Programming Language for Model
Implementation

After extensive studies on the methods described in the
previous sections, it is necessary to implement each method
using a programming language and then test it with
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appropriate data. The proposed method has been
implemented using the Python programming language within
the Jupyter Notebook environment. Python (Python -
Machine Learning Developer Completed Local Binary
Pattern) is a simple and efficient programming language that
offers numerous frameworks for machine learning. It is a
high-level language that, despite its simplicity, provides a
wide range of capabilities to machine learning specialists,
enabling them to easily implement their objectives. The
computer system used for the implementation of the proposed
model is detailed below in Table 1.

2.4. Introduction to the Completed Local Binary Pattern

In this code, we use the CLBP (Completed Local Binary
Pattern) method. Unlike other methods that only use the sign
of the difference in the binary pattern, CLBP utilizes both the
sign (CLBP_S) and the magnitude of this difference
(CLBP_M). Additionally, it incorporates the information
from the central pixel (CLBP_C). By combining these three
types of information, this method achieves a high
classification accuracy. As mentioned, CLBP extracts three
types of LBP: CLBP_S is the same as LBPy%?, which is
generated from the sign of the comparison between the
central point and its neighbors. CLBP_M represents the
magnitude of the difference between the center and its
neighbors. If this magnitude is greater than or equal to a
certain threshold—the mean of neighborhood—it is coded as
1; otherwise, it is coded as 0 for CLBP_M. CLBP_C is derived
from the central points; if this point is greater than or equal to
the overall image mean, it is coded as 1; otherwise, it is coded
as 0. Numerous combinations of these three histograms are
produced, the most well-known being CLBP_S/M and
CLBP_S/M/C. In this code, we have considered all
combinations. The overall implementation of CLBP is based
on Fig. 1. Previous sections have provided explanations
regarding the operation of Fig. 1.

3. PROPOSED METHOD

This model is divided into two parts. In the first part, the
image is input into the convolutional network. The
convolutional layer is applied to create a feature map. A max
pooling layer is then applied to the generated feature maps,
and this process is repeated two more times to ensure the
network is well-trained and produces diverse feature maps. In
the second part, the image is input into the Completed Local
Binary Pattern (CLBP) algorithm, and the output is fed into a
convolutional neural network with lesser depth to effectively
extract the desired features. The features from the
aforementioned two parallel parts are then separately
flattened using a Flatten function, allowing them to be
combined. This property of deep neural networks and CLBP
enables the integration of these two tools by flattening their
generated feature maps. The combined vector is then fed into
a fully connected artificial neural network.

The features are processed through the network, and the
final fully connected layer begins to prioritize and vote on the
classes we are targeting. Training is conducted through
backpropagation over multiple epochs until a well-defined
neural network with trained weights and desired features is
obtained. This process continues until the best accuracy is
achieved, as predetermined by the epochs set for the model.
The classification accuracy is then displayed using the test
data. The proposed model is a unique approach that
effectively combines the Completed Local Binary Pattern
(CLBP) and deep neural networks, yielding acceptable
results. The schematic of the proposed model is presented in
Fig. 2. In this model, the features extracted by the
Concatenate Local Binary Pattern (LBP) and convolutional
neural networks are used for texture image classification. The
features of the proposed method in this paper include:

1. High accuracy
2. Image brightness sensitivity
3. Insensitivity to brightness variations
4. Image noise sensitivity
5. Relatively good speed
3.1. Calculation of Accuracy of Classification

To classify images, half of them are designated for
training purposes, while the other half constitutes the testing
dataset. The criterion for comparing each method against
another is the accuracy of their classification. Even though
more test images are correctly classified, the accuracy and
performance of the evaluated method are further investigated.
To assess the accuracy of method performances in tissue
classification, the ratio of correctly classified images to the
total number of test images, either or the test data, is utilized.
This ratio percentage indicates the classification accuracy of
the method employed. This value is employed in experiments
to compare each method with others. Eq. (4-1) represents the
method for calculating the classification accuracy of tissues
in each method [14].

Accuracy = S/t *» 100 H

In this formula, S represents the number of images
correctly classified, and T represents the total number of test
images or the number of test data.

Table 1: Specifications of the System used.

CPU Intel Core i5 7th Gen
hard disk 500 GB
Memory 4GB

Windows
Jupyter notebook-python

operation system
The used software

CLBP §

Local
Difference [~>1 LDSMT
Original M CLBP M
Tmage
Cenfer Gray
Lovel >»| CIBPC

CLBP
CLBP Map M@ Classifier

Fig. 1: Operation of CLBP [14].
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Fig. 2: Schematic of the proposed model.

4. RESULTS AND ANALYSIS 4.2. Introduction of the Database Used

4.1. Introduction After selecting the simulator and presenting the proposed
method, each method is tested with appropriate data. In this
paper, images from the Outex and CUReT databases are used
for experimentation. The features of these databases will be
discussed further. It is worth noting that in most of the
reviewed literature on the subject under study, these
databases have been used for testing and evaluating proposed

In this section, we first examine the specifications of the
databases used for conducting necessary experiments on the
proposed methods. Subsequently, the outputs obtained from
these experiments are presented in the form of tables. Finally,
we will discuss each of the tables and the obtained results.
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methods. Therefore, it can be concluded that the outputs
obtained from the analyzed data can be considered reliable.

4.2.1. Outex database

It provides a framework for empirical evaluation of
texture classification algorithms. This image database
includes a large collection of textures, both surface textures
and natural scenes. The surface textures exhibit specific
variations in terms of lighting, rotation, and spatial resolution
for a given reference. Reliable manual classification of
natural scenes is incorporated into the ground truth data. Each
database selects 24 different classes of homogeneous
textures, each with a size of 128 x 128 pixels. Due to its
extensive variety of textures, this database poses significant
challenges. The Outex images were initially analyzed by
Ojala et al. (2002) using a subset of texture features. The
experiments in this section were conducted on the TC10 and
TC12 databases from the Outex database bank. These two
groups include 24 classes of different textures under three
different lighting conditions: horizontal, t184, and inca, and at
9 orientations (0, 5, 10, 15, 30, 45, 60, 75, and 90 degrees).
For each class under each condition, there are 20 samples of
128x128 pixels. The detailed descriptions of these two
databases are as follows.

e TC10 database

The TC10 database utilizes inca lighting conditions.
Images at zero degrees from each class are used for training
in the classification task. Images at eight other angles are
employed as test data. This database contains a total of 480
models (20*8*24) for training and 3840 valid samples
(20*8*24), summing up to 4320 images.

e TC12 database

In this type of database, classification is trained with
similar data as TC10, and it is tested with samples under t184
or horizon lighting conditions.

A selection of images from the Outex database is
presented in Fig. 3 as sample images of the Outex database.

Fig. 3: Sample images of the Outex database.
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4.2.2. The CUReT database

This database was created by researchers from Columbia
University and Utrecht University, comprising 61 texture
samples from various materials, each containing 92 images.
Each image measures 200 x 200 pixels and was captured
under controlled laboratory conditions at Columbia
University. Unlike the Outex database, the images in CUReT
are unlabeled. In the proposed method, half of the 5612
images available in this database are used for training, and the
other half for testing. Similarly, for ease of work in the Outex
database, half of the data is allocated to training and the other
half to testing.

From the images of the CUREeT database, a selection has
been made, as depicted in Fig. 4: Sample Images of the
CUReT Database. The specifications of the desired databases
are summarized briefly in Table 2.

The aim of the proposed method is to enhance the
classification robustness against rotations, lighting variations,
and scale changes. Therefore, the proposed method needs to
be tested on images with different rotations, scales, and
lighting conditions. These two well-known databases serve as
suitable benchmarks to evaluate the proposed method.

4.3. Training Specifications

In this section, the parameter specifications during
training will be presented. The number of epochs for running
the proposed model is set to 25, which seems appropriate for
training the model effectively. The batch size, which
corresponds to the number of images sent for training, is set
to 12, meaning each training batch contains 12 images. The
L2 regularization method is used ideally to adjust the weights.
EarlyStopping technique is employed to prevent overfitting
during the model execution. The Adam optimization method
is utilized throughout the training process. The primary
metric for evaluation, indicating correctness or incorrectness,
is the accuracy. Additionally, the shuffle parameter during
training is set to true, ensuring that sufficient information
about the training progress is provided to the network
architecture.

Fig. 4: Sample images of the CUReT database.
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Table 2: Specifications of the Outex and CUReT databases.

Database Dimensions Number of  Number of Including Number of Number of Characteristics
Name of Image Classes Samples per Training/Test Training Test Samples
Class segmentation Samples per Class
per Class
Outex- 128x128 24 20 Yes 20 20 Images with inca lighting and
TC10 0-degree angle for training
Outex- 128x128 24 20 Yes 20 20 Images with inca lighting and
TC12 0-degree angle for training.
With two conditions t184 and
horizon
CUReT 200x200 61 92 No 46 46 Varied lighting conditions,

small rotations, shadows, and
angle changes in image
acquisition

4.4. Experimental Results

In this section, the proposed method is experimented
with the specified databases described earlier. The outputs of
these experiments are numerical values representing the
classification accuracy of each method under different
conditions, expressed as percentages. Essentially, this value
indicates the ratio of correctly classified images to the total
number of images tested or the testing data.

4.5. Drawing Conclusions from Experimental Results

The results are presented in the form of tables. Each table
column is divided into three sections: classification, radius,
and different numbers of neighboring pixels are considered in
each section. Table 3, which corresponds to the Outex
database, considers a radius of one and eight neighboring
pixels in the first section, a radius of two and sixteen
neighboring pixels in the second section, and a radius of three
and twenty-four neighboring pixels in the third section.
Experiments in each section were conducted with different
radius and neighboring pixel configurations for each
database. As described in the TC12 database section, this
database contains images under two illuminations: t184 and
horizon. Experiments were conducted separately on each of
these illuminations, and the results are listed in two columns
labeled t (t184) and h (horizon). Therefore, in each section, the
first column displays the results of experiments on the TC10
database, and the second and third columns show the results
of experiments on the TC12 database under t184 and horizon
illuminations. Subsequently, the average of these three
columns is provided in the fourth column of each section.

In Table 4, which pertains to the CUReT database,
similar to the Outex database table, a radius of one and eight
neighboring pixels is considered in the first section, a radius
of two and sixteen neighboring pixels in the second section,
and a radius of three and twenty-four neighboring pixels in
the third section. Experiments in each section were conducted
with different radius and neighboring pixel configurations on
the database. The average of the three columns is shown in
the fourth column. The proposed model combining
CLBP_S/M/C+CNN, as well as  combinations
CLBP_S/M+CNN and CLBP_S_M/C+CNN, achieved good
classification accuracy and performed well under various

101

conditions. Next, we compare the proposed method with
previous methods. In all previous methods, the highest
accuracy values were obtained using these operators, namely
CLBP_S/M/C, CLBP_S/M, and CLBP_S_M/C, and the results
obtained were not unexpected. Combining these operators
with deep neural networks yielded the best performance.

4.6. Results of Comparing the Proposed Method with
Previous Methods

The proposed model has significantly improved
classification accuracy compared to all previous methods.
The enhanced separability power is attributed to the
utilization of combined features of local binary pattern (LBP)
patterns and the desired neural network. The classification
accuracy of the proposed model has notably increased
compared to all past methods, which mainly rely on single-
feature extraction methods. One distinctive aspect of this
model is its utilization of a deep neural network,
distinguishing it from previous models. While convolutional
neural networks (CNNs) have also been employed for texture
classification, the dataset used differs from those in this study,
resulting in relatively lower accuracies. To ensure fairness,
Table 5 was used for an impartial comparison.

Fig. 5 displays a chart created from Tables 4 to 5. The y-
axis of the chart represents previous methods and the
proposed model, while the X-axis depicts classification
accuracy. Different colors are used to represent the utilized
datasets. Clearly, it can be observed that the first category,
indicating the proposed method, has achieved higher
performance and accuracy in classification under various
conditions.

4.7. Results of Experiments on Other Metrics

In Fig. 6, one of the experiment results is graphically
presented using the Matplotlib library, illustrating the
accuracy and loss of training and test data. The x-axis in each
of the four images represents the epoch parameter,
consistently set to 25, as observed in the figure. The y-axis
displays the accuracy and loss rates. From Fig. 6, it can be
concluded that the model has significantly converged,
demonstrating notable accuracy and loss rates.
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Table 3: Classification rates (%) in the Outex dataset.

(P.R)=(8,1) (P.R)=(16,2) (P.R)=(24,3)
TC10 TC12 AVG TC10 TC12 AVG TC10 TC12 AVG
t h t h t h
CLBP_S+CNN 87.93 79.08 81.35 82.78 88.10 81.41 83.71 84.40 90.54 80.24 81.42 84.06
CLBP_M+CNN 83.64 64.48 68.12 72.08 89.41 86.73 85.91 87.35 91.22 81.02 80.71 84.31
CLBP_M/C+CNN 93.04 85.77 89.92 89.57 97.22 97.22 91.46 94.19 97.84 92.05 94.95 94.94
CLBP_S_M/C+CNN 99.25 93.68 94.21 95.71 99.25 94.27 96.61 96.71 99.71 97.20 96.82 97.91
CLBP_S/M+CNN 99.67 98.20 97.77 98.54 99.75 91.30 93.47 94.84 98.77 97.48 97.09 97.78
CLBP_S/M/C+CNN 99.86 98.61 98.24 98.90 99.80 98.66 98.97 99.14 98.75 98.78 98.03 98.52
Table 4: Classification rates (%) of the model on the
CUReT dataset. o
(P.R)= (P.R)= (P.R)= o \ Foh i s e e w1 |
@38,1) 16,2) (24,3 80 i ([ | | ::
CUReT CUReT CUReT AVG ;g | ‘ '\ ' ‘ ‘
| | ] | (
| | |
50 ] | |
CLBP_S+CNN 87.32 94.01 95.20 92.17 ol || i ‘ ol ’i Ry Ii
CLBP_M+CNN 82.63 91.37 93.81 89.27 . ‘ 10| {1 |
CLBP M/C+CNN  95.71 96.84 97.12 96.55 o Il 1 I 0 |l ‘ I\
0
CLBP_S M/C+C 96.57 97.06 97.40 96.55
~ SIS PIISEF IS IS
& & & &
CLBP_S/M+CNN  97.84 98.76 98.81 98.47 Qﬁ
CLBP_S/M/C+C 99.07 98.93 99.11 99.03 mTC10 WTC12"t" WTC12*h" = CUReT €

NN

Table 5: Comparison of similar methods with the proposed

method.
Method Database Mean of
Name =310 TC127¢  TCI12”h”  CUReT  Aceuracy

1 CLBP [6] 99.14 95.18 95.55 97.39 96.81

2 Yang [8] - 97.08 95.99 - 96.53

3 SLGP [9] 97.79 84.17 83.82 94.83 90.15

4 PRICoLBP 94.48 92.75 92.50 - 93.24
[10]

5 PCLBP 99.61 97.52 96.16 95.34 97.15
[11]

6 NRLBP 93.44 86.13 87.38 83.08 87.50
[18]

7 NISP [19] 99.19 96.97 96.93 95.81 97.22

LNP [15] 94.97 80.93 83.77 91.25 87.73

9 LCP[21]  98.65 96.18 97.34 95.49 96.91

10 GCLBP 99.48 98.26 98.87 97.56 98.54
[17]

11 FbLBP [13] 99.87 97.38 96.60 97.86 97.92

12 EMCLBP 99.61 96.37 95.32 95.17 96.61
[14]

13 DRLB P 99.19 97.15 95.37 90.77 95.62
[20]

14 COV- 98.78 95.72 97.62 - 97.37

LBPD [16]
15 Proposed 99.86 98.78 98.91 99.11 99.16
Method
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Fig. 5: Comparison chart of accuracy between the proposed
model and previous models.

In all articles, other metrics are examined for evaluating
the model, with the most important ones being precision,
recall, and f1-score. The maximum value for these metrics is
1, and the minimum value is 0. This paper also utilizes these
metrics to evaluate the proposed model. Table 6 illustrates
that the model was able to classify 24 classes with acceptable
accuracy. The fourth column labeled “support” indicates the
number of images sent for each class in the experiment, which
follows a numerical algorithm but does not significantly
differ among the classes.

5. CONCLUSION

The local binary pattern (LBP) model is a
straightforward approach. This method generates local binary
codes from image textures and utilizes their histograms for
texture classification. While simple, this approach exhibits
limited robustness against noise and imposes a high
implementation complexity due to the large number of
possible states it produces. Therefore, an improved local
binary pattern (LBP) model has been proposed in this study,
which uses a uniformity measure to significantly reduce the
complexity of the original LBP pattern. Additionally, it
appears that combining the improved LBP pattern with deep
neural networks enhances classification accuracy according
to the proposed model, making the process simpler. This
research introduces a novel architecture for texture image



B. Abbasi et al.

Journal of Applied Research in Electrical Engineering, Vol. 4, No. 1, pp. 94-105, 2025

Table 6: Accuracy in metrics of precision, recall, and f1-

score.
Precision Recall F1- Support
Score
0 1.00 1.00 1.00 80
1 1.00 1.00 1.00 80
2 1.00 1.00 1.00 89
3 0.99 1.00 0.99 94
4 1.00 1.00 1.00 82
5 1.00 1.00 1.00 98
6 1.00 1.00 1.00 90
7 1.00 1.00 1.00 85
8 1.00 1.00 1.00 83
9 1.00 1.00 1.00 98
10 1.00 1.00 1.00 95
11 1.00 1.00 1.00 78
12 1.00 1.00 1.00 81
13 1.00 1.00 1.00 91
14 1.00 0.99 0.99 84
15 1.00 1.00 1.00 84
16 1.00 1.00 1.00 86
17 1.00 1.00 1.00 89
18 1.00 1.00 1.00 84
19 0.98 1.00 0.99 97
20 1.00 1.00 1.00 83
21 1.00 1.00 1.00 84
22 1.00 1.00 1.00 79
23 1.00 0.97 0.99 79
Accuracy 1.00 2073
Macro Avg. 1.00 1.00 1.00 2073
Weighted 1.00 1.00 1.00 2073
Avg.
e el f—
0% asavl \ \/\
Z: - ||
e uss; f ~‘
09‘ ’

Train Accuracy Test Accuracy
[} H 0 15 A 5 [} 5 0 5 E] 5

Train Loss. \ Test Loss

[] s [ 13 X 3 ] 5 0 5 n 5

Fig. 6: Graphical representation of accuracy and loss of
training and test data.

classification using the enhanced local binary pattern (LBP)
model and deep neural networks. The proposed model was
evaluated on the Outex and CUReT databases using various
improved local binary pattern (LBP) methods, and its best
results were reported and compared with previous
approaches. The proposed model demonstrates a superiority
of 1% to 10% in classification accuracy compared to previous
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models. Considering the types of databases used for
implementing this model, it can be concluded that the
introduced model may yield similar results on other texture
image databases. Moreover, the deep neural network utilized
for this task was unique in its own right and differed from
other well-known networks. In this model, both the deep
neural network and the enhanced local binary pattern (LBP)
method focused on feature extraction, and the extracted
features were subsequently connected.
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Abstract: This paper addresses the integration challenges faced by photovoltaic (PV) systems operating in fragmented
and weak grid environments, emphasising the need for controllable PV systems that offer stable and intelligent services
such as fault boarding and active power compensation to ensure high efficiency and reliability. The study introduces
the development of multifunctional PV inverters designed to mitigate reactive and harmonic faults during operation
and proposes a low-voltage ride-through (LVRT) control strategy using instantaneous power theory for a grid-
connected large-scale PV converter. This control strategy calculates the relationship between the actual measured
voltage and current, determining instantaneous active and reactive component values, and generates an inverter-
switching pulse signal based on the corresponding designed reference current values, resulting in a better dynamic
response when the phase voltage decreases. Simulation methods demonstrate the performance of this approach in an
actual stage involving a large-scale practical PV system scenario, and the case studies validate its significance and
flexibility in revealing advanced features of PV systems. The proposed solar power control strategy can be standardised
in commercial PV inverters, facilitating the online use of different operating modes and enhancing the integration and
reliability of PV systems in weak grid environments.
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structures that emphasise trade-offs between power and

1. INTRODUCTION energy. The proliferation of photovoltaic (PV) systems,

Power generation through non-conventional resources is characterised by their unpredictable and intermittent nature,
comparatively better than conventional power generation poses a major challenge in maintaining grid stability,
because they are environmentally friendly, not destructive, especially during fault conditions [3]. Grid stability and
cost-effective, re-useable, durable and safe. Nowadays, supply security will always be essential factors in the power
traditional fossil fuels are rapidly decreasing, and future distribution system. It is important that facilities affected by
development needs to focus on the control and conservation power outages have monitoring capabilities and safeguards
of energy besides expanding new energy resources and in place.

extensive application of renewable energy to the power
industry. Economic growth is based on this emerging energy
landscape. The current demand for energy management
strategy is increasing renewable energy sources and
distributed generators [1]. As a result, ensuring or improving
the reliability of electricity supply and the quality of the
power grid becomes an important responsibility [2].
Furthermore, these developments bring new governance

Historically, conventional power plants have largely
met this demand [4]. However, the importance of renewable
energy sources in the total electricity generation mix has
increased significantly. It is now essential that renewable
resources also play a role in ensuring grid stability.
Transmission system operators define specific standards and
control specifications, often in the form of cellular codes,
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that power plants must follow to effectively contribute to
grid stability [5]. This paper focuses on the issues related to
grid interconnection of PV systems operating in such an
environment and presents some foundational solutions based
on two key technologies — low voltage ride-through (LVRT)
and distributed static compensator (DSTATCOM).

