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INTRODUCTION

Smart grids are being developed to update traditional power systems by using power electronics and digital
technology. These next-generation power systems aim to address several significant challenges and uphold
environmentally-friendly ideals. The pathway towards achieving the aforementioned reality is intricate, with several key
concerns to be addressed (Khaleel et al., 2021; Yusupov, 2023; Hafez et al., 2019). These concerns include the need for
flexibility among systems, efficiency in production and consumption, the implementation of distributed generation (DG)
and energy storage, ensuring the reliability of power electronics, the integration of smart metering systems, effective
power management, the development of smart homes and cities, the establishment of robust communication
infrastructures, the design of battery charging systems for electric mobility, the implementation of microgrids, the use of
controllable electrical appliances, and the consideration of PQ from both the power grid and final-user perspectives
(Elweddad et al., 2022; Khaleel et al., 2021; Nassar et al., 2022; Aljendy et al., 2022) .

Furthermore, within this particular environment, urban areas are transforming smart cities and their associated
principles. In relation to the assessment of technologies, the examination of cost-benefit and societal ramifications are
expounded upon in reference (Khaleel et al., 2023; Kumar 2020; Elweddad et al., 2022; Abdunnabi et al., 2023;
Coldrick et al., 2023). Furthermore, a comprehensive examination of the essential management systems pertaining to the
demand for enhanced metering infrastructures in forthcoming grids is outlined in reference. On a global scale, the
increasing need for power electronics systems driven by new technologies has led to the emergence of new opportunities
in power management.

In this context, the intercommunication among these systems further strengthens the significant role played by
information and communication technologies. Nevertheless, the extensive utilization of power electronics converters
eventually gives rise to concerns related to power quality. PQ is widely acknowledged as a significant and crucial factor
for the effective deployment of smart grids, despite its already established status as a prominent concern in traditional
power networks. The growing significance of PQ can be attributed to various variables, such as the escalating utilization
of electrical appliances, particularly in the industrial domain, and the prevalence of electrical gadgets exhibiting
nonlinear characteristics in the household sector (Khaleel et al., 2023; Wazirali et al., 2023; Nassar et al., 2023; Yusupov
et al., 2023).

The primary considerations pertaining to PQ are supplementary expenses, compromises in product integrity, and
the malfunctioning of electrical devices, encompassing both premature failures and complete breakdowns. As a result,
PQ can have significant detrimental implications across several sectors, particularly in the industrial, commercial, and
residential domains, each of which exhibits distinct PQ demands (Das et al., 2023; Rezapour et al., 2024).
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LITERATURE REVIEW

Recently, researchers (Ghayth et al., 2023) have focused on photovoltaic (PV) power generation to lessen the
environmental pollution caused by traditional electric generators. PV arrays' lifetime energy output and cell cost
determine their economic viability. This study uses the Perturb and Observe (P&O) method to model and simulate solar
PV systems interfaced with the distribution network. The article examines how solar radiation changes affect system
performance and presents an energy storage solution to address PQ challenges caused by solar power intermittency. The
simulation findings suggest that the proposed method improves solar PV system performance by increasing energy
capture efficiency and lowering power quality concerns. The suggested technique was evaluated and compared to the
fixed perturbation MPPT algorithm under various scenarios. Experimental findings demonstrate the method's viability
and benefits. In (Noroozi et al., 2023), Over traditional PWM converters, the transformerless single-phase semi-quasi-
Z-source inverter (SqZSI) offers significant benefits. This architecture is useful for PV micro-inverter applications
because of its cheap cost, high power density, and low leakage current. DC and second harmonic injection in the output
AC port may prohibit this architecture from meeting standards. This work proposes, analyzes, and experimentally
verifies four harmonic mitigation methods based on PI and PR controllers for the 90 W SqZSI to improve power
quality. Additionally, a redesigned modulation reference waveform technique is provided. Under full power demand, the
converter's total harmonic distortion (THDV) is 1.27%.

