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ABSTRACT 

 
The demand of solar energy sources has increased considerably to avoid environmental 

pollution and to congregate the future power demand. Pumping of power from photo voltaic 

system to the utility grid depends on the level of power generation. There are certain 

challenges in the integration of both types of systems directly. The high penetration of 

Photovoltaic system and distributed generators requires innovative planning for the 

operation and management of the electricity grid in order to sustain or even to improve the 

consistency and quality of power. The power electronic components play a vital role for 

synchronization of distributed generation to the existing grid. In the present scenario current 

controlled pulse width modulated voltage source inverters is widely used to accomplish the 

task. 

In the thesis effect of irradiance on the performance solar panel is analyzed by simulation 

result. A new control strategy for single phase grid-connected inverters proposed in this 

thesis. The proposed method is based on reference current generation from the grid voltage. 

The proposed strategy full fill the main objective of a PLL, i.e., is to generate a signal in which 

the phase is the same as the phase of a reference signal along with this the cost of 

implementation of PLL is eliminated and the current is maintained close to unity power 

factor in this method. 

In the present work the Hysteresis band current control (HCC) technique has been 

implemented for the controlled of voltage source inverters. After analyzing the result of all 

the controller, a new control strategy proposed for single phase grid system which reduce 

the harmonic distortion as compared to the other controller during change of band. 

In this thesis after the case study reduction of harmonics is taken as the main objective of 

the work. The results of this work revels that the harmonics distortion of HCC. 
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CHAPTER 1 

Introduction 

1.1 Introduction 

In this aggressive world, every country needs to be in the club of developed countries 

by faster development and advance technology. The disequilibrium of environment 

caused by rapid industrialization and ever mounting population are the major hindrance 

for a developing country like India. The use of fossil fuel for production of power is 

accountable for increase of greenhouse gases. Day by day the emission label is seems 

to be increasing like a never-ending process. Seeing the uncharacteristic changes in 

climate, an international joint effort is required to avoid the adverse consequences in 

an effective and economical way. For a country like India whose per capita 

consumption is increasing exponentially, the hunger for power cannot be fulfilled by 

the conventional sources while environmental issues are main concerned. Therefore, 

generation of power from green sources like PV System has become an essential part 

to conquer sustainability and reduce the consumption of fossil fuel. 

The huge amount of reservoir of renewable sources available can be utilized to 

enhance the production of clean power and can be an alternate for the diminishing 

fossil fuel sources. But it needs advance technology and government initiative to 

harness power from the renewable. For the last 100 years, the industry has been ruled 

by fossil fuels. Our electricity comes predominantly from coal and natural gas, and 

our transportation fuel comes from gasoline and diesel – all of them are remnants of 

fossil deposits. The traditionally exploited fossil fuels are however fast depleting. 

This implies that over the next 50-75 years, a large part of the energy economy will 

be replaced by alternative fuels. In the future energy scenario solar power will be an 

essential component of the power sector in India. Due to the epitaxial growth of PV 

technology and government subsidies the unit cost of power generated from solar energy 

is now within affordable limit [1-6]. 

Pumping of power from photovoltaic system to the utility grid depends on the level of 

power generation. There are certain challenges in the integration of photovoltaic 

systems directly. The high penetration of Photovoltaic system and distributed 
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generators requires innovative planning for the operation and management of the 

electricity grid in order to sustain or even to improve the consistency and quality of 

power. The power electronic components play a vital role for synchronization of 

distributed generation to the existing grid. In the present scenario current controlled pulse 

width modulated voltage source inverters is widely used to accomplish the task. 

1.1.1 Electricity from Solar Energy 
 

According to MNRE the total installed capacity of India is as on January 2019 is 350.162 GW. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.1 Total power generation in India from different sector 

 

 
The power generated from different sources is given in the figure 1.1. As per the data the 

maximum power is produced from the thermal sector. As the resources of this sector are 

decreasing so it very difficult to full fill the energy needs for all the common people. 