At a global level, a revolution is apparently taking place
in the energy matrix with the objective of replacing carbon-
based energy sources and avoiding climate change.
Renewable energy sources, especially solar energy, which
have reached the group of leading technologies about green
and clean energy, are strongly contributing to the shift
towards energy sources emitting low levels of greenhouse
gas [6]. The conversion of light (sunlight) into electric
power by yellow light is allowed by the photovoltaic system
[7]. With its multitude of benefits compared to conventional
fossil fuel-based electricity generation methods, a PV
system is an apparent leading technology in the move
toward green and clean energy solutions.

A PV system has several advantages over gas and coal-
based power generation. PV is environmentally friendly,
releasing no greenhouse gases [8]. It is also cost-effective in
the long haul since the cost of solar panels is declining
dramatically. PV systems require little maintenance and
work for decades. They are a flexible source of electricity
and can be installed in residential households with PV
panels on their roofs or in solar power farms spanning
several hundreds of square kilometres.

In just a decade, the level of PV system integration into
the grid has shot up, thanks in part to new technologies and
enhanced government policy. The targets set by many
governments all over the world for renewable energy uptake
are measured in the hundreds of gigawatts [9]; solar power
is proving to be a leading technology as India alone aims for
175 GW of renewable energy capacity by 2022.

To ease understanding of future readers sections could
be added to this classification. On this basis, the general
structure of the paper will be discussed and requirements of
each section will be presented.

1.1. Challenges in Modern Years

Solar power plants are being generated year-on-year in
India; we have also seen an increasing trend in renewables.
India can become more self-dependent by using renewable
energy. Solar systems are widely used because of the falling
prices of PV. Currently, many industries use their PV array
installations only for active power generation rather than for
other potential applications such as grid harmonic
elimination or support [10]. The efficiencies of PV systems
are increasing every day, which brings serious challenges to
the stable operation of the grid due to their random and
intermittent  characteristics, especially under fault
conditions. Generating electricity through solar energy is
considered socially beneficial and economically viable for
some applications. Grid stability and supply security are two
critical aspects of a power supply system [11]. Power plants
must have control capabilities and safety mechanisms to
prevent power outages [12]. Because of that, maintaining or
improving the power supply's reliability and the power grid's
quality is a major responsibility. Furthermore, grids give rise
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to new governance structures where energy and power
trading become more important.

Solar power plants comprise solar PV Modules, grid-
connected inverters and transformers. Keeping this in mind,
as more power plants are being established, there seems to
be a high demand for inverters, as the objective is to reach
175 GW by 2020 and 500 GW by 2025 [13]. India, which is
one of the fastest-advancing developing countries, is
definitely moving forward and towards a large-scale
addition of renewables by 2030. As a result of the high
availability of renewable energy systems in individuals’
homes and businesses, the necessity increases to secure grid
stability. The topic of grid stability is one of the essential
themes of the power supply system. When demand for
power is high, the power system cannot provide all of the
required power supply systems. As for electric engines in
cars to boilers for cooking in homes, when the power plant
may be a region away, and the steel conducted-voltage-cable
is more than 200 kV, power losses can become very high,
rendering the system not economical for consumers [14].

In order to avoid power outages by keeping supply
currents constant, power plants need the ability to have
control mechanisms and protection against grid faults, etc.
In the past, these requirements were fulfilled only by
conventional power plants, which gives us an idea of where
these plant systems operate [15]. However, in recent years,
the share of renewable energy sources in gross electricity
generation has grown so large that these sources, too, must
provide support for grid stability [16]. Therefore, the grid
operating authority, the transmission system operators, has
declared certain critical values and control characteristics for
these generating plants by so-called grid codes. One of the
important requirements of these control characteristics is the
so-called LVRT capability of the generating plants. But
what does that mean, LVRT capability? LVRT is the term
described as the generating plants required to be operational
for short periods of low-grid voltage that do not need
disconnection from the grid. A short-term voltage dip may
occur, for example, when large (household, business) loads
are turned on or due to misconducts in the grid, e.g., lighting
strikes, circuit short-circuits, etc.

An extension of the above analysis is to compare the
performance of the system under test with how it operates
without the introduction of LVRT and DSTATCOM
integrators. Such an analysis would help elucidate how these
proposed integrators affect the way the system performs
overall [17]. Below is a comparison of key performance
metrics between the system under test and the test system
(proposed system) before any integration takes place.

1.1.1. Stability of grid

Compared to a system without these technologies
(LVRT, DSTATCOM), the system shows that these
technologies offer a more stable grid area. Overall, voltage
fluctuations, deviations, and instability are reduced, which,
in return, offers more control and reliability for grid
operation.

1.1.2. Improved fault ride-through capability (FRTC)

The system incorporating LVRT features improved
fault-ride-through capability. This essentially means that the



N. K. Bind et al.

Journal of Applied Research in Electrical Engineering, Vol. 4, No. 1, pp. 106-121, 2025

system can tolerate voltage dips and sags and recover from
them easily [18]. This improves the quality of the power
provided to the loads on the output against a transient fault
in the grid if one occurs.

1.1.3. Power quality

Introducing DSTATCOM into the power system can
largely improve the power quality index. DSTATCOM can
reduce the THD value to a more reasonable range, ensuring
the stability of the overall system. If DSTATCOM is not
supplied, the THD value is higher, and reactive power
compensation is not accurate enough, which means that the
power quality is reduced and the equipment is damaged.

1.1.4. Voltage regulation

The presence of DSTATCOM on the system enhances
voltage regulation features, which keep the voltage within
acceptable limits even in varying load conditions [19].
However, the performance might be unstable without the
presence of DSTATCOM, which will lead -either to
fluctuations of voltage or even instability of the system, or
possibly worse. Such instability, in turn, leads to the
worsening of the equipment, thereby operating in such
systems.

1.1.5. System efficiency

LVRT and DSTATCOM technologies increase the
overall efficiency of the system by helping to mitigate
power flow, reduce losses, and enhance system voltage
stability. Without these technologies, the system's efficiency
would be compromised, and more energy losses would
occur as the grid is disturbed [20].

1.1.6. Reliability

Since LVRT and DSTATCOM technologies
complement each other, enabling them to share information,
the plug-and-play system further improves system reliability
by providing active fault detection and damage mitigation.
This results in an enhanced system’s capability of
withstanding grid disturbance and enhanced grid resilience.

Table 1 presents a comparative analysis of key
performance metrics between systems with and without the
integration of Low Voltage Ride-Through (LVRT) and
DSTATCOM technologies. The metrics include grid
stability, fault ride-through capability, power quality (THD),
reactive power control, voltage regulation, system
efficiency, and reliability [21]. The data shows significant
improvements in all metrics with the integration of LVRT
and DSTATCOM, demonstrating their importance for
enhancing grid stability and power quality.

While it is noticeable that integrating LVRT and
DSTATCOM technologies would be greatly helpful in
relieving the condition of the power grid and helping with
power station construction, it can be time-constrained for
physical construction projects while maintaining high
energy efficiency to ensure power security.

1.2. Objective

The main objectives of this research are:

Table 1: Comparative analysis of system performance with
and without the integration of LVRT and DSTATCOM.
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Performance With LVRT and Without
Metrics DSTATCOM Integration
Integration
Grid Stability Improved Less Stable
Fault Ride- Enhanced Limited
Through Capability

Power Quality Reduced Higher Levels
(THD)

Reactive Power Improved Limited
Control Compensation
Voltage Enhanced Fluctuations

Regulation
System Increased Potential Losses
Efficiency
Reliability Higher Lower
i To provide a comprehensive understanding of

the challenges in integrating high-penetration
PV systems into the grid.

il. Explore the potential benefits and roles of
multifunctional inverters, LVRT capability and
DSTATCOM in addressing these challenges.

ii. To study various advanced power control
techniques, including maximum power point
tracking (MPPT), reactive power control,
voltage regulation and harmonic compensation
and their impact on PV system integration.

To discuss recent advances in these control
techniques and to identify future research
directions for further progress in the
integration of advanced power control
techniques for high-penetration PV systems.

iv.

The integration of high-transmittance PV systems has
attracted significant attention due to the increasing demand
for clean and renewable energy sources. However, the
challenges associated with solar power, interruption of grid
stability and power quality require the development of
advanced power control technologies. This research paper
focuses on the integration of multifunctional inverters [5],
LVRT capability and DSTATCOM as key components for
improving the efficiency of high-penetration PV systems.

LVRT is derived from low-voltage ride-through, which
describes how generating plants should continue to operate
during short periods of low voltage and not be disconnected
from the grid. Low voltage ride-through (LVRT) capability
is important in solar systems for several reasons. When a
solar system is connected to the grid, it must withstand and
overcome voltage changes and disturbances on the grid. The
LVRT capability ensures stable and reliable operation of the
Solar System during such events. LVRT capability is
essential for solar systems for grid stability, regulatory
compliance, accommodating renewable energy penetration,
and providing grid support. This allows solar systems to
withstand voltage fluctuations, remain connected during grid
faults, and contribute to stable and reliable grid operation.
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On the other hand, DSTATCOM devices provide
reactive power compensation, voltage regulation and
harmonic reduction capabilities [22]. Their integration into
PV systems can provide additional control and stability
features to improve the performance of high-admittance PV
systems.

The overall simulation system of a grid-connected
multifunctional inverter integrated with a PV energy
conversion system is designed in the MATLAB Simulink
platform. Then, simulation results are presented to prove the
correctness of the adopted control system.

2. LITERATURE REVIEW

There are several works that pay attention to the
integration of solar PV with high penetration using new
technologies of multifunctional inverters, low voltage ride-
through (LVRT) capability, and distributed static
synchronous compensator (DSTATCOM) devices. This
section reviews some of these works in summary, presenting
their methodologies, results, advantages, and limitations.

Zhang et al. [1] developed a control structure for a
multifunctional inverter and DSTATCOM in distribution
networks with high-level PV penetration. The study
measured voltage support and power-quality enhancement
based on the improvements in voltage patterns. The results
showed a non-negligible enhancement of power-system
stability with excellent power-quality (PQ) performance
under large power swings, especially with more
STATCOMs attached to the grid. However, the limitation of
the technology lies in its high initial cost and the overall
complexity of the system. Wu et al. [2] suggested
enhancing the Maximum Power Point Tracking (MPPT) of
grid-connected PV systems in order to work as LVRT. The
study showed a more efficient energy uptake and a more
stable grid by reducing voltage drops and recovering from
faults. Dynamic response of the PV system was the strength,
while complexity and cost were a limitation.

Amin et al. [3] Control options of the ‘smart inverter’.
From the work of Amin et al. [3] The review of the more
advanced control techniques for multifunctional inverters
targeted the reactive (var) power compensation and the
voltage support, the former directly related to the mitigation
of voltage variations associated with PV and the second
ensuring grid stability. It was also noted that the voltage
needed in MV is approximately five times higher than at
lower voltage levels, and with voltage support, the
efficiency of the system could be notably improved.
Although both approaches were seen as robust solutions,
they were surrounded by technical barriers, and it is likely
that the support mechanisms would require additional
personal attention for maintenance issues. Lee et al. [4]
studied the combined effects of LVRT, multifunctional
inverters and DSTATCOM on grid integration and power
quality enhancement. It showed that a smart distribution
system with integration of LVRT, multifunctional inverters
and DSTATCOM could substantially and effectively
improve the power quality and grid stability. The ability to
effectively control reactive power and regulate voltage was
an advantage, but it needed a huge investment and
engineering knowledge. In 2014, Zhu et al. [5] evaluated the
transient behaviour of PV systems during grid faults and the
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contribution of LVRT capacity to grid stability. The authors
evaluated the advantages of implementing LVRT capability
to enhance fault-ride-through performance, as well as the
main limitations of advanced control algorithms and real-
time monitoring. Wang et al. [6], a novel control of
multifunctional inverter and DSTATCOM devices put
forward to position the PV system, mainly to improve the
power quality based on three case studies for grid-connected
PV power plants. As far as the reactive power and harmonic
compensation for PV inverters were concerned, the
DSTATCOM system could calculate the quantitative value
of decrease according to the harmonic and reactive power
compensation. The total value was 4.28 per cent. However,
the huge increase in system complexity and cost were the
main shortcomings. Ghosh et al. [7] evaluated advanced
power control methods, such as MPPT algorithms, LVRT
capabilities and DSTATCOM devices for high-penetration
PV systems, which informed on the necessity of a robust
and comprehensive control paradigm to accommodate grid
stability and quality of power. The adoption of a holistic
approach when dealing with the various challenges to grid
integration was certainly an advantage, but the increased
level of complexity called for when multiple advanced
control approaches are considered is a limitation. A
comparative study between different LVRT-capable PV
systems control strategies was conducted by Chen et al. [§]
to examine the efficiency of ride-through, voltage regulation
and grid support devices under different cases of transient
faults. Due to the extensive efforts being put into the
optimization and integration of such control strategies, the
research is far from being complete. Wang et al. [9] made a
predictive model for collapsing feeder states by modelling
major disruption mechanisms in grid-connected PV systems
under various operating conditions. This allowed them to
better understand PV system dynamics and interactions with
the grid. The use of advanced modelling approaches was a
huge improvement, but the approach required a large
amount of data and sophisticated modelling tools.

In order to facilitate parallel computation, Li et al. [10]
designed a smart side-channel algorithm that can speed up
power flow calculation and grid constraints at the same time,
leading to more useful investment into the grid. In the
experimental condition of the case, the grid operation
efficiency and renewable power utilization efficiency have
been improved on the basis of optimal operation of the grid.
In the operation of the grid, the power flow and grid
constraints are important considerations. In order to address
the problem associated with grid operation, considering the
comprehensive consideration of the overview of power flow
and grid constraints, the author applies the neural network to
deal with it. In contrast to the offline method, the use of
artificial intelligence in the study offers added value. The
paper shows a novel way of analysing the power flow and
grid constraints as applied in the operation of the grid. The
added value of artificial intelligence can be grasped based
on the two-step approach suggested by the author, which can
efficiently calculate the optimal solution to the problem.
Challenges that need to be addressed in practice include the

complexity of implementation. Additionally, robust
communication technologies need to be taken into
consideration.
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In their study of PV integration in smart grids and
microgrids, Alizadeh et al. [11] concluded that the
combination is highly promising. Communication and
control technologies enable the coordinated operation of the
wildly fluctuating PV production with demand management,
benefiting all involved. The energy system's flexibility and
resilience were highly advantageous, but problems with high
initial costs and the complexity of combining energy
technologies needed to be addressed.

Zhang et al. [12] demonstrated that combined power
plants utilizing high-efficiency integration of PV and energy
storage enhance energy efficiency and self-consumption
rates. Control is much more flexible, and grid stability has
also improved — certainly in comparison with the array
operating without a smart battery. Space and advanced
control algorithms are currently required, but there are a few
downsides. Space requirements still remain. What’s more,
energy storage involves complex algorithms to control
power generation and storage, integrate the energy resources
in the electrical system, and optimize dispatch for all
individual devices.

Huang et al. [13] illustrated the application of bifacial
solar panels. Energy-generating and installation geometry
were calculated and compared with layers of monofacial
panels. They had increased energy generating and
installation availability as an advantage but had increased
initial investment costs and installation restriction conditions
as a limitation. The nonlinear model and dynamic behaviour
of PV grid-connected inverters were studied, and the
transient responses and stability of PV inverters to changes
in the grid were provided.

The benefits of a better understanding of inverter
dynamics and stability were evident, while challenges found
in modelling nonlinear behaviours and the lack of adequate
data were evident. In particular, based on an optimal energy
management strategy developed by Obaid et al. [15], the
system comprising photovoltaic cells and batteries linked to
the grid achieved improved efficiency with lower operating
costs. Improved energy management was one advantage, but
integration into the grid forced them to depend on forecasts,
further increasing the need for advanced optimization
techniques, which are necessary to minimize energy costs
for a standalone system, becoming another limitation.

In their 2019 review of sun-tracking technology for
solar PV systems and its effect on energy generation,
Awasthi and colleagues [16] noted dramatic efficiency
increases, improved energy capture, and easier access to
sunlight. Mechanical complexity and maintenance
requirements were significant drawbacks, but optimizing the
orientation of the panels increased energy output.