According to (Khaleel et al., 2023), microgrid (MG) battery energy storage system modeling and stability
analysis are essential for optimum reliability, efficiency, and power management. This paper proposes using the hybrid
energy storage system (HESS)'s photovoltaic (PV), fuel cell (FC), and battery to support demand load. This contribution
integration with PV, FC, and battery via MG. The technique uses sophisticated power system phasor feasible
alternatives for design evaluation. To collect electrical power system data, an adaptive neuro-fuzzy inference system
(ANFIS) and Genetic Algorithm (GA) control techniques are used. Analyzing these facts yields knowledge, which
drives intelligent behavior or action. ANFIS gives the HESS-MG system an injection value of 99.6% in the Single Line-
to-Ground Faults Scenario (SLGFS), whereas GA gives it 98.9%. Voltage sag is reduced by 76.2% without HESS-MG.

Due to the integration of distributed generation resources, especially FC, the electrical power grid (EPG)
becomes more comprehensive and has PQ issues like voltage/current unbalance, harmonics, voltage sag, etc.
Unexpected EPG operation circumstances cause voltage sag. The Advanced Equilibrium Optimizer (AEO) and Particle
Swarm Optimization (PSO) are proposed as solutions for EPG disturbance in partially voltage sag issues caused by
three fault scenarios: SLGF, DLGF, and TLGF (Khaleel et al., 2023). Both suggested controllers use AEO and PSO, and
their advantages are shown by comparing them to a traditional PI controller. This research paper (Choudhury et al.,
2023), uses MATLAB/Simulink to compare energy management and PQ improvement options for a Fuel Cell, Battery,
and SuperCapacitor integrated Microgrid system. A Modified Water Wave Optimization technique using adaptive
population size and wavelength coefficient improves energy management and PQ. The MWWO approach modifies
Proportional Integral controller settings robustly and dynamically for optimal performance. The suggested approach was
compared to existing techniques for hydrogen usage, load power deliberation, power quality, and system efficiency. The
findings and numerical analysis show that the recommended strategy improves dynamic voltage responsiveness, fuel
consumption, harmonics, and effectiveness over existing techniques, showing its real-time use.

POWER QUALITY ISSUES

PQ issues encompass a variety of definitions, ranges, and criteria that necessitate clarification from equipment
makers, international code bodies, electric power grid operators, and consumers. The financial implications of
inadequate power quality can be attributed to increased energy consumption and concealed costs arising from power
interruptions caused by false protection, data loss, and device impairment (Ahmed et al., 2023; Andeef et al., 2023;
Pathak et al., 2023; boopathi & indagandhi, 2023; Khaleel 2023). The overall expenses associated with inadequate
electricity quality are substantial. According to a study, it has been projected that the yearly expenditure for U.S
corporations is anticipated to range from USD 119 to 188 billion, while the European sector is likely to incur a cost of
EUR 150 billion (Khaleel et al., 2023; Zhang et al., 2023; Sahoo et al., 2023). The primary goal of PQ standards is to
govern the characteristics of electrical energy, ensuring that it meets the specific requirements of a given electrical
system. Different organizations have proposed various definitions for power quality. An illustration of this can be seen
in the electromagnetic compatibility norm EN61000-4-30, which focuses on testing and measurement procedures
specifically related to PQ measuring methods. Additionally, the EN-50160 standard addresses voltage characteristics in
public distribution networks (Faghani et al., 2021; Almabrouk & Abulifa, 2023; Khaleel et al., 2023; Xu et al., 2023;
Kumar et al., 2023; Deffaf et al., 2023).

