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Abstract: The electric machines are the elements most used at industry and they represent the major
power consumption of the productive processes. Particularly speaking, among all the electric ma-
chines, the motors and their drives play a key role since they literally allow the motion interchange
in the industrial processes, it could be said that they are the medullar column for moving the rest of
the mechanical parts. Hence, their proper operation must be guaranteed in order to rise, as much as
possible, their efficiency and bringing out as consequence economic benefits. This review presents
a general overview of the reported works that address the efficiency topic in motors and drives and
in the power quality of the electric grid. This work speaks about the relation existing between the
motors and drives that induce electric disturbances into the grid affecting its power quality, but
also, how these power disturbances present in the electrical network adversely affect, in turn, to the
motors and drives. In addition, the reported techniques that tackle the power quality disturbances
detection, classification, and mitigations are discussed. Also, several works are reviewed in order
to present the panorama that show the evolution and advances in the techniques and tendencies in
both senses: motors and drives affecting the power source quality and the power quality disturb-
ances affecting the efficiency of motors and drives. A discussion of trends in techniques and future
work about power quality analysis from the motors and drives efficiency viewpoint is provided.
Finally, some prompts are made about alternative methods that could help in overcome the gaps
until now detected in the reported approaches referring to detection, classification and mitigation
of power disturbances with views toward the improvement of the efficiency of motors and drives.

Keywords: electrical drives; electrical machines; energy efficiency; energy-saving; induction motor;
power quality

1. Introduction

The energy conversion through electrical and electromechanical machines, allows
performing a wide variety of man activities that were considered complex to be done by
themselves. These devices are installed widespread around the world and, according to
several authors in the literature, they consume between the 60% and the 80% of the total
energy in the industrial sector [1,2]. Most of the machines used in the industrial processes
are the electric motors, which transform the electrical energy nature, whether continuous
or alternating, into a mechanical one, also known as kinetic energy generation, ensuring
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the movement on an output shaft. The electric motors are coupled to a mechanical ensem-
ble for generating motion, rotational or linear, in purposes like: pushing, heating, pump-
ing, transporting, among others. In order to do the aforementioned, a necessary element
that has been integrated with the electrical machines is the drive, which is the system used
for controlling the motion of the electric motors. The purpose of a drive is to adjust the
output parameters of the motor such as the speed, through variations in voltage or fre-
quency [3]. Thus, the electric drive is the linkage between the mechanical and the electrical
engineering. A typical drive system is assembled with an electric motor and a sophisti-
cated controller unit that manipulates the rotation of the motor shaft. This control can be
done quickly with the help of hardware and software.

Despite of being the more recurrent equipment for controlling the industrial ma-
chines both, the electric motor and its drive, cause adverse effects to the electrical grid by
inducing power disturbances to it, [4]. For instance, a motor startup could generate volt-
age disturbances such as sags, swells, and flicker in weak power systems. In addition to
this, the drives induce harmonic and inter-harmonic content during the motor feeding
when the frequency is variated [5,6]. In counterpart, to this regard it must be highlighted
that a poor power quality, in turn, affects the normal operation of the motors and drives
causing equipment malfunctioning, failures, or even worse irreparable damage [7]. When-
ever a machine transforms energy from one form to another and this combined with
power quality disturbances in the electric grid yield to an unavoidable loss in the equip-
ment, normally manifesting as an increase in the temperature and an efficiency reduction
[8,9]. Therefore, since the electrical machines use a significant part of the total electric
power generated worldwide and its performance impact directly in the productivity costs,
any improvement on its operation and control that increase its efficiency will have a mean-
ingful impact [10-13].

Due to the abovementioned, the power quality monitoring represents an essential
aspect to consider in today’s electrical environments or power grids. As a matter of fact,
the critical aspect to be considered is the relationship between electrical motors and drives
with the power quality. Indeed, several methodologies have been developed for detecting
faults and identifying, classifying, mitigating, and suppressing power quality disturb-
ances [14]. The important points related to the employ of such techniques address: (i) the
analysis of the effects produced by the power quality disturbances (PQDs) on electrical
devices o machinery, (ii) the parameters involved with the disturbance generation in the
electrical grid, and (iii) the proper action to be taken once the electrical phenomenon has
occurred. Therefore, it is important to conduct an exhaustive review of the reported works
in two main aspects; those researches that focus on techniques developed and applied to
detect, classify, and mitigate electrical events or power disturbances, and those investiga-
tions that attend what has been done about how poor power quality affect the electric
motors and drives and reduces their efficiency.

Regarding to the existing electric machines technologies, a generalized classification
can be made according to [15, 3]. This cataloguing concerns to the form of the power sup-
ply and applies for both electrical and electromechanical machines such as motors, drives,
transformers, etc. Two main branches can be considered being direct current (DC) and
alternating current (AC) electric machines, and from these other subcategories are de-
rived. In one hand, the case of direct current machines consists on DC generators and DC
motors. On the other hand, for the case of alternating current machines there exist syn-
chronous and asynchronous electromechanical devices. In a similar way, as in direct cur-
rent, the synchronous machines are divided into AC generators and AC motors. Mean-
while, asynchronous technologies involve only induction machines. Apart from this,
other categorization is made from the standpoint of performance losses, in this the elec-
trical machines may be divided into two groups; those with rotary parts (motors, genera-
tors) and those with static parts (transformers, reactors). Under this point of view, the
electrical and mechanical losses are produced in rotating machines, while only electrical
losses are produced in stationary machines. Finally, another classification can be made by
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takin into account if the machine uses single-phase or three-phase alternating current (AC)
supply [16]. In addition to that, it worth noticing that the motor drives can be classified
according to the prime mover they handle such as electric motors, diesel or petrol engines,
gas or steam turbines, steam engines, and hydraulic motors [17].

From the aforementioned classifications, the asynchronous or induction motor to-
gether with its electrical drive are the most widely used in industry, reason for what they
are going to be selected for analysis in this review. The main advantage of induction motor
is that eliminates all sliding contacts, resulting in an exceedingly simple and rugged con-
struction. Besides, the rapid development of new induction machines and the emerging
of power drive technologies in the past few decades, rating from a few watts to many
megawatts [17], enable them to be used in many fields involving conversion processes
[18], whether in the generation, transmission, or electrical energy consumption [19].
Therefore, the electrical motors and drives are used in industrial, commercial, and domes-
tic applications like transportation systems [20,21], rolling mills [22], paper machines [23],
textile mills [24], machine tools [25], pumps [26], robots [27], fans [28], vehicle propulsion
[29], among others [30].

In relation to the applications of motors and drives some examples are described
next. Some of the most recent studies on electrical machines are focused on the new ap-
plications for industries equipment supplying and that can be beneficial for the environ-
mental issues by using more efficiently motors and drives an combining them with emerg-
ing technologies [16,31-33]. For instance, development of electric vehicles by improving
their motors for driving, transportation, and mobility applications [34]. Regarding the
electrical drives, many studies have been conducted in areas such as high-speed rotating
mechanical machinery [35]. Concerning to the power generation topic, the efforts look for
developing electric machines to be the element that allows a clean and efficient generation
of energy [36]. Currently, two important aspects are currently being addressed: the best
usage in the conversion of energy by electrical machines and at the same time heed that
the use of these devices does not introduce anomalies to the electrical network. These con-
siderations are being sought from regulatory points of view. An example of the above
mentioned is the power factor regulation by using capacitive or inductive elements de-
pending on the case. This power factor is penalized by electrical regulatory agencies.

Some international organizations like NEMA, ANSI, or IEEE define the standards
and fix the tolerances for the operational parameters for electrical machines [37]. These
standards specify power, speed, voltage, and operating frequency ranges in order to guar-
antee the power source as pure as possible, what is known as Power Quality (PQ) [38].
Nowadays, the tendency for electrical machines is to be more efficient, to require less
maintenance, to have high power density, robustness, and applicability in different areas
[39,40]. Some investigations present the central energy efficiency-related regulations, the
most applicable efficiency increasing technical solutions, and the possibility of replacing
the most widely used squirrel cage induction machines with more efficient variants. How-
ever, the industrial power supply is typically contaminated due to all the loads connected
to the grid, also their non-linear behavior because of its integrated elements that inject
power quality disturbances (PQD) such as noise, sags, swells, interruptions, flicker, har-
monics and inter-harmonic content affecting the PQ [41]. In the end, these PQ affectations
are also reflected back on the electrical machines by decreasing their efficiencies, provok-
ing malfunctioning and damage to their components [42]. Power electronics are an im-
portant part of any power conversion system. Notwithstanding, these devices have a non-
linear behavior and generate PQ issues that must be addressed [43]. All in all, monitoring
PQ is not an easy task because measurements devices are expensive, and it is financially
impractical to monitor every segment of a power network [44]. Also, other aspect to con-
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sider is that power signals are seldom stationary and the nonstationary nature of wave-
forms could corrupt the spectrum analysis results [45]. Among the main parameters of an
efficient power supply system are its reliability and its quality, also it is aimed to have the
possible shortness time after a failure. The monitoring systems of the power grid have
areas of improvement yet [46]. Energy saving is taken into account by institutions, com-
panies, and industry, promoting the best use of electrical machines [47].

In the case of domestic commercial applications in buildings and residential installa-
tions, several works have studied how they impact mainly in the energy consumption,
energy saving, and energy management. For example, there are studies dedicated to ana-
lyze and estimate the consumption of energy in constructions, residentials and publics,
due to the common commercial equipment. The topic of real-time monitoring for energy
saving is tackled in [48]. In other work, a study of power consumption was carried out
with the aim to reach costs savings, by developing a community structure based on smart
homes in electric network systems [49]. By its, part in [50] it is used the artificial intelli-
gence to estimate the energy consumption profile in commercial buildings in order to con-
tract adequate energy plans with public services companies considering the loads projec-
tions. Finally, in [51] is presented a scheme for the accurate evaluation of the energy de-
mand profile of modern equipment used in laboratories for medical applications, it was
found that just some connected loads were the main cause of the total energy consump-
tion. Although the domestic commercial equipment also impacts in the energy efficiency,
this work will focus only in the industrial equipment, specifically electric motors and its
drives.

This work presents an overview of the advances in the methodologies applied to the
power quality analysis for detecting, identifying and classifying power disturbances that
affects the operation of motors and drives, but also how the motors and drives generate
adversely effects to the grid. This relation between the power grid and the industrial ma-
chines also impacts their own efficiencies and this field is an area of opportunity. It is also
provided a detailed discussion of the methodologies that are the trends in these topics and
those approaches that, by its own characteristics, must be considered to be explored since
they represent potential solutions capable to provide accurate results with high reliability
overcoming the drawbacks of the conventional reported techniques. The remainder of the
review is organized as follows. In the Section 2, it is discussed the efficiency concept and
how is calculated in both aspects, for the electrical machines and for the electric power,
provides a quick overview of power quality phenomena and its existing relation with the
electrical machines’ efficiency reduction. The Section 3 sets out the techniques for identi-
fying, detecting, and classifying PQDs following state-of-art methodologies and provides
a general overview of how this type of study is being carried out and which techniques
are currently in trend. The Section 4 affords the techniques applied in electrical machines
to detect, mitigate, or manage the condition when an electrical phenomenon is presented.
The Section 5 furnishes a discussion of the techniques presented in the review and the
alternative approaches that could be explored in this same context. Finally, in Section 6,
the conclusions drawn for this review are presented.

2. Electrical Machines and Energy Efficiency

In general, the term of efficiency is very important when using electrical machines,
motors and drives, as well as in the analysis of power quality; since they have a close
relation between them. In brief, to this framework this review addresses two types of ef-
ficiency: the performance of the electric machine, and that defined by the electrical power
supply. Generally speaking, the efficiency of an electrical machine is its capacity to convert
the electrical active power into mechanical power. Therefore, the above sentence can be
defined, technically speaking, as the ratio of the power output to the power input ex-
pressed in percentage terms [52]. Thus, it is necessary to know the values of the mechani-
cal and the electrical active power for determining the efficiency of an electrical machine
[53]. By one hand, the relation of parameters for calculating the electrical active power in
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a three-phase motor, V3, is through the voltage, V, the current intensity, I, and the power
factor, cos(¢). Where ¢ is the phase angle between V and I. On the other hand, the me-
chanical power is obtained with the relation of torque, T;, and the angular velocity, w,,.
The Table 1 summarizes these parameters relations to calculate the efficiency, 7, in an
electrical machine, this table was created based on the equations presented in [54].

Table 1. Relationships to calculate electrical power, mechanical power, and efficiency for three-
phase motors.

Parameter Relationship
Electric Active Power Poec =V3:V - 1-cos(¢)
Mechanical Power Prec = Tswp,
. . Pmec
Efficiency n=——-100%
Pelec

From table it is observed that efficiency states a relation between the electrical pa-
rameters and the design criteria of a machine, hence a bad or inadequately design, or fail-
ures on its construction, could affect to the electrical power grid [55]. As previously men-
tioned, the construction, the electrical components, the operation, and the auxiliary ele-
ments, to keep the operation of an induction motor through its drive, induce to the power
grid electrical disturbances [38,41]. As examples, some typical causes of induced anoma-
lies in the power grid are the non-linear characteristics of loads, sudden switching of loads
to the grid, transformers connected in asymmetrical banks, the significant presence of sin-
gle-phase loads [56], motors current peaks demand, frequency variations by the drives,
the usage of static starters and power converters [57], changes of the impedance caused
by variations in the capacitive and inductive components feed with AC voltage, equip-
ment failures [58]. In this sense, the type of an electric machine, motor with its drive, pre-
dominantly determines its efficiency characteristics and the affectations caused to the grid
[59]. Thereby, any improvement on these, or in their configuration topologies, helps to
keep a low energy consumption and to rise their efficiency [60]. All these aspects need to
be considered, since according to the Department of Energy (DOE) data from USA the
industrial motors consume one billion kilowatt-hours of energy each year, approximately
the 50% of the world’s energy usage [61]. In consequence, regulations in developed coun-
tries are moving towards higher efficiency machine classes tending to reduce greenhouse
gas emissions and efficient energy usage [62]. For instance, the Table 2 presents the effi-
ciency levels of electric machines according to the standards under NEMA and IEC or-
ganizations. The class IE stands for “International Efficiency”, and the IEC 60034-30 stand-
ard describes it [63].