Electric power consumption (kWh per capita) is increased significantly during the past 

year as shown in the figure 1.2 but we are still far behind in the world map although India 

is the 3rd largest power producer in the world. 
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Figure 1.2 Electric power consumption (kWh per capita) 

 
Figure 1.3 shows the per capita consumption of India with respect to some developed and 

developing countries which indicate we are far behind but as per central Electricity 

authority (CEA) the figure already touches 1149 kWh during 2017-2018. 
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Figure 1.3 Per capita consumption of some different country 

As of March 2019, total wind power installed capacity stood at 36,625.61 MW, solar 

power at 6,762.85 MW, Biomass at 4,831.33 MW, small hydro power at 4,273.90 MW while, 

waste to power at 115 MW, renewable energy installed capacity totaled 42,726.69 MW, 

respectively as shown in figure 1.4. 

 
 

 

Figure 1.4 Grid Connected Renewable Energy Installed Capacity 
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Figure 1.5 Government Support for Renewable energy (Source:MNRE) 

Due to government initiative and support the energy production from renewable source is 

fourfold as compared to other sector. Figure 1.5 given below shows the government 

mechanism for support of growth of renewable in India. 
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Figure 1.6 Target of installed solar systems in the year 2012-2022 (Cumulative Figure) 

 

Figure 1.7 Target verses Achievement (Source MNRE) 
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Among all the energy sources the growth of solar power sector is more prominent. The 

cause may be the widely available solar power and development of solar PV technology. 

As per report of MNRE the unit cost of solar power is dropped from Rs 17.91 per unit 

in 2010 to Rs 7 per unit now. In figure 1.6 the target for installing solar power is 

shown whereas fig 1.7 shows the growth of solar energy as compared to renewable 

sources. 

Another aspect of commercialization of renewable power is the changing economic. As 

per IEA (2002), the power producers are investing in the area of distributed generation   

because of development of technology, restriction for building of new transmission 

corridor, accelerating energy demand, liberalization of electricity market   and seriousness 

about change of environmental condition [7-8]. 

Figure 1.8 Different Distributed Sources with Utility DPGS with utility grid 

 

 

Pumping of power from photo voltaic system to the utility grid depends on the level of power 

generation. The high penetration of Photovoltaic system and other distributed generators as shown 

in figure 1.8 requires innovative planning for the operation and management of the electricity grid 

in order to sustain or even to improve the consistency and quality of power. 
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The power electronic components play a vital role for synchronization of distributed 

generation to the existing grid. In the present scenario current controlled pulse width 

modulated voltage source inverters is widely used to accomplish the task [9-10]. 

 

 
Figure 1.9 Integration of Distributed Power Generation Systems with Utility Grid 

 
 

Figure 1.9 shows the integration of Distributed Power Generation Systems with Utility Grid. 
 

Here, the source side converter is connected to control the input DC link voltage and 

the grid side converter is use to maintain the harmony between the highly intermittent 

source and the utility grid. 

 

1.1.2 Role Of Renewable Energy  

           The demand for electricity is steadily increasing due to the increase in inhabitants and   industrial   

development. Energy generated from natural sources such as coal or gas is not consistent with today's 

energy demand. Since coal (fossil fuel) is cheaply available, an enormous quantity of electrical energy 

is generated from fossil fuels. Fossil fuels cause significant damage to the environment by liberating 

carbon dioxide and mercury during energy conversion, which leads to global warming Gulagi et al. 

(2020). Sustainable energy sources can be used in power generation to overcome the challenges faced 

by generating electrical power from fossil fuels (Stonier & Lehman 2018). 
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 Abdelrazik et al. (2018) dealt with the net generation of electricity from renewable sources which is expected 

to be equal to coal production by 2040. Nearly half of renewable energy is obtained from wind and solar 

power. Recent advances lead to renewable energy systems which are low cost. The average cost 

reduction for Solar Photovoltaic (PV) and shore winds forecast at 40–70% and 10-20 % by 2040. The 

growing global energy crisis is affected by the depletion of conventional energy sources (Albert & 

Stonier 2020), and also has the following drawbacks:  

 

• Emission of harmful pollutants 

•  Carbon dioxide and mercury emissions are anticipated to increase by 35% and 8% by 2020 as 

the electricity generation is projected to increase 

 

Global warming is estimated to raise the earth's surface temperature from 30C to 60C by the end of 

this century as a result of the greenhouse effect. The power generated by conventional systems needs to be 

passed on to the end-user on a long-term basic basis, requiring costly, complex infrastructure and exposing the 

entire system to higher energy loss and safety risks. 

 

Kumar et al. (2019) encouraged investments in clean-energy production through PV systems. 