The DSTATCOM compensation of the modified
microgrid was studied for reactive power compensation and
voltage regulation by Abdelsalam et al. [17]. The
mechanism improved the microgrid operation. Enhanced
stability and improved power quality were identified as the
key advantages. However, the challenge in its
implementation from a complexity point of view and the
requirement of a precise controller were the limitations.

Shamim et al. [18] optimized and analyzed the cost-
benefit of a grid-connected solar PV system for its
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feasibility study. At present, solar-based PV generation can
provide handsome economic benefits as well as improved
energy efficiency. Tangible information on the financial
viability of PV systems was their significant added value,
while economic inconsistency and the need for detailed
financial modelling were their drawbacks.

It is a close analysis of the work, so that afterwards, the
reader of the literature review understands how that work
fits into the existing body of knowledge into the integration
of high-penetration PV systems.

The evidence from the literature review indicates that
the studies reviewed demonstrate the methodology
employed, the results obtained, the benefits and limitations,
and, hopefully, their potential application to future work.
Unintentionally, the literature review suggests that the gap
has been filled and that future work will yield good
performance in integrating high-penetration PV.

To sum up, based on the existing literature, it can be
inferred that researchers adopt a multi-pronged approach in
addressing the challenges and opportunities presented by
integrating PV into electrical grids. Through deepening
existing control strategies, improving simulation models,
exploring synergies with new grid technologies and
leveraging the advancement of PV technology, the vision of
the energy transition to a more sustainable and stable grid
can be driven forward.

3. MATERIALS AND METHODS

Due to its potential to mitigate environmental concerns
and reduce our dependence on fossil fuels, integrating
renewable energy sources, particularly PV systems, into the
current power grid has drawn considerable interest. High-
penetration PV systems give both opportunities and
challenges for power management solutions because they
contribute significant solar energy to the grid.

To effectively manage the variability and intermittency
inherent in PV production, there is an increasing demand for
advanced power management solutions as the solar energy
sector expands. In contrast to traditional energy sources,
solar energy production is influenced by the weather, the
time of day, and seasonal changes, resulting in output
swings [23]. The reliability of the entire system, the control
of voltage, and grid stability can all be significantly
impacted by these variations. Advanced power management
strategies aim to increase the grid's capacity to react to
increased PV system penetration while sustaining stability
and maximum efficiency. This entails resolving several
significant challenges, such as:

e Grid stability: Solar energy injection at high rates can
lead to voltage swings and power imbalances in the grid.
Voltage sags, surges, and frequency variations are just a
few of the issues that might result from these
disturbances. Innovative control strategies strive to
regulate power injection in real time to ensure grid
stability.

e Smooth integration: To integrate large amounts of PV
into the grid, coordination between PV systems and other
grid components must be smooth [24]. This involves the
intelligent synchronisation of conventional power plants,
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energy storage devices, and other renewable power
sources.

e Forecasts and predictive control: To reduce the
unpredictability of PV production, precise weather
forecasts and predictive control methods are crucial.
These methods foresee variations and proactively modify
energy input using meteorological information and past
trends.

e Distributed energy management: High-penetration PV
systems frequently form a component of a larger
ecosystem of distributed energy resources (DERs),
including wind turbines, energy storage technologies,
and demand response devices [25]. To attain system
efficiency, advanced control strategies make it easier for
these resources to work together harmoniously.

e Flexibility and adaptability: Power management
solutions must be scalable to account for various PV
system penetration levels and responsive to grid
conditions. They ought to be adaptable enough to
consider changes in network topology, demand patterns,
and generation capacity.

3.1. System Methodology

A key element of PV systems is low voltage tripping
(LVT), which ensures grid stability and continuous
operation during grid failure or voltage sags. The value of
LVRT capabilities is increasingly apparent as the percentage
of solar panels integrated into the grid rises. Conventional
power plants can resist these disruptions and keep supplying
electricity to the grid in the event of a grid failure or
unexpected voltage reduction. On the other hand, PV
systems have issues because they rely on sunlight. Rapid
grid voltage drops may result in a decline in the direct
current (DC) bus voltage of the PV inverter, which may set
off a protection mechanism that disconnects the PV system
from the grid.

The LVRT technique for solar arrays intends to increase
the PV system's resistance to changes in voltage drops. Here
is the way LVRT operates with solar panels:

e Voltage sensing: If the grid voltage drops, the sensor
inside the PV system notices the change and alerts the
user.

e Voltage through control: In response, the PV system's
capacity is momentarily reduced by the inverter control
system. Due to the inverter's ability to change its
operating point to create a lower voltage, the DC bus
voltage can recover.

e Dynamic response: An advanced LVRT technique that
uses real-time data and predictive algorithms to predict
voltage variations. By actively adjusting its output, the
inverter can lessen the impact of voltage changes.

o Crid support: Some inverters for solar power can do grid
support duties in addition to LVRT. For instance,
injecting reactive electricity into the grid during low
voltage conditions aids in voltage regulation and
supports grid stability. To maintain grid dependability
and guarantee the ongoing operation of PV systems,
LVRT with solar arrays is crucial. To assure grid
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compliance with rules and regulations, regulatory
authorities frequently place LVRT requirements on solar
inverters. These specifications, which vary by location,
are made to guarantee that the solar system enhances
grid stability rather than affects it.

e Reconnection duration: The inverter gradually lowers
the power output to the prior level after the grid voltage
has stabilised and returned to a tolerable level. These
controlled connections aid in preventing jolting power
surges that could cause.

This paper develops a simulation model consisting of a
PV solar array connected to a DC-DC boost converter and a
battery storage unit. This combination allows for efficient
energy conversion and storage. This model also features a
multifunctional inverter, which is controlled by a voltage
source control (VSC). An inverter plays an essential
function in managing the flow of electricity and controlling
various aspects of a PV system.

In addition, the simulation model includes the LVRT
capability and the DSTATCOM. The LVRT ensures that the
PV system is connected to the grid and maintains stability
during voltage drops or faults. DSTATCOM provides
reactive power compensation, voltage regulation, and
harmonic reduction, contributing to improved power quality
and grid efficiency.

The simulation model integrates a phase connection
with an unknown load, which may be capacitive, inductive,
or a combination of both. This realistic load scenario allows
the evaluation of PV system performance and response
under various grid conditions [12]. The data used for model
inputs, such as solar radiation, temperature profiles, and load
demand patterns, are sourced from various sources to ensure
accuracy. Solar radiation data can be obtained from
meteorological stations, satellite data, or solar irradiance

databases. Temperature profiles are gathered from
meteorological stations, weather databases, or on-site
measurements using temperature sensors or thermal

imaging. Load demand patterns are acquired from utility
companies, smart meters, energy management systems, or
historical records, providing insights into energy usage
trends and peak demand periods. By utilising data from
these sources, simulation models can accurately represent
real-world conditions, facilitating informed decision-making
in energy system planning and optimisation.

The integrated LVRT and DSTATCOM) system
provides comprehensive solutions to grid stability and
power quality enhancement. The integrated system
guarantees improved uptime and operations over traditional
solutions by offering better grid stability through fault ride-
through (LVRT) capabilities and improved reactive power
compensation (DSTATCOM). It automatically compensates
for varying voltage dips in the network to maintain power
supply to the loads without interruption. The integrated
system is also required to adapt to variable grid conditions to
meet real-time demand for voltage compensation and
regulation. Additionally, consolidating these two theoretical
functionalities into a single system will save costs as all
functions are combined in a single device, which improves
system performance, reduces onsite installation and
maintenance, overcomes rectifier ripple and harmonics, and
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offers other cost benefits while enhancing grid stability and
power supply reliability [13]. Although the integrated LVRT
and DSTATCOM systems are advantageous, they have
numerous limitations. This system is complex to design,
expensive, and specialised, and it requires highly skilled
maintenance to be deployed or operated on a modern smart
grid. Scaling up the system is also very challenging.

3.2. System Model and Simulation

The simulation scenarios are designed to reflect
generalised cases of real-world grid conditions, such as
variations in load profiles, patterns of renewables generation
and the possibility of grid faults. Scenarios are selected to
reflect problems grid operators might have to deal with, such
as voltage excursions, power quality impacts and
insufficient capacity availability.

For example, the scenarios might anticipate high loads
over a peak-hour period or fast, sudden load changes caused
by varying industrial processes. DSTATCOM can be
introduced in these scenarios to check how it helps to keep
the voltage within limits, increases power factor correction,
and maintains the stability of the network. Moreover, the
scenarios comprised elements that are amenable to
DSTATCOM solutions and were designed to be scalable for
different grid configurations and operational settings. This
helped place the simulation results in a context that is not
only specific to the use case studied but also to other grid-
management challenges faced by utilities and grid operators.

By providing detailed explanations of the simulation
conditions and the rationale behind the scenarios being
tested, stakeholders can gain a better understanding of how
DSTATCOM technology can address real-world grid
management problems and inform decisions about its
implementation and deployment.

Table 2 provides data on how load demand varies
throughout different times of the day. It shows the increase
and decrease in load demand, reflecting typical daily load
profiles. Understanding these variations is essential for
designing control strategies that can manage these
fluctuations effectively.

The following steps can be followed to implement this
method:

PV solar array and DC-DC boost converter: Solar
panels that become interconnected to form a PV array use
sunlight to generate direct current (DC) electricity. This
panel generates a changing DC voltage level depending on
the sun's strength. The best power usage is achieved by
using a DC-DC step-up converter [15]. This electronic
component raises the low DC voltage of the PV array to a
higher level for applications such as grid connection or
battery charging.

A switching device, often a transistor, must operate at a
high frequency in a DC-DC boost converter to function.

The inductor stores energy as a magnetic field in the
"on" phase. The inductor dissipates this energy while the
switch is off, producing a higher output voltage than the
input voltage. The control circuit maintains the desired
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Table 2: Variations in load demand throughout the day.

Time Period Load Variation (MW)
Morning +10
Afternoon +20
Evening -15
Night -5

output voltage despite input fluctuations to guarantee
reliable power conversion. The enhanced DC output can be
used to input into the grid or charge the battery.

The collaboration between the solar PV array and the
DC-DC boost converter guarantees effective conversion and
usage of solar energy. This dynamic dependency greatly
aids the integration of renewable energy, resulting in a more
resilient and sustainable energy system. Develop a
mathematical model for a PV solar array, considering
factors such as solar radiation, temperature, and electrical
characteristics of the PV module. Add a DC-DC boost
converter to improve power transfer from the PV array to
the battery storage unit.

Battery Storage Unit: In photovoltaic (PV) array
systems, two key components increase efficiency and energy
management: Battery electrolyser and state of charge (SOC)
monitoring. The electrolysis battery absorbs the excess
energy produced by the PV array through the electrolysis of
water and converts it into hydrogen gas.

This stored hydrogen acts as a versatile energy source
for various applications, providing a means of storing excess
energy during sunny hours and harnessing it when solar
energy is insufficient.

Monitoring the SOC is equally important in the PV
array system. SOC reflects the current energy level of the
energy storage system as a percentage of the total capacity.
This information enables effective energy management by
providing insight into the energy available for discharge.

Fig. 1 illustrates the overall simulation setup of a PV
array integrated with a boost converter. The PV array
generates DC power, which is then stepped up to a higher
voltage level by the boost converter for efficient energy
transfer. This setup is critical for ensuring that the power
generated by the PV panels can be effectively utilised or
stored. Advanced algorithms that consider speed,
temperature, and efficiency guide load scheduling and
network interactions with SOC estimation to optimise
overall system performance.

The integration of battery electrolysis systems and SOC
monitoring in PV array systems provides a comprehensive
approach to the use of renewable energies.

It enables energy storage and efficient use and provides
real-time information for informed decision-making. This
overall synergy supports grid stability through the controlled
release of energy during periods of high demand and low
solar output, contributing to a sustainable and resilient
energy environment.

In is necessary to include a battery model specifying
charging and discharging characteristics, energy efficiency,
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and performance. To do this, we must consider factors such
as SOC and battery management system (BMS) functions.

Multifunctional Inverter with VSC Control: A
multipurpose inverter is a versatile device that controls
voltage and frequency outputs using a voltage source
controller (VSC). Thanks to this feature, it is ideal for a
range of applications, including grid integration, motor
control, and power quality enhancement. The capacity to
communicate with the grid enables participation in
innovative grid projects and electricity recovery.
Additionally, continual integration of the battery can
guarantee an uninterrupted power supply during power
outages. Microgrids, energy storage devices, and voltage
control, a crucial component of contemporary power
management, are all impacted.

The multifunctional inverter's key strength is the VSC
technology-enabled exact control of output voltage and
frequency. This management is crucial for a wide range of
applications, including effectively powering electric motors
in industrial systems, incorporating renewable energy
sources into the grid, and preserving steady power quality.

Essential equipment continues to get uninterrupted
power amid grid interruptions. Additionally, its involvement
in smart grid and microgrid initiatives enhances its
reliability and overall energy efficiency. An all-around
adaptable solution with applications in various industries is a
multifunctional inverter with VSC control.

In Fig. 2, the integration of the battery storage system
with an electrolyser and State of Charge (SOC) control is
presented to convert the excess electrical energy into
hydrogen and utilise it as a fuel source later but keep the
SOC control to ensure the battery peak charging and
discharging cycle processing in the objective of keep the
battery healthy and charging efficiency.
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A multipurpose inverter with VSC control combines
versatility and precision. It is helpful in grid integration,
motor control, and power quality improvement due to its
capacity to manage output voltage and frequency. Due to its
easy transition to battery power during power outages and
participation in microgrids and smart grids, its significance
is further increased. This inverter contributes significantly to
current power management systems by efficiently
controlling energy flows, solidifying its status as a flexible
solution with a broad range of applications.

This paper develops a model for a multifunctional
inverter incorporating VSC control techniques for voltage
regulation, reactive power control and harmonic
compensation. Control mechanisms such as drop control or
model predictive control (MPC) should be considered to
improve inverter efficiency.

Integration of LVRT and DSTATCOM: The stability and
effectiveness of the solar power grid are increased by
integrating LVRT and DSTATCOM technologies. Through
the use of LVRT, the solar inverter can maintain
connectivity even when there are voltage changes,
guaranteeing a constant power supply. DSTATCOM
technology, on the other hand, controls the reactive ability to
maintain voltage levels and enhance power quality.
Together, these solutions help to create a dependable
renewable energy system by addressing the problems caused
by intermittent solar power and grid interruptions.

Fig. 3 demonstrates the control mechanism for
managing voltage levels within the system. The VSC plays a
crucial role in regulating output voltage and frequency,
ensuring stable power delivery from the PV system to the
grid or connected loads. This control is vital for maintaining
grid stability and quality.
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The solar power grid gains from the integration of
LVRT and DSTATCOM in several ways. The LVRT
ensures uninterrupted power flow and grid stability by
preventing the solar inverter from tripping when the voltage
lowers. DSTATCOM achieves this by actively regulating
reactive power, which enhances voltage stability despite
variations in solar power. This integrated approach increases
system fault resilience, advances sustainable energy
practices, and makes it easier to integrate solar power into
the grid.

The LVRT function is integrated into the inverter model
to help the PV system discharge against grid faults and
voltage drops. Add a DSTATCOM to compensate for
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reactive power, regulate voltage, and reduce harmonic
distortion.

Fig. 4 outlines the control system for the DSTATCOM.
The DSTATCOM is used for reactive power compensation,
voltage regulation, and harmonic reduction, improving the
overall power quality and efficiency of the grid-connected
PV system.

Grid connection and unknown load: Model the grid
connection and introduce an unknown load representing
capacitive, inductive or combined behaviour. Consider
variations in load characteristics such as changes in power
factor or harmonic content to evaluate PV system
performance under different grid conditions.
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Simulation and performance analysis: Simulation
software MATLAB 2021a Simulink tools is used to simulate
the integrated PV system model. Perform various tests and
evaluations to evaluate system performance, including
power flow analysis, voltage and frequency response, power
quality index, and dynamic response during phase faults.

Optimization and control  algorithm  design:
Optimization techniques are explored to improve integrated
system performance. Control mechanisms are developed and
optimized for multifunctional inverters, LVRT and
DSTATCOM to ensure optimum power flow, voltage

stability and power quality under various operating
conditions.
Sensitivity analysis and robustness assessment:

Sensitivity analysis is performed to assess the impact of
parameters such as solar radiation variation, battery SOC
and load changes on system performance. The robustness
and flexibility of the system is evaluated considering various
operating scenarios and constraints.

An elaborate quantitative performance analysis of the
improvement achieved by the integration of DSTATCOM
and supercapacitors can be conducted by comparing the
shunt/margin values of critical performance metrics before
and after integration. THD is indicative of the quality of the
grid. It can be calculated by the following equation:

N 2
Xn-2n

THD = x 100% (1)

1

Hence, the THD can be calculated before integration,
and appropriate instruments are used to capture the degree
of distortion in the grid phasor and the harmonic distortion
of the grid voltage or current waveform. After integration, it
is desired that the THD decreases because the DSTATCOM
mitigates harmonic distortions, while supercapacitors reduce
THD by injecting instantaneous reactive power support.
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Active and reactive power levels, fundamental to grid
stability, are quantified by:

P =V X1 X cos(6)
Q =V x I xsin(6)

2
3)

Prior to integration, these amps can fluctuate—for
instance, due to grid disturbances or shifting consumer
demand. Following integration, the DSTATCOM responds
to such changes dynamically, helping to compensate for
reactive power and bolstering voltage levels to balance
losses. With their high charging and discharging rates,
supercapacitors can supply or absorb reactive amps where
needed.

This refers to voltage stability, which is an important
factor that guarantees the stability of the grid system. In this
regard, voltage deviation or flicker before and after
integration are measured. The DSTATCOM integrated with
supercapacitors can help improve voltage stability by
maintaining the balancing of the voltage and providing fast
energy storage and discharge functions. Using intensive
quantitative analysis with simulation results, we successfully
demonstrated the improvement of THD, active and reactive
power, and voltage stability with DSTATCOM and battery
storage integration. Compared with the baseline before using
these integration systems, we demonstrated a drastic
improvement in the power quality and system stability
metrics.

On the other hand, we found that implementing
DSTATCOM and battery storage led to an improvement in
harmonic THD, with an overall reduction of approximately
15% on average across the grid from the baseline scenario.

Second, the combined DSTATCOM and battery system
can be more precisely controlled to regulate power flow in
the grid. Specifically, our calculation suggests a 20 per cent
increase in the system’s active power injection capacity and
a 25 per cent improvement in its reactive power
compensation capacity when compared with the baseline
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scenario. The higher capability to control the flow of active
and reactive power helps to stabilise and enhance the
efficiency of the grid.

Additionally, from the perspective of voltage stability,
our study reveals a noticeable improvement in voltage
regulation and stability with DSTATCOM and battery
storage integration. The results show an improvement in
voltage stability and regulating capability that reduced the
overall rms measurement by about 30% in the average case.
This improvement in the voltage stability helps the grid to
resume the operation with the base value of voltage. Proper
voltage regulation helps to maintain the voltages at an
acceptable level so that the voltage does not change
drastically while changing load conditions. It also reduces
the chance of voltage fluctuations and resulting power
quality issues.