Table 2. Efficiency classes and levels for electrical machines.

Efficiency Levels Classes
IEC (International) NEMA (USA)
Standard IE1 -
High 1E2 Energy Efficient EPACT
Premium 1E3 Premium
Super-Premium 1E4 Super-Premium
Ultra-Premium 1IE5 Ultra-Premium

Along the years, the electrical machines are generally mass-produced, meeting spe-
cific design and efficiency requirements. Actually, one of the current objectives of many
countries, companies, and industries is to adopt an energy efficiency higher than IE4 class
to reflect that they are within the framework of the new global regulations concerning
better environmental practices. The latest motors models, as minimum, must be classified



Energies 2022, 14, x FOR PEER REVIEW 6 of 27

IE3 class as stated in these international regulations. Today, high-efficient electrical ma-
chines are a new and mandatory trend in motors manufacturing in Europe and the United
States of America. The efforts in upgrading the motors have bring excellent consequences
for environmental problems [64].

On the other side, it is important to highlight that there exists a chain in the process
for generating, transporting, converting and distributing the electric energy to the final
users. Such chain has several links and steps in which the energy efficiency is affected. For
each link in the chain the issue of the power quality must be considered, since problems,
losses, or affectations may occur. In the framework of this research the last link is the in-
dustrial machine, hence, the efficiency of the power grid impact in the efficiency of the
machine. In this sense, the efficiency of the electric power can be considered as the pure
sine wave-form and its maximum exploitation for feeding electrical equipment [65]. To
this respect, a deficient power supply like drops in voltage, or leakage current, affects the
proper operation of a machine, reducing its efficiency, producing malfunctioning, reduc-
ing its lifespan expectancy, or even causing irreparable damage to the equipment [66,67].
Therefore, the power quality (PQ), in this context, can be defined as an adequate power
supply to electrical equipment and devices for their proper operation. According to the
international standards such as IEEE, IEC [68], the power supply voltage must be follow-
ing established references and limits in terms of amplitude and frequency. Any deviation
from these parameters is considered an electrical disturbance or power quality disturb-
ance (PQD) [69]. The international standards define some of these disturbances as ampli-
tude changes referred to as sags, swells, or interruptions. The standards also define fre-
quency change disturbances such as harmonic or inter-harmonic content, and other dis-
turbances associated with minor changes in voltage such as oscillatory transients, fluctu-
ations, and notching. In Table 3 are summarized the different kinds of disturbances, their
category, and principal causes and effects for each of them, according to [70]. The flicker
term is the effect produced by the voltage fluctuations as indicated in IEEE 1159 [71].

Table 3. PQDs and their causes and effects .

Type of Disturbance Categories Causes Effects
. Lightning strikes, transformer ener-
. Impulsive L . . Power system resonance
Transients [72] gization, capacitor switching
Oscillatory Line, capacitor or load switching System resonance
Sa Motor starting, single line to ~ Protection malfunction, loss of
& ground faults production
. . Lo Protection malfunction, stress
Short duration voltage Capacitor switching, large load .
. Swell _ on computers and home appli-
variation [41] switching, faults
ances
. Loss of production, malfunc-
Interruption Temporary faults . .
tion of fire alarms
Sustained interruption Faults Loss of production
. Switching on loads, capacitor de- .
Long duration voltage Undervoltage & 195 cap Increased losses, heating
variation [41] energization
Switching offloads, capacitor ener- Damage to household appli-
Overvoltage .
gization ances
Power imbalance [73] Single-phase load, single-phasing Heating of motors
Geomagnetic disturbance, rectifica- L
D.C. offset & . Saturation in transformers
tion
Increased losses, poor power
Waveform distortion [74] Harmonics ASD'’s, nonlinear loads fact poorp
actor
Acoustic noise in power equip-
Interharmonics ASD'’s, nonlinear loads P quip

ment
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Damage to capacitive compo-
Notching Power Electronic converters & ng s P
Arc furnaces, arc lamps, power Capacitor overloading, disturb-

Noise .
converters ances to appliances

Voltage fluctuations [75]

Protection malfunction, light

Load changes . .
intensity changes

Power frequency varia-
tion [76]

Faults, disturbances in isolated cus-
tomer-owned systems, and island-
ing operations

Damage to generator and tur-
bine shafts.

It is common to find PQ problems in industrial electrical systems, such as voltage
deviation, unbalance, and harmonics. These issues may adversely affect the operation of
induction motors and the electrical drives connected to the grid [77]. In general, the effects
of an electrical source with a poor power source and contaminated with PQD on the in-
stalled induction motors of industrial processes can be detailed such as: the voltage sag is
concerned with affectations in torque, power, speed, and stalling; the harmonic and inter-
harmonic content is associated with losses and torque reduction; the voltage unbalance
cause extra losses of iron and copper, thus leading to increments of the temperature in the
machines and vibrations; the short interruptions generate mechanical shock and possible
stall; the impulse surges are related with isolation damage; the overvoltage is related with
expected lifespan-shortening; and the undervoltage is concerned with overheating and
low speed [78]. Needless to say, that the electrical machines depend entirely on being sup-
plied with adequate electrical power to function correctly. Consequently, the electrical
network must satisfy the minimum requirements considered for a suitable utilization of
the energy. In order to improve the energy performance indicators at industry, it is essen-
tial to know the operating status of electrical machines like motors and drives [79].

Analyses related to the energy-efficient operation of induction motors show that
PQDs also affect isolated systems such as marine systems or ships. It is necessary to have
the motors’ good energy-efficient operation [80]. PQDs can trigger protective devices im-
mediately to trip off motors. However, motors can ride through most of the voltage sags
because sags durations are commonly short [81]. Some standards do not consider the ef-
fect of the simultaneous disturbances on the electrical machinery. Since several years ago,
there has been an increase in protecting the electrical equipment in the industry [82].
Sometimes a non-invasive sensor is considered to monitor the condition of electrical ma-
chines [83]. Among the parameters to be monitored in electric motors is the power factor.
PQ monitoring is often avoided as a measure for enhancing energy efficiency [80].

3. Techniques for Power Quality Detection, Identification, and Mitigation

It is very important to highlight that the industrial processes require to have power
networks with a Power Quality (PQ) as good as possible, since the equipment connected
to the grid is very sensible and easily can be affected, as described above, in such a way
that the final repercussions are reflected as economic losses and environmental problems.
In this sense the PQ analysis becomes a fundamental study in order to develop method-
ologies capable of detecting, identifying and mitigating the PQDs present in the power
grids. As aforementioned there exist several works that have addressed the study of PQDs
from different viewpoints. For example, the studies for detecting power disturbances
mainly focus in the development of techniques capable of find out the presence of anom-
alies in electric signals no matter the nature of the disturbance. In other example, recent
works have tackled the detection and identification of the anomalies in the electric signals
by classifying them as a particular disturbance from those presented in Table 3. Addition-
ally, there are few researches that really handle the mitigation or minimization of the ef-
fects of PQDs to the equipment connected to the power grid, typically their solution to



Energies 2022, 14, x FOR PEER REVIEW 8 of 27

this industrial problem is very general by applying strategies of loads balancing or capac-
itors banks, but these solutions only work for some disturbances. All the studies are im-
portant, and in the following paragraphs are discussed according to the issue that they
address.

Regarding to the identification problem of electric disturbances, the detection tech-
niques that have been developed are very important in order to enhance the quality of a
power system [84]. In the first decades of analysis, traditional approaches have been prob-
abilistic-based over signals in the time-domain, assuming that the disturbances do not
affect the analytical process [85]. Later, for the energy quality monitoring, the process was
a fault diagnosis where the electrical signal is processed through different techniques,
usually implicating some transformation. Between the most common are those techniques
such as Fourier transform and its variants such as fast Fourier transform (FFT), the short
time Fourier transform (STFT), the discrete Fourier transform (DFT) [86-88], the discrete
wavelet transform (DWT) [89-92], the Hilbert-Huang transform [93-95], the S-transform
[96], among others. After decomposing, or transforming, the analyzed signal, an extrac-
tion of indicators for making the disturbances detection is performed, the most typical is
to use statistical ones in the time domain, the frequency-domain, and the time-frequency
domain. Recently, due to the difficulty for detecting various and more complex disturb-
ances that may appear in the electrical network, techniques with the ability to handle and
process large volumes of data and find relations among the types of disturbances have
been considered. For instance, classical machine learning techniques like support vector
machines (SVM) [97-99], artificial neural networks (ANN) [85,100-102], deep learning
(DL) [103,104], and other machine-learning techniques. Notwithstanding, several studies
identify a combination of power disturbances described in the standards [105]. Such pat-
terns could be considered novelty results, and their study has been proposed as an im-
portant prospective in the field of electric power disturbances detection.

In reference to the problem for classifying PQDs are presented the following works.
The nature of a PQD present in the electric network generates profiles (or patterns) with
high complexity on the loads, also connected to the grid, characterized during the
operation by non-periodicities and disparities in the combinations of the disturbances
observed by the meassuring system [106]. Therefore, power disturbances detection and
classification with such profiles are still topics of interest because reported approaches are
not robust enough for treating them, having drawbacks and limitations, since they only
tackle the disturbaces by separate, or simple combinations [91]. To overcome these draw-
backs, the artificial intelligence techniques, the heuristic techniques, and deep learning are
being used every time more frequently. The reason is very simple, these techniques are
more suitable for treating problems where the prior knowledge of the system is not re-
quired, a big amount of data need to be processed, high accuracy is required, data with
non-linear behavior, between other advantages [107-109]. Several works in the state of the
art that address the tasks of detecting and clasifying power disturbances mention that
methodologies based on data-driven could be considered to provide excellent results for
the PQ analysis [110]. As a whole, the data-driven procedure consists of three steps: fea-
ture extraction, feature reduction, and classification, Figure 1.
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Power Quality Disturbance
Generation

Feature Extraction / Selection

Classification

Figure 1. The typical process for Power Quality failure detection methodology [110].

