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ABSTRACT

The paper is devoted to the outlines of multilevel inverters and more in particular the form and function of topologies
and recently used control schemes. In the recent years, the requirement of multilevel inverter is expeditiously increasing
in the field of electrical energy utilization because the multilevel inverter is a key technology to integrate the renewable
energy sources with the grid. Recently, various multilevel inverter topologies have been introduced which required a
large number of power switches, gate drive circuit and voltage sources, as a result the complexity of the circuit, power
losses and voltage stress on switch increases on the other hand the efficiency of the system reduces. The primary energy
source can be for instance a battery, solar panel, fuel cell, generator etc. while the load can be anything from a motor to
the connection with the power system. As will be shown with multilevel converters the number switch functions is
increased, while increasing the power ratings with a switching frequency as close to the fundamental frequency.
Multilevel converters provide and effective switching frequency increase allowing negligible filter requirements.
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1. INTRODUCTION

Electricity is a convenient form of energy that can be channeled, simply controlled and distributed to a
wide variety of distributed geographically dispersed consumers. There it is converted into other forms.
Commonly electricity is controlled by varying parameters such as the voltage, current, frequency, impedance
or combinations of these to adapt and control electrical energy, as provided by a primary energy source, to the
characteristics of the load. This paper is about the dc-to-ac power conversion principles performed by so-
called multilevel converters using solid state switching semiconductor devices [1]. A multilevel converter has
been not only used for high voltage ratings, but also for medium-voltage applications such as motor drives,
flexible ac transmission system (FACTS), traction drive systems and utility interface for renewable energy
systems [2]. Multilevel inverters receive a lot of attention from both industry and academy. Recently, advances
are made in the topological configurations of these converters by using floating energy sources such as
capacitors, being an integral part of the switching process. This enabled the creation of a new path in the
power electronics development for multipurpose power electronic converters connecting dc and/or ac sources
and loads for low to very high power ratings. This paper will start with a short historical review, concerning
commutations principles, the function of which is now embedded in solid state devices. Then the paper is
mainly devoted by giving an example of topology synthesis starting from a basic commutation cell aiming at
reaching higher power ratings and an optimized switching process. The techniques and principles discussed
are a prerequisite to transfer the "static" electricity grid into a more dynamic controllable grid and/or loads as
being controllable nodes in future grids. The main function of a multilevel inverter is given a desired output
voltage from several levels of dc voltages as inputs [3]. A multilevel converter has been not only used for high
voltage ratings, but also for medium-voltage applications such as motor drives, flexible ac transmission system
(FACTS), traction drive systems and utility interface for renewable energy systems. Renewable energy
systems such as photovoltaic module, wind turbine and fuel cell can be easily interfaced to a multilevel
converter system for a high-power application. There are three well-known types of multilevel inverters as
shown in Fig. 1.
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Figure 1. Classification of Multilevel Inverter

2. DIFFERENT TOPOLOGIES OF MULTI-LEVEL INVERTERS

Power electronic converters facilitate the flow of power between the source and the load. This is done by
converting the voltage and current from one form to another through the utilization of power semiconductor
switches in the power circuit that are controlled by a control unit [4]. The papers begins with a description on
the fundamental concept of multilevel inverters including their advantages and drawbacks. Next, traditional
multilevel inverter topologies are discussed before emerging topologies are presented. The various modulation
techniques employed for these inverters are also provided before the current control techniques are explained.

2. 1. Diode-Clamped Multilevel Inverter

In 1980, the diode-clamped multilevel inverter was derived from the cascade inverter [5]. The first proposed
diode-clamped inverter was a three-level inverter. The neutral point has been defined to be mid-level voltage;
thus, the diode clamp inverter has another name: neutral point clamped (NPC) inverter as shown in Figure 2.
The first implantation of this topology was done using pulse width modulation (PWM) [6]. Figure 2 shows a
diode-clamped multilevel inverter with three and five levels.The diode-clamped inverter is noticeably
characterized by the presence of clamping diodes [6]. For a three-phase m-level structure, the inverter
generates line-to-line voltage waveforms with (2m — 1) steps. The inverter is typically supplied by one DC
voltage supply Vpc which is then split by (m — 1) series connected capacitors. The voltage across each
capacitor, which is defined as Vpc/(m —1), can be tapped and connected to the inverter arm via power switches
or clamping diodes [7]. Another issue with the diode-clamped inverter is the unequal loss distribution among
the semiconductor devices. Several switches conduct longer than the others. As a result, these switches
become hot earlier than the others. Therefore, for these switches, higher current rating and different cooling
system are needed. Capacitor voltage balancing problem also poses a great challenge [8]. Additional circuit
may have to be included to properly balance the voltage across each capacitor.
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Figure 2. Three Level Diode Clamped Inverter Topology

The number of diodes increases quadratically as the number of levels increase, which makes it very difficult
to build. Also, with high-voltage, high-power application, the reverse recovery time for the diode will be the
mayjor issue in the design, especially when it runs under PWM . Another disadvantage of the diode-clamped
inverter is the lack of monitoring and control that makes the real power flow difficult in a certain inverter [7].
An advantage of the diodeclamped multilevel inverter is the presence of the capacitors, which allows a control
for the reactive power flow. In addition, fundamental switching frequency will provide high efficiency
because all the devices operate at low frequency.