Modern topologies of power converters have provided various positive approaches for the relation to 

Photovoltaic (PV) systems. In view of fossil fuel price inflation and diminishing public acceptance of these 

energy sources, photovoltaic technology has become a truly sensible alternative. The PV has the advantage of 

converting sunlight directly into electricity and is also well suited for most geographical regions. Hence it is 

highly preferred compared to other Renewable Energy Systems (RES). In particular, solar power has been 

pollution-free, easily accessible from sunlight, and at a more acceptable level for the past two decades in 

terms of a minimum price. 

 

There are many types of RESES available but the type of source to choose depends on location, 

usability, and availability. Some of the primitives are as follows: 

• Energy demand and significant energy alternatives lead to investment in photovoltaic power 

generation among all energy sources since energy can be produced between a few kW and 

several MW depending on geography. 

• Most of the regions in the Indian subcontinent are blessed with daily global radiation of 4 -7 

kWh/m2/day. 
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The solar power system is usually the best choice for most suburban and rural applications as it 

requires less maintenance, provides noise-less operations due to no moving parts, and occupies less space as 

rooftops can be used to install solar photovoltaic plates. The use of PV systems in energy generation began in 

the 1970s and today, despite the high capital costs referred to by Khalid (2020), it is developing rapidly 

worldwide. 

 

1.1.3 PV SYSTEM IN ENERGY CONVERSION 

PV system performance depends largely on the efficiency of solar radiation, temperature, and 

conversion. Although PV systems have many disadvantages, due to weather variations they suffer from varying 

system performance, high installation costs, and low module efficiency up to 20 %. Optimizing the sizing of 

stand-alone or grid-connected PV systems (GCPVS) is a convoluted problem of optimization that anticipates 

obtaining appropriate energy and economic costs for consumers. 

Solar energy has the benefits of being employed almost in all places with the proper positioning of 

PV panels. In general, the advantages of Solar PV systems are: 

• Low environmental effects 

 

• easily mounted close to the consumer thereby reducing the transmission line losses  

 

• Reduces maintenance Costs 

 

• environment friendly, since there is zero emission of carbon dioxide gasses. 

 

Basically, there exists two categories of PV systems such as (1) standalone and (2) grid connected. 

In a standalone PV system, additional batteries are required to store the excess amount of produced power. But 

in a GCPVS the grid functions as a battery with an infinite storing capacity. It takes care of fluctuations in 

seasonal load. The excess amount of electrical energy produced by the PV system can be stored in the grid 

without throwing away. Hence, the efficiency of a GCPVS will be higher than the stand-alone PV system. 

Therefore, the usage of grid PV systems is much desired over standalone PV systems Sabry et al. (2020). 
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CHAPTER 2 

LITERATURE REVIEW 

2.1  Multilevel Inverters (MLIs) 

These days, MLIs are being deployed in power systems because of their ability to meet the 

demand in power quality and power rating, as well as their reduced level of harmonic distortion 

and electromagnetic interference. There are several advantages of an MLI over the traditional two‐

level inverters where high switching frequency PWM is used  MLIs are currently being considered 

as an industrial solution for high power quality and dynamic performance demanding systems, 

spanning through a power range of 1 to 30 MW Hence, MLIs are ideal for use in high voltage 

applications because they can generate low THD output voltage waveforms and can generate 

higher voltages with a limited device rating. The sources of sustainable energy, such as PV cells, 

fuel cells, and wind can broadly interact with a multilevel converter system. Mostly, the type of 

control algorithm utilized in the PWM of MLIs determine their operations, efficiency, power 

ratings, and application. Several studies have proposed various MLI topologies over the last few 

decades. Figure 2 shows the classification of the MLIs into two main groups based on the number 

of employed DC sources in their topology. Until now, the most commonly used topologies in 

the industries are the neutral point. clamped (NPC) or diode clamped, the flying capacitor (FC), 

and the cascaded H‐bridge (CHB). 

Figure 1 Multilevel inverters (MLIs) and their classification. 
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2.1.1 Cascaded H‐Bridges MLI 

The CHB‐MLIs are produced from the serial connection of numerous single‐phase H‐bridge 

inverters with separate DC sources (SDCS). Each H‐bridge consists of four unidirectional power 

switches and one DC source as shown in Figure 3. Each inverter level is programmed to produce three 

voltage outputs (+Vdc, 0, and −Vdc) via the connection of the DC source to the AC output; the 

desired output is achieved by connecting the four switches (S1–S4) in different manners. 