Conversely, non-linear loads are extensively employed in industrial settings at present, resulting in the extraction
of currents from the power grid that exhibit a significant level of total harmonic distortion (THD). This phenomenon
therefore leads to a degradation in power quality. The PQ norms for these specialized loads, which are connected to the
three-phase AC power grid at high-voltage (HV) or medium-voltage (MV) levels, are distinct and specific to their
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operation. For instance, in electrified railway applications, the standard for the supply voltages of traction systems is EN
50163 (Khaleel et al., 2023; Nassar et al., 2016; Nassar et al., 2023; Chaudhary et al., 2023). Fig. 1, presents the PQ
issues classification
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Fig. 1. PQ issues classification

Voltage sags in alternating current (AC) power networks can be characterized as transient reductions in the root
mean square (RMS) supply voltage, resulting in a value ranging between 90% and 10% of the declared RMS voltage,
persisting for a duration exceeding one fundamental cycle. In the context of voltage sags in direct current (DC) power
grids, the direct current voltage value serves as a replacement for the alternating current (AC) root mean square (RMS)
value. Following the occurrence of voltage sag, the voltage must be expeditiously reinstated within a brief timeframe.
According to the EN-50160 standard, the duration of a voltage sag can range from 10 milliseconds to 1 minute. Voltage
sags in alternating current (AC) power grids are occurrences that can be attributed to several factors, such as the
initiation of electric motors, the occurrence of short circuits in nearby facilities, and the activation of transformers (El-
Khozenadar et al. 2023; Selvakumaran & Kalidasan, 2016; Khan et al., 2022; Khan et al.,2022). Transient overvoltage
is a rapid occurrence that can exhibit oscillatory or non-oscillatory behavior, characterized by a rising time ranging from
less than 1 ps to a few ms. The magnitude, energy, and duration of these phenomena are intricately linked to the events
from which they emerge. Transient overvoltage is primarily attributed to various factors, including but not limited to
lightning strikes, the activation of fuses, and the energization of capacitors. Conversely, the ramifications of this
phenomenon may result in the impairment or cessation of delicate machinery, as well as the intermittent fluctuation of
illumination and display devices (Miskeen et al., 2023; Al-Ammar et al., 2020; Velasquez & Ezcurra, 2023; Nassar et
al., 2023; Rajesh et al., 2023; Khaleel et al., 2014; Anand & Malik, 2022; Tarraso et al., 2019).

The potential impact could manifest as a progressive and cumulative effect, ultimately leading to hardware
malfunction in the equipment. Moreover, voltage harmonics refer to the presence of many spectral components in a
voltage waveform, where these components are integer multiples of the fundamental frequency, such as double, third,
fourth, and so on. Furthermore, it is worth noting that there exist other components known as inter-harmonics, which do
not correspond to integer multiples of the fundamental frequency. One of the most significant factors to consider is the
third-order harmonic components, which possess a frequency value three times that of the fundamental frequency
(Nassar et al., 2024; Shende & Hiware, 2021; Khaleel, 2015; Budiman et al., 2024; Khaleel, 2014). The presence of
third-order harmonic components arises during the operation of single-phase non-linear loads, such as rectifiers and
variable speed drives. The presence of harmonic components is well recognized as a significant contributing factor to
the degradation of PQ in industrial settings.

PQ ISSUES ASSOCIATED WITH RENEWABLE ENERGY SOURCES

There is a common sense that in the near future, RES will replace conventional energy generation through fossil
fuels, leading to a new concept of power grids supplied by DG systems. Nevertheless, there are still some bottlenecks
that should be overcome, e.g., intermittent energy production. Thus, currently, there are efforts to develop several
technologies involving battery energy storage systems (BESS), e.g., reliable power electronics devices and processing
and communication systems with lower latency (Mishra et al., 2023; Sarker et al., 2023; Zhang et al., 2023; Khaleel,
2023; Makhazmi et al., 2023; Nassar et al., 2023; saha et al., 20223). Fig. 2, presents the performance characteristics of
selecting BESS. Electrical energy has become an indispensable resource for modern human life. With the worldwide
population increase and technological progress, it is foreseeable that there will be an intensification of electrical energy
consumption. Therefore, traditional electricity generation from fossil fuels is no longer feasible, as these resources are
increasingly scarce. Furthermore, the extraction, transport, refining, and use of fossil fuels cause enormous negative
environmental effects, namely, air, water, and soil pollution, as well as the emission of carbon dioxide and other
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greenhouse gases. It is estimated that 25% of greenhouse emissions are produced by electricity generation (Li et al.,
2023; Khaleel et al., 2022; Gao & Chen, 2023; Fazal et al., 2023; Alasali et al., 2023).