2. 2. Flying-Capacitor Inverter

The flying-capacitor inverter does not require isolated DC sources and clamping diodes.

Nevertheless, these properties may be limited by flying capacitors’ voltage unbalancing problem although the
extra redundant switch combinations created by the flying capacitors can be exploited to tackle the
unbalancing problem [9]. Unlike diode-clamped inverter, the flying-capacitor inverter is well recognized
through the use of auxiliary capacitors known as flying capacitors in addition to the DC link capacitors.
Another issue is that the flying capacitors are exposed to different voltage levels, similar to the blocking
requirements of the clamping diodes. Therefore, several capacitors must be connected in series to divide
equally the voltage stress across each capacitor [10]. As a result, a large number of flying capacitors are
needed. For a three-phase m-level structure, the line-to-line voltage waveforms consist of (2m — 1) steps. The
number of DC link capacitors required to divide the DC input voltage Vpc is (m — 1). Flying capacitors are
used to clamp the switch voltage to one capacitor voltage level which is given by Vpc / (m —1). Figure 3
shows the Three Level Flying Capacitor Topology circuit diagram.
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Figure 3. Three Level Flying Capacitor Topology
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The large number of capacitors can provide large storage that gives extra time during a power outage and gets
over voltage sags. However, the increment in the voltage levels will require a higher number of capacitors,
which makes the inverter packaging very difficult and very expensive [11]. The capacitor-clamped multilevel
inverter is a good option for the highvoltage DC transmission because the flow for both the real and the
reactive power are controllable. On the other hand, in the real power transmission, the inverter requires a high
switching frequency that increases the switching losses and control complexity [12].

2. 3. Cascaded H-Bridges Multilevel Inverter

The cascaded H-bridges inverter is the first MI based on semiconductors and was described and constructed
by [13]. It was a cascaded topology, which is a serial connection of a one phase inverter. This Ml is based on
the series connection of single-phase H-bridge inverters with separate DC sources without clamping diodes
or voltage capacitors [14]. Each bridge consists of four switches with their diodes—S1, S2, S3, S4—and one
independent voltage source, “Vd.” The voltage sources can include batteries, fuel cells, and solar cells. All
the voltage sources have an identical voltage. Increasing the number of levels will smooth the output voltage
signal and decrease the total harmonic distortion (THD). In addition, high and low couples of switching can
be defined with respect to the voltage output direction. Considering with two bridges, the high output of one
bridge is a shortcut to the low output of another one, resulting in a cascade connection between two bridges.
Each bridge in the cascade adds two more levels to the output waveform. cascaded H-bridges inverter is
illustrated in Figure 4. One of the main advantages is the number of the output voltage levels. The number of
levels is more than twice the DC source (M = 2*S+1), where S is the number of DC sources. Another
advantage from the production point of view is the modularization and packing of the series H-bridge, making
it a quicker and less expensive process [7] . Also, it does not require additional clamping diodes or balancing
capacitors such as those needed with other topologies. To increase the output voltage quality, more cascaded
H-bridges cells must be used.
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Figure 4. Single-Phase Structure of a Multilevel Cascaded H-Bridges Inverter
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This increment in the number of cascaded H-bridges cells will increase the number of transistors used. A new
topology has been developed to reduce the number of transistors that are used in the cascaded H-bridges
inverter. This reduction has been accomplished by replacing some of the transistors with diodes, and it also
reduces the total energy loss across the transistors [15].

2. 4. Emerging Topologies for Multilevel Inverter

Some of the concerns arising from the fact that the three classic multilevel inverters are lacking in certain
areas, have contributed to the advent of new multilevel inverter topologies. Each of these new topologies was
introduced to iron out some specific issues viewed from the perspective of the circuit’s size and weight, overall
cost, output quality, switching frequency, power loss, efficiency, reliability, device utilization, fault-tolerance
capability and many more [16]. Most of these topologies were derived from classic multilevel inverters with
some modifications. This section presents several topologies under this category which are also known as
emerging topologies.

2. 4.1. Active Neutral-Point-Clamped Inverter

One of the main issues involving the diode-clamped or the NPC inverter is the unequal loss distribution among
the power semiconductors in each inverter leg [17]. It was observed that the outer switches in the three-level
neutral-point-clamped inverter conduct longer than the inner switches during a fundamental cycle. This
requires the use of different heat sinks and cooling systems for switches that produce high and low losses.
Besides, the maximum power rate, output current and switching frequencies have to be limited to a certain
range [17]. A solution was proposed with the introduction of active NPC inverter [18]. This inverter uses
clamping switches to replace the lamping diodes in the conventional NPC inverter. Figure 2.6 shows the active
NPC inverter for a three-level structure. The clamping switches provide an additional path for the neutral
current. There are two paths for the neutral current to flow to generate zero voltage level. If the current flows
to the load, then the first path is through A3 and SA2, and the second path is through SA3” and the antiparallel
diode of SA1’. Two paths can also be used if the current flows from the load. By forcing the current to flow
in the two paths in the alternate manner through the appropriate control of SA2 and SA3’, then the power loss
distribution among the semiconductor devices can be properly adjusted. The NPC inverter obviously lacks
this behavior since there is only one path for the neutral current to flow. Based on the three-level active NPC
concept, a five-level structure has been derived by combining the three-level active NPC leg and the three-
level flying-capacitor [19]. By having this combination, the strength of the NPC and the flying-capacitor
inverters can be integrated in one superior topology. One leg of the five-level active NPC inverter. Despite
the superiority shown in the active NPC topology in some aspects, the fact that the increase in the number of
switches used may lead to a more complex control strategy. The use of flying capacitor cells also presents a
challenge to balance the capacitor voltages [20].