Switching the S1 and S4 switches to the ON position generates the +Vdc output, but when S2 and S3 

are in the ON position, −Vdc output is produced. To produce the 0-output voltage, either S1 and S2 or 

S3 and S4 must be in the ON position. A serial connection of the AC outputs of the full‐ bridge inverter 

is made in such a way that the generated voltage waveform will represent the sum of the outputs of all 

the inverters. In a cascade inverter, 𝑚 = 2𝑠 + 1 is used to represent the number of output phase 

voltage levels, with s being the number of different DC sources. This topology requires a smaller 

number of components when compared to DCMLI and FCMLI because it does not have clamping diodes 

and clamping capacitors. In addition to that, it is free from the voltage balancing problem because it does 

not contain DC link capacitors. On the other hand, the multiple DC sources can be replaced either by 

separate renewable energy sources with separate converters or by single renewable energy sources 

with multioutput converters where the voltage balancing is the major concern. 

Proposals have been made for the use of multilevel cascaded inverters in applications for static var 

generation, as well as their usage as an interface with RES they have also been proposed for use in 

battery‐powered applications. A cascade inverter can also be used for static var compensation via direct 

connection in series with the electric system. They are suitable for the hooking of RES to the AC grid as 

they need separate DC sources when used in fuel cells and photovoltaics. They have also been 

proposed to be used in electric vehicles as the main traction drive because in such applications several 

batteries or ultracapacitors serve as SDCSs. The structure of this topology is flexible and can be used 

in different number of inverter levels. The generation of the different output voltages is achievable 

via the application of different ratios of the DC sources and reducing the inner voltage levels‐related 

switching redundancy. Transformer‐dependent CHBMLIs are developed to reduce the need for 

independent DC sources; it is like the CHBMLI structure but differs by the serial connection of the 

output voltage of the isolation transformer . 
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(a) (b) 

Figure 3. (a) Five‐level CHBMLI topology, (b) three‐level CHBMLI 

topology. 

 

2.1.2 Flying Capacitor MLI 

There are close similarities in the topologies of the FCMLI and DCMLI 

just that the FCMLI relies on the use of floating capacitors rather than 

clamping diodes. For the FCMLI, the magnitude of the voltage steps in the 

output waveform is a direct function of the voltage variation occurring in 

the adjacent capacitors. The FCMLI topology for the ‘m’ level inverter is 

comprised of ′𝑚 — 1′ DC link capacitors count. Figure 4 is a schematic of 

the 3‐level FCMLI topology which contains four unidirectional power 

switches and a flying capacitor, in addition to a DC supply with two 

capacitors for obtaining voltage levels (Vdc/2, 0, −Vdc/2). Switches S1 

and S2 must be in the ON position to generate the positive polarity output 

voltage while S3 and S4 are switched ON for the negative polarity output 

voltage. Switches S1 and S3 or S2 and S4 are turned on to generate the 0-

level output voltage. In the FCMLI, the voltage synthesis is more flexible 

compared to that of a DCMLI. When there are more than five levels, the 

problem of voltage balancing can be addressed by making a proper 

selection of the switching combination. One major advantage of this 

topology is that the reactive and active power can be controlled while its 

major drawback is in the use of several capacitors, which makes the 

system expensive and difficult to assemble. Furthermore, the switching 
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frequency losses in such arrangements are high in real power transmission. 

 

 

Figure 3. Three‐level flying capacitor MLI topology. 