To respond to electricity demand and minimize environmental problems, RES emerges as an alternative
solution. Among those available, wind and solar energies are growing rapidly, particularly in the last few years (Shayan
et al., 2023; Pontes et al., 2023; Alsharif et al., 2023). The added value of these RES leads to an increase in investment
in some regions of the world, namely in Europe, which increased the share of electricity generation based on RES from
20.1% in 2005 to 34.2% in 2015. In terms of wind power, as an example, in 2019, a total of 60.4 GW was installed,
increasing the global total wind power capacity to 651 GW. China and the US were responsible for more than 60% of
the onshore wind power additions performed during this year, with Europe being in the lead in terms of offshore wind
power, accounting for about 59% of the total offshore additions. In terms of solar photovoltaics (PV), the global
capacity additions in 2019 were 114.9 GW, with China being the biggest contributor with 30.1 GW additions during this
year, followed by the United States with 13.3 GW, and Japan with 7.7 GW. A total of 629 GW of cumulative solar PV
capacity was achieved at the end of 2019 throughout the world (Gade & Agrawan, 2023; Tabak et al., 2022; Alsadi &
Nassar, 2017; Ali, 2023; Rahmani et al., 2023; Khaleel, 2023; Wang et al., 2024) .
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Fig. 3. The diagram of the smart grid environment for the energy management system

POWER QUALITY IN ELECTRICAL MOBILITY
This section provides a comprehensive analysis of power electronics in the context of electric vehicles (EVs),
with a specific focus on on-board and off-board EV battery charging systems, as well as the associated PQ concerns
(Alsharif et al., 2023; Khaleel et al., 2023; Belrzaeg et al., 2023). The scientific community has consistently shown
significant interest in the advancement of cutting-edge technology for electric mobility. This interest has resulted in
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substantial investments in the field of vehicle electrification, including hybrid and fuel-cell cars. Hence, due to the
positive shift in the transportation paradigm, prominent companies in the automotive industry have introduced multiple
commercially accessible EV models. However, given that EVs are intended to connect with the power grid for charging,
the implications of this additional electrical load are of significant concern (Ghayth et al., 2023, Alsharif et al., 2023;
Alsharif et al., 2022; Belrzaeg et al., 2021; Gupta et al., 2023).

From a power grid perspective, the primary worry connected with the integration of electric vehicles (EVs) and
their charging requirements is the unpredictability of EV use and its impact on PQ. From the standpoint of PQ, the EV
can be regarded as a valuable resource for power grids, offering a range of novel capabilities in terms of control. This
enhances the ability to implement various management strategies, including frequency regulation, active power
operation, and other approaches. In addition to the grid-to-vehicle (G2V) and vehicle-to-grid (V2G) modes, there is
ongoing discussion on other new operational modes that are being considered as creative paradigms for the effective
integration of electric vehicles (EVs) into power grids. This debate also includes insights from an industrial standpoint.
In light of the integration of EVs into power grids, it becomes imperative to regulate the currents at the point of
connection to ensure their adherence to sinusoidal waveforms and synchronization with the voltages. The use and
supply of energy are now regulated due to the significant economic losses associated with power quality issues
(Hajibabai et al., 2023).

As previously stated, the significance of EV charging's influence on the power grid cannot be overstated. Power
quality issues and peak demand are closely linked to the operational power of EV battery charging and escalate in
tandem with the charging rate. The significance of power quality issues in EV battery charging stations, particularly the
high total harmonic distortion (THD) of currents, poor power factor, and current imbalances, cannot be overlooked.
This has emerged as a primary worry for power providers. The implementation of more EV battery charging stations in
certain regions may need the installation of new power transformers to adequately meet the demand for EV battery
charging. Failure to address this requirement might lead to overheating problems, which in turn can diminish the
lifespan of the transformers (Pisano et al., 2023; Chidambaram et al., 2023).

