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Abstract

The integration of renewable energy sources into modern power systems is increasing in
a rapid manner. With their integration into the grid and many other power electronics
devices, the rise in Power Quality Disturbances (PQDs) is posing as a major issue in im-
proving the performance of smart grids and microgrid systems. Due to the intermittency of
renewable energy sources, the fundamental frequency of power systems fluctuate, stemming
different PQDs. In this work, we present a comparative analysis of four different machine
learning classification algorithms, namely Support Vector Machine (SVM), k-Nearest Neigh-
bours (KNN), Random Forest (RF), and Naive Bayes (NB), in classifying different types
of single-stage and multiple-stage PQDs. We generated a dataset consisting of 29 types
of PQDs, while taking into consideration the variation of fundamental frequency. We note
that variation of fundamental frequency can significantly affect the classification accuracy
of the machine learning models. We introduced different levels of noise (20dB to 40dB)
to the PQD data to mimic real-life scenarios. We used the Linear Discriminant Analysis
(LDA), which is a supervised learning technique, for dimensionality reduction and feature
extraction. Our results show that the classification accuracy decreases as the noise level is
increased gradually, and that a decrease in the classification accuracy is possible when the
variation of the fundamental frequency is taken into account.

1 Introduction

The growing use of renewable energy and its connection to the grid has led to a surge in power semiconductor
devices. Such integration of renewable energy sources, driven by rising energy demands, increases power
quality disturbances (PQDs) that cause significant issues in distribution systems. In the present scenario of
power systems, microgrids are a very popular and emerging idea. Microgrids are especially prone to PQDs
due to high integration of renewable energy sources and their intermittencies (Hatziargyriou et al., 2007)).
Additionally, the boom in power electronics technology has brought a surge in non-linear loads, negatively
impacting power quality. These loads, while beneficial, contribute to power quality (PQ) problems like
capacitor bank failures, increased distribution and equipment losses, and motor vibrations. Ideally, the
power system should deliver pure sine waves, but power electronic converters distort this waveform. To
address these issues, standards, such as the IEEE 519, have been established to regulate the harmonic levels
within the power system. Nevertheless, the need for effective solutions to mitigate these power quality
disturbances.

Numerous incidents of PQDs can cause inconvenience and economic losses to users. For the mitigation
of PQDs, an uninterrupted monitoring of power signals is needed, which is nontrivial. In this context,
it is essential to efficiently, accurately, and quickly classify PQDs. To this end, light-weight classification
algorithms can be employed for the real-time monitoring system of the power grid. PQDs can consist of
stationary signals (flickers), non-stationary signals (oscillatory transients and notches), and a combination
of both. As such, PQD identification incorporates feature extraction of PQDs, and classification using the
extracted features. The selection of relevant features is instrumental for accurate classification. Therefore,
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several feature extraction tools are employed, including, but not limited to Fast Fourier Transform (FFT)
(Lopez-Ramirez et al.,[2018)), Stockwell Transform (ST) (Kumar et al. [2022), Wavelet Transform (WT) (Yil-
maz et all |2022)), Gabor Transform (GT) 2018), Hilbert Transform (HT) (Granados-Lieberman
et al., 2013), Empirical Mode Decomposition (EMD) (Camarena-Martinez et al.,[2015)), Short Time Fourier
Transform (STFT) (Singh & Singh| 2017), Singular Value Decomposition (SVD) (Lopez-Ramirez et all

2018), and Kalman Filter (KF) (He et al., 2022).

In this work, we propose a new method for classifying both single and combined PQDs of a microgrid
system using a simultaneous dimensionality reduction and feature extraction approach. Our approach aims
to transform complex data with many features into a simpler form with fewer, but more relevant, features.
More specifically, our proposed method utilizes Linear Discriminant Analysis (LDA), which is a supervised
learning technique that focuses on maximizing the separation between different classes, while minimizing
variations within each class (Xanthopoulos et al.l [2012)). LDA also allows for the efficient reduction of data
dimensionality. We generate a synthetic dataset consisting of different PQDs under varying fundamental
frequency conditions (48 Hz to 52 Hz with a 0.5 Hz increment), so that our proposed approach is more
robust. We note that the variation of the fundamental frequency can occur in practical systems due to
the islanding of the microgrid from the main grid. We evaluated the performance of LDA-based feature
extraction using four machine learning (ML) classifier models: k-Nearest Neighbor (KNN), Naive Bayes
(NB), Support Vector Machine (SVM), and Random Forest (RF). Our results show that LDA-based feature
extraction and dimensionality reduction achieves excellent classification accuracy for 29 different PQD types,
even with varying noise levels (20 dB to 40 dB).