2. 4.2. Modular Multilevel Inverter

Modular multilevel inverter is one of the next-generation multilevel converters intended for high- or medium-
voltage power conversion without transformers [21]. This converter has attracted a lot of attention in recent
years especially in the field of high voltage DC or HVDC transmission [22]. This inverter combines the
elements of both the series-connected H-bridge converter and the flying-capacitor converter [23]. The
converter consists of six arms in which every two of them forms one phase leg. Each arm is composed of a
number of identical cells or submodules which are connected in series and an inductor. Half-bridge cells are
typically used but full-bridge and clamp-double cells have also been proposed [24]. The inductor provides
protection that limits the AC current in case of a short circuit at the DC side. For a half-bridge cell, two
switching states can be generated. On state occurs when the upper switch is turned on and the lower switch is
turn off which then lead to the cell output voltage to be equal to the capacitor voltage. Off state happens when
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the opposite takes place which results in a zero cell output voltage. With a suitable number of cells connected
in series, controlled by an appropriate switching scheme for the cells in the two arms per phase leg, a multilevel
voltage waveform can be generated. As for the arm currents, they flow continuously and are not chopped [25].

2. 4.3. Mixed-Level Cascaded H-Bridge Inverter

Mixed-level cascaded H-bridge inverter is basically constructed from the combination of the cascaded H-
bridge inverter with the other two classic multilevel inverters. This is realized by replacing the H-bridge cells
with diode-clamped converter cells or flying-capacitor converter cells [26]. By having this arrangement, only
six separated DC sources are needed as compared to 12 if the H-bridge cells are used. This accounts for a
considerable reduction of 50% in the number of DC supplies. This saving is made possible since the flying-
capacitor converter cells are of a five-level structure in contrast to the H-bridge cells of the three level
structures. Nevertheless, the use of the five-level cells worsens the control complexity [27].

2. 4.4. Inverter Hybrid Multilevel Inverter

Like mixed-level cascaded H-bridge inverter, hybrid multilevel inverter is also introduced to basically reduce
the number of separated DC supplies in the cascaded H-bridge inverter. Hybrid inverter integrates two
different topologies into one that is expected to offer better characteristics and performance. By this definition,
in the literature, some considered asymmetric and mixed-level cascaded H-bridge inverter as part of the hybrid
inverter family and two different topologies are combined [28]. Through series connection, this inverter
connects the three phase full-bridge circuit as the first stage to a single-phase H-bridge cell per phase leg, as
the second stage. By doing so, one DC supply is sufficient to replace three separated DC sources in the first
stage The second stage functions as an active filter that contributes to the enhancement of power quality and
the reduction of common mode voltage [28-31]. To attain the desired number of voltage levels, the ratio of
DC voltage of the first stage to that of the second stage is adjusted. Besides, unlike the symmetric or
asymmetric cascaded H-bridge inverter that can only generate odd number of voltage levels, the hybrid
inverter can also produce even number of voltage levels that may be necessary in some applications to achieve
optimum device utilization [32]. In replacement of the six-switch full bridge circuit, the NPC inverter has also
been employed in the first stage [33].

Table 1. Comparison Based on Number of Components if Different Levels Multilevel Inverters

No. of No. of No. of No. of

Year level Switch Capacitors  Difiles  Sources Transformer Reference
2018 9 9 - - 2 N Purposed
2018 5 6 1 - 1 N [26]
2018 9 8 2 1 1 N [27]
2018 9 12 2 - 1 N [28]
2017 9 9 2 2 1 N [29]
2017 7 7 1 2 2 N [30]
2016 7 8 3 4 1 N [31]
2016 9 10 2 - 2 N [32]
2015 9 10 - - 3 N [33]
2015 7 8 - - 3 N [33]
2015 7 6 - - 1 Y(1) [34]
2018 19 12 - - 2 Y(2) [35]
2018 17 14 4 2 2 N [36]
2018 17 12 - - 4 N [37]

JETIR1906W17 | Journal of Emerging Technologies and Innovative Research (JETIR) www.]etir.org | 141


http://www.jetir.org/

© 2019 JETIR June 2019, Volume 6, Issue 6 www.jetir.org (ISSN-2349-5162)

2017 15 10 2 - 2 N [30]
2017 15 10 - - 5 N [38]
2017 19 12 - - 5 N [39]
2016 25 24 9 - 6 N [40]
2016 11 20 - - 5 N [44]
2015 11 10 - - 4 N [33]
2015 15 10 - - 7 N [41]
2015 15 12 - - 3 N [2]