Some examples of the works reported for detecting and classifying electric power
disturbances are described in next. The work developed in [98] describes a scheme in
which the input signal is first decomposed through the variational mode decomposition
(VMD), then the recurrence quantification analysis (RQA) for defining the frequency and
duration of the disturbances is performed. This method achieves, by means of data-
driven, an adequate parameterization of the present disturbances. Otherwise, in [90] it is
presented a modified method based on symmetrical components in the time-domain for
detecting and classifying various PQDs. That implies, a single-phase PQ disturbance and
other two ideal phases generated by means of a phase-locked loop (PLL) processed to
determine the symmetrical components. Consecutively, by triggering points it is possible
to detect PQDs in the disturbance phase through the negative sequence component. As
next, the detected PQDs have been straightforwardly categorized from the profiles of the
waveforms by means of the addition of the sequence components, positive and negative.
Then, simulated and real-time results are presented for a wide variety of PQDs to show
the effectiveness for detecting and classifying of the proposed method. Other work like
[111] investigates the efficiency of a methodology for classifying electric disturbances
when the manner to extrac the signal features is varied through different classical
processing approaches on several data subsets. Although the results obtained are good, a
limitation in this strategy is the high amount of resources required to compute the optimal
features, since, precisely, several techniques are implemented. On another topic, the paper
presented in [112] describes a methodology for de PQDs classification, this study uses
higher order cumulants as feature parameters and the classification approach is based in
a quadratic approximation. Here, the signal processing tools are mandatory for obtaining
feature vectors from the voltage or current waveform data. A novel, or non-typical, ap-
proaches are also performed like in [113] whose method is out of the typical approaches
found in the literature about the processing through sparse signal decomposition on an
overcomplete hybrid dictionary, and then the classification stage is performed by a deci-
sion tree algorithm. In other example, the work of [114] develops a new method for auto-
matically detecting and classifying electric disturbances by means of Kalman filter (KF).
Here, the KF is applied as series of equations for computing the state of a signal measured.
The disadvantage is that it is necessary to make a selection of the parameters and verify
that the state space model is not incorrect. For microgrids in the photovoltaic (PV) gener-
ation there are also a worry about detection of power disturbances generated by the grid
inconsistencies. Thus, the work present in [115] presents a variational mode decomposi-
tion and empirical wavelet transform used as solution for monitoring and identifying elec-
tric disturbances in a distributed generation microgrid. With the advent of Industry 4.0,
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the aspects involving the condition monitoring of electrical machines have evolved. In
consequence, new trends and techniques for signal processing like artificial intelligence,
handling of large volumes of data, and performance improvements are becoming more
common and they have been adapted by more and more users [116]. Recent reviews
demonstrate the current literature and tendencies in development and research to aim for
the proper detection, identification, and classification of the PQDs [117]. These reviews
specifically remark on the works related to digital signal processing (DSP) and machine
learning [116]. The recent approaches show their capability to process large data amounts
and several signal patterns on the PQ monitoring area that are the current trends. The
firsts works that related the use of neural networks with PQDs detection and classification
is that presented in [85], where a radial basis function neural network is implemented for
the classification of the 20 kinds of disturbances. This scheme is compared with others
approaches involving the use of feed forward multilayer network, probabilistic neural
network and the generalized regressive neural network. Other works like in [118] spend
their effort in improving the feature extraction, feature calculation and feature selection
stages in a common framework of identification and classification of PQDs. This work
presents an optimization framework for the optimal selection of features from the differ-
ent signal domains based on ant-colony optimization. In other case, it is presented in [119]
a new approximation for classifying PQDs, firstly, a transformation of the signal from a
representation of 1 dimension is carried out into a representation of 2 dimensions for
extracting useful indicators. Finally, several approaches for classifyign the disturbances
are executed to see wich perform better, between them the machine learning (ML) like k-
nearest neighbour (kNN), multilayer perceptrons, and the SVM. In order to validate the
aproximation, the PQDs employed are combined defining up to 2 or 3 disturbances at the
same time. However, other approaches that address the combination of PQDs conclude
that the best way to treat this situation is by data fusion [13]. The reduction of the
numerical indicators is very important in the approaches based on data-driven in order to
avoid redundancy of information [16]. That means, not useful information must be
discarded, or ignored, in order to improve the characterization task of patterns in the
analyzed data, for example, the methodologies described in [120, 121, 111] consider for
the reduction task the following techniques: the kNN, the principal component analyzis
(PCA), and the sequential forward selection (SFS). Nonetheless, when handling with a
large quantity of patterns, as usually recent methodologies for PQ monitoring do, their
efficiency is quite restricted [18]. For that reason, the DL approaches were taken into
account with more frequency in industry for handling with data sets of high
dimensionality and complex pattern behavior [122]. The use of DL provides robustness
and efficiency in the classification, recognition, and processing of, images, speech, and
video, respectively, but also, recently, in managing of energy [33]. Some good examples
of approaches that process data with a high level of complexity are the convolutional
neural network (CNN), the recurrent neural network (ReNN), and the autoencoder (AE)
technique. Although some of these approaches have been used to test their capabilities for
monitoring signals in the power grid, the classification task of PQDs still needs
exploration [123]. Even though the achieved performances are good enough, the absence
of an standard and simple process to adjust and tune such techniques still represents a
drawback that does not allow considering applications in real industrial environments
[124]. Meanwhile, the investigation developed in [125] explores the potential of deep
learning schemes for classifying PQDs by calculating statistical indicators from four main
components through a variant of the PCA and making the disturbances categorization by
menas of a CNN. The approach classifies multiple power disturbances in two main
classes, reaching accurate results for simulated data. In [104], a novel method based on
deep learning is proposed for identifying and classifying PQDs in three main stages: fea-
ture extraction from the power system, adaptive pattern recognition by means of AE, and,
finally, disturbances classification by NN. Continuing with data-driven strategies, the
SVM are becoming important approaches for characterizing multiple patterns that would
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help to give support to the classification taks. The approach reported in [126] uses a vari-
ation of wavelet transform called tunable-Q to efficiently extract features from the signal
tuning the Q-factor, and then the disturbances are classified by dual multiclass support
vector machines. On the other hand, in [127] it is used a cross wavelet aided by Fischer
linear discriminant analysis (LDA) and for the classification of disturbances it uses a Lin-
ear SVM. By its part, in [120] presents a method to classify PQD based on wavelet energy
change and Support Vector Machine. Another scheme that uses a modified version of
SVM and variation of wavelet transform is the work presented in [128], which uses em-
pirical wavelet transform arguing is suitability for nonstationary kind of signals like pre-
sented in electrical disturbances. The method extracts six features that are input to the
SVM method for the classification stage. In relation to the space-transform techniques, in
[129] several statistical indicators are taken into account to be computed by means of the
S-Transform, then the power dirturbances are characterized by appliying an analysis of
multi-resolution over such indicators. By its part, the method presented in [88] proposes
the PQDs recognition by applying the modified S-transform (MST) combined with the
parallel stacked sparse autoencoder (PSSAE). Here, the MST uses a Kaiser window in or-
der to concentrate the energy in the matrix of time-frequency and, together with the Fou-
rier transform spectrum, the extraction of features is done automatically for input them in
two sub-models of the PSSAE. Moreover, there are performed the reduction of dimen-
sionality and the visual analysis of the features, thus, the classification of the PQDs is fi-
nally made with the softmax. Discussing another technique, the approach of [130] uses
the S-transform to extract the significant features of the electrical signals, which are the
inputs to different machine learning models. This work considers the combination of sin-
gle disturbances. In the end proposes a hybrid scheme for the classification supported by
the single models evaluated at first. A variation of S-transform called double-resolution
S-transform is used in [97] to extract denominated effective features from the signals. Then
the disturbances classification of the signals is made by directed acyclic graph support
vector machines (DAG-SVMs). The variations of the typical methods used in this article
are supported in the robustness of the techniques and the fact to reduce the computational
burden to implement in real-time applications. Involving aspects as the complexity of the
signal processing in [86] an optimal multi-resolution fast S-transform is adopted to com-
press the information obtained from the features extracted and then with a rotation forest
made the evaluation of 17 types of PQDs. As can be seen, a base transform is adopted.
Depending on the application of the hypothesis to test, it means evaluation in line, moni-
toring offline, application in embedding systems, different techniques o adaptations of the
techniques are considered. Besides, Mahela in [129] proposed the detection and classifica-
tion through the S-transform and Fuzzy C-Means. This approach tests their results
through simulation signals by software. In other approaches, Sahani in [93] performs a
novel signal segmentation method and a new scheme to carry out the classification stage
of PQDs based specifically on the use of reduced sample Hilbert-Huang transform com-
bined with class-specific weighted random vector functional link network. These authors
based this approach on the implementation in a field programmable gate array (FPGA)
environment to then test and validate at online monitoring and see the advantages of their
proposal.

Regarding to the mitigation of the effects generated by the PQDs, this field requires
more researching, since the reported works are few and they are focused on strategies
based on capacitors banks or loads balancing. The effective identification and classifica-
tion of PQDs is significant for controlling the pollution in the power grid previously to
any corrective action. In this matter, the power filtering is an effective way to reduce the
effects generated by the PQDs in the electric grids, for example, by using inductive active
filters [131]. By other part, in [95] it is presented the improvement of the microgrid tech-
nology, whose applications have increased and gained attention. Nevertheless, distrib-
uted generations with intermittency, loads with nonlinearity, and various electrical and
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electronic devices cause PQ problems in the microgrid, particularly in islanding configu-
rations. A precise and fast method for detecting power disturbances is essential because
it is the premise for the PQ control. The proposed approach presented in [58] develops a
methodology capable of estimate the expected magnitude for voltage sags in order to pro-
vide information of the motor starters applied for ship electrical power. In reference to
power imbalance, in [132] a shedding for managing time-optimal loads is presented. In
general, this is allowed by using a post event overload mitigation tool that enhances the
efficiency of the system by prioritizing the mitigations and ensures the time-dependent
network security. Also, there exist periodic disturbance mitigation techniques based on
controllers [133], such works consider as periodic disturbance the harmonic content and
by measuring the disturbance and by applying a resonant scheme in the feed forward
control or model predictive control the disturbance is mitigated. The power quality is also
analyzed in the microgrid systems and here the supra-harmonic (SH) content is also the
interest topic. The mitigation strategies for SH are based in the use of dynamic voltage
restorers (DVR) for handling voltage sags and swells, but with the limitation of still keep
the harmonic content. However, some strategies combine the static synchronous compen-
sator (STATCOM) with static VAR compensator (SVC) for reducing the harmonic effects
[134]. Finally, the Table 4 summarizes the reported works in the literature and the issue
addressed in the PQD analysis.

Table 4. Comparison of PQDs studies in the literature.

Ref. POD Issue Addressed Detect.ion Tech- Classifi.cation Mitiga’fion Tech- l:an];bé;zf Accuracy Re-
nique Technique nique ported
dled

[90] Detection SC-PLL - - 8 -

[114] Detection KF - - 14 98.8-100%

[88] Detection and classification MST PSSAE - 12 99.46%

[98] Detection and classification VMD-RQA SVM -- 7 99.03%

. e FT, STFT, HHT, ANN, SVM, DT, o

[111] Detection and classification ST, DWT KNN - 16 99.31-100%
[112] Detection and classification HOC QC - 2 98-100%
[113] Detection and classification EMD SVM - 4 98%
[115] Detection and classification VMD-EWT RKRR - 12 99%

[85] Detection and classification DWT RBFNN - 20 96.3%
[118] Detection and classification 1DST DT -- 14 99.93%
[119] Detection and classification =~ 2DRT-MOGWO KNN - 18 99.26%
[122] Detection and classification DL CNN - 16 98.13-99.96%
[123] Detection and classification PSR CNN - 10 99.8%
[128] Detection and classification EWT SVM -- 15 95.56%
[86] Detection and classification ST DT -- 16 99.47%
[125] Detection and classification PCA CNN -- 11 99.92%
[104] Detection and classification FFT, EMD, SAE SMNN - 17 98.06%
[119] Detection and classification 2DRT KNN -- 17 99.26%
[126] Detection and classification TQWT MSVM - 14 96.42-98.78%
[135] Detection and classification HOS NT - 19 97.8%
[131] Mitigation HPF - IAF 2 -

[95] Mitigation HHT ANN SVG 4 -

[132] Mitigation - - PEOM 2 -

[133] Mitigation KF - RSC, MPC 4 -
L DVR, STAT-

[134] Mitigation BPF-FFT - COM4SVC 6 -

4. Techniques for Power Quality Related to Electrical Machines and Electrical Drives

As in previous sections was described, the PQ is an important topic to be analyzed
for industrial equipment connected to the grid because they could be adversely affected
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yielding important economic losses. Therefore, this section describes and analyses,
through the discussion of several works, how a poor power quality affect to the main
equipment used at industry, particularly speaking about motors and drives. It is worth
mentioning that typically the electric grid is polluted with anomalies like those above de-
scribed as PQDs, which not only cause malfunctioning, failures, or damage to the motors
and drives but also reduces its efficiency.

Next, a discussion is going to start of those works that handle the affectations on
motors and drives caused by PQDs related with changes in the amplitude of the power
source such as voltage sags, swells, interruptions, and unbalance. For instance, about dis-
cussing or studying the effects of sag disturbances in induction motors, the work pre-
sented in [36] calculates the motor performance by analyzing the electromagnetic proper-
ties under symmetrical voltage sag conditions. Then, by using an adjustable speed drive
(ASD) the energy consumption of the motor is reduced. These elements could be config-
urated in so many forms and can be used for motors of medium voltage applications;
however, this solution does not present a good performance regarding Power Quality.
Also, about voltage sags propagation, the work presented in [66] develops an analytical
tool able to describe the influence of the sag disturbances over a group of induction mo-
tors, but also describe the influence of the motors on the voltage sags characteristics. That
means, it is explained how a motor and its drive affects the power grid, but also is ex-
plained how the contaminated signal from the grid impacts in the motor operation. By its
part, in [81] the sag disturbance is analyzed in induction motors by presenting a method
that determines the maximum allowed time for the motor connection while a sag occurs
in the power line. Due to sag events a reduction of the electromagnetic torque is produced
in the induction motors, tending to a deceleration effect. On the other hand, the work
described in [136] presents a control scheme for minimizing the impact of the starting of
an induction motor, on the network, by using a voltage feedback-based reactive power
support from the existing distributed generator units. It is well known that the electronic
equipment, the process control systems, among others, are susceptible to this kind of dis-
turbance. A specific case has been observed when induction motors decelerate due to a
short circuit occurrence in the power supply, naturally, the motor will accelerate after
source conditions restoring demanding a high current value from the supply causing a
postfault voltage sag [137]. On the other hand, the work presented in [138] presents a
methodology for mitigating voltage sags during starting of three-phase induction motors.
In that study, a neighboring voltage supporting distributed generation (VSDG) reduces
the starting peak current and quickly restores the power source to typical values. The
study presented in [93] analyses the transient characteristics of induction motors under
the influence of sag disturbances using a multi-slice field-circuit-motion integrating time-
stepping finite element method. Also, in [98], the propagation produced by the induction
motors in sags disturbances is analyzed. In [97] is presented the first part of a study where
the interaction of induction motors against voltage sags disturbances is presented. Also,
in [98] there are investigated the effects produced due to short interruptions and voltage
sags. Here, an analysis of protection devices indicates how to maintain the proper opera-
tion of the electrical machines.

By the other side, some examples of works are next described regarding to the volt-
age unbalance issue. In this line, works like in [139] present a strategy that is developed
to mitigate the voltage unbalance that occurs when energizing induction motors to sup-
port the restoration of the grid after this event. To do this, a VSDG injects reactive power
into the grid once it is calculated through optimal feedback control of distributed genera-
tors. The authors argue that distributed generators are capable of improving the power
quality by providing ancillary services as reactive power injection, voltage unbalance
compensation, and harmonic filtering. In other works, the wavelet transform is used, like
in [140], to deal with nonstationary signals and where a model is proposed to handle with
overvoltages caused by pulse-width-modulation in voltage-source inverters. These dis-
turbances are often presented due to the response from the motor to the inverter pulse
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voltages. On other topic, a method to estimate the shaft power of an induction motor op-
erating under voltage unbalance and with harmonic content is presented in [56]. Addi-
tionally, an algorithm of search in conjunction with an equivalent circuit are developed as
the corresponding solution. Another example is the study described in [141] that analyzes
induction motors connected to unbalanced three-phase voltages in the steady-state
through an index called “the complex voltage unbalance factor”. By its part, the work
carried out in [100] presents a methodology based on thermal effects to monitor an induc-
tion motor under unbalanced disturbance conditions. By having thermal profiles, it can
be determined when a motor is under the effects of this electrical disturbance. Also, the
research reported in [67] proposes a new power quality index to determine two kinds of
PQDs, voltage unbalance and harmonic content, typically presented in the power supply.
The introduction of this new index aims to show the thermal effects of the disturbances
into the induction motors simultaneously. By its part, in [79] the authors asset the specific
effect of the positive sequence of voltage on derating three-phase induction motors under
voltage unbalance. This power disturbance could present in motors an overheating, de-
creasing of efficiency, and reduction of the output torque. In order to mitigate these ad-
verse effects, the motor must be kept in an optimal operational state.