2 Literature Review

There are a number of existing works that used various ML models for extracting features and classifying
PQDs. [Dhote et al| (2015]) showed different ways of recording PQD data from MATLAB-SIMULINK envi-
ronment, whereas [Ray et al.| (2019) demonstrated a microgrid model, and extraction of 6 PQDs. They also
classified the data using Independent Component Analysis (ICA) and SVM. |Vinayagam et al.| (2021)) inves-
tigated PQD detection and classification from PV integrated microgrids. |Chakravorti et al.| (2018) proposed
real-time detection and classification of 10 types of PQDs, whereas [Suganthi et al| (2021) demonstrated
the detection and classification of 8 types of PQDs from microgrid networks. Recently, |Singh et al.| (2023)
demonstrated the classification of 29 types of PQDs using LDA on a synthetic dataset generated according
to the works of [Igual et al.| (2018). We note that Zhang et al.| (2011)), Gong & Ruan| (2020), Xue et al.| (2020)),
and |Wang & Chen| (2019) also generated data from mathematical models of microgrid.

Several classification techniques have been applied by the researchers for the classification of PQDs in existing
literature. Among classical ML methods, Kernel ridge regression was utilized by [Chakravorti et al.| (2019)
for classification purposes, whereas Rule-based decision trees were implemented in Igual et al| (2019) and
|Zhang et al.| (2011). |Singh et al.| (2023)) presented results of multiple algorithms, such as SVM, RF, NB, and
KNN, for the classification. A Convolutional Neural Network (CNN) was used for the classification in
& Ruan| (2020)), [(Xue et al(2020)), and [Wang & Chen| (2019). DWT, Bayesian net, Decision tree and MLP,
were used in [Vinayagam et al.| (2021), and UWT and SGBT were used in [Yilmaz et al.| (2022).

Most of the existing works used the grid fundamental frequency to test the classification systems, ignoring
frequency deviations. In practice, variation of the fundamental frequency can occur due to the islanding of
the microgrid from the main grid. Tgual et al.| (2019) tested a rule-based decision tree for classification under
different fundamental frequencies and showed a comparison of the accuracies for the variation of frequencies
in different datasets. However, in weak islanded microgrids with low inertia, there can be significant changes
in fundamental frequency (Igual et al., [2019), which most of the existing studies ignored. To address this
research gap, we evaluate the performance of ML classifiers for PQD classification in microgrids operating
in islanded mode. More specifically, we investigate the robustness of ML classification algorithms if they are
trained on a dataset containing different variations of fundamental frequencies, which is common for most
grid-connected systems or strong islanded microgrids.
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3 Background and Problem Formulation

Notation. The vectors, matrices, and scalers are denoted with bold lowercase letters (e.g. x), bold uppercase
letters (e.g., X), and unbolded letters (e.g., V), respectively. The indices are denoted with unbolded lowercase
letters. The n-th column of the matrix X is denoted as x,,. We sometimes denote the set {1,2,..., N} with
[N].

3.1 Dimensionality Reduction

A commonly-used approach to reduce the dimensionality of the samples of a dataset is Linear Discriminant
Analysis (LDA). LDA is a supervised learning technique that aims to project the samples onto a lower-
dimensional subspace, where the classes are well separated (Xanthopoulos et al., |2012)).

Consider a dataset (X,y), where X = [x1,X2,...,xy] € R¥¥ contains N samples or data points, and
corresponding class label vector y = [y1,¥2,...,yn]" € RY. Here, each sample x,, is a d-dimensional feature
vector and y,, indicates the class label for data point x,,. Now, the Within-Class Scatter Matrix S,, and the
Between-Class Scatter Matrix S; are calculated as follows:

c
S, =) S, (1)
c=1
where C' is the number of classes, and S¢, is the scatter matrix for class ¢ € [C], defined as:

$t= S (xi— pe)(xi— )T (2)

i€Class ¢

where p. € R? represents the mean vector of class ¢. The S,, matrix captures the variability within each
class (Xanthopoulos et al.,[2012)). Next, the Between-Class Scatter Matrix S, captures the separation between
different classes. It is defined as:

Sp = Ne(pre — p)(pte — )", (3)

where N, is the number of data points in class ¢, and p € R? is the overall mean vector of the entire dataset.
Now, a set of d,, projection vectors (where d,, < d is the desired dimensionality) is sought that maximizes the
ratio of the between-class scatter to the within-class scatter. To that end, we form a transformation matrix
W = [wy, W, ...,Wq, | € R¥*d» such that the following holds

Syw; = \;S,w; for i € [dp], (4)

where {);} are non-negative scalers. Typically, the vectors {w;} are chosen in decreasing order of their
corresponding {)\;} values. This results in the projection vectors that capture the most significant class
separation information. Projecting the original data points onto W subspace yields a lower-dimensional
representation

Z=W'X, ()
where Z € R%*N is the reduced-dimensional data matrix. Finally, a classifier can be trained on this

transformed data.

