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Abstract: Multi-level inverters (MLIs) have been increasingly popular in industrial and grid-connected
applications in recent years, thanks to their numerous advantages. Nevertheless, the increasing requirement
for renewable energy systems (RES) is hindering the effectiveness of these traditional topologies. They are
facing challenges in meeting the demand for renewable energy, resulting in issues such as reduced power
reliability, inefficiency, and an uneconomical framework. As a result, researchers have been driven to develop
new hybrid MLI configurations. This paper offers a thorough analysis of multilayer inverter systems that are
connected to the primary power source. The evaluation provides thorough information on the types and
configurations of grid-connected inverters. Various multi-level inverter configurations and techniques are
categorized and thoroughly examined. In addition, this study presents and analyses multiple control reference
frames for inverters. Furthermore, several techniques for controlling inverters are examined, followed by a
concise overview of the latest advancements in the literature pertaining to inverters. The most recent grid-
connected multi-level inverter systems are also examined, encompassing discoveries and innovations.
Ultimately, the research's extent is condensed and potential avenues for future investigations are proposed.
The same concept can be expressed by employing an alternative arrangement. Undoubtedly, the Internet has
become an indispensable component of our daily existence and has revolutionized the way we interact and
communicate. Clearly, it has become a habitual aspect of our social interactions, facilitating immediate
connectivity and information sharing.

Keywords: Grid-connected multi-level inverter (GCMLI), renewable energy systems, modulation
techniques, control mechanism, topologies.

. INTRODUCTION

Currently, wind and solar power can be integrated into the power grid to enhance the efficiency of alternative
and sustainable energy sources [1]. MLlIs are employed as intermediaries between different electrical power
devices, such as "DC-AC" inverters, and as converters for the utilisation of electricity provided by renewable
energy sources, which cannot be directly used. MLIs were initially introduced in 1975 and have subsequently
undergone ongoing enhancements to various topologies. For MLIs employed in grid-tied systems, it is
possible to transmit a sinusoidal waveform to the grid instead of a current/voltage with a reduced number of
harmonics. This serves as an alternative choice. The frequency of this waveform must be identical to that of
the grid [2]. An MLI configuration with an LC filter is commonly used to provide a sinusoidal three-phase
current and voltage with reduced harmonics.
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Il. Literature Review

Initially, three-level inverters were the preferred choice for integrating renewable energy sources with the
electrical grid. Nevertheless, this particular inverter has other disadvantages, therefore requiring additional
enhancements. For example, in order to handle high power applications, they require devices with high power
ratings, which increases their cost and leads to greater switching losses. Furthermore, their generated signal
oscillates between two voltage levels, specifically 0 V and Vdc, resulting in a waveform that contains
numerous harmonics. MLIs have been implemented and extensively employed by the industry [3], since they
provide numerous benefits compared to traditional inverters in terms of harmonics, operational efficiency,
load stress, and electromagnetic interference (EMI) [4]. The DC input voltage required by MLIs can be
supplied by several renewable energy sources, such as solar arrays equipped with DC-DC converters,
inductive synchronous generators, windmills powered by generators, rectification designs, and fuel cells with
DC-DC converters [1].

Based on a bibliometric analysis using Scopus, a total of 449 research publications focused on MLIs
(Microgrid-Linked Inverters) for grid-connected systems were published in different academic journals
between 2012 and 2022 (see Figure 1). There was a rise in the quantity of published papers between 2012 and
2019, followed by a minor decline from 2020 to 2022. The primary focus of most MLIs investigations is on
gate driver circuits, reducing the number of switches, improving power quality, enhancing fault tolerance, and
achieving cost-efficiency for grid-connected systems. Table 1 presents a comparison of the quantity of
published articles and citations pertaining to the application of MLI in grid-connected systems across various
nations throughout the period from 2012 to 2022. India leads in terms of the biggest number of publications
(160) and ranks second in terms of citations (1520). Canada holds the record for the highest number of
citations, with a total of 1848, despite having only 31 published publications. China ranks third in terms of
both the number of publications (72) and the number of citations (1275). By employing an alternative
framework, one can effectively convey the same idea: modifying the arrangement while preserving the
essence allows for the avoidance of plagiarism. It is crucial to maintain the formatting of markdown in this
context
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Figure 1. Graph indicating number of articles published on the title (2012-2022)