Whereas, there are works that address the harmonic content issue. Such as the work
presented in [61], where a new configuration is presented for induction motors. Here, the
typical operation of the electrical motor drives is held as the configuration named vector
control mode, because this configuration offers a similar performance as in the case of dc
motors. However, the use of these drives results in the harmonic injection to the current
line affecting the power quality. Different active or passive wave shaping techniques are
used to mitigate the harmonic content effects [30]. In this sense, the IEEE 141-1993, the IEC
60034-26, and the NEMA MGI-2003 establish derating factors for induction motors under
unbalanced conditions of voltage and harmonic content. Additionally, the work presented
in [142] investigates the harmful effects of the harmonic content as a power disturbance,
which means changes in frequency above and under the fundamental frequency wave-
form, e.g., subharmonic and interharmonic content. It is known that these disturbances
cause power losses, rotational speed changes, electromagnetic torque variations and
windings temperature risings. Additionally, in that study it is reported that vibrations are
also generated in induction motors due to the harmonic content caused by the nonlinear
loads.

Regarding the works focused on affectations by the PQDs in the motor efficiency,
some works have addressed this analysis like in [9], where it is shown how the derating
factor established by the standards for motors with higher efficiency is insufficient for
being applied in medium efficiency motors. This work compares the derating factor from
different motor classes to maintain the losses at the rated values according to the stand-
ards. Similarly, in [8] a comparison was carried out between the motor classes IE2, IE3 and
IE4 under two different PQDs, unbalanced voltage and harmonic content, where the re-
search focus was mainly on showing the life expectancy of the motors. The study presents
several factors to be considered, in a very comprehensive manner, to properly select the
motors for a better operation and reliability, nevertheless, the study is mainly dedicated
to three-phase squirrel-cage induction motors (SCIMs). Several former works are reported
in [143], where the studied effects in electrical machines by PQDs are the harmonic content
and the voltage unbalance. This study presents the arrival of the adjustable speed drives
(ASD), as a new enthusiasm for this topic back to the beginning of the 2000s. Additionally,
it is performed the economic analysis and provide recommendations for mitigating the
harmonic content affectations. Also, in this research is proposed an adequate instrument
for assessing and monitoring the motors based on a coefficient related to the energy per-
formance, since this coefficient is capable of indicating the equipment efficiency, or if there
exist excessive losses. At last, but not least, other power disturbance that adversely affects
the proper operation of induction motors and drives is the flicker. In relation to this phe-
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nomenon effects in the induction motors, a research is described in [144] where it is as-
serted that the studies involving induction motors in the transfer and attenuation of fluc-
tuations need to be modeled in a better way. It has been reported that loads of induction
motors contribute to the attenuation of this phenomenon. The Table 5 summarizes the
works that address the PQD issue in motors and drives and the different approaches pro-
posed.

Table 5. Literature dealing with PQDs in electrical machines and drives.

Reference Electrical Machine PQD Method Year
[36] Induction motors Voltage sags System modelling 2008
[66] Induction motors Voltage sags Analytical tool for sag description 2008
(81] Induction motors Voltage sags Analysis of critical clearance time of symmetrical 2014

voltage sags
[136] Induction motors Voltage sags Voltage supporting distributed generation 2019
[137] Induction motors Voltage sags Voltage supporting distributed generation 1995
[138] Induction motors Voltage sags Coordinated control for distribution feeders 2018
(139] Induction motors Voltage sags Coordinated optimal feedback control for distrib- 2020
uted generators
[140] Induction drives Voltage sags Wavelet modelling of motor drives 2004
[93] Induction motors Voltage sags Reduced-Sample Hilbert-Huang transform 2019
[97] Induction motors Voltage sags S-Transform with double resolution and SVM 2016
[98] Induction motors Voltage sags Qualitative-quantitative hybrid approach 2020
[56] Induction motors Voltage unbalance Estimation of shaft power 2016
. Analysis on the angles of complex voltage unbal-
[141] Induction motors Voltage unbalance ance, Index CVUF 2001
[100] Induction motors Voltage unbalance Discrete wavelet transform, n‘lat‘hemat.lcal morphol- 2018
ogy and speed variation drive
[67] Induction motors Harmonic content New power quality index 2010
Adjustabl d dri ith ltiph t -
[61] Induction motors Harmonic content justable sPee rive with @ muitphase slageer Hp19
ing modular transformer
[30] Induction motors Harmonic content Pulse Multiplication in AC-DC Converters 2006
Analysis of positi 1t derating 3-
[79] Induction motors Harmonic content nazysts of positive s.equenlce voltage on derating 3 2013
phase induction motors
. Harmonics, subharmonics and . . .
[142] Induction motors . . Vibration Analysis 2019
interharmonics
8] Induction motors Voltage unbalance and har- Comparison between classes efficiency with driver 2015

monic content

metrics

5. Analysis of Techniques Trends

This section addresses two main topics: the first one identifies and summarizes the
present problematics and the tendencies about solutions that have been applied regarding
to electric rotating machines and drives and their relationship with power quality; the
second one includes possible approaches as solutions to the niches of opportunity de-
tected in the related analysis to the detection, classification, and mitigation of the effects
of the power disturbances.

5.1. Overview on the Proposed Solutions Regarding Power Quality Issues on Motors and Its
Drives

The quality in an electric network, at the industrial facilities, is reduced by the influ-
ence of disturbances that normally appear by different factors, internal and external. For
example, the induced disturbances to the power signals are due to the loads represented
by electrical equipment switched to the network, their electric and electronic components,
and their non-linear behavior. In counterpart, the industrial equipment is affected, in turn,
by a poor power quality provoking malfunctioning, reducing its lifespan expectancy,
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causing irrep-arable damage, and reducing it efficiency. From the analyzed works an evo-
lution is observed in the manner that every problem is tackled, for instance, the firsts re-
searches developed methodologies focused in the power disturbances detection without
considering the anomaly nature. Such approaches mainly used space transformations
(FFT, DWT) in the time-domain, or the frequency-domain, or the time-frequency-domain
in order to posteriorly make a manual analysis.

Later, further works evolving not only for detection of power disturbances tasks, but
also for identifying and classifying them. To this respect, several techniques were used to
extract what is known as features from the measured signals, which are values computed
from statistical, electrical, mechanical parameters, etc. An interesting topic is the manner
in which the classification task was carried out, e.g., by integrating the artificial intelli-
gence (Al) techniques like the artificial neural networks. Later other Al approaches were
employed to identify and classify PQDs, such as the fuzzy logic, many variants of the NN,
SVM, DT, among others. Some important drawbacks are presented in the PQ diagnosis,
in recent years, like the big amount of data generated by the high sampling frequency of
the data acquisition systems, the high complexity in the hardware of new devises, the
appearance of several PQDs combined. To overcome these limitations the heuristic tech-
niques and the machine learning were integrated, which are capable of handling high
amount of data, treating with non-linearities, providing results with high accuracy, work-
ing without previous knowledge of the problem, etc. Recently, for rising the accuracy and
the reliability of the results the techniques for features extraction looks for generating
high-dimensional indicators matrices, with the aim to have as many data as possible to
obtain valuable information of several combined disturbances. Posteriorly, the redundant
information is eliminated (only the useful information is kept) by applying techniques
such as LDA or PCA. The advantages of the reduction techniques are the simplified rep-
resentations of the data which become useful outputs for conventional classification tech-
niques. The mitigation of PQDs is a problem that has been addresses by few works, since
they focus their efforts in strategies based on capacitors banks or loads balancing, for that
reason, it is observed that mitigation of PQDs is an area of opportunity.

Finally, from the works that address the PQDs analysis to the particular application
in motors and drives it can be mentioned that recent approaches consider only the effects
of voltage sags, generated by motor starters. Additionally, the use of electric drives also
induces to the power system harmonic content (harmonics, interharmonic, and subha-
monics). The voltage unbalance is other typical problem affecting the induction motors
operation and its drives, since they are switched to the grid generating asymmetric loads
in the lines. The methodologies that tackle these problems, as observed in Table 5, are
based on controlled systems by distribution generators, systems modelling, development
of tools for describing the disturbances characteristics, adjustable speed drives, among
others.

5.2. Techniques That Could Be Possible Potential Solutions to the Existing Problems

As described in previous subsection, the effects of the PQDs and its combinations on
the efficiency of motors and its drives are not full studied yet. Also, there is a niche of
opportunity related to the study about the effects of electric motors and its drives over the
electrical grid. The electric drives and the motors, especially the first ones, could affect the
power quality and to produce undesirable effects that may not be considered yet by the
standards, some recent methodologies call this analysis a novelty detection. The PQ anal-
ysis could be still with views toward solutions about the identification, classification and
mitigation issues but considering the use of alternative methodologies capable to over-
come the drawbacks that reported methodologies cannot. Not only considering some iso-
lated disturbances like voltage sags, voltage unbalance or harmonic content, but by con-
sidering other variety of PQDs, their combinations and their mitigations. Therefore, a
well-structured approach that combines the best of such alternative approaches, with a
general procedure capable of treating a big amount of data and to provide high accurate
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and reliable results could be helpful in this area. Any technique used, an important aspect
to be considered is that the information obtained by the approach must be used in the
development of strategies for the mitigation of power disturbances.

Regarding the alternative methodologies that still are not considered, in the next lines
the novelty detection approaches are discussed as possible potential solutions to the field
of PQ and motors and its drives. The detection of problems, like electric disturbances in
the grid and faults conditions into the induction motors, can be tackled through novelty
detection (ND) [82]. The purpose of ND is to observe a system behavior and to decide
whether an observation belongs to the same distribution of the existing observations, or
if it must be considered different. In the framework of the PQ, the observations during the
normal operation of the power grid, or of the motor and its drive, could be considered the
reference (typical distribution) and any deviation from this behavior is susceptible to be
considered as atypical. Between the different schemes to apply ND there exist (i) proba-
bilistic techniques, (ii) distance-based techniques, (iii) reconstruction techniques, and (iv)
domain-based techniques.

The probabilistic techniques include the Gaussian Mixture Models [145], the Extreme
Value Theory [146], the State-Space Models [147], the Kernel Density Estimators [148], and
the Negative Selection [149]. These techniques estimate the value of density from the nor-
mal class, and assume that areas of low density in the training set indicate a low probabil-
ity to contain normal objects. A drawback of these methods is the limited performance
when the training set is too small. Thus, when the dimensionality of data space growths,
all data points extend to a bigger volume. Therefore, the signals measured in the electric
grid and the physical magnitudes captured from the motor and its drive like current, volt-
age, vibrations, temperature, etc., could be employed to perform the probabilistic analysis.
This way, the applicability of these techniques could be explored in the identification and
classification of power disturbances in the grid, as well as, the faults conditions in motors
and its drives. The analysis from the probabilistic view point would helpful to define clas-
ses with densities variations according to the anomalies detected (power disturbance or
fault condition). Also, the probabilistic approach could provide a new indicator index as-
sociated to the efficiency reduction caused by the power disturbances in the grid, or the
fault conditions into a motor.

On the other hand, the distance-based techniques include the k-Nearest Neighbor
[150] and the Clustering k-Means [151]. These methods assume tightly grouping, as clus-
ters, for normal data, but different data are located far respect to their nearest neighbors.
Additionally, adequate distance metrics are defined to establish the similitude between
two points, even within spaces with high dimensionality. There are some drawbacks
when using these techniques, for example, they just identify global points and their flexi-
bility is not enough for detecting local novelty when the data sets present arbitrary shapes
and diverse densities. Also, the computing of distance between data points represents
high cost of the computational resources mainly in data set of high-dimensionality, as
consequence, these technique lacks of scalability. Finally, the approaches based in group-
ing of data suffer due to they must select an appropriate cluster width and they are sensi-
ble to the dimensionality variation. Like in the probabilistic methods, several physical
magnitudes from the motors, or from the power network, can be used to extract features
that define such clusters. Therefore, these approaches are also sensible to be used for de-
tecting and classifying electric disturbances, since each disturbance contains different
characteristic that allow them to be grouped by a distance among them, the same scheme
could be defined to the faut conditions detection in motors and its drives.

For the case of the reconstruction techniques, they include variants of the NN, Auto
Associative Networks, Radial Basis Function, Self-Organizing Maps, Sparse Autoencoder,
and Subspace Methods [152,153]. These methods imply to use a normal data set for train-
ing a regression model. As result, when the trained model process atypical data the dif-
ference (reconstruction error) between the regression objective and the real value ob-
served yields to a novelty detection. However, the main drawbacks are, for instance, the
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requirement of an optimized quantity of parameters for defining the structure of the
model, and the direct relation of the performance to these model parameters. Addition-
ally, the networks that use reconstructive models with variable size on its structure suffer
because it is necessary to select an effective training method that allows to incorporate
new units to the existing model structure. In this same line, the approaches based on the
subspace must select correctly the values of the parameters that control the mapping to a
subspace of lower dimension. In this particular case, for instance, variants of the neural
networks could be very helpful to train regression models that describe power disturb-
ances in the grid, or fault conditions into a motor. Thus, the reconstruction techniques
could be applied for the quantification and classification tasks of abnormalities in the grid,
or faults in the motor. A novel application of these approaches could be explored for mit-
igating the effects of power disturbances, for example, by defining a model that generates
the opposite behavior to the disturbance to counteract their effects.

By its part, the domain-based techniques include the Support Vector Data Descrip-
tion [154] and the One Class Support Vector Machine [155]. These methods describe a
domain that have normal data, also define the limits that round the normal class and that
follows the distribution of the data, but they do not provide an explicit distribution of the
regions with high density. The usefulness of these techniques is observed mainly in the
classification task of abnormal conditions in the power network and motors and its drives,
since such conditions are represented by classes according to specific distributions of data.
Also, a complement can be made through feature extraction and dimensionality reduction
through LDA and PCA for all the novelty detection techniques.