3.2 Classification Methods

3.2.1 Support Vector Machine

Support Vector Machine (SVM) is one of the most extensively used classical machine learning techniques
that is capable of solving classification problems. Although mathematically complex and computationally
expensive, SVM can attain excellent accuracy in classification for the PQDs (Gandhi, 2018). SVM works by
finding the best decision boundary or hyperplane to categorize d-dimensional samples into classes.
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Figure 1: Sample of different PQDs with 20dB noise

In SVM, if the labels are considered as y,, € {—1,1}, the maximum margin hyperplane that separates the
two groups of data points is w'x —b = 0. Here, w € R? is the normal vector to the hyperplane, and b is
a scalar. Along w, the offset of the hyperplane from the origin is determined by the parameter ﬁ. Here,
|lw]| has to be minimized in order to maximize the distance between the planes. Hence, the optimization for
SVM can be written as,

minirilize [wl]3 subject to yn(w'x, —b)>1,Vn € [N]. (6)
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Figure 2: Sample of different PQDs with 20dB noise

3.2.2 K Nearest Neighbors

K Nearest Neighbors (KNN) is an intuitive non-parametric machine learning algorithm for classification and
regression tasks. It classifies a new data point based on the majority vote of its K nearest neighbors in the
training data (Guo et all [2003). Although no explicit training is necessary, the algorithmic process of KNN
can be described as:

To formulate the KNN methodology, considering x € R? be a data point, and X = [x1, Xz, ...,xy] € RN

be a set of training data points. Theoretically, the K-nearest neighbors of x,, are the K points in X that
have the smallest Euclidean distance to x,. The Euclidean distance s between two points x; and x; is
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s(x4,%;5) = ||x; —X;l||2. Now, if there is a set of labeled training data {(x1,v1), (X2,¥2), ..., (X~,yn)}, where
Yn is the label of x,,, the KNN algorithm assigns the label to an unseen x based on the majority vote of its
K-nearest neighbors. That is, if Mk (x) is the set of the K-nearest neighbors of x, the predicted label § for
X is:
g=argmax 3 I(yi=y),
x; ENK (%)

where I(-) is the indicator function.

3.2.3 Random Forests

Random Forest (RF) is an ensemble learning technique. They are very powerful in tasks, such as regression
and classification. By combining multiple decision trees, RF can achieve improved performance and robust-
ness compared to the single decision trees (Liaw et al., |2002). A standard decision tree is a hierarchical
structure where each node is split using the best split among all the available variables. But in a RF, each
node is split using the best split among a subset of randomly chosen predictors. Each tree in the forest casts
a vote for a particular class, and the final prediction is the majority vote among all the trees.

3.2.4 Naive Bayes

Naive Bayes (NB) is a part of the probabilistic generative classifiers. The part Naive in its name comes from
its assumption of the independent occurrence of features, and the Bayes part comes from the fact that the
algorithm is based on Bayesian theories. The Bayes’ theorem states:

P(x|C;)P(C;)

P(Cl|x) = P(X)

(7)

where, P(C;|x) is the posterior probability of class C; given the data point x, which is to be calculated for
classification. For a new data point x, Naive Bayes calculates the posterior probability for each class Cj
using Bayes’ theorem. The class with the highest posterior probability is predicted as the class label for the
new data point (Rish et al., 2001). We employed the Gaussian Naive Bayes for classification purposes.

4 Dataset Generation

Specifics of the Microgrid. The mathematical model described in |Igual et al.| (2018) formulated twenty-
nine different types of disturbances, including 8 unique disturbances and 21 combined disturbances. All of
these disturbances are defined with a set of parameters. We generate our dataset using this model, which is
implemented in MATLAB. The disturbances correspond to specific variables, that can be varied according
to the IEEE guidelines (IEEE] [2009) to generate variation within the data.