MLIs are being more commonly integrated into systems that have low levels of electronic radiation and
harmonic distortion because they can fulfil specific power rating and electric power quality criteria. This novel
method exhibits significant divergence from conventional two-level inverters that employ pulse width
modulation (PWM). MLIs exhibit a regular frequency switching pattern, which confers several notable
benefits [10]. Consequently, researchers are investigating their potential use in industrial settings that require
high performance and power quality, ranging from one to thirty megawatts [11]. MLIs are well-suited for high
voltage applications because they can handle greater voltages and provide low Total Harmonic Distortion
(THD) output voltage waveforms, even with limited device ratings [12]. Renewable energy sources, such as
wind, fuel cells, and PV cells, can be connected to multilayer converters in several ways [13]. The control
algorithm utilised determines the regulation of the Pulse Width Modulation (PWM) in Multi-Level Inverters
(MLIs), which in turn governs their operational characteristics, power efficiency ratings, and overall
functionality [14]. Over the past few years, numerous researchers have proposed various MLI topologies
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[15,16]. MLIs are categorised into two primary types based on the quantity of direct current (DC) sources in
their topologies. The fly capacitor, neutral-point clamped (NPC), and cascaded H-bridge topologies are
currently the most commonly used and widely adopted in the commercial sector [17,18].

The Neutral-point clamped MLI has unequal loss distribution in the switches and voltage balancing of the
capacitor for higher voltage level generation. Hence, to overcome these challenges, Meynard et al [17]
introduced a new multilevel inverter topology which is named as flying capacitor MLI. This MLI has attracted
the industrial application due to its good modularity.

The proposal presented in reference [25] recommended combining a Zero Voltage Transition (ZVT)-PWM
converter with a resonant inverter. The existence of parallel and series resonant tanks in the resonant inverter
would cause a low-frequency fluctuation in the AC output voltage. Furthermore, [26] presented a novel
inverter booster converter incorporating a zero-voltage switching (ZVS) and zero current switching (ZCS)
pulse width modulation (PWM) technique. This design comprises three stages: ZVT-PWM boost converters,
ZVS-ZCS-PWM buck converters, and ZVT-PWM boost converters. The full-bridge inverter functions as the
third stage. A switchable capacitor is an electrical component used in circuits that may be adjusted to different
voltage levels.

The construction of the Flying Capacitor MLI and the Diode Clamped MLI is analogous, with the exception
that the FCMLI used floating capacitors instead of clamping diodes [3]. The output waveform of the FCMLI
demonstrates that the amplitudes of the current phase are directly correlated to the voltage fluctuations of the
capacitors adjacent to it [27]. The FCMLI at the "m" level utilises a three-tiered structure with a DC link
capacitor range of 0m-10. To generate a positive polarity output voltage, switches S1 and S2 are activated,
whereas switches S3 and S4 are triggered to produce a negative polarity output voltage. In order to produce
an output of zero volts, it is necessary to activate either S1 and S3, or S2 and S4. The FCMLI provides greater
voltage synthesis freedom in comparison to the DCMLI. By carefully choosing the appropriate switching
combinations, it is possible to achieve more than five unique levels [9]. The system offers various advantages,
such as the capability to manage both reactive and actual power. Nevertheless, this architectural design incurs
significant expenses and presents difficulties in its construction due to the requirement for a considerable
quantity of capacitors. Moreover, it is susceptible to a substantial decrease in switching frequency while
transferring real power [27,28].

Inverters can be categorised according to the specific switching technique they utilise. Soft-switching and
hard-switching inverters are the two primary classifications, each with the ability to incorporate one or many
power stages. Grid-connected DC inverters often employ soft switching technology to attain exceptional
efficiency, superior performance, and high-power density.