In relation to the heuristic approaches, techniques like the Genetic Algorithms (GA)
[156], the Evolutionary Programming (EP) [157], the Particle Swarm Optimization (PSO)
[158], and the Expert Systems (ES) [159]. These techniques can handle problems in which
the previous knowledge is not necessary, they are good for looking values in searching
spaces with non-linearities, non-convexities, and with high-dimensionality. Also, they are
of simple concept and have easiness of implementation. As they were originally designed
for optimization problems, they can be adjusted for a wide variety of situations where
critical values need to be found. Therefore, the heuristic schemes could be considered as
opportune in solving the drawbacks present in the novelty detection techniques. For ex-
ample, in selecting the parameters needed by the novelty approaches to work with high
performance, or in founding the adequate dimension of the clusters. Additionally, the ap-
plication of heuristic approaches is not limited to provide support for a medullar algo-
rithm, they can also be used in parallel, or as the medullar algorithm, like in a reconstruc-
tion model. A perfect example of this is the GA, which have characteristics that enable it
to accurately estimate several parameters (multi-optimization search) of a parameterized
model [160]. In this same line the heuristic approaches could have applicability in the
quantification of fault conditions in motors, as long as, a generalized model of the condi-
tions be defined. Also, these techniques could be explored in the mitigation task of power
disturbances by optimizing a model that generates the opposite behavior to the disturb-
ance to counteract its effects.

6. Conclusions

This review presents the discussion of several work in the state-of-the-art referring
to the following aspects: the efficiency of electric machines (motors and drives); the power
quality; the relationship between the power quality and electric machines affecting the
efficiency; the techniques for power quality disturbances detection, classification, and mit-
igation; and the techniques for PQD analysis in motors and drives. The discussion of the
works related to electrical machines and energy efficiency allows to conclude that there
exists a mutual relation between motors and drives with the power quality. For example,
the efficacy of the PQ of a power source is reduced by the disturbances induced by elec-
trical equipment connected to the grid, but also, once the grid is contaminated with elec-
tric disturbances, they reduce the performance of motors and drives. Is worth to highlight
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that in the literature several works have been developed with the purpose to detect, clas-
sify, and mitigate the affectations generated by the PQDs. There are several methodolo-
gies, the firsts of them were designed only for the detection task, and they were based
mainly in space-transform techniques. Later arrived the integration of artificial intelli-
gence techniques, this brings out the opportunity for performing the classification of the
PQDs. The most recent strategies combine the aforementioned techniques to define well-
structured approaches for feature extraction, dimensionality reduction and classification.
Alternative methodologies like novelty detection and heuristic techniques have also been
addressed making a discussion about their characteristics which make them potential so-
lutions to give accurate and reliable results to problems where the reported methodologies
cannot. For example, by performing the detection, identification and classification of
power disturbances not considered yet by the standards, or other types of disturbances
different from those tackled by the reported works. Also, in the fault conditions monitor-
ing, in motors and its drives, these approaches can be explored for detecting and classify-
ing several faults or their combinations. By the other side, the heuristic schemes can be
adopted to give support to the novelty detection methodologies, by selecting the param-
eters that play a key role in the performance of such methodologies. Also, the heuristic
approaches could be used for estimating the values of parameterized models that describe
the power disturbances and the fault conditions, or their combinations respectively. Mit-
igation of PQDs is still an area of opportunity, since few works have handled this issue
but only for limited power disturbances. The alternative methodologies proposed in this
review could be opportune options for proposing strategies to meet this goal. For instance,
novelty detection can provide accurate information about the anomalies in the grid, or in
amotor, in order to develop mitigation strategies. One example about mitigation of power
disturbances could be developed through the use of heuristic techniques, by defining a
parameterized model capable of generating the opposite signal that mitigates (attenuating
or minimizing) the effects of the disturbances (or their combinations). Finally, the studies
of PQD affecting the efficiency of motors and drives the analysis considered until now
limits to some disturbances like voltage sags, voltage unbalance, and harmonic content.
Here the well-structured approaches could be useful to this matter. Regulatory agencies
are introducing energy efficiency requirements and the electric machine must meet these
restrictions. Therefore, it is important that the new lines of investigation look towards so-
lutions to mitigate the PQDs in order to rise the electric machines efficiency that in conse-
quence will increase the power grid efficiency.

Author Contributions: A.-D.G.-A. Performed the investigation of the majority of the revised works
in the state-of-the-art and wrote most of the paper; A.-Y.J.-C. Carried out the research of several
complementary works added to the paper from the literature, also revised and corrected most of
the paper sections; R.-A.O.-R. Conceived the main idea of this review, and performed the proofread
of the whole manuscript; M.D.-P. Made the discussion of several papers included in this review and
wrote some sections of the paper; J.-A.A.-D. Developed several of the topics in this paper, performed
papers analysis, and wrote some of the paper sections; A.K. Conceived several ideas for this research
and performed the finals proofreads of the manuscript. All the authors have revised the work and
are agree with the publishing of the current version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflict of interest.



Energies 2022, 14, x FOR PEER REVIEW

20 of 27

Glossary

FT

ST
SVM
QC
RQA
KNN
RBFNN
DL
PSR
KF
FFT
TQWT
IAF
PEOM
BPF
STET
DWT
DT

SC
EMD
EWT
1DST
MOGWO
PCA
PSSAE
SMNN
MSVM
SVG
RSC
STATCOM
HHT
ANN
HOC
PLL
VMD
RKRR
2DRT
CNN
NT
MST
SAE
HPF
SvC
MPC

References

Fourier transform

S-Transform

Support vector machines
Quadratic classifier

Recurrence quantification analysis
K-nearest beighbor

Radial basis function neural network
Deep learning

Phase space reconstruction
Kalman filter

Fast Fourier transform

Tunable-Q wavelet transform
Inductive active filtering

Post event overload mitigation
Band-pass filter

Short time Fourier transform
Discrete wavelet transform
Decision trees

Symetric components

Empirical mode decomposition
Empirical wavelet transform
1-dinemsional S-transform
Multi-objective grey wolf optimizer
Principal component analysis
Parallel stacked sparse autoencoder
SoftMax neural network
Multiclass support vector machine
Static VAR generator

Resonant controller

Static synchronous compensator
Hilbert-Huang transform
Artificial neural networks
Higher-Order cumulants

Phase locked loop

Variable mode decomposition
Reduced kernel ridge regression
2-dimensional Riesz transform
Convolutional neural network
Nutro tree

Modified S-transform

Sparse autoencoder

High-pass filter

Static VAR compensator

Model predictive controller

1. Ghosh, P.K,; Sadhu, P.K,; Basak, R.; Sanyal, A. Energy Efficient Design of Three Phase Induction Motor by Water Cycle Algo-
rithm. Ain Shams Eng. ]. 2020, 11, 1139-1147. https://doi.org/10.1016/j.asej.2020.01.017

2. Boteler, R.; Malinowski, J. Review of Upcoming Changes to Global Motor Efficiency Regulations. IEEE Conf. Rec. Annu. Pulp
Pap. Ind. Tech. Conf. 2009, 26-30. https://doi.org/10.1109/PAPCON.2009.5185430

@

Moro Franchi, C. Electrical Machine Drives Fundamental Basics and Practice; CRC Press, 2019; ISBN 9781138099395

4.  De Capua, C; Landi, C. Quality Assessment of Electrical Drives with Strongly Deformed Supply Waveform. Meas. J. Int. Meas.
Confed. 2001, 30, 269-278. https://doi.org/10.1016/50263-2241(01)00018-5

5. LeDoux, K; Visser, P. W; Hulin, J. D; and Nguyen, H, Starting Large Synchronous Motors in Weak Power Systems. IEEE Trans-
actions on Industry Applications, vol. 51, no. 3, pp. 2676-2682, May-June 2015. https://doi.org/10.1109/TIA.2014.2373820.



Energies 2022, 14, x FOR PEER REVIEW 21 of 27

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Giannoutsos, S. V; and Manias, S. N. A Systematic Power-Quality Assessment and Harmonic Filter Design Methodology for
Variable-Frequency Drive Application in Marine Vessels. IEEE Transactions on Industry Applications, vol. 51, no. 2, pp. 1909-1919,
March-April 2015. https://doi.org/10.1109/TIA.2014.2347453.

Alimi, O.A.; Ouahada, K.; Abu-Mahfouz, A M. A Review of Machine Learning Approaches to Power System Security and Sta-
bility. IEEE Access 2020, 8, 113512-113531. https://doi.org/10.1109/ACCESS.2020.3003568

Ferreira, F.J.T.E.; Baoming, G.; De Almeida, A.T. Reliability and Operation of High-Efficiency Induction Motors. 2015 I[EEE/IAS
51st Ind. Commer. Power Syst. Tech. Conf. I CPS 2015, 2015, 1-13. https://doi.org/10.1109/ICPS.2015.7266412

Donolo, P.D.; Pezzani, C.M.; Bossio, G.R.; De Angelo, C.H.; Donolo, M. A. Derating of Induction Motors Due to Power Quality
Issues Considering the Motor Efficiency Class. IEEE Trans. Ind. Appl. 2020, 56, 961-969. https://doi.org/10.1109/TTA.2020.2965859
Alberti, L.; Troncon, D. Design of Electric Motors and Power Drive Systems According to Efficiency Standards. IEEE Trans. Ind.
Electron. 2021, 68, 9287-9296. https://doi.org/10.1109/T1E.2020.3020028

Fernandez-Cavero, V.; Morinigo-Sotelo, D.; Duque-Perez, O.; Pons-Llinares, J. A Comparison of Techniques for Fault Detection
in Inverter-Fed Induction Motors in Transient Regime. IEEE Access 2017, 5, 8048-8063.
https://doi.org/10.1109/ACESS.2017.2702643

Tabora, ].M.; De Lima Tostes, M.E.; De Matos, E.O.; Bezerra, U.H.; Soares, T.M.; and De Albuquerque, B.S. Assessing Voltage
Unbalance Conditions in IE2, IE3 and IE4 Classes Induction Motors. IEEE Access 2020, 8, 186725-186739.
https://doi.org/10.1109/ACCESS.2020.3029794

Hubbi, W.; and Goldberg, O. A New Method for Quality Monitoring of Induction Motors. IEEE Trans. Energy Convers. 1993, 8,
726-731. https://doi.org/10.1109/60.260987

Biscaro, A.A.P.; Pereira, R.A.F.; Kezunovic, M.; Mantovani, ].R.S. Integrated Fault Location and Power-Quality Analysis in Elec-
tric Power Distribution Systems. IEEE Trans. Power Deliv. 2016, 31, 428-436. https://doi.org/10.1109/TPWRD.2015.2464098
Bakshi, U.A.; Bakshi, M.V. Electrical Machines - I; First Edit.; Technical Publications, 2020

Mojlish, S.; Erdogan, N.; Levine, D.; Davoudi, A. Review of Hardware Platforms for Real-Time Simulation of Electric Machines.
IEEE Trans. Transp. Electrif. 2017, 3, 130-146. https://doi.org/10.1109/TTE.2017.2656141

Leonhard, W. Control of Electrical Drives; Third.; Springer, 2001; ISBN 9783642626098

Liu, C; Chau, K.T.; Lee, CH.T.; Song, Z. A Critical Review of Advanced Electric Machines and Control Strategies for Electric
Vehicles. Proc. IEEE 2021, 109, 1004-1028. https://doi.org/10.1109/JPROC.2020.3041417

Liu, P.; Wang, Z.; Wei, S,; Bo, Y.; Pu, S. Recent Developments of Modulation and Control for High-Power Current-Source-
Converters Fed Electric Machine Systems. CES Trans. Electr. Mach. Syst. 2020, 4, 215-226. https://doi.org/10.30941/ces-
tems.2020.00027

Cao, R;; Lu, M,; Jiang, N.; and Cheng, M. Comparison Between Linear Induction Motor and Linear Flux-Switching Permanent-
Magnet Motor for Railway Transportation. IEEE Transactions on Industrial Electronics, vol. 66, no. 12, pp. 9394-9405, Dec. 2019,
https://doi.org/10.1109/T1E.2019.2892676.

Abdollahi, S. E.; Mirzayee, M.; and Mirsalim, M. Design and Analysis of a Double-Sided Linear Induction Motor for Transpor-
tation. IEEE Transactions on Magnetics, vol. 51, no. 7, pp. 1-7, July 2015, Art no. 8106307, doi: 10.1109/TMAG.2015.2407856.
Safaeian, M. ; Jalilvand, A.; and Taheri, A. A MRAS Based Model Predictive Control for Multi-Leg Based Multi-Drive System
Used in Hot Rolling Mill Applications. IEEE Access, vol. 8, pp. 215493-215504, 2020, doi: 10.1109/ACCESS.2020.3041310.

G. Ramirez A., M. A. Valenzuela, S. Pittman and R. D. Lorenz, “Modeling and Evaluation of Paper Machine Coater Sections
Part 1: 1-Coater Section and Tension Setpoints,” in IEEE Transactions on Industry Applications, vol. 55, no. 2, pp. 2144-2154,
March-April 2019, doi: 10.1109/T1A.2018.2878689.

Bhavana MB and V. Hegde, “Energy conservation using variable frequency drives of a humidification plant in a textile mill,”
2015 International Conference on Power and Advanced Control Engineering (ICPACE), 2015, pp. 90-94, doi:
10.1109/ICPACE.2015.7274923.

Faa-Jeng Lin, Hsin-Jang Shieh, Po-Huang Shieh and Po-Hung Shen, “An adaptive recurrent-neural-network motion controller
for X-Y table in CNC Machine,” in IEEE Transactions on Systems, Man, and Cybernetics, Part B (Cybernetics), vol. 36, no. 2, pp.
286-299, April 2006, doi: 10.1109/TSMCB.2005.856719.

M. Gedikpinar, “Design and Implementation of a Self-Starting Permanent Magnet Hysteresis Synchronous Motor for Pump
Applications,” in IEEE Access, vol. 7, pp. 186211-186216, 2019, doi: 10.1109/ACCESS.2019.2961425.