3. DIFFERENT MODULATION TECHNIQUES FOR MULTILEVEL INVERTER

As multilevel inverters experience an increasing number of devices when the number of voltage levels grows,
the level of complexity of modulation techniques also increases since more devices are needed to be controlled
[34]. Most modulation techniques for multilevel inverters are adapted from the traditional methods employed
for the conventional two-level inverters [35]. There are several ways to classify these techniques. One way of
classification is by looking at the domain the modulation algorithms operate: the state-space vector domain
that is based on the voltage vector generation, and the time domain that is based on the voltage level generation
over atime frame as shown in Figure 5 [36]. Despite the complexity faced, the extra switching states generated
provide flexibility in developing the modulation technique in order to achieve not only one particular target
but also many desired criteria such as low harmonic contents, low switching loss, and voltage-balancing
capability and so on. Another way of classification is by basing on the reference voltage type: the sampled
reference, in which only the instantaneous reference amplitude is provided to the modulator, and the full-cycle
reference, in which a sinusoidal output voltage is usually assumed, thus the amplitude, frequency and in some
cases, the phase angle are provided to the modulator [37]. Besides the two ways of classification, the most
common way mostly presented in the literature is the classification according to the switching frequency. 1-
kHz boundary is usually used to differentiate between low and high switching frequency. Owing to the
simplicity presented in defining the switching frequencies for easy understanding, this thesis describes the
various modulation techniques based on their average operating

switching frequency. Multilevel Converter
Modulation Strategies

Multilevel Converter

Fundamental Switching High Switching
Frequency Frequency PWM
v
h 4 Space Vector Sinusoidal PWM
Selective Harmonic PWM
Elimination N
A 4 Selective Harmonic
Space Vector E|iminati0n PWM
Control

Figure 5. Modulation Strategies of Multilevel Inverters
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3.1 Inverter Hybrid Multilevel Inverter

Low switching frequency is generally defined to be below 1 kHz. It is commonly observed that the range of
the low switching frequency employed is up to few multiples of the fundamental frequency [38]. Low
switching frequency methods are generally preferred for high power applications, owing to the switching loss
reduction offered. The methods are also effective in cases in which a sufficiently high number of voltage
levels are involved [39]. In this thesis, three low switching frequency methods mostly discussed in the
literature are presented.

3.2 Selective Harmonic Elimination

Selective harmonic elimination (SHE) method is basically designed to eliminate undesired low order
harmonics through the appropriate choice of the switching angles [39]. The process in determining the desired
switching angles normally involves Fourier series analysis. Since these equations are nonlinear and
transcendental, numerical methods such as Newton Raphson method is used [40]. Other methods have also
been proposed such as those using genetic algorithms [41-43] and theory of symmetric polynomials and
resultants [44-45]. Particle swarm optimization has also been applied to eliminate harmonics in a cascaded
multilevel inverter with unequal DC sources [46]. The results obtained from solving the equations provide the
optimum switching angles needed to eliminate the abovementioned harmonics. For practical implementation,
the switching angles are usually pre-calculated and then stored in a look-up table. Since online calculations
of switching angles are preferable in any real-time applications, an algorithm to carry out real-time calculation
with any look-up table has been proposed [47]. To widen the modulation index range with low THD, a method
known as optimized harmonic stepped waveform technique was proposed [48]. This method is an extension
of the conventional SHE. The range of modulation index is divided into a number of levels. By introducing
the modulation index levels, wide modulation index with low switching frequency and minimized harmonic
distortion in the output waveform can be achieved. This technique has also been used with genetic algorithms
to further improve the THD in a cascaded multilevel inverter with adjustable DC supplies [49-50].

3.3 Selective Harmonic Mitigation

The control objectives of this method are to follow voltage reference, to control the low order harmonic
distortion and to reduce the switching losses. Using the sliding discrete Fourier transform algorithm, the
objectives are successfully achieved with very low switching frequency. Since the technique is computed
online, an improvement in the dynamic performance is also accomplished. Another technique which is similar
to the SHM known as the optimal minimization of THD is also proposed. The main objective of this technique
is to minimize the waveform THD with the proper selection of switching angles by reducing most of the
harmonics without eliminating them completely [51]. The THD minimization process uses genetic algorithms
to improve the output voltages with less THD has been proposed by [52]. Selective harmonic elimination
technique is effective enough to fully remove a number of dominant low order harmonics that can significantly
contribute to high harmonic distortion. However, the action of eliminating these harmonics somehow creates
some side effects. It is reported that the elimination of the low order harmonics causes the harmonic energy
to move to higher frequencies which results in the corresponding harmonic amplitudes to increase [5355].
This is not acceptable in some applications such as the grid-connected system. The increased awareness in
the power quality of the grid has led to the introduction of more stringent grid codes that limit the amplitudes
of the harmonics up to the 50th order. Although passive filters can be used to reduce the harmonic distortion
into the grid, they are usually bulky and expensive. It is more convenient to use an efficient modulation method
to obtain output waveforms that can meet the grid regulations. A method known as selective harmonic
mitigation (SHM) was proposed in [56].