Moreover, system performance was maximised by
using optimal control algorithms, together with various
constraints placed on performance to improve the efficiency
of power generation, power flow and reactive power
compensation. To increase the power generation from the
PV system, we use MPPT algorithms such as Perturb and
Observe (P and O) and Incremental Conductance. These
algorithms track the maximum power point of the PV array
and the operating voltage and current on P and O, and
incremental Conductance dynamically varies with the
intensity of incoming radiation (sunlight) and the efficiency
of the PV panels. Furthermore, to decrease the voltage
fluctuations across the grid, power flow is actively
controlled using optimal control algorithms based on
proportional-integral (PI) controllers and VSC strategies.
These controllers also help minimise the reactive power
needed to keep the system stable. The schematic of our PV
inverter control system is shown in Figure 3. Our system
also includes battery management control using approximate
SoC estimation and energy management algorithms to
minimise water consumption and maximise battery lifespan.

We also scaled the system-level performance to
quantify the increase achieved. By leveraging the
optimisation techniques from the proposed three stages, our
MPPT can realise more than 98 per cent efficiency every
time and generate twice as much power as when the
traditional optimisation algorithms are employed. In
addition, incorporating our detailed advanced control
strategies, we manage to compensate reactive power up to
30 per cent and, therefore, stabilise grid voltage fluctuations.
Moreover, we manage system losses, where transmission
and distribution losses are reduced to approximately 15
percent by using our optimisation techniques.

The control algorithms used in power-flow, voltage
regulating and reactive power compensation shed light on
the involved strategies and add some breadth to our
proposed approach. First, we need advanced control
algorithms to control the power flow inside the integrated
PV system. Such algorithms are widely utilised in electric
power systems, where powerful and dynamic algorithms
such as proportional-integral-derivative (PID) controllers
and MPC techniques are used to control power flow, losses,
voltage levels and reactive power compensation, among
other things. Basically, these control algorithms are used to
control the operating parameters of inverters and other
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converters to automatically increase or decrease power
production and flow, depending on the grid load conditions
and losses. This allows for more efficient power injection
and fast energy conversion.

Third, in the integrated PV system, the adjustment of
inverter output can impact the voltage level on the grid.
Reliable and efficient voltage regulation is critical for a
stable and safe grid operation and, therefore, needs to be
properly addressed. PI controllers (proportional-integral
controllers) and droop control strategies (which is the
change in output in proportion to the change in input) are
some of the algorithms used to regulate voltage on different
points within the PV system. The algorithms modify the
generation of reactive power of inverters and compensators
to ensure that the grid voltage is stabilised and disturbances,
such as those caused by changes in load demand or solar
irradiance, are minimised. By utilising robust voltage
regulation algorithms, the distributed PV system could
contribute to grid stability and resilience to support reliable
and efficient system operation and energy delivery.

4, RESULTS

A powerful combination of LVRT and DSTATCOM
integration increases the efficiency and flexibility of the
power system. LVRT enables uninterrupted power delivery
while boosting overall grid resilience by preserving
connectivity to renewable energy sources during voltage
drops and brief disturbances. Additionally, the
DSTATCOM's capacity to control reactive power injection
maintains voltage levels, which is crucial when intermittent
swings in renewable energy are possible.

By lowering voltage variation and harmonic distortion,
this stabilizing effect enhances power quality for the benefit
of consumers and attaches equipment to power poles.

The potential of this integrated strategy to offer sub-grid
support services is a considerable advantage. By assisting
with duties like voltage control and power factor correction,
DSTATCOM's dynamic reactive power management
enhances the overall stability and dependability of the grid.
The degree of renewable energy is also continuously
integrated, thanks to this relationship.

Maintaining grid stability is essential as the proportion
of renewable energy sources in the energy mix rises. The
difficulties brought on by variable intermittency are
successfully handled by an integrated LVRT and
DSTATCOM system. This ensures reliable power delivery
while reducing equipment stress thanks to fewer
disconnections and controlled voltage deviations.

The combination of LVRT with DSTATCOM yields a
robust solution that improves the power system's
dependability, stability, and efficiency.

This integrated method is crucial for increasing the
integration of renewable energy sources and overall grid
efficiency. It provides uninterrupted connectivity, voltage
stabilization, improved power quality, and grid support
services during disruptions.

The proposed system's simulation activities have been
conducted using MATLAB/Simulink to evaluate its
performance across a range of conditions. These conditions
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include scenarios without DSTATCOM, with DSTATCOM,
and with DSTATCOM supported by a supercapacitor. Each
of these distinct cases is described individually as follows:

Table 3 compares the system's performance with the
addition of DSTATCOM under similar loading conditions
as in Table 4. The data shows how DSTATCOM improves
the power quality and reactive power compensation,
reducing the THD and enhancing the overall stability and
efficiency of the system.

DSTATCOM has been carefully designed and
simulated in the MATLAB/Simulink environment. The
operational behaviour of DSTATCOM has been thoroughly
studied under various conditions including non-linear loads,
pulse loads and reactive loads in distribution network
transmission.

The simulations performed demonstrate the remarkable
performance of DSTATCOM in the context of distribution
networks. Interestingly, the efficiency of the inverter in
reducing reactive power problems in the presence of supply
voltage fluctuations was evaluated. The results indicate
rapid and continuous compensation of reactive currents
when the voltage source experiences fluctuations. The
DSTATCOM exhibits admirable response to sudden
changes in the voltage source, further emphasising its robust
capabilities.

To appraise the system, we have chosen a set of well-
defined informative performance metrics so that anyone can
understand when and how we arrive at our results. We
measure the efficiency of the power generation, which is a
good indicator of a system (array and grid interface
circuitry) that can convert more of the available solar
resources into usable grid electrical power. We also check
the stability of the voltage, which make sure the PV system
has a voltage output between the attributable lower and
upper limit (within £5 per cent of the grid voltage) in all
load conditions and grid disturbances. We check voltage
deviations and fluctuations to understand how well the
system is able to provide the electrical power to the grid.

PV power quality parameters like THD, voltage
regulation or frequency stability are also evaluated. These
metrics relate to the cleanliness and uniformity of the
electrical power provided by the integrated PV system. The
system’s ability to perform to quality standards and deliver
pure power to remaining connected loads is measured by
this line of thinking. Likewise, grid integration capability
might be considered, as concerns of how well the integrated
PV system would fit together with the grid, synchronising
with grid frequencies to follow grid direction and contribute
its power with the grid. Defining and measuring these types
of performance metrics allows us to fully characterise the
performance of an integrated PV system in satisfying the
desired performance goals; and persistent with concern for
safe and reliable system operation and grid stability and
sustainability.

5. DISCUSSION

The integration of LVRT and DSTATCOM
technologies with the PV arrays contributes to improved

Table 3: Variation of loading conditions with three-
phase fault and DSTATCOM.

Loads Active Reactive THD THD

Power (W)  Power V) )
(VAR)

No-load -1,300,000 440,000 3.4% 110%

Inductive -1,100,000 430,000 0.9% 141%

Inductive & -1,100,000 460,000 2.2% 158%

Pulse

Inductive, -1,100,000 450,000 0.9% 167%

Pulse &

Nonlinear

Table 4: Variation of loading conditions with Three-
phase fault.

Reactive

Loads Active Power THD  THD
Power (W) (VAR) V) )

No-load 4,400,000  -1,700,000  0.7%  10.0%

Inductive 5,500,000  -1,800,000  0.7%  9.0%

Inductive & = 4 350000 -1300,000 05%  9.3%

Pulse

Inductive,

Pulse & 4,300,000  -1,300,000  0.5%  9.2%
Nonlinear
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Fig. 5: VSC control graph for load time.

grid stability and power quality with the guarantee of
uninterruptible operation during voltage dips, particularly in
the fault ride-through capability, and the effect of reactive
power compensation, voltage regulation and harmonic
reduction. Several studies, such as Zhang et al. (2020) and
Wu et al (2019), have shown improvements in total
harmonic distortion (THD) reduction, reactive power control
and voltage regulation, with consequent stability and
efficiency in grid operations. However, these valuable
benefits come at the cost of high implementation expenses,
increased complexity, the need for space and concerns
related to technical compatibility. LVRT and DSTATCOM,
with  multifunctional applications, present adaptive
responses to grid conditions, which promotes the
enhancement of grid reliability and stability in parallel to the
continuously exploiting increase in the power of PV
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systems. Nevertheless, sustainably addressing the
aforementioned challenges and technological constraints is
extremely important for maintaining effectiveness and
feasibility in real applications.

LVRT allows the PV system to supply the power as per
the PV array's peak generation capacity. Also, LVRT helps
in compensating for this voltage without any flickering
experienced in a PV array system during times of low
renewable power supply. On the other hand, DSTATCOM is
an active power compensator that can be used to provide
reactive power for varying currents in a PV system. This
enhances current flow and voltage stability when there are
sudden changes in currents. These advancements in the
integration of DSTATCOM and LVRT to PV arrays can
elicit favourable responses from PV array users across the
globe. Currently, many major grid companies are inventing
similar technologies following intensive research for
optimum performance in every type of PV array. The
potential advantages of integrating LVRT and DSTATCOM
with PV arrays are increased grid stability and reliability.
The LVRT allows for continued grid connection and
operation of a PV system when the voltage falls below a
certain point. This is especially useful in remote areas far
away from the central grid or with weak grid infrastructure,
which are likely to suffer from periodically low voltage.
DSTATCOM is able to compensate for reactive power that
is suppressed. For PV systems, which tend to oscillate
between high peak power and zero power, it is also able to
mitigate any negative effect of harmonics. This combined
usage of LVRT and DSTATCOM with the PV array reduces
underlying voltage fluctuations over a period of time,
thereby leading to a reduction in voltage drops and,
ultimately, lower system losses.

5.1. Analysis of Return of Investment

It is essential to conduct an analysis of the Return on
Investment (ROI) for utilities and grid operators in
implementing the integrated LVRT and DSTATCOM
system. That means evaluating the operational savings and
any potential revenue that may be generated from ancillary
services, as well as long-term benefits of grid resilience.

Operational savings: Efficiency reduction in overall
operational costs for the utilities and grid operators can be
achieved through the use of such integrated LVRT and
DSTATCOM system. In terms of Lao PDR, since this SVC
can reduce the voltage and current losses in the grid, grid
reinforcement investments will be reduced as well as the
maintenance expenses over the long term. Furthermore,
reliable energy delivery and better voltage control lead to
more stable and controllable grid, which consequently
results in fewer outages. Greater operational safety will also
occur due to fewer operational failures by both the
components and equipment.

Revenue from ancillary services: The integrated LVRT
and DSTATCOM system can also gain additional revenue
through the provision of ancillary services, such as through
its participation in market programmes for frequency
regulation, voltage support and reactive power
compensation, all of which are necessary for grid stability.

Long-term grid resilience benefits: The integrated
LVRT and DSTATCOM approach provides long-term grid
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resilience benefits. By preventing power quality and voltage
instability issues, and reducing power losses, the overall
resilience of the grid to exogenous events increases, such as
severe weather or equipment failure. While a more robust
grid is less likely to experience a power outage and can limit
its duration and extent when outages occur, it can also be
expected to limit the cost impacts of realising contingencies
on utilities, businesses and consumers alike, which may
translate in the longer term into attracting investment,
supporting economic activity and improving the relative
competitiveness of the region served by the utility or grid
operator.

These factors could help utilities and grid operators
make well-informed decisions to bring in this technology,
resulting in an economically and environmentally more
sustainable and resilient energy future.

5.2. Limitations

These are some of the drawbacks to the dynamic
integration of LVRT and DSTATCOM technologies with
PV arrays:

i. Cost expansion: One of the main barriers is the
heavy investment needed for LVRT and
DSTATCOM adoption. The modification of
control strategies, increase of inverters’ power
rating and the addition of new devices are likely to
increase the total project cost, thus making it
economically infeasible for several subjects,
especially third-world countries.

il Complexity and Technical Challenges: Integration
of LVRT and DSTATCOM technologies with PV
arrays brings in the complexity of design,
installation and operation of the systems. The
operation of these technologies needs to coordinate
with the real-time delivery of electricity to the grid.
Considerable  sophistication in the control
algorithms and real-time monitoring systems are
required for their operations. The compatibility and
interoperability of these technologies with existing
grid infrastructure, PV inverters all impose
technical challenges that need to be addressed
before integration.

Spatial and Footprint Requirements: Space
requirements for LVRT and DSTATCOM
installation may be limited in highly built up urban
regions or areas with scarce land availability.
Furthermore, the extra footprint of these
technologies may inevitably increase additionally
the land use area for PV units in land-constrained
environments.
Maintenance and Reliability: LVRT and
DSTATCOM are technologies that need regular
maintenance in order to retain their reliability. The
complexity of the systems may also necessitate
greater frequency, time-consuming and costly
maintenance. The greater risk of downtime and
unexpected failure or malfunction also means a
greater need for the availability of more skilled
personnel and spare parts.
V. Regulatory and Policy Barriers: The extent to
which regulatory and policy barriers affect the
application of LVRT and DSTATCOM

iil.

iv.
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technologies for any given area will depend on that
region’s approach to ‘getting in front’. The
uncertainty concerning grid codes and standards,
and the availability of incentive programmes, could
deter investments in such technologies, or delay
deployments. Robust regulatory frameworks — with
clear and consistent regulatory structures — are
critical to phasing in LVRT and DSTATCOM
technologies within existing energy markets.
Solution-Specific Design: The practical
implementation of key technologies like LVRT and
DSTATCOM’s may be highly solution-specific,
leading to restricted flexibility in deployment.
Furthermore, a scaled-up implementation might
need new or enhanced technologies, thus bringing
additional costs and complexity.

Vi.

Dealing with these challenges will play a crucial role in
harnessing the synergies and optimising these innovative
LVRT and DSTATCOM technologies in scaled-up grid-
connected PV systems, thereby leveraging their potential
benefits and overcoming the bottlenecks in large-scale
commercialization. There is a need for continued research,
innovation and collaboration among all the stakeholders.

6. CONCLUSION

An integrated three-phase grid-connected PV
multifunctional inverter, LVRT, and DSTATCOM are used
in this paper to improve the efficiency and power quality of
PV  power grid-connected generation systems. The
integration of multifunctional inverters, LVRT capability
and DSTATCOM equipment can work together to improve
grid stability, power quality, and overall system
performance. Advanced power control techniques, including
advanced MPPT algorithms, predictive control techniques
and energy storage integration, promise further to improve
the integration of high penetrance PV systems.
Communication and control system architectures and the
emergence of grid-forming inverter technologies play an
important role in ensuring effective PV system integration
and grid stability.

In conclusion, integrating advanced power control
technologies such as multifunctional inverters, LVRT
capability, and DSTATCOM devices offers significant
potential to improve the performance of high admittance PV
systems. These strategies address grid stability, voltage
fluctuations and power quality challenges. Further advances
in this project are integrating control mechanisms, energy
storage, communication systems and grid-forming inverter
technologies, which hold promise for future research and
development in this area.
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APPENDICES

Table 5: List of abbreviations

S.no.  Abbreviation  Description

1 BMS Battery Management System

2 CRC Current Regulating Circuit

3 CSWT Constant Speed Wind Turbines

4 DDPSG Direct-Driven Permanent-Magnet
Synchronous Generator

5 DERs Distributed Energy Resources

6 DFIGs Doubly Fed Induction Generators

7 DVR Dynamic Voltage Restorer

8 FCLs Fault Current Limiters

9 FLC Fuzzy Logic Controller

10 FRT Fault Ride Through

11 GSC Grid Side Converter

12 HTS High-Temperature Superconducting

13 IGBT i?illated-Gate Bipolar Transistor

14 LVRT Low Voltage Ride Through

15 MPPT Maximum Power Point Tracking

16 MPC Model Predictive Control

17 OTSVC Optimal Tracking Secondary
Voltage Control

18 PCC Point of Common Coupling

19 PID Proportional-Integral-Derivative

20 PRFCL Parallel Resonance Fault Current
Limiter

21 PWM Pulse Width Modulation

22 SCIG Squirrel Cage Induction Generators
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23 STATCOM Static Synchronous Compensator
24 SvC Static Var Compensator

25 THD Total Harmonic Distortion

26 UPFC Unified Power Flow Conditioner
27 UPQC Unified Power Quality Conditioner
28 UVRT Under-Voltage Ride Through

29 VSWT Variable-Speed Wind Turbines
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Abstract: Advancements in technology have prioritized renewable energy (RE) and reduced the negative environmental
impacts of transportation. This has stimulated the development of artificial intelligence (Al) techniques for efficient
public transportation systems. The main challenge in developing electric vehicles (EVs) is minimizing energy
consumption and charging time, and maximizing battery life compared to traditional transportation. An optimization of
the battery management system (BMS) is required to improve the performance, efficiency, and reliability of EVs. This
paper studies the comparative analysis of different optimization techniques for BMS in EVs. The comparative analysis
of optimization approaches is explored based on the appropriateness of simulation, real-time implementation,
computational complexity, and the capability of optimization. The combination of two techniques, such as, machine
learning and user-centric design, provides the best response for BMS in EVs. The hybrid technique accelerates the shift
to sustainable mobility solutions and enables the full potential of EVs in order to minimize their ecological impact. The
computational cost and uncertainty challenges for EVs can be minimized in further research.

Keywords: Optimization techniques, Genetic Algorithm (GA), Particle Swarm Optimization (PSO), Artificial Neural Network
(ANN), Fuzzy Logic Controller (FLC), Battery Management System (BMS) and Electric Vehicles (EVs).
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MPC Model Predictive Control
PCB Passive Cell Balancing

PLs Parking Lots

PI Proportional Integral

PMS Power Management System
PSO Particle Swarm Optimization
RE Renewable Energy

RES Renewable Energy Source
R-KM Runge-Kutta Method

SDHO Smart Decision Hunting Optimization
SoC State of Charge

SoH State of Health

TD (V) Temporal Difference

TES Thermal Energy Storage

1. INTRODUCTION

Conventional vehicles produce environmental pollution
due to fossil fuels such as diesel, petrol, etc. In recent
technology, EVs offer a valuable solution to reduce
environmental pollution and save fossil fuels in
transportation. Battery banks are used in EVs which are an
important part of them. It manages essential functions such as
State of Charge (SoC) estimation, thermal management and
cell balancing [1]. These functions are very important for the
long-term performance and durability of vehicles. Intelligent-
based control methods used for BMS in EVs which were
explored to address challenges and investigate further
opportunities [2]. In this regard, the intelligent control
method, as an interval type-2 FLC-based optimization
technique, controls energy management in plug-in hybrid
EVs. The impact of air conditioning frameworks under
altering environmental temperatures is discussed, and it
minimizes energy consumption, increases thermal safety, and
comfort [3].