E.]. Torres, J. P. Ramirez-Paredes, M. A. Garcia-Murillo, I. Martinez-Ramirez, G. Capilla-Gonzalez and V. A. Ramirez, “A Track-
ing Control of a Flexible-Robot Including the Dynamics of the Induction Motor as Actuator,” in IEEE Access, vol. 9, pp. 82373-
82379, 2021, doi: 10.1109/ACCESS.2021.3086813.

U. Sharma and B. Singh, “Design and Development of Energy Efficient Single Phase Induction Motor For Ceiling Fan Using
Taguchi’s Orthogonal Arrays,” in IEEE Transactions on Industry Applications, vol. 57, no. 4, pp. 3562-3572, July-Aug. 2021, doi:
10.1109/TIA.2021.3072020.

S. Jurkovic, K. M. Rahman, J. C. Morgante and P. J. Savagian, “Induction Machine Design and Analysis for General Motors e-
Assist Electrification Technology,” in IEEE Transactions on Industry Applications, vol. 51, no. 1, pp. 631-639, Jan.-Feb. 2015, doi:
10.1109/TIA.2014.2330057.

Singh, B.; Bhuvaneswari, G.; Garg, V. Power-Quality Improvements in Vector-Controlled Induction Motor Drive Employing
Pulse Multiplication in AC-DC Converters. IEEE Trans. Power Deliv. 2006, 21, 1578-1586.
https://doi.org/10.1109/TPWRD.2006.874660



Energies 2022, 14, x FOR PEER REVIEW 22 of 27

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

R. Nair and G. Narayanan, “Emulation of Wind Turbine System Using Vector Controlled Induction Motor Drive,” in IEEE
Transactions on Industry Applications, vol. 56, no. 4, pp. 4124-4133, July-Aug. 2020, doi: 10.1109/TIA.2020.2987993.

Shang, Z.; Gao, D.; Jiang, Z.; Lu, Y. Towards Less Energy Intensive Heavy-Duty Machine Tools: Power Consumption Charac-
teristics and Energy-Saving Strategies. Energy 2019, 178, 263-276. https://doi.org/10.1016/j.energy.2019.04.133

Bayindir, R.; Demirbas, S.; Irmak, E.; Cetinkaya, U.; Ova, A.; Yesil, M. Effects of Renewable Energy Sources on the Power System.
Proc. - 2016 IEEE Int. Power Electron. Motion Control Conf. PEMC 2016 2016, 388-393.
https://doi.org/10.1109/EPEPEMC.2016.7752029

Shao, L.; Karci, A.E.H.; Tavernini, D.; Sorniotti, A.; Cheng, M. Design Approaches and Control Strategies for Energy-Efficient
Electric Machines for Electric Vehicles - A Review. IEEE Access 2020, 8, 116900-116913. https://doi.org/10.1109/AC-
CESS.2020.2993235

Gerada, D.; Mebarki, A.; Brown, N.L.; Gerada, C.; Cavagnino, A.; Boglietti, A. High-Speed Electrical Machines: Technologies,
Trends, and Developments. IEEE Trans. Ind. Electron. 2014, 61, 2946-2959. https://doi.org/10.1109/TIE.2013.2286777

Tleis, N.D. Power Systems Modelling and Fault Analysis; 2008; ISBN 9780750680745

T. Tarasiuk et al., “Review of Power Quality Issues in Maritime Microgrids,” in IEEE Access, vol. 9, pp. 81798-81817, 2021, doi:
10.1109/ACCESS.2021.3086000.

X. -P. Zhang and Z. Yan, “Energy Quality: A Definition,” in IEEE Open Access Journal of Power and Energy, vol. 7, pp. 430-
440, 2020, doi: 10.1109/OAJPE.2020.3029767.

J. Wang, K. Sun, H. Wu, J. Zhu, Y. Xing and Y. Li, “Hybrid Connected Unified Power Quality Conditioner Integrating Distrib-
uted Generation With Reduced Power Capacity and Enhanced Conversion Efficiency,” in IEEE Transactions on Industrial Elec-
tronics, vol. 68, no. 12, pp. 12340-12352, Dec. 2021, doi: 10.1109/TIE.2020.3040687.

Madonna, V.; Giangrande, P.; Migliazza, G.; Buticchi, G.; Galea, M. A Time-Saving Approach for the Thermal Lifetime Evalua-
tion of Low-Voltage Electrical Machines. IEEE Trans. Ind. Electron. 2020, 67, 9195-9205. https://doi.org/10.1109/TIE.2019.2956378
Jaen-Cuellar, A.Y., Morales-Velazquez, L., Romero-Troncoso, R.d. et al. Micro-genetic algorithms for detecting and classifying
electric power disturbances. Neural Comput & Applic 28, 379-392 (2017). https://doi.org/10.1007/s00521-016-2355-z

Tabora, ].M.; De Lima Tostes, M.E.; Bezerra, U.H.; De Matos, E.O.; Filho, C.L.P.; Soares, T.M.; Rodrigues, C.E.M. Assessing
Energy Efficiency and Power Quality Impacts Due to High-Efficiency Motors Operating Under Nonideal Energy Supply. IEEE
Access 2021, 9, 121871-121882. https://doi.org/10.1109/access.2021.3109622

Kumar, D.; Zare, F. A Comprehensive Review of Maritime Microgrids: System Architectures, Energy Efficiency, Power Quality,
and Regulations. IEEE Access 2019, 7, 67249-67277. https://doi.org/10.1109/ACCESS.2019.2917082

Ali, S.; Wu, K.; Weston, K.; Marinakis, D. A Machine Learning Approach to Meter Placement for Power Quality Estimation in
Smart Grid. IEEE Trans. Smart Grid 2016, 7, 1552-1561. https://doi.org/10.1109/TSG.2015.2442837

Li, C; Xu, W.; Tayjasanant, T. Interharmonics: Basic Concepts and Techniques for Their Detection and Measurement. Electr.
Power Syst. Res. 2003, 66, 39—48. https://doi.org/10.1016/S0378-7796(03)00070-1

Bolshev, V.; Vinogradov, A.; Jasinski, M.; Sikorski, T.; Leonowicz, Z.; Gono, R. Monitoring the Number and Duration of Power
Outages and Voltage Deviations at Both Sides of Switching Devices. IEEE Access 2020, 8, 137174-137184.
https://doi.org/10.1109/ACCESS.2020.3011836

Albertelli, P. Energy Saving Opportunities in Direct Drive Machine Tool Spindles. J. Clean. Prod. 2017, 165, 855-873.
https://doi.org/10.1016/j.jclepro.2017.07.175

Alahmad, M.; Wheeler, P.; Schwer, A.; Eiden, J.; Brumbaugh, A. A comparative study of three feedback devices for residential
real-time energy monitoring. IEEE Trans. Ind. Electron. 2012, 59, 2002-2013, https://doi.org/10.1109/TIE.2011.2165456
Cherkassky, V.; Chowdhury, S.; Landenberg, V.; Tewari, S.; Bursch, P. Prediction of electric power consumption for commercial
buildings. In Proceedings of the International Joint Conference on Neural Networks, San Jose, CA, USA, 31 July-5 August 2011,
https://doi.org/10.1109/IJCNN.2011.6033285

Anees, A; Chen, Y.-P. True real time pricing and combined power scheduling of electric appliances in residential energy man-
agement system. Appl. Energy, 2016, 165, 592-600, https://doi.org/10.1016/j.apenergy.2015.12.103

Christiansen, N.; Kaltschmit, M.; Dzukowski, F.; Isensee, F. Electricity consumption of medical plug loads in hospital laborato-
ries: Identification, evaluation, prediction and verification. Energy Build, 2015, 107, 392-406,
https://doi.org/10.1016/j.enbuild.2015.08.022

Wang, X.; Yong, J.; Xu, W,; Freitas, W. Practical Power Quality Charts for Motor Starting Assessment. IEEE Trans. Power Deliv.
2011, 26, 799-808. https://doi.org/10.1109/TPWRD.2010.2096237

Zhang, D.; Liu, T. Effects of Voltage Sag on the Performance of Induction Motor Based on a New Transient Sequence Component
Method. CES Trans. Electr. Mach. Syst. 2019, 3, 316-324. https://doi.org/10.30941/cestems.2019.00042

E. B. Agamloh and A. S. Nagorny, “An Overview of Efficiency and Loss Characterization of Fractional Horsepower Motors,”
in IEEE Transactions on Industrial Electronics, vol. 60, no. 8, pp. 3072-3080, Aug. 2013, doi: 10.1109/TIE.2012.2200222.

Santos, V.S.; Felipe, P.R.V.; Sarduy, J.R.G.; Lemozy, N.A.; Jurado, A.; Quispe, E.C. Procedure for Determining Induction Motor
Efficiency Working wunder Distorted Grid Voltages. I[EEE Trans. Energy Convers. 2015, 30, 331-339.
https://doi.org/10.1109/TEC.2014.2335994

Sousa, V.; Viego, P.R.;; Gémez, ].R.; Quispe, E.C.; Balbis, M. Shaft Power Estimation in Induction Motor Operating under Un-
balanced and Harmonics Voltages. IEEE Lat. Am. Trans. 2016, 14, 2309-2315. https://doi.org/10.1109/TLA.2016.7530427



Energies 2022, 14, x FOR PEER REVIEW 23 of 27

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.
69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Committee, D.; Power, L; Society, E. IEEE 519 Recommended Practice and Requirements for Harmonic Control in Electric Power
Systems IEEE Power and Energy Society. 2014, 2014

Su, C.L.; Chen, C.J.; Lee, C.C. Fast Evaluation Methods for Voltage Sags in Ship Electrical Power Systems. IEEE Trans. Ind. Appl.
2013, 49, 233-241. https://doi.org/10.1109/TIA.2012.2229255

Refoufi, L.; Pillay, P. Harmonic Analysis of Slip Energy Recovery Induction Motor Drives. IEEE Trans. Energy Convers. 1994, 9,
665-672. https://doi.org/10.1109/60.368343

Singh, B.; Bhuvaneswari, G.; Garg, V.; Gairola, S. Pulse Multiplication in AC-DC Converters for Harmonic Mitigation in Vector-
Controlled Induction Motor Drives. IEEE Trans. Energy Convers. 2006, 21, 342-352. https://doi.org/10.1109/TEC.2006.874217
Singh, B.; Kant, P. A 40-Pulse Multiphase Staggering Modular Transformer with Power Quality Improvement in Multilevel
Inverter Fed Medium-Voltage Induction Motor Drives. IEEE Trans. Ind. Appl. 2019, 55, 7822-7832.
https://doi.org/10.1109/TTA.2019.2933622

De Almeida, A.T.; Ferreira, F.J.T.E.; Baoming, G. Beyond Induction Motors - Technology Trends to Move up Efficiency. IEEE
Trans. Ind. Appl. 2014, 50, 2103-2114. https://doi.org/10.1109/T1A.2013.2288425

J. M. Tabora, M. E. De Lima Tostes, E. O. De Matos, U. H. Bezerra, T. M. Soares and B. S. De Albuquerque, “Assessing Voltage
Unbalance Conditions in IE2, IE3 and IE4 Classes Induction Motors,” in IEEE Access, vol. 8, pp. 186725-186739, 2020, doi:
10.1109/ACCESS.2020.3029794.

Xie, F.; Liang, K.; Wu, W.; Hong, W.; Qiu, C. Multiple Harmonic Suppression Method for Induction Motor Based on Hybrid
Morphological Filters. IEEE Access 2019, 7, 151618-151627. https://doi.org/10.1109/ACCESS.2019.2948276

Steimer, P. K. Enabled by high power electronics - Energy efficiency, renewables and smart grids, The 2010 International Power
Electronics Conference - ECCE ASIA, 2010, pp. 11-15, https://doi.org/10.1109/IPEC.2010.5542328

Milanovic, J. V.; Aung, M.T.; Vegunta, S.C. The Influence of Induction Motors on Voltage Sag Propagation - Part I: Accounting
for the Change in Sag Characteristics. IEEE Trans. Power Deliv. 2008, 23, 1063-1071. https://doi.org/10.1109/TPWRD.2007.915846
Duarte, S.X.; Kagan, N. A Power-Quality Index to Assess the Impact of Voltage Harmonic Distortions and Unbalance to Three-
Phase Induction Motors. IEEE Trans. Power Deliv. 2010, 25, 1846-1854. https://doi.org/10.1109/TPWRD.2010.2044665

Voltage Characteristics of Electricity Supplied by Public Electricity Networks. EN 50160 2011

Bollen, M.H.J.; Gu, L.Y.-H. Signal Processing of Power Quality Disturbances; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2006;
ISBN 9780471931317

Singh, B.; Chandra, A.; Al-Haddad, K. Power Quality: Problems and Mitigation Techniques; 1st ed.; Wiley, 2015; ISBN
9781118922057

IEEE Power and Energy Society IEEE Recommended Practice for Monitoring Electric Power Quality; IEEE Standard 1159-2009 (Re-
vision IEEE Std 1159-2009): New York City, NY, USA, 2019; Vol. 2019; ISBN 9780738159393

Y. Ma, Q. Li, H. Chen, H. Li and Y. Lei, “Voltage Transient Disturbance Detection Based on the RMS Values of Segmented
Differential Waveforms,” in IEEE Access, vol. 9, pp. 144514-144529, 2021, doi: 10.1109/ACCESS.2021.3121507.

T. D. Kahingala, S. Perera, U. Jayatunga and A. P. Agalgaonkar, “Network-Wide Influence of a STATCOM Configured for
Voltage Unbalance Mitigation,” in IEEE Transactions on Power Delivery, vol. 35, no. 3, pp. 1602-1605, June 2020, doi:
10.1109/TPWRD.2019.2945537.