JETIR1906W17 | Journal of Emerging Technologies and Innovative Research (JETIR) www.]etir.org | 143


http://www.jetir.org/

© 2019 JETIR June 2019, Volume 6, Issue 6 www.jetir.org (ISSN-2349-5162)
3.4 High Switching Frequency Methods

For high power applications, high switching frequency is considered to begin from 1 kHz. Modulation
methods that employ high switching frequency are suitable for multilevel inverters with low number of
voltage levels [57]. In the presence of high number of levels, these methods can also be applied but at the
expense of increased complexity. Generally, the better output power quality and the higher bandwidth offered
make the high switching frequency methods attractive for high dynamic range applications [58]. There are a
number of methods that use high switching frequency in which some of the popular ones are explained in the
following subsections.

3.5 Multicarrier PWM Methods

Multicarrier PWM method is basically derived from the classical sinusoidal PWM method. In this method,
high frequency multicarrier signals are used and compared with a low frequency sinusoidal reference signal
to generate the switching signals for the power switches [59]. There are two categories of multicarrier PWM
that are characterized by the way the carriers are arranged. For a vertical arrangement of carriers in which
each carrier is set in between two voltage levels, the category is known as level-shifted PWM [60-61].
Another category known as level-shifted PWM. Another category known as phase-shifted PWM arranges the
carriers horizontally in which a phase shift is introduced between two carriers. Level-shifted PWM method is
particularly suitable for diode-clamped inverter since each carrier signal can be easily related to each power
switch [62].

4. CONCLUSIONS

The fact that the inverters are able to generate output voltages higher than the ratings of the individual
semiconductor devices with reduced THD and harmonic contents make them a strong competitor to the
traditional two-level inverters especially in the high voltage and high power applications. Three classic
multilevel circuit topologies namely diode-clamped, flying capacitor and cascaded H-bridge inverters and
they all have become the basis for the development of new multilevel topologies with improved characteristics
and performance as well as less complexity to ease practical implementation. In tandem with the growth of
multilevel inverter topologies, modulation methods for multilevel inverters have also witnessed a rapid
progress. Many modulation methods of low and high switching frequency have been developed with various
targets to achieve such as low harmonic contents, low switching loss, voltage-balancing capability, simplified
implementation and so on. These techniques are basically an extension of the existing techniques employed
for two-level inverters with some have to undergo a certain level of modifications to suit the multilevel
characteristics.

References

[1] Boora Kamaldeep. and Kumar J., “General Topology for Asymmetrical Multilevel Inverter with
Reduced Number of Switches,” IET Power Electron., vol. 10, no. 15, pp. 2034-2041, 2017.
[2] A. Alexander and M. Thathan, “Modelling and Analysis of Modular Multilevel Converter for Solar
Photovoltaic Applications to Improve Power Quality,” IET Renewable Power Generation,vol. 9, no.1,
pp. 78-88, 2015.
[3] K. K. Gupta and S. Jain, “Comprehensive Review of a Recently Proposed Multilevel Inverter,” IET
Power Electron. vol. 7, no. 3, pp. 467-479, 2014.
[4] Arbune Pallavi Appaso, Gaikwad Dr. Asha, “Gaikwad Comparative Study of Three level and Five
level Inverter” vol. 5, no. 2,. February 2016
[5] Subsingha Wanchai,” Design and Analysis Three Phase Three Level Diode-Clamped
Grid Connected Inverter” CoE on Sustainable Energy System (Thai-Japan), Faculty of Engineering,
Rajamangala University of Technology Thanyaburi (RMUTT), Thailand Energy Procedia, pp.130 — 136
[6] LeeJSeok,, and Lee K -Beum,, “New Modulation Techniques for a Leakage Current

JETIR1906W17 | Journal of Emerging Technologies and Innovative Research (JETIR) www.]etir.org | 144


http://www.jetir.org/

© 2019 JETIR June 2019, Volume 6, Issue 6 www.jetir.org (ISSN-2349-5162)
Reduction and a Neutral-Point VVoltage Balance in Transformerless Photovoltaic
Systems Using a Three-Level Inverter” IEEE Transactions on Power Electronics, vol.29, no. 4,
pp.1720-1732, April 2014.

[7] Choi Ui Min, Lee Kyo-Beum, Blaabjerg Frede, “Diagnosis and Tolerant Strategy of an Open-Switch
Fault for T-Type Three-Level Inverter Systems,” IEEE Transactions on Industry Applications, vol. 50,
no. 1, pp.495-508, February 2014.

[8] Gupta Kumar Krishna and Jain Shailendra, “A Novel Multilevel Inverter Based on Switched DC
Sources” IEEE Transactions on Industrial Electronics, vol. 61, no. 7, pp.3269-3278, July 2014,

[9] H. Vahedi, P. Labbé and K. Al-Haddad, "Sensor-Less Five-Level Packed U-Cell (PUC5)Inverter
Operating in Stand-Alone and Grid-Connected Modes," IEEE Transactions on Industrial Informatics,
vol. 12, no. 1, pp. 361-370, Feb. 2016.

[10] Tamasas M., Saleh M., Shaker M. and Hammoda A., "Evaluation of Modulation Techniques for
5-level Inverter Based on Multicarrier Level Shift PWM,"” IEEE ~ Mediterranean Electrotechnical
Conference, Beirut, pp. 17-23,2014.

[11] Buccella Concettina, Cecati Carlo, Cmoroni Maria Gabriella, and Razi Kaveh,

“Analytical Method for Pattern Generation in Five-Level Cascaded H-Bridge Inverter Using
Selective Harmonic Elimination” IEEE Transactions on Industrial Electronics, vol. 61, no.11,
pp.5811-5819, November2014.