PQD Data. To generate the dataset for classification, a total of 29 types of PQDs were generated. The
PQDs were generated in MATLAB as per the guidelines described in IEEE-1159 standards, which is widely
used for simulating PQD data that closely portrays the real-world scenario. Note that collecting real-world
PQD data is nontrivial, since it requires monitoring and assessment of power grid events for a long time
as the instance when a PQD might occur in a system is random. To create the dataset, the variation of
fundamental frequency from 48Hz to 52Hz with an increment of 0.5Hz was considered, as microgrid systems
experience frequency fluctuation during the islanding process. The different PQDs were generated randomly
using the mathematical model described in[Igual et al.| (2018) with varying parameters. The core parameters
that were maintained throughout the generation of all the PQDs are given in Table [T}

To make the data replicate real-world data more closely, noise of different levels (namely, SNR 20dB, 25dB,
30dB, 35dB, and 40dB), were added to the samples. A total of 6 different datasets were generated to compare
the accuracy of classification based on different noise levels. The different types of PQDs with 20dB noise
levels are shown in Figures [T} 2] and [3]
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Figure 3: Sample of different PQDs with 20dB noise

5 Experimental Results

As mentioned before, 29 types of PQDs were generated using the mathematical model (Igual et al., [2018)
with random variation of the given parameters. Introducing the frequency variation, 900 samples were
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Parameter Value

Fundamental Frequency Variations 48Hz to 52Hz with an increment of 0.5Hz
Samples per Frequency per Disturbance 100

Total Samples per Disturbance 900 (100 samples/frequency x 9 frequencies)
Amplitude 1.0 pu

Sampling Frequency 16 kHz

Cycles per Sample Signal 10

Table 1: Parameters used for generating PQD data.

Accuracy: B7.0843
Precision: 0.8737
Recall: 0.8707
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Figure 4: Confusion matrix for SVM classifier with 20dB noise

generated for each of the 29 classes. Ten cycles for each class were considered, and the sampling rate was
set to 16kHz. The fundamental frequency was varied from 48Hz to 52Hz, and white Gaussian noise was
added with SNR ranging from 20dB to 40dB.

Dimension Reduction using LDA. LDA is used dimensionality reduction, and simultaneously extract
features from the raw samples. As mentioned before, LDA projects the data samples onto lower dimensional
subspace that enhances classification performance. After using the LDA, the sample dimension d was
reduced from 3200 to d, = 28. These reduced-dimensional samples were used for the training the classifier.
These samples are split into train-test split (with 80:20 ratio).

Classification Performance. In Table 2| the classification performance for different algorithms under
different levels of noise are shown. It can be observed that, as the noise level is increased, the classification
accuracy starts to decrease. Additionally, when the signal is without any noise, RF algorithms gives the best
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Accuracy: 80.0345
Precision: 0.9131
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Figure 5: Confusion matrix for KNN classifier with 20dB noise

Classification = Without 40dB 35dB 30dB 25dB 20dB
algorithm Noise

SVM 0.9483 0.9079 0.8985 0.8919 0.8826 0.8708
KNN 0.9841 0.9898 0.8587 0.8408 0.8271 0.8003
RF 0.9896 0.8939 0.8843 0.8754 0.8629 0.8453
NB 0.9145 0.8877 0.8800 0.8772 0.8711 0.8539

Table 2: Accuracy for different classification algorithms.

accuracy. But as noise is introduced in the dataset, SVM classifier shows a consistent result in classification.
We show the confusion matrices for the four classification algorithms in Figures [4}{7]

Note that, the authors in [Singh et al.| (2023) used LDA to classify 29 types of PQDs, and the findings show
somewhat counter-intuitive results — when the noise level was increased, the accuracy of the classifier also
increased. But in this current study, the finding shows an intuitive result where as the noise level is increased,
the accuracy decreases gracefully. To the best of out knowledge, no other existing work has investigated the
variation of fundamental frequency in a single dataset, and hence, our results cannot be compared with any
other existing literature.

6 Conclusion

In this work, we explored classification of power quality disturbances for microgrids, where the fluctuation in
the fundamental frequency during the islanding process has been taken into consideration. The significance of
the work is underlined by considering the fact that mitigating system failures and malfunctioning of electrical
elements connected to a microgrid is of tremendous importance for power system stability and performance.
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Figure 6: Confusion matrix for Random Forest classifier with 20dB noise

Our results clearly show a significant decrease in the classification accuracy when this variation is taken
into account. There is sufficient scope to attempt to increase the accuracy score during this situation and
explore other algorithms in this case. The supervised dimension reduction and feature extraction approach
that was employed in this research was linear discriminant analysis, which paves a faster and simpler way
in the classification procedure. There were 29 types of PQDs that were taken into consideration for the
classification process, and 4 types of machine learning algorithms were used for this process. Different levels
of noise were added to the sample signals to better replicate the synthetic data to real-world signals. The
results show that, the SVM classifier had the best performance of the four in the classification in the presence
of noise in the signals. To the best of our knowledge, our work is the first foray into investigating the variation
of fundamental frequency in a single dataset of PQD. We believe that our work will pave the way of more
efficient and accurate classification of real-world PQD.
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