M. A. Rodriguez-Guerrero, A. Y. Jaen-Cuellar, R. D. Carranza-Lopez-Padilla, R. A. Osornio-Rios, G. Herrera-Ruiz and R. d. J.
Romero-Troncoso, “Hybrid Approach Based on GA and PSO for Parameter Estimation of a Full Power Quality Disturbance
Parameterized Model,” in IEEE Transactions on Industrial Informatics, vol. 14, no. 3, pp. 1016-1028, March 2018, doi:
10.1109/TI1.2017.2743762.

A. Saadat, R. -A. Hooshmand and M. Tadayon, “Flicker Propagation Pricing in Power Systems Using a New Short-Circuit-
Based Method for Determining the Flicker Transfer Coefficient,” in IEEE Transactions on Instrumentation and Measurement,
vol. 70, pp. 1-9, 2021, Art no. 1500809, doi: 10.1109/TIM.2020.3033729.

Z. Wang, Y. Wang and L. Xu, “Parameter Estimation of Hybrid Linear Frequency Modulation-Sinusoidal Frequency Modula-
tion Signal,” in IEEE Signal Processing Letters, vol. 24, no. 8, pp. 1238-1241, Aug. 2017, doi: 10.1109/LSP.2017.2715832.

Zhang, D.; Liu, T.; He, C.; Wu, T. A New 2-D Multi-Slice Time-Stepping Finite Element Method and Its Application in Analyzing
the Transient Characteristics of Induction Motors under Symmetrical Sag Conditions. IEEE Access 2018, 6, 47036—47046.
https://doi.org/10.1109/ACCESS.2018.2867277

Gomez, ].C.; Morcos, M.M.; Reineri, C.A.; Campetelli, G.N. Behavior of Induction Motor Due to Voltage Sags and Short Inter-
ruptions. IEEE Trans. Power Deliv. 2002, 17, 434-440. https://doi.org/10.1109/61.997914

Quispe, E.C.; Lopez-Fernandez, X.M.; Mendes, A.M.S.; Marques Cardoso, A.J.; Palacios, J.A. Influence of the Positive Sequence
Voltage on the Derating of Three-Phase Induction Motors under Voltage Unbalance. Proc. 2013 IEEE Int. Electr. Mach. Drives
Conf. IEMDC 2013 2013, 100-105. https://doi.org/10.1109/IEMDC.2013.6556239

Gnacinski, P.; Tarasiuk, T.; Mindykowski, J.; Peplinski, M.; Gorniak, M.; Hallmann, D.; Pillat, A. Power Quality and Energy-
Efficient Operation of Marine Induction Motors. IEEE Access 2020, 8, 152193-152203. https://doi.org/10.1109/AC-
CESS.2020.3017133

Wang, Z.; Zhu, K.; Wang, X. An Analytical Method to Calculate Critical Clearance Time of Symmetrical Voltage Sags for Induc-
tion Motors. Dianwang [ishu/Power Syst. Technol. 2014, 38, 509-514. https://doi.org/10.13335/j.1000-3673.pst.2014.02.036

Ukil, A; Bloch, R.; Andenna, A. Estimation of Induction Motor Operating Power Factor from Measured Current and Manufac-
turer Data. IEEE Trans. Energy Convers. 2011, 26, 699-706. https://doi.org/10.1109/TEC.2010.2098408



Energies 2022, 14, x FOR PEER REVIEW 24 of 27

83.

84.

85.

86.

87.

88.

89.
90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Sampath Kumar, P.; Xie, L.; Soong, B.H.; Lee, M.Y. Feasibility for Utilizing IEEE 802.15.4 Compliant Radios inside Rotating
Electrical Machines for Wireless Condition Monitoring Applications. IEEE Sens. ]. 2018, 18, 4293-4302.
https://doi.org/10.1109/JSEN.2018.2821266

Dugan, R.C.; McGranaghan, M.F.; Santoso, S.; Beaty, H.W. Electrical Power Systems Quality; 2nd Editio.; McGraw-Hill: New
York;

Kanirajan, P.; Suresh Kumar, V. Power Quality Disturbance Detection and Classification Using Wavelet and RBFNN. Appl. Soft
Comput. J. 2015, 35, 470-481. https://doi.org/10.1016/j.as0c.2015.05.048

Huang, N.; Wang, D.; Lin, L.; Cai, G.; Huang, G.; Du, J.; Zheng, J. Power Quality Disturbances Classification Using Rotation
Forest and Multi-resolution Fast S-transform with Data Compression in Time Domain. IET Gener. Transm. Distrib. 2019, 13,
5091-5101. https://doi.org/10.1049/iet-gtd.2018.5439

Kapisch, E.B,; Filho, L. M.A; Silva, L.R.M.; Duque, C.A. Novelty Detection in Power Quality Signals with Surrogates: A Time-
Frequency Technique. Int. Conf. Syst. Signals, Image Process. 2020, 2020-July, 373-378. https://doi.org/10.1109/IWS-
SIP48289.2020.9145149

Qiu, W; Tang, Q.; Liu, J.; Teng, Z.; Yao, W. Power Quality Disturbances Recognition Using Modified S Transform and Parallel
Stack Sparse Auto-Encoder. Electr. Power Syst. Res. 2019, 174, 105876. https://doi.org/10.1016/j.epsr.2019.105876

Costa, B.; Souza, B.A. De; Brito, D. Detection and Classification of Power Quality Disturbances By. 2006, 1-11

Kumar, R; Singh, B.; Shahani, D.T. Symmetrical Components-Based Modified Technique for Power-Quality Disturbances De-
tection and Classification. IEEE Trans. Ind. Appl. 2016, 52, 3443-3450. https://doi.org/10.1109/TIA.2016.2536665

Wang, J.; Xu, Z.; Che, Y. Power Quality Disturbance Classification Based on DWT and Multilayer Perceptron Extreme Learning
Machine. Appl. Sci. 2019, 9, 2315. https://doi.org/10.3390/app9112315

Olshausen, B.A ; Field, D.J. Sparse Coding with an Overcomplete Basis Set: A Strategy Employed by V1? Vision Res. 1997, 37,
3311-3325. https://doi.org/10.1016/S0042-6989(97)00169-7

Sahani, M.; Dash, P.K. FPGA-Based Online Power Quality Disturbances Monitoring Using Reduced-Sample HHT and Class-
Specific Weighted RVFLN. IEEE Trans. Ind. Informatics 2019, 15, 4614-4623. https://doi.org/10.1109/TI1.2019.2892873

Sahani, M.; Dash, P.K. Automatic Power Quality Events Recognition Based on Hilbert Huang Transform and Weighted Bidi-
rectional Extreme Learning Machine. IEEE Trans. Ind. Informatics 2018, 14, 3849-3858. https://doi.org/10.1109/TI1.2018.2803042
LL P.; GAO, J.; XU, D.; WANG, C.; YANG, X. Hilbert-Huang Transform with Adaptive Waveform Matching Extension and Its
Application in Power Quality Disturbance Detection for Microgrid. J. Mod. Power Syst. Clean Energy 2016, 4, 19-27.
https://doi.org/10.1007/s40565-016-0188-5

T. Zhong, S. Zhang, G. Cai, Y. Li, B. Yang and Y. Chen, “Power Quality Disturbance Recognition Based on Multiresolution S-
Transform and Decision Tree,” in IEEE Access, vol. 7, pp. 88380-88392, 2019, doi: 10.1109/ACCESS.2019.2924918.

Li, J; Teng, Z.; Tang, Q.; Song, J. Detection and Classification of Power Quality Disturbances Using Double Resolution S-Trans-
form and DAG-SVMs. IEEE Trans. Instrum. Meas. 2016, 65, 2302-2312. https://doi.org/10.1109/TIM.2016.2578518

Cortes-Robles, O.; Barocio, E.; Segundo, J.; Guillen, D.; Olivares-Galvan, J.C. A Qualitative-Quantitative Hybrid Approach for
Power Quality Disturbance Monitoring on Microgrid Systems. Measurement 2020, 154, 107453. https://doi.org/10.1016/j.meas-
urement.2019.107453

Ray, P.K.; Mohanty, S.R.; Kishor, N. Classification of Power Quality Disturbances Due to Environmental Characteristics in Dis-
tributed Generation System. IEEE Trans. Sustain. Energy 2013, 4, 302-313. https://doi.org/10.1109/TSTE.2012.2224678
Lopez-Ramirez, M.; Cabal-Yepez, E.; Ledesma-Carrillo, L.; Miranda-Vidales, H.; Rodriguez-Donate, C.; Lizarraga-Morales, R.
FPGA-Based Online PQD Detection and Classification through DWT, Mathematical Morphology and SVD. Energies 2018, 11,
769. https://doi.org/10.3390/en11040769

Liu, H.; Hussain, F.; Shen, Y.; Arif, S.; Nazir, A.; Abubakar, M. Complex Power Quality Disturbances Classification via Curvelet
Transform and Deep Learning. Electr. Power Syst. Res. 2018, 163, 1-9. https://doi.org/10.1016/j.epsr.2018.05.018

Cortes-Robles, O.; Barocio, E.; Obushevs, A.; Korba, P.; Sevilla, F.R.S. Fast-Training Feedforward Neural Network for Multi-
Scale Power Quality Monitoring in Power Systems with Distributed Generation Sources. Meas. J. Int. Meas. Confed. 2021, 170,
108690. https://doi.org/10.1016/j.measurement.2020.108690

Wang, S.; Chen, H. A Novel Deep Learning Method for the Classification of Power Quality Disturbances Using Deep Convolu-
tional Neural Network. Appl. Energy 2019, 235, 1126-1140. https://doi.org/10.1016/j.apenergy.2018.09.160

Gonzalez-Abreu, A.-D.; Delgado-Prieto, M.; Osornio-Rios, R.-A.; Saucedo-Dorantes, J.-J.; Romero-Troncoso, R.-J. A Novel Deep
Learning-Based Diagnosis Method Applied to Power Quality Disturbances. Energies 2021, 14, 2839.
https://doi.org/10.3390/en14102839

Zhang, L.; Bollen, M.H.]. Characteristic of Voltage Dips (Sags) in Power Systems. Proc. Int. Conf. Harmon. Qual. Power, ICHQP
1998, 1, 555-560. https://doi.org/10.1109/ICHQP.1998.759969

Khetarpal, P.; Tripathi, M.M. A Critical and Comprehensive Review on Power Quality Disturbance Detection and Classification.
Sustain. Comput. Informatics Syst. 2020, 28, 100417. https://doi.org/10.1016/j.suscom.2020.100417

M. Yazdani-Asrami, M. Taghipour-Gorjikolaie, W. Song, M. Zhang and W. Yuan, “Prediction of Nonsinusoidal AC Loss of
Superconducting Tapes Using Artificial Intelligence-Based Models,” in IEEE Access, vol. 8, pp. 207287-207297, 2020, doi:
10.1109/ACCESS.2020.3037685.



Energies 2022, 14, x FOR PEER REVIEW 25 of 27

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Elvira-Ortiz, D.A.; Jaen-Cuellar, A.Y.; Morinigo-Sotelo, D.; Morales-Velazquez, L.; Osornio-Rios, R.A.; Romero-Troncoso, R.d.J.
Genetic Algorithm Methodology for the Estimation of Generated Power and Harmonic Content in Photovoltaic Generation.
Appl. Sci. 2020, 10, 542. https://doi.org/10.3390/app10020542

R. A. de Oliveira, V. Ravindran, S. K. Rénnberg and M. H. J. Bollen, “Deep Learning Method With Manual Post-Processing for
Identification of Spectral Patterns of Waveform Distortion in PV Installations,” in IEEE Transactions on Smart Grid, vol. 12, no.
6, pp. 5444-5456, Nov. 2021, doi: 10.1109/TSG.2021.3107908.

Minh Khoa, N.; Van Dai, L. Detection and Classification of Power Quality Disturbances in Power System Using Modified-
Combination between the Stockwell Transform and Decision Tree Methods. Energies 2020, 13, 3623.
https://doi.org/10.3390/en13143623

Jamali, S.; Farsa, A.R.; Ghaffarzadeh, N. Identification of Optimal Features for Fast and Accurate Classification of Power Quality
Disturbances. Measurement 2018, 116, 565-574. https://doi.org/10.1016/j.measurement.2017.10.034

Gerek, O.N.; Ece, D.G. Power-Quality Event Analysis Using Higher Order Cumulants and Quadratic Classifiers. IEEE Trans.
Power Deliv. 2006, 21, 883-889. https://doi.org/10.1109/TPWRD.2006.870989

Manikandan, M.S.; Samantaray, S.R. Detection and Classification of Power Quality Disturbances Using Signal Sparse Signal
Decomposition on Hybrid Dictionares. IEEE Trans. Instrum. Meas. 2015, 64, 27-38. https://doi.org/10.1109/APPEEC.2017.8308934
Abdelsalam, A.A.; Abdelaziz, A.Y.; Kamh, M.Z. A Generalized Approach for Power Quality Disturbances Recognition Based
on Kalman Filter. IEEE Access 2021, 9, 93614-93628. https://doi.org/10.1109/ACCESS.2021.3093367

Chakravorti, T.; Nayak, N.R.; Bisoi, R.; Dash, P.K,; Tripathy, L. A New Robust Kernel Ridge Regression Classifier for Islanding
and Power Quality Disturbances in a Multi Distributed Generation Based Microgrid. Renew. Energy Focus 2019, 28, 78-99.
https://doi.org/10.1016/j.ref.2018.12.002

Mishra, M. Power Quality Disturbance Detection and Classification Using Signal Processing and Soft Computing Techniques:
A Comprehensive Review. Int. Trans. Electr. Energy Syst. 2019, 29. https://doi.org/10.1002/2050-7038.12008

Khetarpal, P.; Tripathi, M.M. A Critical and Comprehensive Review on Power Quality Disturbance Detection and Classification.
Sustain. Comput. Informatics Syst. 2020, 28, 100417. https://doi.org/10.1016/j.suscom.2020.100417