2.1.3 Diode Clamped MLI 

This type of inverter, also called a neutral point clamped inverter (NPC), was invented in 

1981 by Nabae et al. [18]. Figure 5 depicts the DCMLI topology, which is used to generate 

an output voltage with three levels. The configuration for this topology contains four 

unidirectional power switches, two diodes, and two capacitors. The clamping diodes are 

connected in series to share the blocking voltage. In this topology, the output voltage is of 

three levels, which are Vdc/2, 0, and −Vdc/2; Vdc/2 is generated by keeping S1 and S2 

switches ON while S3 and S4 are switched to ON to generate −Vdc/2. Switches S2 and S3 

are turned on to produce the 0 level voltage. During the passage of the equivalent voltage 

through the DC link capacitors, it is expected that each active switching device has voltage 

stress that is clamped to the voltage of each capacitor through diode clamping [54]. In a real 

application, the blocking voltage is shared by serially connecting the clamping diodes. Then, 

only a voltage level of 𝑉 /(𝑚 — 1) dc is required to be blocked by each active device. For 

reverse voltage blocking, the voltage ratings of the clamping diodes must vary. If operating 

the DCMLI under the PWM technique, the major issue with the design in high voltage 

applications is the diode reverse recovery of these clamping diodes [55]. 

The DCMLI, in comparison to the other multilevel converter topologies, has a greater 

industrial application due to its high‐power delivery capability, simplicity, and efficiency. It 

has found application in Static VAR Compensators (SVC), high voltage system 

interconnections [55,56], and variable speed motor drives. The need for a capacitance is 

annulled in the DCMLI converter as the components share a common DC bus. Hence, it can 

be used in high voltage back‐to‐back interconnection, adjustable speed drives, and other 

back‐to‐back topologies. However, the problems of this converter include difficulty in single 

inverter real power flow due to discharging or overcharging of the DC level without adequate 

control [57], as well as the issue of balancing and stabilizing the capacitor DC voltage in the 

DC link [41]. 
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Figure 5. Three‐level diode‐clamped MLI topology. 

2.2. Comparison between CHB‐MLI, FC‐MLI, and DC‐MLI Topologies 

In this section, a comparison between the three main MLI topologies, called the classical 

topologies, was made in terms of the advantages and disadvantages, as illustrated in Table 1. 

Types of MLI Advantages Disadvantages 

 

 

 

 

 

DC‐MLI 

[18,35,41,55,57–61] 

1. A good option for 

industrial applications 

2. Exhibits high 

fundamental frequency 

switching efficiency. 

3. Can pre-charge the 

capacitors as a group 

4. Control method is 

simple. 

5. The use of neutral 

clamping switches can 

solve the issue of voltage 

balancing and uneven loss 

sharing between the 

switching devices in 

neutral point clamped 

(NPC) converters 

1. The complexity of voltage 

balancing circuit. 

2. The unequal share of 

losses between inner and 

outer switches 

3. Increased number of 

clamping diode as the level 

increased 

 

 

 

 

Reduces the number of 
required DC sources. 
Phase redundancies are 
available for balancing the 

The complexity of voltage 

balancing circuit. 
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FC‐MLI 

[22,35,41,57,59,62,63] 

voltage levels of the 
capacitors. 
Appropriate for fault‐
tolerant application. 

Real and reactive power 

flow can be controlled. 

No need for filters to 

reduce harmonics. 

Requires numerous 

capacitors for high levels 

High losses and switching 

frequency for real power 

transmission 

High installation cost. 

 

 
 
 

CHB‐MLI 

            [22,23,59,64–67] 

 

Modular and simple 

structure. 

Easy to extend to higher 

levels. 

Requires only 

unidirectional switches. 

Appropriate for fault‐

tolerant application. 

 

Less number of output 

voltage levels. 

Requires more number of 

gate driver circuits. 

Requires several 

DC sources to 

increase the 

output voltage. 

 

 

2.3 Modified Multilevel Inverter 

Although MLIs have various advantages over other inverters, they have been 

extensively tested and developed to produce better efficiency by considering sizes 

and cost with all types and different voltage levels obtained. Thus, a modified 

multilevel inverter was invented by modifying MLI configurations and designing 

MLI with less count of power switches. With the reduced number of switched MLIs, 

the system has the advantages of cost‐effectiveness, lower component count, and less 

space occupancy [23]. Considering this, the cascaded H‐bridge MLI was adopted as a 

case study [68–71] because of its lower component requirement compared to the MLI 

topologies. A further modification was done on the CHBMLI framework to achieve a 

five‐level output for single phase usage using a lower number of switching 

components rather than the required eight switches in the conventional design as 

depicted in Figure 6. Moreover, the system is completed by adding a filter at the 

output of the inverter for greater THD reduction. The study by [72] investigated the 

relationship of the THD with changes in the switching frequencies and inverter 

levels; the study found the switching frequency of 6 kHz and the seven‐level inverter 

as the arrangement generating the lowest THD. In this case, a five‐ level design was 

selected because of its lesser circuit complexity and less THD. Figure 6a presents the 

general structure of MLI while the modified version used in this study is shown in 
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Figure 6b. According to [36], MLIs are modular and easy to design [36]; they are 

suitable for use in high power and high voltage systems [73]; their simple 

configuration allows the generation of a higher voltage without the need for high 

rating components since the multilevel topology ensures that the overall device 

stress is distributed among the respective components. Hence, MLIs can be used for 