[12] A. Madhukar Rao, and Kumar K. Siva, “A Fault-Tolerant Single-Phase Five-Level
Inverter for Grid-Independent PV Systems” IEEE Transactions on Industrial Electronics, vol. 62,
no.12, pp. 7569-7577, December 2015.

[13] Sonti V., Jain S. and Bhattacharya S., "Analysis of the Modulation Strategy for the Minimization of
the Leakage Current in the PV Grid-Connected Cascaded Multilevel Inverter,” IEEE Transactions on
Power Electronics, vol. 32, no. 2, pp. 1156-1169, Feb. 2017.

[14] Pires V. F., Amaral T. G., Foito D. and Pires A. J., "Cascaded H-bridge multilevel inverter with a fault
detection scheme based on the statistic moments indexes,” IEEE International Conference on
Compatibility, Power Electronics and Power Engineering (CPE POWER ENG), Cadiz, pp. 193-
198,2017.

[15] Vahedi, H. Al-Haddad K., Labbé P. and Rahmani S., "Cascaded Multilevel Inverter with Multicarrier
PWM Technique and Voltage Balancing Feature,” 23rd International Symposium on Industrial
Electronics (ISIE), Istanbul, pp. 21552160,2014.

[16] Gautam Shweta, and Gupta Rajesh, “Switching Frequency Derivation for the Cascaded Multilevel
Inverter Operating in Current Control Mode Using Multiband Hysteresis Modulation” IEEE
Transactions on Power Electronics, vol. 29, no.3, pp.1480-1489,March 2014.

[17] Islam Md. Rabiul, Guo Youguang, and Zhu Jianguo, “A High-Frequency Link Multilevel Cascaded
Medium-Voltage Converter for Direct Grid Integration of Renewable Energy Systems” IEEE
Transactions on Power Electronics, vol. 29, no.8, pp.4168-4182 August 2014.

[18] Vahedi H. and Al-Haddad K., "Real-Time Implementation of a Seven-Level Packed
U-Cell Inverter with a Low-Switching-Frequency Voltage Regulator,” IEEE Transactions on Power
Electronics, vol. 31, no. 8, pp. 5967-5973, Aug. 2016.

[19] Sun D., Ge B., Liang W., Abu-Rub H. and. Peng F. Z.," An Energy Stored Quasi-ZSource Cascade
Multilevel Inverter-Based Photovoltaic Power Generation System,” IEEE Transactions on Industrial
Electronics, vol. 62, no. 9, pp. 5458-5467, Sept. 2015.

[20] Tarisciotti, Luca, Zanchetta Pericle, Watson Alan, Bifarett Stefano, Clare Jon C.,

“Modulated Model Predictive Control for a Seven-Level Cascaded H-Bridge Back-toBack Converter”
IEEE Transactions on Industrial  Electronics, vol. 61, no. 10, October2014

[21] Farokhnia N., Fathi S. H., Salehi R., Gharehpetian G. B., and Ehsani M., “Improved Selective
Harmonic Elimination Pulse-Width Modulation Strategy in Multilevel Inverters,” IET Power
Electronics, vol. 5, no. 9, pp. 1904-1911, 2012.

JETIR1906W17 | Journal of Emerging Technologies and Innovative Research (JETIR) www.]etir.org | 145


http://www.jetir.org/

© 2019 JETIR June 2019, Volume 6, Issue 6 www.jetir.org (ISSN-2349-5162)

[22] Farokhnia N., Fathi S. H., Yousefpoor N., and Bakhshizadeh M. K., “Minimisation of Total Harmonic
Distortion in a Cascaded Multilevel Inverter by Regulating Voltages of dc Sources,” IET Power
Electronics, vol. 5, no. 1, p. 106, 2012.

[23] Dahidah M. S. A., Konstantinou G., and Agelidis V. G., “A Review of Multilevel
Selective Harmonic Elimination PWM: Formulations, Solving Algorithms, Implementation and
Applications,” IEEE Transactions Power Electronics, vol. 30, no. 8, pp. 4091-4106, 2015.

[24] Harish S., Rao G. R. and Kiran S. N. S. R., "Three Phase Multilevel Inverter for High Power
Applications,” 2016 International Conference on Electrical, Electronics, and Optimization Techniques
(ICEEOQOT), Chennai, pp. 4092-4096, 2016.

[25] Podder S., Biswas M. M. and Khan M. Z. R., "A Modified PWM Technique to Improve Total
Harmonic Distortion of Multilevel Inverter," 2016 9th International
Conference on Electrical and Computer Engineering (ICECE), Dhaka, pp. 515-518
,2016.

[26] Vahedi H. and Al-Haddad K., “Method and System for Operating a Multilevel Electric Power
Inverter.” United States Patent, 2018.

[27] Barzegarkhoo R., Moradzadeh M., Zamiri E., Kojabadi H. M., and Blaabjerg F., “A New Boost
Switched-Capacitor Multilevel Converter with Reduced Circuit Devices,” IEEE Transactions Power
Electronics, vol. 33, no. 8, pp. 6738-6754, 2018.