The study of novel hybrid and co-estimation methods is
employed in order to calculate the State of Health (SoH) that
is useful in BMS for EV systems [4]. The digital twin model
is used for BMS based on historical data in order to diagnose
battery banks [5]. The BMS of EVs is responsible for
controlling the battery banks which produce a driver to
control the high performance of systems. It is the unit of
electronic control that supervises the battery system in the
EVs. Using BMS technology, it manages the SoH,
performance and safety of the battery setup [6].

The essential features of BMS are designed for EVs, such
as controlled voltage, current, and temperature to ensure the
safety of battery operation. It prevents battery damage from
overheating, overcharging, and over-discharging and also
helps extend battery life by balancing individual cells. The
main component of the battery relay is that it helps the SoH
and SoC of the EV. It is valuable for accurate range
estimation and optimal performance of EVs.

Fig. | illustrates the powertrain for the framework of the
EV battery. It is driven by a single source of energy, such as
a traction battery. The main motive of the battery is to have a
large capacity and maximum output power. The battery setup
of an EV has two operating modes (such as charging and
discharging modes). In discharging mode, it powers the
electric motor that converts the electrical energy into
mechanical energy. This mechanical energy drives the
rotational energy to the wheels of the EVs. Also, the battery
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setup provides power to other onboard systems such as air
conditioning, sensing, communication, and infotainment
facilities [7-9]. This power can be obtained from RE sources
using the Internet of Things (IoT) based optimization
techniques [10]. In order to propose a new algorithm of Smart
Decision Hunting Optimization (SDHO) which is to optimize
the charging process for EVs. This technique produced the
optimum response as the best, fastest, and accurate charging
stations, and it also reduces waiting time and energy
consumption. The SDHO technique takes the average waiting
time and distance to charging stations. The main aim is to
minimize the factors and to provide the best possible
charging. The results of this technique show better
performance in terms of charging speed, waiting time, and
energy efficiency as compared to the specified existing
methods. This technique makes it a good solution for
enhancing the charging system for EVs [11]. A new Energy
Management Strategy (EMS) has been proposed which is to
improve the fuel efficiency of hybrid vehicles. This method
consists of computer vision and deep reinforcement learning
which helps to use its best power for learning about the EVs.
Using this method, the authors are tested based on four
different types of hybrid vehicles. It was found that it can
significantly improve fuel efficiency as compared to existing
control methods. This technique is faster and more reliable
than other deep learning-based strategies. It is clearly seen
that computer vision and deep learning can be valuable tools
for developing more efficient and sustainable hybrid vehicles
[12]. Fig. 1 represents the schematic diagram of the
optimization techniques for a BMS in an EV. In this
schematic diagram, each module is shown as a block, and
arrows indicate the information and control flow between
modules. In this research article, in order to compare the study
of various optimization techniques for BMS in EVs. It
emphasizes their consequence of obtaining optimal
performance of the battery and improving the global driving
experience. The following points are highlighted in favour of
optimization techniques for BMS in EVs.

e  To compare various optimization techniques for BMS
in EVs in terms of appropriateness of simulation and
real-time implementation.

e Toachieve effective power delivery and accurate SoC
estimation, controlled in order to achieve a longer
driving range per charge.

e To support cell balancing and thermal management
techniques to reduce degradation factors and extend
battery lifespan.

e To actual monitoring and control to prevent over-
charging, over-discharging and overheating of the
battery during operation of EVs.

The manuscript is structured as follows: Section 2
provides an overview of various optimization techniques used
for BMS in EVs. Section 3 discusses the comparative analysis
of optimization techniques for BMS in EVs. Section 4
explains the future scopes of the study, and finally,
conclusions are presented in Section 5.
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Fig. 1: Schematic diagram of the optimization techniques for a BMS in an EV.

2. OVERVIEW OF OPTIMIZATION TECHNIQUES FOR BMS
IN EV

The flowchart illustrates the flow of information and
control within the BMS of the EVs which highlights the
interaction between input signals, state estimation,
optimization techniques, decision-making, and output
commands [13]. The optimization techniques used by the
BMS can effectively manage the operation of the battery
pack, optimize energy utilization and ensure the safe and
reliable performance of the EVs [14]. Fig. 2 shows the
flowchart of optimization techniques in terms of various
modules for BMS in EVs.

The following steps are described in various modules.
The input module receives input signals (such as voltage,
current, temperature, and SoC of battery banks) from various
sensors which are installed within the EVs.

In the state estimation module, this module utilizes
received input signals which is to estimate the current of SoC,
SoH and other relevant parameters of the battery pack using
mathematical models. The control module implements
optimization techniques to manage the operation of the
battery banks. This module governs charging and discharging
processes, cell balancing, thermal management and other
control techniques which maximize the performance and
lifespan of battery banks. The optimization technique module
is a module that contains different optimization techniques
such as rule-based algorithms, model predictive control, GA,
PSO, ANN, FLC, etc. Each technique is tailored to specific
optimization objectives and constraints such as energy
efficiency, thermal safety, and battery longevity. The
decision-making module analyzes data from the state
estimation module and optimization technique to make
informed decisions regarding battery operation. This module
determines the optimal charging and discharging rates,
temperature limits, and other control parameters based on
predefined rules, optimization algorithms and user-defined
preferences. The output module is used to send the control
signals and feedback to the BMS and also other vehicle
subsystems, which are to execute the determined control
techniques. This module can be used for the proper
implementation in favour of optimization methods and the
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Fig. 2: Flowchart of various modules for optimization
techniques.

control decision module is used to maintain the health and
performance of battery banks.

Fig. 3 illustrates the flowchart of the novel SDHO
optimization technique for the BMS in the EVs [11]. This
proposed method explores the search space to investigate
promising regions. It targets decontaminating solutions
within specific regions. This method also maintains a balance
between exploration and exploitation which is to avoid
getting stuck in local optima.

The focus of researchers is optimizing energy
management, improving efficiency and reducing operational
costs of hybrid EVs. To minimize energy losses and produce
a stable power supply using the concept of RE sources which
are integrated with vehicle-to-grid technology. A machine
learning approach is specifically TD (L) learning that is used
to determine the optimal charging and discharging
technologies for hybrid EVs. This assists in extending battery
life and reduces the necessity of frequent replacements. The
results demonstrate that the proposed optimization method
can significantly reduce operational costs and extend battery
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Fig. 3: Flowchart of novel SDHO optimization techniques.

life. Using optimizing energy management-based technique
that the hybrid vehicle can operate more efficiently which
leads to lower fuel consumption and lower emissions [15].

Elkholy et al. [16] proposed a three-level Al-based EMS
for isolated microgrids. It consists of three phases. The first
phase represents a field-programmable gate array (FPGA)
used for fast response. The second phase represents a Multi-
objective Snake Optimization (MOSO) technique employed
to reduce operational costs, energy losses and reliability of
power supply. In the third phase, the hybrid optimization
technique consists of a multilayer feed-forward neural
network (MF-FNN) and MOSO which is used to predict the
output response of the battery for EVs. The proposed MF-
FNN-MOSO technique improves the efficiency and
reliability of the microgrid which achieves the best
performance in predicting the output power of battery backup
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and reducing operational costs. EVs are frequently increasing
in the market to reduce environmental impact. Though
the charging process of EVs can put a strain on the power
grid. One solution is to aggregate EVs in parking lots (PLs)
and manage their charging collectively. Proposed
optimization model for smart PLs to minimize power drawn
from the grid while meeting customer needs. The model
considers both single and 3-phase EVs and uses a non-linear
battery charging profile. An augmented Lagrangian-based
decentralized model predictive control technique is used to
solve the optimization problem. The proposed method has
been tested on smart PLs in Genova, Italy, and is efficient and
accurate, even when scaling up to 40 EVs [17]. The predictive
flex smoother method is proposed by Benavides et al. [18].
This method mitigates power fluctuations in the grid-
connected PV framework, although it optimizes energy
management in EV charging stations. The proposed method
effectively improves power quality and reduces costs. Real-
time testing has shown response times under 500 ms. The
method efficiently handles power smoothing and charging
strategies for diverse EV models and connection coefficients.
Researchers proposed an energy management system for
residential buildings that optimizes energy flow, energy
storage systems (ESS) parameters and energy consumption
scheduling in order to minimize costs, extend ESS lifespan
and reduce CO; emissions. The system integrates Renewable
Energy Sources (RES), ESSs, and EVs, and utilizes demand
response (DR) programs to optimize energy usage. The
optimization technique considers factors like installation
costs, levelized cost of storage (LCOS), seasonal variations,
energy consumption profiles, and energy prices. The results
demonstrate significant cost reductions, energy loss
reductions and extended EV battery life, leading to
substantial financial savings and environmental benefits [19].
Fig. 4 shows the energy flow management algorithm for EVs.

The fitness function of the GA is determined as the
inverse of the total distance + waiting time penalties and
exceeding distance penalties [20].

Formulation of the fitness function

F=7 (1)
f=wi Xk di + Wy Xioq qi + WsP (2)
where d; represents the distance travelled between

consecutive stopes on the route, and g; represents the waiting
time at the charging station at i. P represents the exceeded
distance penalty, and wi, W, and Wz represent the weight
factors.

_ (actual queue time

{ if station is in the cluster
U average queue time

otherwise

In the other way, the droop control technique is a way of
control the output power of generator in a power system. It is
used to maintain the balance of power between generators
when availability of parallel connections of multiple
generators. The basic equation for a droop control system is
as presented in (3).

F,
Gengueput power = Ppo X (1 + Droop,) X (ﬁ) @)

where, Ppo= base output power (rated power output of the
generator at a reference frequency (Fr= 50Hz), Fe=frequency
deviation, Fng= frequency deviation at base power and Droop;
is the percentage power drop per unit of Fgq form F[21].
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Fig. 4: Flowchart of energy flow management algorithm.

including RES available, EV battery state, load demand and

Fig. 5 represents the flowchart of a basic integration of optimization of energy flow [22].

RES and EVs using FLV and GA. It considers factors
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Fig. 5: Flowchart of a basic integration of RES and EVs using FLC and GA.

inclusive analysis of hybrid EV (HEV) components including
their construction, mathematical models and methodologies
[1]. Kandil et al. [24] examined optimization approaches for
fast charging stations' allocation and size. An in-depth
examination and critique of the placement of EV charging
stations within distribution networks [25].

Fig. 6 represents the flowchart of the extraction of
maximum power from solar with brushless DC (BLDC)
motor-driven EVs-based Harris Hawks optimization (HHO)
algorithm. HHO offers MPPT for solar PV-powered EVs.
This proposed MPPT approach outlined that it enhances
overall efficiency and reduces operational costs for EVs using
the PV framework [23]. Authors have investigated the
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Fig. 6: Flowchart of Extraction of maximum power from
solar with BLDC motor driven EVs based HHO algorithm.

The pinch analysis-based optimization technique is a
systematic procedure for finding simultaneous sizes for
the EES and thermal energy storage (TES) framework to
yield suitable sizes for fuel cells, battery radiators, and TES
materials [26]. Energy hubs (EHs) are vital for sustainable
energy. This emphasizes a residential EH that effectively
harnesses different energy sources and technologies to meet
domestic needs. The main aim is to develop an efficient heat
and power management system (PMS) that minimizes
operational costs. Data-driven techniques and advanced
forecasting methodologies are used to enhance the efficiency
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of frameworks. The results show that these techniques can
significantly reduce power costs in the EH scheme [27].

The dynamic EV model is examined by using the 4"-
order Runge-Kutta method (R-KM) to assess its performance
under different driving situations. The results indicate that the
dynamic EV model offers a structured approach to simulate
and optimize complex EV systems [28]. Manivannan [29]
proposed a machine-learning approach to create a smart
energy management framework for hybrid EVs with energy
storage as battery banks. This proposed framework can
optimize energy usage, reduce operational costs, and prevent
overloading the electrical grid.

This study implements an loT-based smart charging
framework in order to enable more precise control and also
improve the efficiency of the system. The main aim of the
proposed algorithm is to reduce power loss, voltage deviation
and charging station costs while maximizing traffic flow and
satisfying EV requirements. It focuses on the optimization of
the existing grid infrastructure to meet the requirements of
EV users, the transportation network and the energy
distribution network [30]. It was implemented in MATLAB
and compared to other existing methods. It produced better
performance in terms of accuracy and computational
efficiency. The proposed method had the lowest error (i.e. 4
mYV) and the shortest computation time (i.e. 0.7 s) [31].

A new Proportional Integral (PI) and an ANN-based
controller are developed to manage Passive Cell Balancing
(PCB) technology for BMS in EV [32]. Machine learning-
based EV charging is implemented with an optimized flyback
converter for solar PV frameworks [33]. Optimization of EV
charging station placement using PSO in Smart Grids [34].
The proposed strategy for reducing power loss was tested on
Indian 28-bus and 108-bus distribution networks. The results
showed that the bald eagle search algorithm (BESA)-based
optimization method outperformed the bat algorithm (BA)
based method in terms of power loss reduction, voltage
improvement, and overall cost savings [35]. Elazaib et al. [36]
presented three novel smart home energy management
algorithms which are designed for developing countries.
These algorithms focus on load shifting, vehicle-to-home
energy transfer and reduced air conditioning, considering
factors like battery life, user comfort and local climate
conditions. This study also evaluates the economic feasibility
of integrating solar PV arrays. The proposed energy
management scheme can significantly reduce electricity bills
by up to 61%.

The authors compare four residential load scenarios to
assess the economic and environmental benefits of
integrating EVs into microgrids. A control technique is
introduced to optimize battery energy storage system (BESS)
charging and discharging based on time-of-use pricing and
EV power. Two optimisation algorithms are compared to
assess the effectiveness of the control technique. The results
demonstrate that controlled EV integration can reduce costs
by $0.728 million and CO, emissions by 213.23 kg.
Controlled BESS integration reduces costs by $0.835 million
and CO; emissions by 360.68 kg. The semi-isolated
microgrid configuration offers the lowest overall cost at
$1.421 million [37]. The primary objective is to minimize
energy and thermal discomfort costs over a long-term horizon
in a sustainable smart home while considering factors such as
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occupancy, temperature preferences, electricity consumption,
renewable energy generation, outdoor temperature, and
electricity prices [38]. Aoumari et al. [39] proposed an energy
management system that optimizes the performance of
onboard electrical sources by carefully selecting the sharing
filter cut-off frequency. This selection considers factors like
effective power, state of charge variation, and battery cycle
life. Simulations in MATLAB demonstrate the superiority of
the proposed system compared to conventional methods.
Koltsaklis et al. [40] proposed a smart home energy
management system that optimizes energy usage and
minimizes costs. The system considers factors like demand
response, renewable energy integration, and energy storage.
A hybrid forecasting model is used to predict energy prices
and renewable generation. The results show that the system
can effectively reduce energy costs and improve energy
efficiency. The proposed framework can help reduce the
strain on the power grid, especially in developing countries
[41]. The results illustrate that the proposed optimization
method is compared to other existing specified techniques. It
can be used to assess the reliability of electrical distribution
networks. This study concludes that integrating the approach
of distributed generation (DG) and EVs can enhance the
reliability of the electrical system [42].

Researchers have investigated the impact of energy
consumption budgets in various aspects of operational
vehicles, including fuel consumption, electric motor usage,
gear shifting strategy, and engine parameters like intake
manifold pressure, air-fuel ratio, and turbine waste-gate
position [43]. Ajayan et al. [44] proposed an optimized
method, which is used to determine the optimal size of fuel
cells and battery banks. PSO and the Firefly Algorithm (FA)
are used to calculate the optimal solution for BMS in EVs. In
this regard, various constraints are considered, such as the
battery's state of charge and the fuel cell's rating, while also
accounting for replacement costs. The results demonstrate
that the FA optimization algorithm provides better
performance in terms of cost reduction, population size and
convergence speed. An innovative approach to controlling the
charging and discharging processes in battery management
operations using a bidirectional converter [45].

Yamini et al. [46] compared the fuel consumption of a
hybrid vehicle under different driving cycles using the
Equivalent Consumption Minimization Strategy (ECMS).
The goal of this method is to determine the optimal strategy
in order to minimize fuel consumption and improve the
performance of the vehicle. The findings can contribute to the
development of sustainable hybrid EVs. Yammani et al. [47]
proposed optimizing EV charging and discharging to
maximize EV owner profits and support grid operations. This
technique considers factors such as energy prices, state of
charge of the battery, and RE availability. The results
illustrate the effectiveness of the proposed approach in
improving grid reliability and reducing costs. An economic
analysis is carried out on the PV framework under peak load
scenarios of the electric power distribution framework,
considering the impact of EVs [48]. To study presents a
reliability evaluation of power systems that incorporate
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pumped storage units. It developed a reliability model to
assess the impact of component failures on complete
framework adequacy [49]. This work focused on efficient
demand response and robust voltage control in an islanded
DC microgrid. The study addresses challenges arising from
alterations in both load and supply [50].

3. COMPARATIVE ANALYSIS OF OPTIMIZATION
TECHNIQUES FOR BMS IN EV

A comparative study of various optimization techniques
for BMS in EVs is an important endeavour, given the critical
role of BMS in terms of the safety and longevity of EV
batteries. Table 1 represents a concise analysis of
optimization techniques.

Researchers have investigated and analyzed various
optimization techniques for BMS in EVs. The literature
shows that there are several optimization techniques available
for BMS in EVs. Various optimization techniques are
investigated, and advised machine learning methods like
ANN are used instead of traditional rule-based algorithms.
The diverse range of techniques highlights the complexity of
the optimization difficulty and the necessity for customized
results for various application scenarios. When it comes to
optimization approaches, there is a trade-off between speed
and complexity. Rule-based algorithms are faster and can be
used in real-time applications. Still, improvement is required
for the adaptability and capabilities of proposed frameworks
such as predictive control models and ANN technologies.

Advanced optimization techniques like model predictive
control and GA have improved battery efficiency and lifespan
performance. Though, it often requires higher computational
costs, posing challenges for real-time implementation in
recent technology-based EVs. Many researchers have
explored hybrid technologies combining more than two
optimization techniques to reduce their limitations. For
example, a combination of two approaches of machine
learning models and rule-based algorithms can control the
simplicity of rules and the learning capabilities of ANN
simultaneously. The accuracy of battery banks is important
when using optimization techniques. In order to achieve
optimal performance of BMS, it is essential to ensure that the
battery setups are accurate using data-driven and parameter
estimation technologies. = Optimization techniques are
implemented in EV systems in the real world due to
challenges in achieving desirable results in theoretical studies
and simulations. Several factors including computational
complexity, robustness against uncertainty and scalability for
large-scale EVs, are addressed for practical deployment.

4. FUTURE DIRECTIONS

The optimization techniques are used for BMS in EVs
due to challenges in favour of enhancing the performance,
efficiency, and reliability of frameworks. There are some
important findings for future work.
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Table 1: Comparative analysis of optimization techniques for BMS in EVs.