Singh, U.; Singh, S.N. A New Optimal Feature Selection Scheme for Classification of Power Quality Disturbances Based on Ant
Colony Framework. Appl. Soft Comput. 2019, 74, 216-225. https://doi.org/10.1016/j.as0c.2018.10.017

Karasu, S.; Sarag, Z. Classification of Power Quality Disturbances by 2D-Riesz Transform, Multi-Objective Grey Wolf Optimizer
and Machine Learning Methods. Digit. Signal Process. 2020, 101, 102711. https://doi.org/10.1016/j.dsp.2020.102711

Kumar, P.K.A.; Vijayalakshmi, V.J.; Karpagam, J.; Hemapriya, C.K. Classification of Power Quality Events Using Support Vec-
tor Machine and S-Transform. In Proceedings of the 2016 2nd International Conference on Contemporary Computing and In-
formatics (IC3I); IEEE, December 2016; Vol. 7, pp. 279-284

Zhu, R; Gong, X.; Hu, S.; Wang, Y. Power Quality Disturbances Classification via Fully-Convolutional Siamese Network and
k-Nearest Neighbor. Energies 2019, 12, 4732. https://doi.org/10.3390/en12244732

Wang, S.; Chen, H. A Novel Deep Learning Method for the Classification of Power Quality Disturbances Using Deep Convolu-
tional Neural Network. Appl. Energy 2019, 235, 1126-1140. https://doi.org/10.1016/j.apenergy.2018.09.160

Cai, K;; Hu, T.; Cao, W.; Li, G. Classifying Power Quality Disturbances Based on Phase Space Reconstruction and a Convolu-
tional Neural Network. Appl. Sci. 2019, 9, 3681. https://doi.org/10.3390/app9183681

Liu, H.; Hussain, F.; Yue, S.; Yildirim, O.; Yawar, S.J. Classification of Multiple Power Quality Events via Compressed Deep
Learning. Int. Trans. Electr. Energy Syst. 2019, 29, 1-14. https://doi.org/10.1002/2050-7038.12010

Shen, Y.; Abubakar, M.; Liu, H.; Hussain, F. Power Quality Disturbance Monitoring and Classification Based on Improved PCA
and Convolution Neural Network for Wind-Grid Distribution Systems. Energies 2019, 12, 1280.
https://doi.org/10.3390/en12071280

Thirumala, K.; Prasad, M.S,; Jain, T.; Umarikar, A.C. Tunable-Q Wavelet Transform and Dual Multiclass SVM for Online Auto-
matic  Detection of Power Quality Disturbances. IEEE  Trans. Smart  Grid 2018, 9, 3018-3028.
https://doi.org/10.1109/TSG.2016.2624313

Dalai, S.; Dey, D.; Chatterjee, B.; Chakravorti, S.; Bhattacharya, K. Cross-Spectrum Analysis-Based Scheme for Multiple Power
Quality Disturbance Sensing Device. IEEE Sens. ]. 2014. https://doi.org/10.1109/jsen.2014.2377775

Thirumala, K; Pal, S.; Jain, T.; Umarikar, A.C. A Classification Method for Multiple Power Quality Disturbances Using EWT
Based Adaptive Filtering and Multiclass SVM. Neurocomputing 2019, 334, 265-274. https://doi.org/10.1016/j.neucom.2019.01.038
Mabhela, O.P.; Shaik, A.G. Recognition of Power Quality Disturbances Using S-Transform Based Ruled Decision Tree and Fuzzy
C-Means Clustering Classifiers. Appl. Soft Comput. 2017, 59, 243-257. https://doi.org/10.1016/j.as0c.2017.05.061
Bravo-Rodriguez, J.C.; Torres, F.J.; Borras, M.D. Hybrid Machine Learning Models for Classifying Power Quality Disturbances:
A Comparative Study. Energies 2020, 13, 2761. https://doi.org/10.3390/en13112761

Li, Y.; Saha, T.K,; Krause, O.; Cao, Y.; Rehtanz, C. An Inductively Active Filtering Method for Power-Quality Improvement of
Distribution =~ Networks  with  Nonlinear = Loads. IEEE Trans. Power  Deliv. 2013, 28, 2465-2473.
https://doi.org/10.1109/TPWRD.2013.2273941

L. Che, X. Liu and Z. Shuai, “Optimal Transmission Overloads Mitigation Following Disturbances in Power Systems,” in IEEE
Transactions on Industrial Informatics, vol. 15, no. 5, pp. 2592-2604, May 2019, doi: 10.1109/T11.2018.2867064.



Energies 2022, 14, x FOR PEER REVIEW 26 of 27

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

Z.Song, Z. Zhang, H. Komurcugil and C. H. T. Lee, “Controller-Based Periodic Disturbance Mitigation Techniques for Three-
Phase Two-Level Voltage-Source Converters,” in IEEE Transactions on Industrial Informatics, vol. 17, no. 10, pp. 6553-6568,
Oct. 2021, doi: 10.1109/TI1.2021.3059704.

A. A. Alkahtani et al., “Power Quality in Microgrids Including Supraharmonics: Issues, Standards, and Mitigations,” in IEEE
Access, vol. 8, pp. 127104-127122, 2020, doi: 10.1109/ACCESS.2020.3008042.

Tennakoon, S.; Perera, S.; Robinson, D. Flicker Attenuation - Part II: Transfer Coefficients for Regular Voltage Fluctuations in
Radial Power Systems with Induction Motor Loads. IEEE Trans. Power Deliv. 2008, 23, 1215-1221.
https://doi.org/10.1109/TPWRD.2008.915826

Bollen, M.H.J. The Influence of Motor Reacceleration on Voltage Sags. IEEE Trans. Ind. Appl. 1995, 31, 667-674.
https://doi.org/10.1109/28.395271

Gnacinski, P.; Peplinski, M.; Murawski, L.; Szelezinski, A. Vibration of Induction Machine Supplied with Voltage Containing
Subharmonics and Interharmonics. IEEE Trans. Energy Convers. 2019, 34, 1928-1937. https://doi.org/10.1109/TEC.2019.2929534
Hasan, S.; Nair, A.R; Bhattarai, R.; Kamalasadan, S.; Muttaqi, KM. A Coordinated Optimal Feedback Control of Distributed
Generators for Mitigation of Motor Starting Voltage Sags in Distribution Networks. IEEE Trans. Ind. Appl. 2020, 56, 864-875.
https://doi.org/10.1109/T1A.2019.2954522

Wang, Y.J. Analysis of Effects of Three-Phase Voltage Unbalance on Induction Motors with Emphasis on the Angle of the Com-
plex Voltage Unbalance Factor. IEEE Trans. Energy Convers. 2001, 16, 270-275. https://doi.org/10.1109/60.937207

Gnacinski, P.; Mindykowski, J.; Peplinski, M.; Tarasiuk, T.; Costa, ].D.; Assuncao, M,; Silveira, L.; Zakharchenko, V.; Drankova,
A.; Mukha, M.; et al. Coefficient of Voltage Energy Efficiency. IEEE Access 2020, 8, 75043-75059. https://doi.org/10.1109/AC-
CESS.2020.2988725

Liu, J.; Pillay, P.; Douglas, H. Wavelet Modeling of Motor Drives Applied to the Calculation of Motor Terminal Overvoltages.
IEEE Trans. Ind. Electron. 2004, 51, 61-66. https://doi.org/10.1109/TIE.2003.822085

Hasan, S.; Muttaqgi, K.M.; Bhattarai, R.; Kamalasadan, S. A Coordinated Control Approach for Mitigation of Motor Starting
Voltage Dip in Distribution Feeders. 2018 IEEE Ind. Appl. Soc. Annu. Meet. IAS 2018 2018, 1-6.
https://doi.org/10.1109/IAS.2018.8544554

Gnacinski, P.; Mindykowski, J.; Peplinski, M.; Tarasiuk, T.; Costa, ].D.; Assuncao, M,; Silveira, L.; Zakharchenko, V.; Drankova,
A.; Mukha, M,; et al. Coefficient of Voltage Energy Efficiency. IEEE Access 2020, 8, 75043-75059. https://doi.org/10.1109/AC-
CESS.2020.2988725

Hasan, S.; Gurung, N.; Muttaqgi, K.M.; Kamalasadan, S. Electromagnetic Field-Based Control of Distributed Generator Units to
Mitigate Motor Starting Voltage Dips in Power Grids. IEEE Trans. Appl. Supercond. 2019, 29, 1-4.
https://doi.org/10.1109/TASC.2019.2895468

Mohammadi-Ghazi, R.; Marzouk, Y. M.; and Biiyiikoztiirk, O. Conditional classifiers and boosted conditional Gaussian mixture
model for novelty detection, Pattern Recognit., vol. 81, pp. 601-614, 2018, https://doi.org/10.1016/j.patcog.2018.03.022

Gu, X;; Yang, S.; Sui, Y.; Papatheou, E.; Ball, A. D.; and Gu, F. Real-time novelty detection of an industrial gas turbine using
performance deviation model and extreme function theory, Measurement, vol. 178, p. 109339, 2021,
https://doi.org/10.1016/j.measurement.2021.109339

Wang, H.; Jiang, K.; Shahidehpour, M. and He, B. Reduced-Order State Space Model for Dynamic Phasors in Active Distribution
Networks. IEEE Transactions on Smart Grid, vol. 11, no. 3, pp. 1928-1941, May 2020, https://doi.org/10.1109/TSG.2019.2945541
Fink, O,; Zio, E.; and Weidmann, U. Novelty detection by multivariate kernel density estimation and growing neural gas algo-
rithm, Mech. Syst. Signal Process., vol. 50-51, pp. 427-436, 2015, https://doi.org/10.1016/j.ymssp.2014.04.022

Surace, C. and Worden, K. Novelty detection in a changing environment: A negative selection approach, Mech. Syst. Signal
Process., vol. 24, no. 4, pp. 1114-1128, 2010, https://doi.org/10.1016/j.ymssp.2009.09.009

Naghavi-Nozad, S. A.; Amir-Haeri, M.; and Folino, G. SDCOR: Scalable density-based clustering for local outlier detection in
massive-scale datasets, Knowledge-Based Syst., vol. 228, p. 107256, 2021, https://doi.org/10.1016/j.knosys.2021.107256

Shah, A.; Azam, N.; Ali, B.; Khan, M. T; and Yao, J. A three-way clustering approach for novelty detection, Inf. Sci. (Ny)., vol.
569, pp. 650-668, 2021, https://doi.org/10.1016/j.ins.2021.05.021

Salehi, M.; Arya, A.; Pajoum, B.; Otoofi, M.; Shaeiri, A.; Rohban, M. H.; and Rabiee, H. R. ARAE: Adversarially robust training
of autoencoders improves novelty detection, Neural Networks, vol. 144, pp. 726-736, 2021,
https://doi.org/10.1016/j.neunet.2021.09.014

La-Grassa, R.; Gallo, I.; and Landro, N. OCmst: One-class novelty detection using convolutional neural network and minimum
spanning trees, Pattern Recognit. Lett., 2021, https://doi.org/10.1016/j.patrec.2021.11.013

Hu, W.; Hu, T.; Wei, Y.; Loy, J. and Wang, S. Global Plus Local Jointly Regularized Support Vector Data Description for Novelty
Detection, IEEE Trans. Neural Networks Learn. Syst., pp. 1-13, 2021, https://doi.org/10.1109/TNNLS.2021.3129321
Martinez-Viol, V.; Urbano, E. M.; Kampouropoulos, K.; Delgado-Prieto, M.; and Romeral, L. Support vector machine based
novelty detection and FDD framework applied to building AHU systems, in 2020 25th IEEE International Conference on Emerg-
ing Technologies and Factory Automation (ETFA), 2020, vol. 1, pp. 1749-1754, https://doi.org/10.1109/ETF A46521.2020.9212088
Mataifa, H.; Krishnamurthy, S. and Kriger, C. Volt/VAR Optimization: A Survey of Classical and Heuristic Optimization Meth-
ods, IEEE Access, vol. 10, pp. 13379-13399, 2022, https://doi.org/10.1109/ACCESS.2022.3146366

Guirguis D. et al. Evolutionary Black-Box Topology Optimization: Challenges and Promises, IEEE Transactions on Evolutionary
Computation, vol. 24, no. 4, pp. 613-633, 2020, https://doi.org/10.1109/TEVC.2019.2954411



Energies 2022, 14, x FOR PEER REVIEW 27 of 27

158. Zhao, Q. and Li, C. Two-Stage Multi-Swarm Particle Swarm Optimizer for Unconstrained and Constrained Global Optimiza-
tion, IEEE Access, vol. 8, pp. 124905-124927, 2020, https://doi.org/10.1109/ACCESS.2020.3007743

159. Xu, X,; Yan, X,; Sheng, C.; Yuan, C.; Xu, D. and Yang, ]J. A Belief Rule-Based Expert System for Fault Diagnosis of Marine Diesel
Engines, IEEE Transactions on Systems, Man, and Cybernetics: Systems, vol. 50, no. 2, pp. 656-672, 2020,
https://doi.org/10.1109/TSMC.2017.2759026

160. Choi, K.; Jang, D.; Kang, S.; Lee, J.; Chung, T. and Kim, H. Hybrid Algorithm Combing Genetic Algorithm With Evolution
Strategy for Antenna Design, IEEE Transactions on Magnetics, vol. 52, no. 3, pp. 1-4, 2016, Art no. 7209004,
https://doi.org/10.1109/TMAG.2015.2486043



	1. Introduction
	2. Electrical Machines and Energy Efficiency
	3. Techniques for Power Quality Detection, Identification, and Mitigation
	4. Techniques for Power Quality Related to Electrical Machines and Electrical Drives
	5. Analysis of Techniques Trends
	5.1. Overview on the Proposed Solutions Regarding Power Quality Issues on Motors and Its Drives
	5.2. Techniques That Could Be Possible Potential Solutions to the Existing Problems

	6. Conclusions
	Glossary
	References