10 kV rated DC‐link voltage inverters. There is also a significant decline in the 

switching losses. The total rated load losses can also be reduced by 60% using a five‐

level inverter. The use of higher number of inverter levels decreases the THD of the 

output, thereby increasing the signal quality 

The extent of work done on this inverter type recently portrays their importance 

in this field. For instance, reference [76] suggested a three‐phase five‐level inverter 

that uses six switches, while reference [77] developed a single‐phase inverter that has 

six switches per inverter cell. In this system, the ratings of two of the switches 

differed from those of the other four (four switches are designed to withstand 400 

V, while the others are exposed to 200 V). Hence, two different switch ratings are 

needed in this system. Furthermore, the study by proposed an 11‐level inverter that 

has 14 switches, while a system with fewer switches was presented by [73]; this 

system relies on low rating switches and exhibited the expected performance level 

via cross‐connection of the switches. The study also evaluated this approach on an 

11‐level inverter system. Various studies [79–83] have presented similar MLI 

architectures with a reduced number of switches. A topology that can combine 

individual battery cells that are serially connected to achieve multiple voltage levels 

has also been presented; the system was developed with a reduced number of switches 

via the intelligent modification of the cell connection. This topology can also utilize 

capacitors and other DC sources and could be used in grid‐connected PV systems 

[84]. Single‐phase MLIs have been connected with grid‐connected PV systems in the 

studies by [85,86]. The study by presented another topology with a lower number of 

switches (six switches); the system was designed by altering the polarities of the DC 

source as required. The performance of the system was evaluated as well on a five‐

level single‐phase inverter. 
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Figure 6. (a) Schematic of the MLI topology where each 4‐switch block is considered an 

H‐bridge. 

(b) The modified structure of a 5‐level inverter that uses 6 switches instead 

of 8. 

 

2.4 Multilevel Inverters in Renewable Energy System Applications 

Due to the MLI’s capabilities of producing high‐quality voltage waveforms 

through low switching frequency operation, they are thus preferred for high and 

medium power applications. MLIs have widely used in various applications such as 

power supplies (PSs) applications; renewable energy systems (RESs) such as 

photovoltaic (PV) systems, wind energy conversion systems (WECS) and fuel cells 

(FC); electric vehicles (EV); induction heating (IH) and numerous other fields. Many 

MLI topologies have been integrated with RESs in grid‐connected systems for the 

addition of the power generated by the RESs to the grid. 

 

a. Wind Energy Conversion Systems (WECS) 

An attempt to the use of a CHBMLI topology to interface split winding wind 

alternators (SWAs) to the grid was made by the experimented SWA‐CHBMLI 

system was found efficient in interfacing a large wind turbine to the grid; the system 

also achieved better power quality at the PCC, thereby making the system more 

efficient. In recent years, scholars have been paying attention to MLIs designs with 

fewer numbers of gate drivers and switches to reduce the required installation space 

and the cost of MLIs. A hybrid modular multilevel converter was presented byfor the 
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connection of large wind turbines to the grid. The system is a promising converter 

topology on the grid‐side of a back‐to‐back connected full‐scale converter of a 

WECS since it combined MMC and HB module features. It can improve the 

reliability of the entire WECS. A presented a novel two‐stage CSD multilevel system 

that used a lower number of switches to achieve a high number of voltage levels; the 

system also addressed the issue of high voltage spikes under R‐L loads as the system 

has a path for the reverse load currents. The system was considered suitable for 

integration in medium‐voltage renewable energy systems. The use of a modular 

cascaded MLI in a fault‐tolerant distributed control system has been evaluated by for 

the integration of wind turbines to the grid. The inverter was found capable of 

synchronizing with the grid frequency without any damage to the in‐coming currents, 

which is a necessary condition after clearing a grid fault or when first connecting to 

the grid. 