PQ IN ELECTRICAL APPLIANCES

The electrical power grid typically serves as the primary energy source for powering the majority of electrical
appliances. Because of this, changing alternating current (AC) to direct current (DC) is common in many places, like
switch-mode power supplies, battery charging systems, variable speed drives, electronic ballasts, and many home
appliances. Usually, diodes and/or thyristors are used in the power conversion stage to allow the controlled or
uncontrolled flow of electricity in one direction or both directions. Many experts agree that the diode full-bridge
rectifier, which is also known as a Graetz bridge, is the most common AC-DC topology used in academic literature.
This device is very popular because it is easy to understand and use, and the semiconductors used are not expensive. It
can also rectify electricity on its own, without any outside help. However, diode full-bridge rectifiers have a large total
harmonic distortion (THD) in the amount of current they use. This changes the voltage waveform and causes the power
grid's power factor to drop. It's also important to note that the IEC 61000-3-2 standard has strict rules about the
harmonic composition of the input current of power electronics converters [103-105].

METHOD
The investigation of PQ encompasses a wide range of subjects. The primary objective and contribution of this
paper are to provide a thorough examination of renewable energy source technologies that are focused on enhancing
power quality in various application scenarios. This article addresses power quality phenomena associated with various
electrical systems and appliances and offers methods to mitigate PQ issues. Hence, this article presents a comprehensive
examination, supported by 105 references, encompassing the compilation and meticulous delineation of the primary
technologies reliant on power electronics systems and their corresponding impact on PQ.

RESULT

The elucidation of PQ phenomena across diverse activity sectors underscores the pivotal role of integrating
renewable energy sources (RES) with advanced technologies. The discussion will delve into the key findings related to
the efficacy of hybrid configurations employing power electronics converters and energy storage systems (ESS) in
addressing the challenges associated with intermittent energy production. The study indicates that hybrid RES
configurations could help solve problems caused by the fact that renewable energy generation isn't always available. By
combining power electronics converters with ESS in a seamless way, a flexible solution is created that guarantees a
more stable and reliable energy supply. The hybrid configuration's ability to extract maximum energy from RES is a
noteworthy outcome. The system makes the best use of energy extraction by using smart control mechanisms made
possible by power electronics converters. This improves overall efficiency and helps make the energy landscape more
sustainable. An essential facet of the discussion revolves around the multifaceted capabilities of power electronics
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converters. These components emerge as crucial assets in compensating for PQ problems. They can fix problems like
voltage changes, harmonic distortions, and imbalances because they are flexible and can do many things. This makes
the power grid strong and reliable.

DISCUSSION

The primary power quality (PQ) phenomena were discussed concerning various sectors of activity. The study
showcased that integrating power electronics converters and energy storage systems (ESS) in a hybrid setup offers a
viable approach to address challenges associated with intermittent energy generation from renewable energy sources
(RES). This configuration also enables the extraction of maximum energy from RES. Additionally, it is imperative to
discuss the efficacy of power electronics converters in mitigating PQ issues through various means, as this is a
prerequisite for establishing a dependable power infrastructure. In the context of a smart grid, the use of power
transformers is widely acknowledged. While conventional transformers play a crucial role in power grids, there is a
growing recognition of the need to address PQ concerns. In this regard, solid-state transformers have emerged as a
promising solution to alleviate the issues associated with conventional transformers. The versatility of the Solid-State
Transformer stems from its reliance on power electronics converters. This characteristic allows it to be effectively
utilized in various application domains, making it a valuable asset for integrating Renewable Energy Sources (RES),
Energy Storage Systems (ESS), and electric mobility. Consequently, the Solid-State Transformer plays a crucial role in
the envisioned future of smart grids, ensuring optimal PQ for both the power grid and the load sides.
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