Ref. Optimization System Converge- Computational SoC/ Real-time Benefits Research Gaps
Technique nce Speed cost SoH applicab-
accuracy ility
[51], Rule-Based Traditional Fast Very low Moderate Highly Simplicity ~ and Limited adaptability to
[52] Algorithm BMS to low suitable ease of dynamic operating
implementation. conditions.
Real-time Lack of optimization for
operation suitable long-term battery health.
for simple May not fully exploit the
applications. potential of advanced
battery chemistries.
[53], Model Advanced Moderate High Higher Challengi Optimization Computational
[54] Predictive BMS SoC ng for based on complexity and
Control estimatio  embedde predictive battery requirement of accurate
(MPC) n d BMS models. battery models.
accuracy  hardware Accommodates Limited scalability for
and dynamic large-scale EV fleets.
improvin operating Challenges in real-time
g long conditions  and implementation for
term constraints. highly dynamic
battery Improved energy environments.
health efficiency  and
managem battery lifespan.
ent
[55], GA Adaptive Moderate Computationall High Limited Exploration of a High computational
[56] BMS to Slow y intensive Realtime wide solution overhead, especially for
feasibilit space to find complex battery models.
y optimal Difficulty in fine-tuning
parameters. algorithm parameters for
Adaptability  to specific applications.
varying operating Limited transparency in
conditions  and the decision-making
battery process compared to
chemistries. rule-based approaches.
[57], PSO Adaptive Moderate High High Slow Efficient Sensitivity to  initial
58] BMS exploration of parameters and swarm
solution space size.
through  swarm Limited robustness in
intelligence. noisy or  uncertain
Rapid environments.
convergence  to Challenges in balancing
near-optimal exploration and
solutions. exploitation for complex
Suitable for real- optimization problems.
time
implementation in
dynamic
environments.
[55], ANN Intelligent Moderate Moderate to High Feasible Adaptive learning Training data
[59], BMS to Slow high and ability to availability and
60] capture complex representativeness.
nonlinear Interpretability and
relationships. explainability of model
Improved decisions.
accuracy in Computational overhead
prediction  and and hardware
control compared requirements for real-
to traditional time implementation.
methods.
[61] FLC Intelligent Fast to Moderate Low to High Linguistic  rule- Difficulty in defining
BMS Moderate moderate based approach fuzzy sets and
suitable for membership functions.
handling Limited scalability for
uncertainty  and complex systems and
imprecision. large-scale optimization.
Intuitive Challenges in integrating
modelling of fuzzy logic with other
human expertise optimization techniques
and decision- for hybrid approaches.
making.
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1. To explore the integration of advanced deep and
reinforcement learning for optimization of BMS in
EVs. This hybrid technique can improve accuracy and
optimize control in dynamic environments with
varying operating conditions.

2. To develop optimization algorithms and control
strategies with practical feasibility and scalability
which is suitable for real-time implementation in EVs.
It can be considered for hardware constraints including
processing power and memory.

3. The main objective is to improve the stability and
consistency of optimization techniques with
uncertainties including variable factors such as
characteristics of the battery, and environmental
conditions. It produces robust optimization, uncertain
quantification and adaptive control in order to improve
the dependability of the proposed system.

4. To investigate the hybrid optimization approaches of
model predictive control with evolutionary algorithms
and FLC with ANN. Additionally. It can consider
multi-objective optimization frameworks in order to
optimize conflicting objectives including energy
efficiency, battery lifespan and thermal management.

5. To propose the optimization technique based on large-
scale datasets and data-driven approaches is used to
optimize battery models.

6. To develop robust validation and benchmarking of
optimization  algorithms, it will  conduct
comprehensive simulation and hardware
implementation in the laboratory.

7. To maximize the global performance and efficiency of
large-scale EV systems, it is important to consider
scalability issues in BMS optimization. To investigate
distributed optimization algorithms and decentralized
control strategies for improving the results of proposed
systems.

8. To improve the user experience and the adoption of
EVs, that is crucial to integrate user preferences and
driving behavior for BMS optimization. This can be
achieved by designing intuitive interfaces and
decision-support systems that offer users transparency,
control and real-time response in BMS operation and
battery performance.

5. CONCLUSION

The various optimization techniques are studied for BMS
in EVs. A hybrid optimization technique is suggested to the
authors to improve the response of BMS functions in EVs. It
likely involves techniques that extend battery life, improve
safety and increase efficiency. This study has explored
various optimization approaches for BMS characteristics. To
enhance the accuracy of SoC estimation in BMS, coulomb
counting and Kalman filter techniques utilize data from
current, voltage, and temperature. The GA and PSO
algorithms help to maintain uniform voltage across all cells
in the battery pack which extends battery life. Optimization
techniques can be applied to control battery temperature
through cooling systems, maximizing battery health and
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performance. It plays a crucial role in accurately estimating
the SoC of an EV battery and efficiently delivering power to
optimize energy usage. These methods result in a greater
driving range on a single charge. Cell balancing and thermal
management techniques minimize battery wear and prolong
its life. Monitoring systems safeguard against overcharging,
over-discharging, and overheating, ensuring the safe use of
EVs.

Further research can explore the integration of advanced
algorithms such as machine learning for real-time
optimization and predictive maintenance of EV batteries.
This advancement can lead to EVs that are more efficient,
reliable and safe.
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Abstract: This paper presents a comprehensive methodology to improve solar irradiance forecasting and optimize its
integration into Hybrid Electric Vehicle (HEV) Energy Management Systems (EMS). Accurate solar irradiance
prediction is critical for maximizing renewable energy utilization and ensuring reliable operation of hybrid storage
devices. To achieve this, the proposed framework combines Deep Neural Networks (DNNs) with the Horizontal Diffuse
K Clearness Index Regression (HDKR) technique for day-ahead forecasting of Global Horizontal Irradiance (GHI).
This hybrid approach not only predicts GHI with high precision but also decomposes it into beam, diffuse, and
reflected components on tilted surfaces, thereby enabling more realistic modeling of Photovoltaic (PV) generation
under varying conditions. The forecasting model achieved an R-squared value of 0.8818 and a Root Mean Square Error
(RMSE) of 0.269, confirming its robustness and accuracy. These forecasts are incorporated into a real-time EMS that
coordinates energy distribution among the battery, ultracapacitor, and PV subsystems while accounting for seasonal
variability, auxiliary system demands, and dynamic driving cycles. Unlike traditional static State of Charge (SOC)
targets, the proposed dynamic SOC control adapts to daily, monthly, and seasonal variations, allowing efficient energy
sharing between storage devices. This strategy reduces stress on critical battery components by 47.6%, thereby
improving both performance and lifespan. Furthermore, the integration of ultracapacitors effectively mitigates
transient load demands, ensuring higher system reliability under fluctuating conditions. Overall, the research
demonstrates how HDKR-based estimation combined with adaptive EMS strategies can significantly enhance
efficiency, sustainability, and durability in solar-assisted HEVs.
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DNI Direct Normal Irradiance (Beam Radiation)

HESS Hybrid energy storage system

Gbeam Beam radiation on the tilted surface

Gbeam, horizontal ~ Beam radiation on a horizontal surface

Gy Isotropic Sky Diftfuse Radiation

ESS Energy Storage System

RMSE Root Mean Square Error

MSE Mean Square Error

MAE Mean Absolute Error

RNN Recurrent Neural Networks

Gy, p Diffuse Radiation on the tilted surface

MPC Model predictive controller

ML Machine Learning

o Incidence angle (angle between the normal to the
surface and the direction of the sun)

Osolar Solar Zenith Angle
Clearness index, representing the ratio of

Kt measured solar radiation on a horizontal surface

to extraterrestrial solar radiation.

1. INTRODUCTION
1.1. Background

India’s transportation sector has set ambitious goals for
climate neutrality, aiming to achieve a substantially climate-
neutral vehicle stock by 2050. To reach this target,
emissions must be reduced by nearly 66% compared to 1990
levels by 2030. In support of this transition, the Indian
government introduced policies in 2020 that provided low-
interest loans and subsidies of up to 45% for consumers
purchasing Hybrid Electric Vehicles (HEVs). These
incentives have spurred growth, and by 2023, HEV adoption
had increased by 8%, with nearly 10 million units sold
nationwide. The majority of these vehicles approximately
76%are compact HEVs primarily used in urban settings.
However, fossil fuel-powered vehicles continue to dominate
energy consumption, accounting for 70% of personal
commuting and 20% of freight transport needs. This
ongoing dependence on fossil fuels underscores the urgency
of advancing efficient hybrid and electric vehicle
technologies. Plug-in Hybrid Electric Vehicles (PHEVs) and
Battery Electric Vehicles (BEVs), particularly when
powered by renewable energy sources such as solar, are
considered essential for reducing greenhouse gas emissions
and ensuring sustainable mobility [1]. Projections suggest
that by 2030, India’s HEV stock could exceed 50 million
units, further highlighting the importance of integrating
renewable-based energy management solutions. The need
for this paper therefore arises from the twin imperatives of
decarbonizing transport and exploiting solar resources
effectively within HEV architectures.

1.2. Literature Review

Machine Learning (ML) and Deep Learning (DL)
approaches have emerged as powerful tools for solar
irradiance forecasting, a key enabler of solar-powered
HEVs. Techniques such as Recurrent Neural Networks
(RNNs), Convolutional Neural Networks (CNNs), Long
Short-Term Memory (LSTM) models, and hybrid ensemble
methods have been widely studied for their ability to capture
nonlinear temporal dependencies in irradiance data [2].
Research has categorized models into residual-based,
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evolutionary-based, decomposition-based, clustering-based,
and hybrid ensemble learning methods, consistently finding
that hybrid approaches outperform standalone models, albeit
with limited metric-based comparisons [3]. Among these,
DL-based LSTM models stand out for their superior
forecasting accuracy, often yielding lower Root Mean
Square Error (RMSE) values than other methods [4].
Complementary methods such as Random Forest (RF) have
also shown promise in estimating Global Horizontal
Irradiation (GHI), Beam Normal Irradiation (BNI), and
Diffuse = Horizontal Irradiation (DHI), with RF
outperforming traditional Artificial Neural Networks
(ANNs) and smart persistence methods over longer
prediction horizons [5].

Solar irradiance estimation on tilted surfaces remains
another critical area of research. The Horizontal Diffuse K
Clearness Index Regression (HDKR) model has long been
used to characterize solar radiation by incorporating tilt
angles, atmospheric conditions, and solar positions [6].
Transposition models based on HDKR have been
successfully applied for energy system design, though their
accuracy is limited by the quality of location-specific input
data [7]. Recent works also demonstrate the application of
HDKR in diverse domains such as agriculture, architecture,
and renewable power generation [8]. Comparative studies of
isotropic, anisotropic, and HDKR models confirm HDKR’s
superior ability to handle tilted surface irradiance estimation
[9,10]. These methods are essential in contexts where global
and diffuse irradiances are measured, allowing beam
irradiance to be derived using G, = B, + Dy, where G, B,
and D, represent global, beam, and diffuse irradiances,
respectively [10].

Parallelly, the development of Zero-Fuel Zero-Emission
(ZFZE) vehicle concepts has inspired hybrid architectures
integrating PV, wind energy, fuel cells, and supercapacitors
for automotive applications [11]. Such designs leverage in-
wheel motors, Proton Exchange Membranes (PEMs), and
hybrid storage systems to enhance efficiency and reduce
carbon emissions [12]. Energy Management Strategies
(EMS) for these systems have been broadly categorized into
predictive and non-predictive methods, ranging from rule-
based heuristics to model predictive control [13-15].
Despite advancements, most of these methods do not
integrate solar forecasting into HEV EMS design.

For instance,[36] proposed a voltage regulation strategy
for distribution networks using reactive power from
photovoltaic inverters combined with PID consensus
algorithms, illustrating the potential of intelligent PV control
for improving grid reliability. This [37] paper develops a
Deep Neural Network (DNN)-based Nonlinear Model
Predictive Control (NMPC) methodology to approximate
optimal power management solutions for hybrid electric
vehicles. The deep learning model is trained to mimic the
outcomes of a computationally intensive NMPC, providing
near-optimal energy distribution decisions (e.g., battery vs
engine) with significantly reduced computation time, which
is essential for real-time scheduling. Together, these works
highlight the broader potential of solar energy optimization
but reveal that integration with EMS in HEVs remains
underexplored.
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1.3. Research Gap and Motivation

Although substantial work has been carried out on solar
forecasting and EMS design, several gaps remain that
motivate this study. First, existing forecasting models focus
primarily on horizontal irradiance, with limited attention to
tilted-surface predictions crucial for vehicle-mounted PV
modules. Second, while HDKR is widely accepted, its
dependency on local calibration reduces generalizability
across diverse geographies like India. Third, most HEV-
EMS frameworks overlook the variability and uncertainty of
solar input, failing to dynamically adapt to fluctuating
irradiance and driving conditions. Fourth, while battery—
ultracapacitor hybrid storage offers complementary benefits,
strategies for their optimal real-time coordination under
varying load profiles are lacking.

A new method is needed because existing forecasting
techniques such as ANNs, Random Forests, or standalone
LSTM networks often suffer from overfitting, limited long-
horizon accuracy, or lack of adaptability when integrated

into real-time EMS. Similarly, conventional EMS
approaches, particularly rule-based methods, are simple and
computationally  efficient but cannot accommodate

uncertainties in solar forecasts or seasonal variations,
leading to suboptimal energy allocation. Optimization-based
EMS, while more advanced, often become computationally
expensive and unsuitable for real-time driving conditions.
Therefore, integrating a deep learning-based forecasting
framework with HDKR for tilted surfaces, and embedding it
within a constraint-driven EMS, offers a novel solution that
overcomes the limitations of existing models. The
motivation for this work is thus to ensure higher prediction
accuracy, better adaptability to varying conditions, and
improved hybrid storage utilization in solar-assisted HEVs.

1.4. Challenges

The primary challenge this research aims to address is
the integration of accurate solar irradiance forecasting with
energy management in hybrid electric vehicles (HEVs),
where the variability of solar radiation, limitations of
conventional ~ANN-based forecasting models, and
inefficiencies in rule-based EMS strategies hinder reliable
power distribution between battery and ultracapacitor
systems. This work proposes a novel HDKR-based
methodology to overcome these challenges by improving
solar prediction accuracy on tilted surfaces and developing a
constraint-driven EMS for real-time driving conditions.

Despite significant advances in solar forecasting and
energy management strategies, several limitations in
existing approaches hinder their effectiveness in real-world
hybrid electric vehicle (HEV) applications. Traditional solar
forecasting methods such as artificial neural networks
(ANNs) and Random Forests (RF) provide reasonable short-
term accuracy, but their performance often deteriorates for
longer horizons due to overfitting, sensitivity to noise, and
inability to effectively capture spatiotemporal dependencies
in solar irradiance data. Moreover, most models are trained
on horizontal irradiance measurements, which makes them
less applicable for tilted surfaces where irradiance
distribution is strongly influenced by tilt angle, azimuth, and
diffuse radiation. Transposition models like the Horizontal
Diffuse K Clearness Index Regression (HDKR) are widely
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used for tilted-surface estimation; however, their reliability
depends on site-specific calibration and simplified
assumptions about atmospheric conditions, which limit
generalizability across different climates and geographies.

On the energy management side, rule-based EMS
strategies are attractive for their simplicity and low
computational requirements, yet they lack adaptability and
fail to consider uncertainties from fluctuating irradiance and
varying driving profiles, leading to suboptimal energy
allocation between battery and ultracapacitor. Optimization-
based methods such as Mixed-Integer Linear Optimization
(MILO) provide more precise control but are
computationally demanding and impractical for real-time
driving scenarios. Similarly, predictive EMS approaches
rely heavily on accurate forecasts and often break down
when faced with forecast errors or unmodeled dynamic
conditions. Collectively, these limitations reveal that
existing methods are either too simplistic to handle
variability or too complex to operate in real time,
underscoring the need for a hybrid framework that combines
the predictive accuracy of advanced machine learning
models like LSTM with the practicality of enhanced rule-
based EMS adapted for real-time HEV operation.

1.5. Contributions and Benefits

This paper addresses the aforementioned needs and
challenges through the following contributions. First, it
develops a deep neural network-based solar irradiance
prediction model trained on site-specific data from Durg,
Chhattisgarh  (21.191°N, 81.299°E, 289 m elevation),
ensuring high accuracy and contextual relevance. Second, it
integrates the data into the HDKR model for tilted-surface
irradiance estimation, directly applicable to HEVs with
embedded PV modules. Third, it proposes a novel
constraint-driven EMS that optimally coordinates battery
and ultracapacitor storage, accounting for forecast
uncertainty and seasonal variations. Fourth, it validates the
proposed framework against real driving cycles, showing
improvements in energy efficiency, reliability, and storage
utilization compared with existing methods. The benefits of
this research lie in enabling solar-assisted HEVs to meet
power demand requirements more reliably, extend
component lifetimes, and operate efficiently under variable
driving and environmental conditions.

1.6. Paper Organization

The rest of the paper is organized as follows. The paper
begins by addressing current transportation system issues
and introducing the proposed model represented by Fig-1.
Following that, it goes into elaborate detail describing the
fundamental block diagram, component information, and
ratings. Section 2 introduces the overall HEV architecture
and describes system components. Section 3 presents the
modified solar energy estimation model and HDKR
integration. Section 4 explains the model implementation.
Section 5 details the constraint-driven EMS and hybrid
storage optimization. Section 6 reports simulation results
and performance analysis. Finally, Section 7 concludes with
contributions, limitations, and potential avenues for future
research.
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1.7. Proposed Framework

Fig. 1 show the proposed framework for Solar
irradiance forecasting with modified interleaved and EMS
technique.

2. SOLAR IRRADIANCE FORECASTING
2.1. Data Collection and Preprocessing

For the Durg, Chhattisgarh region, data is gathered via
PVsyst Software and NASA's POWER Data Access Viewer.
The global horizontal irradiance (GHI), temperature, dew
point, wind speed, relative humidity, pressure, precipitable
water, wind direction, and other meteorological
characteristics are all included in the dataset. Furthermore,
data on surface albedo, cloud type, ozone, solar zenith angle,
and clear-sky irradiance are acquired. To guarantee data
quality and consistency, preprocessing is done on the data
before the machine learning models are trained. This
includes resolving missing values, eliminating superfluous
features (like fill flags), and generating numerical
representations for categorical variables (like cloud type).
To scale the features within similar categories and enhance
the convergence and performance of the models, data
normalization techniques are also employed. Neural
networks are well-suited for solar prediction tasks that
involve variables such as azimuth angle and zenith angle
due to their ability to capture complex, non-linear
relationships inherent in solar radiation dynamics.

Neural networks can handle historical sun radiation
measurements and other related environmental variables
because they can scale to analyse big datasets quickly. They
are an effective tool for solar prediction applications owing
to their capacity to adjust to shifting conditions and continue
providing accurate forecasts over time. There are 21
properties in this dataset, of which 20 are input features that
range from sun zenith angle to average barometric pressure.
Our target variable, which expresses the amount of
electricity produced by the PV module in kW, is represented
by the remaining attribute [16].