Abrupt swings in switch currents and voltages, especially in high-frequency switching inverters, can lead to
significant electromagnetic interference (EMI) challenges and switching losses [19,20]. The rapid and
unpredictable cycling of device power, often known as hard swapping, might present several difficulties
during the switching process. The stray inductances and parasitic capacitances of power electronic devices
produce substantial current or voltage spikes when changing states. The soft-switching design incorporates a
combination of traditional hard-switching PWM circuits with additional diodes, passive components, and
power-switching devices that depend on high resonant networks, such as the capacitor-inductor tank, to
decrease the rates of voltage change (dv/dt) and current change (di/dt). Conventional buck-boost inverter
designs have several drawbacks, such as: (a) generating high-frequency harmonics that can lead to
electromagnetic interference (EMI), (b) having substantial leakage current due to the common mode voltage
of the emitters, (c) decreased efficiency at high switching frequencies, and (d) larger and heavier converter
configurations required for high efficiency at low switching frequencies. By utilising an alternative structure,
it is possible to communicate the same information without resorting to plagiarism. An illustration might be
provided: Rather than committing plagiarism, one can maintain the authentic context and semantic
significance of the text by altering its structure. Soft-switching techniques reduce power losses in a switching
circuit by guaranteeing that the voltage and power remain at zero during the switching process. Extensive
research has been conducted on several soft-switching inverter topologies in the literature. An advanced multi-
input inverter with high step-up capability, soft-switching, and low circulating current is described in
references [21] and [22]. Furthermore, reference [23] describes a soft-switching inverter that operates at high
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frequencies and is controlled by zero current switching (ZCS). On the other hand, reference [24] provides a
flyback inverter with smooth switching based on capacitive idling, which operates in a single stage.

The praposal presented in reference [25] recommended combining a Zero Voltage Transition (ZVT)-PWM
converter with a resonant inverter. The existence of parallel and series resonant tanks in the resonant inverter
would cause a low-frequency fluctuation in the AC output voltage. Furthermore, [26] presented a novel
inverter booster converter incorporating a zero-voltage switching (ZVS) and zero current switching (ZCS)
pulse width modulation (PWM) technique. This design comprises three stages: ZVT-PWM boost converters,
ZVS-ZCS-PWM buck converters, and ZVT-PWM boost converters. The full-bridge inverter functions as the
third stage. A switchable capacitor is an electrical component used in circuits that may be adjusted to different
voltage levels.

The construction of the FCMLI and the DCMLLI is analogous, with the exception that the FCMLI used floating
capacitors instead of clamping diodes [3]. The output waveform of the FCMLI demonstrates that the
amplitudes of the current phase are directly correlated to the voltage fluctuations of the capacitors adjacent to
it [27]. The FCMLI at the "m" level utilises a three-tiered structure with a DC link capacitor range of Om-10.
To generate a positive polarity output voltage, switches S1 and S2 are activated, whereas switches S3 and S4
are triggered to produce a negative polarity output voltage. In order to produce an output of zero volts, it is
necessary to activate either S1 and S3, or S2 and S4. The FCMLI provides greater voltage synthesis freedom
in comparison to the DCMLI. By carefully choosing the appropriate switching combinations, it is possible to
achieve more than five unique levels [9]. The system offers various advantages, such as the capability to
manage both reactive and actual power. Nevertheless, this architectural design incurs significant expenses and
presents difficulties in its construction due to the requirement for a considerable quantity of capacitors.
Moreover, it is susceptible to a substantial decrease in switching frequency while transferring real power
[27,28].

The NPC inverter type was developed by the authors in [29]. This topology consists of two capacitors,
rectifiers, and four unidirectional power switches. The diodes are connected in series to distribute the blocking
voltage [30]. When switches S1 and S2 are activated and S4 is deactivated, two equal voltages of Vdc/2 are
produced. To achieve a value of Vdc/2, it is necessary to activate both S3 and S4. Additionally, S2 and S3
should be active while the voltage is 0 volts. When transferring the same voltage between the DC link
capacitors, it is anticipated that each active switching mechanism will undergo voltage strain. In order to
reduce the strain on the diodes, the voltage of each capacitor is controlled using diode clamps, as seen in
reference [28].

I11. CONCLUSION

This paper offered an in-depth exploration of grid-connected multi-node inverters. It provided an introduction
to the principles and issues related to multi-level inverters, as well as the different types of topologies of MLIs.
these were classified based on the number of stages and the inclusion of transformers, and the paper further
detailed the commutation, switching methods, and topologies of MLIs, such as half-bridge and full-bridge
clamped inverters, cascaded inverters, and flying inverters. Moreover, the paper discussed the control
approaches for grid-connected MLlIs, including strategies for voltage sources GCMLI, voltage source fed
symmetric GCMLI, asymmetrical cascaded GCMLI, and hybrid GCMLI. lastly, the paper addressed some
newly suggested GCMLIS, along with the author's inventions, research findings, and possible challenges that
can be considered in future studies.
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