[28] Lee S., “Single-Stage Switched-Capacitor Module (S3CM) Topology for Cascaded Multilevel
Inverter,” IEEE Transactions Power Electronics, vol. 8993, no. ¢, p. 88, 2018.

[29] Liu J., Wu J., Zeng J ., and Guo H., “A Novel Nine-Level Inverter with One Voltage
Source and Reduced Voltage Stress as High Frequency AC Power Source,” IEEE Transactions Power
Electronics, vol. 32, no. 4, pp. 2939-2947, 2017.

[30] Raman S . R., Cheng K. W. E., and Yuanmao Y., “Multi-Input Switched-Capacitor
Multilevel Inverter for High-Frequency AC Power Distribution,” IEEE Transactions Power
Electronics, vol. 33, no. 7, pp. 5937-5948, 2017.

[31] Hsieh C .-H., Liang T.-J., and Tsai S.-W., “Design and Implementation of a Novel
Multilevel DC-AC Inverter,” IEEE Transactions on Industry Applications, vol. 52, no. 3, pp. 2436—
2443, 2016.

[32] Kumar S. and Agarwal P., “A Hybrid Nine-level Inverter Topology for an Openend Stator Winding
Induction Motor,” Electric Power Components and Systems, vol. 44, no. 16, pp. 1801-1814, 2016.

[33] Oskuee M. R. J., Karimi M., Ravadanegh S. N., and Gharehpetian G. B., “An
Innovative Scheme of Symmetric Multilevel VVoltage Source Inverter with Lower Number of Circuit
Devices,” IEEE Transactions on Industrial Electronics, vol. 62, no. 11, pp. 6965-6973, 2015.

[34] Sadigh A. Khoshkbar, M. Abarzadeh, Corzine K. A., and Dargahi V., “A New Breed of Optimized
Symmetrical and Asymmetrical Cascaded Multilevel Power Converters,” IEEE Journal of Emerging
and Selected Topics in Power Electronics, vol. 3, no. 4, pp. 1160-1170, 2015.

[35] Gandomi A. A.,, Saeidabadi S., Hosseini S . H., Babaei E and Sabahi M.., “Transformer-based Inverter
with Reduced Number of Switches for Renewable Energy Applications,” IET Power Electronics, vol.
8, no. 10, pp. 1875-1884, 2015

[36] Jammala V., Yellasiri S., and Panda A. K., “Development of a New Hybrid Multilevel
Inverter Using Modified Carrier SPWM Switching Strategy,” IEEE Transactions Power Electronics,
vol.2,no.4 pp. 1-6, 2018.

[37] Samadaei E., Sheikholeslami A., Gholamian S. A., and Adabi J., “A Square TType
(ST-Type) Module for Asymmetrical Multilevel Inverters,” IEEE Transactions Power Electronics,
vol. 33, no. 2, pp. 987-996, 2018.

[38] Oskuee M. R. Jannati, Nikpour S., Ravadanegh S. Najafi, and Gharehpetian G. B., “Improved
Configuration for Symmetric and Asymmetric Multilevel Inverters with Reduced Number of Circuit
Devices,” International Journal Ambient Energy, pp. 1-9, 2017.

JETIR1906W17 | Journal of Emerging Technologies and Innovative Research (JETIR) www.]etir.org | 146


http://www.jetir.org/

© 2019 JETIR June 2019, Volume 6, Issue 6 www.jetir.org (ISSN-2349-5162)

[39] Karimi M., Oskuee M. R. Jannati, Ravadanegh S. N., and Gharehpetian G. B., “A Developed Single-
Phase Cascaded Multilevel Inverter with Reduced Number of Circuit Devices,” International Journal
Ambient Energy, pp. 1-9, 2017.

[40] Boora K. and Kumar J., “General Topology for Asymmetrical Multilevel Inverter with
Reduced Number of Switches,” IET Power Electronics, vol. 10, no. 15, pp. 2034— 2041, 2017.

[41] Zamiri E., Vosoughi N., Hosseini S. H., Barzegarkhoo R., and Sabahi M., “A New Cascaded Switched-
Capacitor Multilevel Inverter Based on Improved SeriesParallel Conversion With Less Number of
Components,” IEEE Transactions on Industrial Electronics, vol. 63, no. 6, pp. 3682—-3694, 2016.

[42] Alishah R. S., Nazarpour D., Hosseini S. H., and Sabahi M., “Reduction of Power
Electronic Elements in Multilevel Converters Using a New Cascade Structure,” IEEE Transactions
on Industrial Electronics,vol. 62, no. 1, pp. 256— 269, 2015.

[43] Samantara S., Rout A., Sharma R., Choudhury S., and Roy B., “Comparative Analysis of Cascaded
MLI based PV System Using Sub-Multilevel Cells,” IET Michael Faraday IET International Summit :
MFI11S-2015, Kolkata, pp. 438-442, 2015.

[44] Letha S. Sudha , Thakur T., and Kumar J., “Harmonic Elimination of a Photo-Voltaic based Cascaded
H-bridge Multilevel Inverter using PSO (Particle Swarm Optimization) for Induction Motor Drive,”
ELSEVIER , Energy, vol. 107, pp. 335— 346, 2016.