2.2. Solar Prediction Using Neural Network

In order to produce expected outputs, input
characteristics are fed via hidden layers throughout the
forward propagation process. Activation functions, such
sigmoid or RELU, play a crucial role in determining how
each layer's output is shaped. The difference between
predicted and actual outputs over several samples is
measured by the mean squared error (MSE), which is often
employed as the loss function to evaluate the neural
network's performance. [17-19]. Readjusting network
parameters, like weights and biases, depending on the
calculated errors at each layer is made easier by the
backpropagation method. Finally, weights and biases are
iteratively updated using gradient descent optimization,
which directs the network toward reducing the loss function.
Neural networks provide a strong framework through this
method for improving solar prediction accuracy, leading to
more effective utilization of solar energy resources [20].
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Fig. 1: Proposed block representation — Solar irradiance
forecasting with modified interleaved and EMS technique.

3. MODIFIED SOLAR ESTIMATION FOR OPTIMAL
ENERGY MANAGEMENT SYSTEM USING HDKR
METHOD IN HEVS

Precise evaluation of solar radiation components,
including beam and diffuse radiations, is required to
optimize energy management strategies in electric vehicles.
This paper proposes an improved methodology for an
accurate calculation of solar radiation components on tilted
surfaces using the Hay, Davies, Klucher, and Reindl
(HDKR) technique. [21-22] The efficiency of the proposed
methodology in improving the estimation of solar radiation's
accuracy by thorough simulations experiments. Improved
energy management and the incorporation of solar energy
systems into electric vehicles configurations is implemented
with this method. To calculate the diffuse and beam
radiations on tilted surfaces more precisely, the HDKR
technique incorporates a number of geometric and
atmospheric factors. The HDKR method's primary steps are
as follows:

3.1. Solar Time ( t_solar)

Solar time (t_solar) is the time indicated by the position
of the Sun in the sky. It accounts for variations in the Earth's
rotation and orbit around the Sun. The formula to calculate
solar time is given by (1) [38]:

4. (logitude — logit,one) + €

0 (M

tsolar = time +

where:
- Time is the standard time.
- longitude is the observer's longitude.
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- longit zone is the standard time zone meridian.
- e is the equation of time.

3.2. Equation of Time (e)

The equation of time (e) represents the difference
between mean solar time and apparent solar time. It is
calculated using the following formula is given by (2):

e =229.2* (0.000075 + 0.001869*cos(b) - 0.032077 *

sin(b) - 0.014615 * cos(2b) - 0.04089 *sin(2b)) &Y

where b represents the Earth's orbital position for a given
day of the year.

3.3. Declination Angle (3)

The declination angle (delta) indicates the angle
between the rays of the Sun and the plane of the Earth's
equator. It is calculated using the formula:

§=23.45* sin(360 *(284 + day)/365) 3)

where day represents the day of the year.
3.4. Solar Azimuth Angle

The horizontal direction of the Sun with respect to a
reference direction is indicated by the solar azimuth angle.
The latitude, declination angle, and solar zenith angle of the
observer will be utilized to calculate it. The equation is
given by (4):

Solar_azimuth = sign.cos™!
(cos(solarzenith).sin(latitude)—sin (©))

Q)

sin(solarzenitn)-cos (latitude)

whare Sign = 1 if tela> 12, otherwise Sign = -1

3.5. Incidence Angle (O)

The angle formed by the direction of incoming solar
radiation and the normal vector to a surface is called the
incidence angle (o). It is computed by (5) as follows [39]:

O = cos(solar_zenith) * cos(tilt_angle) +
sin(solar_zenith) * sin(tilt_angle) cos(solar_azimuth —
surface azim)

(&)

3.6. Solar Radiation (Gsc, Ghorizontal_radiation)

Solar radiation refers to the electromagnetic energy
emitted by the sun and received at a particular location on
Earth's surface. The average solar irradiation at the top of
the earth's atmosphere is represented by the solar constant
(Gsc). The radiation formula is given by (6) in the horizontal
direction.

Solar Radiation (Ghorizontaliradiation)

Ghorizontalﬁradiation = Gsc *(1 .000110 +034221 *COS(b)
+0.00128sib(b) + 0.000719%cos(2b) +0.000077*sin

(20))

3.7. Clearness Index (K:) and Diffuse Fraction (Rod)

(6)

The clearness index (K;) represents the ratio of the solar
radiation measured on a horizontal surface to the
extraterrestrial solar radiation. The diffuse fraction (Roa)
indicates the fraction of total solar radiation that is diffuse
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rather than direct radiation. (K;)and (R.s) are calculated
using the provided formulasby (7)[40].

Gharizontal,radiation

(=
solarradiation*cos (solarzenith)

1-0.249 K, ,ifK, < 0.35

0.177,if K, > 0.75
1.557 — 1.84 x K,, otherwise

(7
Rod =

The ratio of solar radiation measured on a horizontal
surface to solar radiation from extraterrestrial sources is
known as the clearness index (K;). The percentage of total
solar radiation that is diffuse rather than direct is known as
the diffuse fraction, or R,s. The given formulas are used to
determine (K,) and (R.s) by (8)[41].

_ GHI
a clear—skyGHI

@®)

The key steps involved in the HDKR method include:

1. Beam radiation calculation: To determine the
incidence angle modifier () and use it to modify beam
radiation in order to obtain beam radiation on tilted surfaces
(Gbeam)~

2. Diffuse Radiation Calculation: The isotropic sky
diffuse radiation (Gz), which is an approximation of the
diffuse radiation originating from the sky dome as a whole,
is determined. Making use of the tilt angle to modify the
isotropic sky diffuse radiation in order to obtain the diffuse
radiation on the tilted surface. Compute the circumsolar
diffuse radiation as well, which is the diffuse radiation
originating from a given angular radius surrounds the solar
disk.

3. Beam and Diffuse Radiations: Add the beam and
diffuse radiations to get an estimate of the total radiation on
the slanted surface by (9).

Total solar Radiation = Beam Radiation + diffuse
radiation + reflected radiation.

)

4. MODEL IMPLEMENTATION

The model is applied and the accuracy of the GHI
projections for 2024 is determined using meteorological data
ranging 2019 to 2024. While the input features include GHI,
meteorological information, and the clearness index for the
previous 24 hours, the output includes the total GHI for the
next hour and the next 24 hours. The model design uses a
single hidden layer structure with a sigmoidal activation
function to handle gradient dispersion and computation
performance. On the hidden layer, dropout regularization is
applied to minimize overfitting. The output layer computes
the loss function between the target and predicted outputs,
giving the Mean Absolute Error (MAE). The obtained
gradients are used by the backpropagation (BP) technique to
adjust the network weights.[17] The Adam algorithm is used
to create optimization parameters till convergence. The
model applies denormalization to the output after training to
pair the predicted values with the corresponding time-series
data.
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4.1. Performance Evaluation Metrics

Four error metrics were evaluated for evaluating the
forecasting model's performance using equations (10) and

(11):

1. Root Mean Square Error (RMSE): This measures
the difference between predicted and actual values. Better
predicting accuracy is shown by a lower RMSE. The
equation is:

RMSE = \/%2?;1( (Pr — P,)? (10)

where N is the number of observations, Pyris the forecast
value, and P, is the actual value.

2. R-Squared (R?): R-Squared, which goes from 0 to 1,
evaluates how well the predictive model fits the data. Better
fit is indicated by a higher value. The formula is given by
the following equation [18]:

S ((Pr=Pa)?

R2=1
N (PF-Pa)?

(11)

The computational model is developed using the Julia
programming language (version 1.4.0) in conjunction with
the JuMP optimization package (version 0.21.2), both of
which are open-source and publicly accessible. For solving

the formulated optimization problem, the Gurobi solver
(version 0.76) is employed under an academic license.
5. SCHEDULED CONSTRAINED DRIVEN ENERGY
MANAGEMENT STRATEGY

The objective of the paper is to meet specific electrical
energy requirements for both the driving cycle and auxiliary
systems by optimizing the operation of an integrated energy
management system. By the investigation of a model
vehicle equipped with a photovoltaic system, battery, and
ultracapacitor for energy storage, the research evaluates
whether different configurations and objectives impact
significant metrics for performance [23]. The study analyses
optimal energy flows with hourly resolution over a year,
taking into account complicated dependencies and technical
constraints, using Mixed-Integer Linear Optimization
(MILO). Attention is placed on the different modes of power
consumption of the modulating traction motor during the
driving cycle and while the auxiliary system is operating. To
guarantee reproducibility and transparency, the study
provides models, parameters, and visualization code. This
study analyses the flow variable given in Table 3. the
operational control of a traction motor and PV system [24].
They differentiate between predictive and nonpredictive
approaches, with nonpredictive methods relying on rule-
based or schedule-based algorithms [25-27]. In these
approaches, the traction motor is activated based on

Table 1:Pseudo-code for ANN-based solar forecasting algorithm.

Preprocess data:

-Number of Samples:15000,60% for Training and 40% for Test;
-num_epochs = 100, batch_size = 32, num_hidden_neurons
256, num_input_neurons = 87

Adding azimuth angle and incidence angle to input neurons
num_output_neurons = 1

Train the model
-for epoch in range(num_epochs):
-for batch_idx in range(len(X_train_batches)):

Get the current batch
- X batch =X train_batches[batch idx]
-y_batch =y train_batches[batch_idx]

Forward propagation
Extract azimuth angle and incidence angle from X_batch
-azimuth _angle = X batch[:, -2] # Assuming azimuth angle is
the second last column

-incidence angle = X batch[:, -1] # Assuming incidence angle
is the last column

Concatenate azimuth angle and incidence angle with input
features
-X_batch_with_angles
azimuth_angle[:,np.newaxis],
axis=l1)

np.concatenate((X_batch[:, :-2],
incidence angle[:,np.newaxis]),

Compute hidden layer activations
-a_hidden np.dot (X batch with angles,
b _hidden

W_hidden) +

Apply activation function
-a_hidden = np.maximum (a_hidden, 0)

Compute output layer activations
-y_pred =np.dot (a_hidden, W_output) + b_output

Compute loss (e.g., mean squared error)
- loss = np.mean((y_pred - y_batch) ** 2)

Backpropagation & Compute gradients
-delta_output =y pred - y_batch
-delta_hidden = np.dot (delta output, W_output.T) *

(a_hidden> 0)

Update weights and biases
-W_output -= alpha * np.dot (a_hidden.T, delta_output)
- b_output -= alpha * np.mean(delta_output, axis=0)
-W_hidden -= alpha * np.dot (X batch_with_angles.T,
delta_hidden)
-b_hidden -= alpha * np.mean(delta_hidden, axis=0)

Optionally, print loss or other metrics
-if batch_idx % 10 ==0:

-print (fEpoch {epoch+1}, Batch {batch idx+1}, Loss:
{loss:.4f}")

Evaluate the model on the testing set
-y_pred_test np.dot  (np.maximum(np.dot(X test,
W _hidden) + b_hidden, 0), W_output) + b_output

Compare the real data with the predicted data
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Table 2: Ratings of the hybrid electric vehicle.

Parameter Value Parameter Value
Battery Type Li-ion Cells in Module 3 in series
Battery Cell 40 Ah/60V Battery Modules 31 in series
Battery Cell 0.378 kg Maximum Capacity (Ah) 40
UC Type PC2500 UC Cells 120
UC Voltage 225V UC Capacitance 58F
UC Resistance 0.02 Battery Efficiency 88
HEV MASS 830kg PV Cell Voltage 27.3
Frontal Area 2.03 m? PV Cells in series and parallel 20 &3
Motor Type IM (AC75) Motor Torque scale 0.268
Motor Power 20kW Initial Temp. 30°C
Cargo 136kg Average Load 1.28
Input Neurons 6 Hidden Layer 2 layers
Neurons per hidden 20 Activation Function ReLU (Hidden Layers), Linear (Output Layer)
layer
Batch Size 32 Learning Rate 0.001
Training Epochs 300 Regularization Dropout (0.3), L2 (0.0005)
Optimizer Adam Weight Initialization Xavier
Table 3: Flow variables. Objective Function: J= YN, (PV; + AC, + DC, (12)
Demand Fulfillment va—Edemand, Cbat‘Edemand, CUC'
Edemand, Cpv-b. Cpv-uc Subject to the following constraints:
Traction Motor inflows Cov-1r, Cuc-r. Com1r Energy balance constraint:
Traction Motor modulation Crprivi , Crr-
Tr~Driving cycle Tr=AC ACt + DCt + SOCt _ SOCt_l — PVt _ Closs .
| soct — soc,_, |
predefined condition on time etc. The hybrid energy State of charge constraints: (13)

management system (HEMS), consists of a traction motor
(Tr), ultracapacitor (UC), battery (B), and PV system (PV).
The vehicle's auxiliary system and driving cycle can both be
powered by the traction motor. The study includes the
following known parameters: the external temperature
(Texternat), PV generation (Cpy), driving cycle demand (Cg),
auxiliary system demand (Cpasx), and electricity demand
(Edemana)-By the setting of a one-year control horizon at a
time resolution of one hour, for the fundamental features of
the most effective control strategy. The PV system
(Cppr—Edemana), battery (Cpar— Egemana), Or ultracapacitor
(Cuc—Edemana) can supply the power flow required to satisfy
electricity demand (Eemand)-

It guarantees that the entire amount of power generated
is equal to the sum of the flows from the PV system to meet
demand, storage devices, ultracapacitors and traction
motors. The energy balance of the battery state of charge
(SOCp) is computed using (13). SOC, rises when the PV
system's electricity supply rises (Cppr—Cps), and it falls
when the traction motor (Czar—Crr) or the battery supplies
electricity to meet demand (Csar— Edemand)-

Three sources can supply electricity to the traction motor:

the ultracapacitor (Cruc—C7y), the PV system (Cppo—Cry),
or the battery (Cps,—Cr). It functions in two modes:
Cprr—Cpc for the driving cycle and Crr—Cyux for the
auxiliary system, which reflect different energy flows. The
driving cycle (Cwoapc) and auxiliary modes (Curoaaux)
modulation degrees are continuous variables with a

range of zero to one.
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SOChin < SOC;< SOCpna
Non-negativity constraints:
ACz 0,DCz 0, SOCi= 0

whare Cpr.pc(t), Cb-DC(t), CucC-DC(?) represents the energy
flow from PV system to battery, ultracapacitor and the grid
to the driving cycle and AC at time t respectively. Cry-pc(?),
Cpr-ac(t), Cprs(t), Cpv-uc(t), the energy flow from the PV
system to the driving cycle, AC, battery, PV, grid at time ¢
respectively. The objective function J given by equation in
12 continues to represent the overall energy consumption
across the time horizon N in this extended formulation. All
time intervals' energy consumption terms for the PV, AC,
and DC cooling systems are added together. Every time
step, energy generation, consumption, and storage are
balanced due to the energy balance constraint. The term that
penalizes differences in the state-of-charge between
consecutive time intervals is used to account for energy
losses Cioss. | SOCt — S0C;_4 | .In order to guarantee that the
energy storage system functions within its capacity
limitations, the state-of-charge constraints limit the SOC
within permissible parameters are SOC,in to SOCar. Energy
consumption and state-of-charge must both remain non-
negative during the optimization phase due to the non-
negativity restrictions AC; and DC; given by (13).

Flow constraints:

Crrpc) + Cr.pc()+ Cuc.pc(t)= DC(¥) (14)
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Cry-pc(t)+ Cpy-p(t)+Cpy.uc(t)+Cpr-AC(t) = GE(Z)
Battery constraints:

SOCK(t+1) = (1-lossy) *SOCK(t) + np *C pr-s(f) —
(Cb—DC(t)+ Cb—Tr(t))

nb
50Ch,, < S0C,(t) < SOCh4y

Cp-pc(t), Cpy—p(t), Cg_pc(t) < Bmaxrate

(15)

where, SOCy(f) denotes the state of charge of battery at time
t, Lossp represents the energy loss factor of the battery, n is
the efficiency of the battery, SOCL,, and SOCE,,,, denotes
the maximum and minimum allowable state of charge for
the battery, Bax raterepresents the maximum
charging/discharging rate of the battery.

The constraints given by (14) and (15) ensure that
energy flows and state of charge levels of the battery,
ultracapacitor and PV for increasing the efficiency of
electric vehicle. Let Pgemana be the power demand, P, be
the minimum power, Ppy be the power of PV, Py, be the
battery power and Pyc be the UC Power. The system power
supply hierarchy can be represented by (16) and (17):

Pauppiy =
Ppy,if Ppy = Puin

Pba[,ifPPV< Pmin andea,Z Pmin - Ppy

Pyc ,if (Ppy< Puin) and (Ppat < Pumin - Ppy) and (Pyc =
Pmin' PPV*Pb)

(16)

Picr, otherwise
Under regenerative mode:

PUC,Charge =

0 ) if Pdemand =0

a'PPV,excesg 5 if (Pdemand < 0) and (PUcisOC <
Puc max_soc)

B'(Pdemand - PPV,excess) R if (Pdemand < 0) and (PUC_SOC =
Puc max_soc)

(17

where Ppy excess= max(0, Ppy - Ppymax)

Traction motor constraints:

Crr(?) = Cpy-1r(t) + Cp.1r(?)

Crr(t) £ TRmax_power

Crr-pc (t) + Crroac(t) = Cevotr(t) _Cuc-tr(t) +Chtr(t)
Crr-pc (t) = Modepc(t) * DC max_power

Crreac () = Modeac(t) * DC max power

Modepc(t)* Trswiteh (t) < DC max_power

Modeac(t) * (1- Trswitch ()< 1- TR max_power

(18)

Air Conditioning (AC) constraints
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Cac(t) = Cpv-tr(t) + Cg-ac(t) + Cuc-ac(t)

(19)
CAC(t) S Acmaxﬁpower

where Crr(f) and Cyc (f) represents the power consumed by
the traction motor and air conditioning unit at time ¢ Cpy-
pc(?), Crr-s(f), Cpr.uc(f) and Cpy.rr(f) represents the flows of
energy from PV system to driving cycle cooling system,
battery, ultracapacitor and traction motor at time ¢
respectively. SOCx(f) and SOCyc(f) are the state of charge of
the battery, ultracapacitor at time interval at time . Lossy
represents the energy loss factor of the battery.n, is the
efficiency of the battery. SOCZ;,, and SOCE,,, denotes the
minimum and maximum allowable state of charge for the
battery, respectively.Bpay rate T€presents the m, maximum
charging/discharging rate of the battery represented by (18)
and (19).

6. SIMULATION RESULTS- COMPARING PREDICTED VS.
MEASURED PERFORMANCE OF PHOTOVOLTAIC
MODULES

For solar power plants to operate and be controlled
effectively, solar power forecasting is essential. The amount
of energy generated by the solar photovoltaic (PV) array is
affected by various external environmental factors,
including dust deposition on the panels, humidity, air
temperature, and solar radiation. These factors also include
the doping level and design of the PV array. These naturally
fluctuating components have a direct effect on the
manufacturing of solar cells. In addition, variations in solar
irradiation and the previously mentioned environmental
conditions take place during the day. To enhance the
accuracy of PV module output forecast and, consequently,
the efficiency of solar power plants, it is essential to
measure and evaluate the hourly averages or specific
intervals of these parameters.

The dataset includes several metrics that are essential
for projecting solar electricity and operating plants,
including:

1.Power generated: The joules of energy produced in
three hours.

2. Distance-to-solar-noon: This is a radian-based
measurement of the angular separation from solar noon.

3. Temperature: In degrees Celsius, the average daily
temperature.

4. Wind direction: The degree of average daily wind
direction, from 0 to 360.

5. Wind speed: An average daily wind speed expressed
in meters per second.

6. Sky cover: Displayed as a five-step scale, where 0
represents complete visibility and 4 represents complete
coverage.

7. Visibility: Kilometres are used to express visibility.
8. Humidity: expressed as a percentage.

9. Average wind speed (period): The average wind
speed over the three hours of data, expressed in meters per
second.
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10. Mean pressure (time interval): Mean barometric
pressure during the 3-hour period when measurements were
taken, in inches of mercury.

The complex dynamics of Root Mean Squared Error
(RMSE) during the training of an artificial neural network
(ANN) are depicted in Fig. 2. Over multiple epochs, the
paper thoroughly monitors variations in RMSE. By
analysing these patterns, the article offers profound insights
into the convergence dynamics of the ANN and its capacity
to generalize to unknown input. The graphic illustrates how
the RMSE drops to 0.2694 as the number of epochs
increases, highlighting how effective the training process is
at lowering error and improving model performance [23].
With the help of the provided code, a visualization is created
to compare a model's prediction accuracy to the actual
values for the training and test datasets shown in Fig. 3. The
subplot on the left, where real generated power is displayed
on the y-axis and expected power output is plotted on the x-
axis, displays the evaluation of prediction accuracy for
training data. Similarly, the accuracy of test data prediction
is evaluated in the subplot to the right. The comparison
between the predicted and actual power output values in the
image provides insight into how well the model caught the
underlying patterns in the data.

The model provided generates a graphic to compare
predicted generated power levels with actual values based
on the sun azimuth angle in Fig. 4. The left subplot displays
the evaluation of training predictions against the solar
azimuth angle. Real generated power levels and anticipated
power outputs are displayed using scatter graphs. The sun
azimuth angle is represented by the x-axis, while the training
data is shown by the y-axis. Similarly, the right subplot
shows the assessment of test predictions concerning the sun
azimuth angle. Both subplots show how the model can
predict power production based on variations in the sun
azimuth angle.

Following the training and testing phases, the model's
performance was thoroughly examined using random
datasets to cover a range of epochs, from 2 to 16. The
method conducted a thorough comparison between the real
and projected datasets in order to provide light on how
epoch changes affect prediction accuracy. A thorough
analysis of the variations between the actual and predicted
values throughout several epochs yielded important insights
into the model's ability to adapt and generalize to a range of
datasets. The comprehensive research demonstrates the
artificial neural network model's stability and offers
guidance on the optimal epoch selection to maximize
prediction performance in Fig. 5.

6.1. Performance comparison of Forecasting techniques

Metrics like mean square error (MSE) and root mean
square error (RMSE) are used to assess the quality of
predictions. Model optimization and fine-tuning depend
significantly on the accuracy and validity information these
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measures deliver. There are notable correlations between a
number of solar and meteorological-related parameters.

1. The angle of incidence and zenith have a strong
positive association (0.71)

2. The relationship between generated power in KW
and backward shortwave radiation is 0.56.

3.Relative humidity and low cloud cover (0.49) and
zenith (0.51) are positively correlated.

4. The Angle of Incidence and Zenith and Generated
Power have a substantial negative association (-0.65).

5. Temperature and zenith have an inverse relationship
(-0.595).

6. There is a high negative correlation (-0.8) between
shortwave radiation backward and Zenith.

7. The relationship between shortwave radiation and
relative humidity (-0.72) and the relationship between
temperature and relative humidity (-0.77) are negative
shown in Fig. 5.
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Fig. 3: Epoch-based evaluation of solar power prediction accuracy: Insights from training and test data.
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By comparison, given in Table 4, the proposed LSTM— 21.2085°N, longitude 81.3482°E), achieved R? = (.8818 and

HDKR-based method in Chhattisgarh, India (latitude RMSE = 0.269, which indicates strong predictive capability
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Real Solar Generated Power Predicted Solar Power Output

2 -0.82 -1.44
3 -0.87 089
4 1.33 1.41
5 7 1.14
6 0.74 1.04
7 3 1.68
8 0.12 0.29
9 60 1.78
10 0.95 0.25
1" 1.24 0.67
12 1.63 1.97
13 1.78 1.34
14 -0.90 -1.23
15 2.06 1.35
16 1.42 -0.01%

Fig. 5: Solar Irradiance on random testing data sets.

with very low error despite high variability in local
climatic conditions. This comparison highlights that while
some existing methods show higher correlation coefficients,
the proposed approach delivers superior robustness by
minimizing prediction errors, making it more suitable for
integration into hybrid electric vehicle energy management
systems.

6.2. Functionality Test

During the functional test, the PV-UC-battery HEV is
simulated to operate in multiple modes during a driving
cycle, such as idling, starting, cruising, accelerating, and
regenerative braking [22]. The simulation results, which are
shown in Table 5 with the initial battery state of charge
(SOC) at 75% and varying solar radiance and ambient
temperature, demonstrate how various power sources
connect. The battery serves as the main power source. High
solar radiation and a high state of charge (SOC) of the
battery indicate solar energy charging, which is indicated by
negative battery power during vehicle pauses. The vehicle is
propelled forward by its photovoltaic array and batteries

until  increased power requirements compel the
ultracapacitor (UC) to come on. The battery absorbs excess
UC power. when the demand for power decreases, the
excess UC power is stored in the battery. The battery
becomes the primary power source once the motor reaches
its maximum output.

Data from the Mahindra Hybrid Electric Vehicle
Research Centre was acquired, with a specific focus on a
small vehicle model, in order to establish the monthly usage
of power. The driving cycle and the Air Conditioning (AC)
system are the two primary aspects of the analysis. First, the
amount of electricity used for driving was determined,
paying close attention to factors including road conditions,
vehicle speed, acceleration, and deceleration patterns. This
comprehensive assessment provided valuable insights into
the energy demands of the vehicle's propulsion system
across various driving scenarios. In addition, the amount of
electricity used by the air conditioning system was assessed,
taking into account variables such as user preferences, cabin
size, and outdoor temperature. Through the analysis of these
variables, a comprehension of the monthly electricity usage
for both the driving cycle and the AC system came to pass.
The model is optimized using the Gurobi solver (package
version 0.7.6) with an academic license.

The study makes it easier to estimate accurately and
create energy-management plans that work for the unique
features of Mahindra's compact car type. The graph in Fig. 6
illustrates the amount of electricity used each month for
driving cycles, demonstrating how the amount of energy
consumed varies over time. Energy efficiency techniques
can be optimized by gaining insights into seasonal
fluctuations and driving patterns through the analysis of
these trends. This graphic depiction is an excellent tool for
comprehending the dynamics of vehicle energy consumption
and providing guidance for energy management decisions.
The graphic in Fig. 7 also shows the vehicle's AC system
and auxiliary devices of the vehicle’s monthly electricity
use, highlighting usage trends and seasonal fluctuations. The
significant bars seen in green on the graph suggest higher
AC demand in the summer, especially in April, May, June,
and July. Blue represents other auxiliary devices, including
lighting and music.

Table 4: Performance comparisons.

References Location Latitude/Longitude Findings
RahimiKhoob[32] Spain 36.834N/2.463W R2 =0.889
RMSE=12.53
A.M. Pavan[33] India 9.9252N/78.1198E R2=0.99
RMSE=4.832
A. Assi[34] UAE 24.1302N/55.8023E R2 =0.93
RMSE=0.43
C. Muraleedharan[35] India 23.2599N/77.4126E R2=0.9989
RMSE=0.5016
Proposed Method India Chhattisgarh  21.2085N, 81.3482E R2=0.8818
RMSE=0.269
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Table 5: Annual key performance indicators for different driving conditions and AC status.

Case AC Driving AC Energy
Status Conditions Temperature Consumption

(UDDS) (°O) (kWh)

Case-1 On Normal 20 8789

Case-2 Off Normal - 8902

Case-3 Off Extreme - 8515
Hilly,Terrain

Case-4 On Extreme 24 8639

Battery UC satisfies PV satisfies Run Mean SOC
Satisfies Demand(%) Demand(%) Time  Battery wrt to
Demand(%) target SOC

70 20 90 47 94%

30 10 80 39 60.06%

80 40 60 14 62.57%

60 30 70 17 56.47%

6.3. Driving Cycle Scenarios

The standard condition for evaluating the performance
of the lightweight battery-PV-UC HEV (Hybrid Electric
Vehicle) system under the defined driving cycle conditions.
To represent different battery statuses and environmental
situations, three distinct scenarios are created:

Scenario 1: Sunny solar radiation - The PV array
charges the battery to 75% capacity when it first starts.

Scenario 2: Overcast/rainy - In low solar radiation
conditions, the PV output is insufficient, with the battery at
35% of its full charge.

Scenario 3: At night, solar radiation: 0 W/m2 - The
vehicle is solely powered by the UC and battery, which

results in a 55% state of charge for the battery.

Fig. 6 illustrates the energy distribution in the PV-UC-
Battery HEV power system as well as the battery level of
charge under Scenario 1. Because of the high output power
generated by the PV array in Fig.9, the PV and the battery is
used primarily as the power source under EMS control. The
UC idles and operates in a low power range when its system
efficiency is relatively high during periods of low power
demand. Fig.9 demonstrates how the battery discharges to
gradually decrease its state of charge as its energy storage is
used as efficiently as possible to maximize solar energy
utilization.

Figs. 6 and 7 analyse into the most effective methods
for utilizing ultracapacitors, battery storage, and PV
charging to meet the power needs of traction motors, air
conditioning (AC), and driving cycles in an electric vehicle
system. Seasonal analysis shows patterns of dynamic energy
generation and consumption, with PV charging being
essential to balancing power needs. Edge cases highlight
situations in which energy production might not meet
demand, requiring effective use of battery and ultracapacitor
storage to close the gap and meet power requirements. The
operational patterns observed in these situations provide
insight into the extent to which energy management
techniques work to balance the supply and demand of
energy under varied driving circumstances and
environmental variables. Furthermore, investigates the way
driving cycles and AC usage affect energy consumption and
storage dynamics, emphasizing the significance it is to
optimize energy flows for improved vehicle economy and
performance.
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This subsection explores optimal flows with a battery
and UC feed in addition to our initial objective function,
which was power demand fulfilment. Fig.7 provides a
description of seasonal fluctuations by displaying the
seasonal mean PV generation (yellow line), matching sinks
(stacked bars), and the mean battery State of Charge (SOC)
(black line). Notably, as shown by the grey bars in Fig.7,
there is a natural increase in UC during the summer, which
is marked by low heating demand and high PV generation.
In contrast to other seasons, the summertime battery SOC is
lower, which highlights the influence of seasonal
fluctuations on system behaviour. Notably, as shown by the
grey bars in Fig. 7, there is a natural increase in UC during
the summer, which is marked by high cooling demand and
high PV generation. In contrast to other seasons, the
summertime battery SOC is lower, which highlights the
influence of seasonal fluctuations on system behaviour. One
notable observation is that, as the day rolls on, self-
discharging losses tend to cause battery charging to be
delayed. However, certain anomalies to this pattern
highlight how important it is to consider the time of day and
seasonality when choosing the best charging tactics. Fig. 7
does not make it easier to analyse daily operating patterns,
even though it provides insights into aggregated seasonal
flows. The next paragraphs explore operational trends that
are seen in the winter and summer, with a particular
emphasis on specific edge cases. Winter presents unique
challenges due to its combination of high heating demand
and low PV generation.

The seasonal variations and anomalies observed in Fig.
7 further highlight the limitations of conventional static SOC
strategies, which rely on fixed upper and lower SOC
thresholds and fail to adapt to real-time fluctuations in load
demand and solar irradiance. Traditional static methods
often result in delayed charging, inefficient power
distribution, and excessive battery stress during seasonal
extremes. In contrast, the dynamic SOC control proposed in
this research continuously adjusts the SOC reference in
response to predicted solar irradiance (via the LSTM-
HDKR model), instantaneous driving cycle conditions, and
seasonal variability. This enables adaptive power sharing
between the battery and ultracapacitor, ensures efficient
utilization of available PV power, and prolongs battery life
by avoiding repetitive deep discharges. Therefore, the
proposed method provides a more resilient and adaptive
energy management approach compared to static SOC
targets, particularly under conditions of fluctuating
renewable generation and variable driving patterns.
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6.4. Optimizing Battery Performance with Dynamic
Target State of Charge Control

Research suggests the median battery values exhibit
behavior associated with battery characteristics, as they
approach capacity limitations during winter and decrease to
approximately 25% of the capacity in summer. To reduce
dissipation losses, charging strategies were designed to
match PV power surplus to the grid and to line with the
current demand. Modelling limitations, such as restricted
battery charge capacity because of PV generation or inverter
capacity, were the cause of the lower SOC data. On the
other hand, observations that were higher than the median,
especially during seasonal variations, indicated a range of
summertime AC cooling needs. It was suggested that target
SOC levels be dynamically controlled, with adjustments
made for daily, monthly, or seasonal mean SOCs. This could
potentially increase net profits and decrease dissipation
losses while maintaining user comfort.

Research suggests the median battery values exhibit
behaviour associated with battery characteristics, as they
approach capacity limitations during summer and increase to
approximately 25% of the less capacity in winter. In order to
reduce dissipation losses, charging strategies were designed
to match PV power surplus to the grid and to line with the
current demand. Modelling limitations, such as restricted
battery charge capacity because of PV generation or inverter
capacity, were the cause of the lower SOC data. On the
other hand, observations that were higher than the median,
especially during seasonal variations, indicated a range of
summertime AC cooling needs. It was suggested that target
SOC levels be dynamically controlled, with adjustments
made for daily, monthly, or seasonal mean SOCs as shown
in Fig.9. This could potentially increase net profits and
decrease dissipation losses while maintaining user comfort.
Future implementations must strike a balance between
information needs and potential cost savings, which has
interesting implications for rule-based control approach
design. A prioritization framework is developed for
distributing available PV generation within the integrated
vehicle system, specifically for powering the air
conditioning (AC) system and meeting cooling demands
during driving cycles, through a thorough analysis of
optimal energy allocation. At first, the priority was meeting
the demand for electricity needed for cooling and vehicle
running.

Subsequently, the focus was on preserving storage unit
target state-of-charges (SOCs) in order to guarantee the best
possible use of energy resources. The extra PV energy was
then used to run the air conditioning system or stored for
later use. We maximized energy use, especially during
moments of high cooling demand, by calculating target
SOCs and creating charging plans. Unlike traditional
methods, this methodology enables dynamic SOC control
according to driving conditions and climatic variables. This
method allows for dynamic SOC management depending on
driving circumstances and climate variations, which goes
beyond traditional fixed rule-based approaches and requires
additional testing using a variety of operational datasets
from simulation studies. The energy flow depicted in Table
5 explains the lower average growth in the state of charge
(SOC) throughout the winter.
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1. During the summer, photovoltaic (PV) systems
provide a larger percentage of the energy needed to meet the
power demand.

2. In contrast, the ultracapacitor and Battery Energy
Storage System (BESS) provide the bulk of the EV energy
needed during the winter, when there is less availability of
PV energy, lowering the battery's average state of charge.

By comparing the performance of hybrid energy storage
sources with renewable sources managed by the Maximum
Power Point Tracking prediction and optimization system
with Conventional Renewable Energy Systems (RES), the
usefulness of hybrid resources under the proposed structure
is demonstrated. Load management is challenging because
environmental factors have a significant impact on the
amount of electricity produced by renewable energy sources
like solar and wind. solar power generation.

6.5. Broader Implications for HEV Battery Lifespan and
Performance

The proposed research carries significant implications
for both the lifespan and performance of HEV batteries. By
replacing traditional static SOC control with a dynamic,
forecast-informed strategy, the system is able to minimize
deep discharge cycles and avoid frequent high-rate
charging/discharging events. These operating conditions are
among the primary factors responsible for premature battery
degradation. Consequently, the proposed method directly
contributes to extending battery life, reducing replacement
costs, and improving the overall sustainability of HEV
systems.

From a performance standpoint, the integration of the
ultracapacitor with the battery in a dynamically managed
system enhances the ability to handle transient peak loads,
such as rapid acceleration or regenerative braking, without
placing undue stress on the battery. This ensures that the
battery is primarily utilized for steady-state power delivery,
while the ultracapacitor absorbs short-term fluctuations.
Such an arrangement improves round-trip efficiency,
reduces internal resistive heating, and maintains more stable
SOC levels, which translates to higher reliability and
consistent driving performance.

Moreover, by incorporating solar irradiance forecasts
through ANN-HDKR modelling, the system achieves better
synchronization between renewable generation and battery
charging cycles. This proactive scheduling not only
increases the fraction of renewable energy utilization but
also reduces dependence on grid electricity or fossil-fuel-
driven charging. Over time, this makes HEVs more
environmentally friendly, while simultaneously improving
their economic viability by lowering the cost of energy
consumption.

In the broader context, the proposed methodology
demonstrates how intelligent energy management strategies
can transform HEVs from being only partial substitutes for
fossil-fuel vehicles into highly optimized, renewable-
energy-integrated systems. This represents a step toward
climate-neutral mobility solutions, where both performance
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and battery longevity are optimized without compromising
user convenience.

7. CONCLUSION

This work proposed an integrated methodology to
enhance solar irradiance forecasting and optimize energy
management in battery—ultracapacitor hybrid electric
vehicles (HEVs). The hybrid HDKR—ANN model delivered
high forecasting accuracy (R*> = 0.8818, RMSE = 0.269),
confirming its effectiveness in estimating beam, diffuse, and
reflected irradiance on tilted surfaces. This improved
reliability strengthens PV utilization and provides a robust
foundation for renewable energy integration in HEVs.

On the operational side, the proposed rule-based EMS
with dynamic SOC control effectively coordinated energy
flows between the PV system, battery, and ultracapacitor.
Results demonstrated a 47.6% reduction in peak battery
stress, extending battery lifespan while maintaining stable
system performance across diverse driving and auxiliary
load conditions. Seasonal analysis further revealed distinct
operational behaviours: summer offered high PV generation
and grid export but lower average SOC due to delayed
charging, whereas winter imposed greater reliance on the
battery and grid under reduced solar availability.
Transitional periods exhibited more balanced profiles,
highlighting the adaptability of the framework under varying
conditions.

Overall, this study demonstrates that combining
accurate solar forecasting with adaptive EMS strategies can
significantly improve efficiency, storage durability, and
renewable integration in HEVs.

Future  directions include  hardware-in-the-loop
validation and reinforcement learning—based cost prediction,
aiming to enhance real-time adaptability and economic
feasibility in next-generation low-emission transportation
systems.
feasibility.
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