[45] Babaei E. and Gowgani S. S., “Hybrid Multilevel Inverter Using Switched Capacitor
Units,” IEEE Transactions on Industrial Electronics, vol. 61, no. 9, pp. 4614-4621, 2014.

[46] Mokhberdoran A. and Ajami A., “Symmetric and Asymmetric Design And

Implementation of New Cascaded Multilevel Inverter Topology,”IEEE Transactions on Industrial
Electronics, vol. 29, no. 12, pp. 6712-6724, 2014.

[47] Laali S., Babaei E., and Sharifian M. B. Bannae, “A New Basic Unit for Cascaded
Multilevel Inverters with the Capability of Reducing the Number of Switches,” Journal Power
Electronics, vol. 14, no. 4, pp. 671-677, 2014.

[48] Thakre Kishor, Mohanty Kanungo Barada, Kommukuri  Vinaya Sagar “New Topology For
Asymmetrical Multilevel Inverter: An Effort to Reduced Device Count Journal of Circuits, Systems,
and Computer” vol. 27, no. 4,1850055 (1-17 pages) ,June 2017.

[49] Krishnan G .Vidhya, Rajkumar M.Valan, Hemalatha C., “Modeling and Simulation of 13-level
Cascaded Hybrid Multilevel Inverter with less number of Switches” vol.2, no.11,pp.43-
47 November 2016.

[50] Babaei E., Laali S. and Bayat Z., "A Single-Phase Cascaded Multilevel Inverter Based on A New
Basic Unit with Reduced Number of Power Switches, " IEEE Transactions on Industrial
Electronics, vol. 62, no. 2, pp. 922-929, Feb. 2015.

[51] Barzegarkhoo R., Kojabadi H. M., Zamiry E., Vosoughi N. and Chang L., "Generalize Structure for a
Single Phase Switched-Capacitor Multilevel Inverter Using a New Multiple DC Link Producer with
Reduced Number of Switches,” Transactions on Power Electronics, vol. 31, no. 8, pp. 5604-
5617, Aug. 2016.

[52] Reddy K. B. M. and Pattnaik S., " Novel Symmetric and Asymmetric Topology of Multilevel
Inverter with Reduced Number of Switches," International Conference on Trends in Electronics
and Informatics (ICEI), Tirunelveli, pp. 255-260,2017.

[53] Kumar Roshan P., Sudharshan Kaarthik R., K. Gopakuma., I. Leon Jose, and Leopoldo G., “
Seventeen-Level Inverter Formed by Cascading Flying Capacitor and Floating Capacitor H-
Bridges” IEEE Transactions on Power Electronics, vol. 30, no. 7, pp.34711- 3478, July 2015.

[54] Babaei E. and Gowgani S. S., " Hybrid Multilevel Inverter Using Switched Capacitor Units,” IEEE
Transactions on Industrial Electronics, vol. 61, no. 9, pp. 4614-4621, Sept. 2014.

[55] Mokhberdoran A. and Ajami A., " Symmetric and Asymmetric Design and Implementation
of New Cascaded Multilevel Inverter Topology,” IEEE Transactions on Power Electronics, vol. 29,
no. 12, pp. 6712-6724, Dec. 2014.

[56] Bahia F. A. d. C., Jacobina C. B., Rocha N., I. R. F. Silva M. P. daand SousaR . P. R. de, "Asymmetric
Cascaded H-bridge Topology with 25-Level Output Voltage Based on Modular Multilevel

JETIR1906W17 | Journal of Emerging Technologies and Innovative Research (JETIR) www.]etir.org | 147


http://www.jetir.org/

© 2019 JETIR June 2019, Volume 6, Issue 6 www.jetir.org (ISSN-2349-5162)
DSCC Inverters, " IEEE Energy Conversion Congress and Exposition (ECCE), Cincinnati, OH,
pp. 1493-1499,2017.

[57] Dewangan Niraj and Gupta Krishna Kumar, “A Novel Topology for Multilevel Inverters with Reduced
Device Count” Vol. 05, no. 07, July 2018.

[58] Ebrahimi J., Babaei E., and Gharehpetian G. B., “A New Topology of Cascaded Multilevel Converters
with Reduced Number of Components for High-Voltage Applications,” Power Electron. IEEE Trans.,
vol. 26, no. 11, pp. 3109-3118, 2011.

[59] Babaei E., “A Cascade Multilevel Converter Topology with Reduced Number of Switches,” IEEE
Trans. Power Electron., vol. 23, no. 6, pp. 2657-2664, 2008.

[60] Naife M. Riyadh, “Genetic Algorithm for harmonics Elimination” Journal of Kerbala university, vol.6,
no.3.pp.75-85,2008.

[61] Perumal Pandi Maruthu and NAnjudapan Devarajan, “performance enhancement of embedded
system based multilevel inverter using genetic algorithm” Journal of Electrical engineering,
vol.62, no.4,pp.190-198.2011.

[62] Derakhshanfar M., “Analysis of different Topologies of Multilevel Inverters,” Master of Science
Thesis, Department Energy Environment, Chalmers University of Technology Goéteborg, Sweden,
2010.

JETIR1906W17 | Journal of Emerging Technologies and Innovative Research (JETIR) www.]etir.org | 148


http://www.jetir.org/