 

b. Fuel Cells (FC) 

A hybrid cascaded MLI was designed for fuel cell application by using the 

variable frequency inverted sine wave carrier modulation technique (VFISPWM). 

This modulation technique aims to improve the output voltage while giving low THD 

and reduced switching losses. Another work by came up with a fuel cell‐ based 

system with H‐bridge DC/AC inverter and a three‐level boost converter. To make 

sure the system operates in stable conditions, two feedback control loops were 

designed and added to the system. The developed multilevel DC‐DC converters can be 

used in RESs for power generation at a reduced cost. A hybrid cascaded multilevel 

inverter CMLI has been proposed by for fuel cell power conditioning systems. The 

developed system can generate high voltages at higher speeds with a high conversion 

efficiency while ensuring low switching losses. The developed system can be used in 

high‐power fuel cell systems. The study by reported the development of an open‐

loop FC‐based energy system interfaced with CHBMLI. The system was evaluated 

for performance under different loading conditions and from the results, the system 

performed better than the conventional inverter‐based systems and was considered 

appropriate for use in FC based energy system where there is a need for more 

flexibility and power handling capability. A proton exchange membrane fuel cell 

interfaced with five‐level diode clamped MLI was presented by [98]. This 

arrangement was intended to reduce harmonic distortion and increase system 
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efficiency. The study by [99] presented a system for energy delivery from a fuel cell 

to the grid; the system was equipped with a single‐stage multilevel current‐ source 

inverter (MCSI) for energy provision and for increasing the power quality in the 

grid. The study found the developed system as an alternative in smart grids or distributed 

generation systems because it can generate active power while reducing the line 

current harmonics and compensating the power factor. 

2.5 Photovoltaic Systems (PVs) 

Much attention has been given to PV‐based power generation due to its 

numerous advantages, such as ease of allocation, longer life, absence of noise, lack 

of pollution, lesser installation time, high mobility and components’ portability, and 

ability to produce power output that can meet peak load requirements. Hence, PV 

arrays have found many industrial applications, such as in battery recharging 

systems, solar hybrid vehicles, satellite power systems, solar‐based water‐pumping 

machines, etc. For this reason, many countries are investing heavily in renewable 

energy‐based projects. However, there are certain problems associated with PV 

generation systems, such as low conversion efficiency and interference from climate 

conditions. The power of PV cells is directly a function of the solar 

intensity/radiation but depends less on the temperature . A complete PV system is 

comprised of solar panels, batteries, DC‐DC voltage converters, and controllers. The 

work of the DC‐DC voltage converters is to match the load characteristics with the 

characteristics of the solar panels. There are three categories of DC‐DC voltage 

converters, namely boost, buck, and buck–boost converters. The expected voltage 

level determines the section of the appropriate form of DC‐DC voltage converter. 

Batteries are used to make the PV systems act as the real feeder source such that it 

is possible to achieve constant voltage levels that correspond to different loads. 

Another use of the battery is for power saving and as temporary compensation for 

power fluctuations. A solar panel is made up of several PV cells that are connected 

either in series or parallel or as series‐parallel external connections. 

The photovoltaic power characteristics are nonlinear, as illustrated in Figure 7. 

The characteristics of a PV cell are analyzed using parameters such as open‐circuit 

voltage (Voc) and short‐circuit current (Isc). Regarding the Isc, it is the maximum 

value of the current produced by a cell; this parameter is sensitive to irradiance. On 

the other hand, the Voc is the maximum value of the voltage that a solar cell can 

produce at zero current. There is the equivalent circuit generic model to represent 
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PV cells. Which has a single diode with series resistance and a shunt resistance as 

shown in Figure 8. The current source represents photon‐generated current (Iph) by 

PV, which is proportional to the solar irradiation. The resistance (Rs) represents 

the contacts and connections‐related losses, while the leakage currents in the diode 

are represented by parallel resistance (Rsh). 

 

Figure 7. The current I– voltage V characteristics of a PV module. 

 

Figure 8. The equivalent circuit of PV cell 

2.6 Multilevel Converters in PV Systems 

The application of multilevel inverter (MLI) in PV systems to improve power 

quality and efficiency has received considerable interest recently. The selection of 

an appropriate converter for PV applications is one of the challenges since that has 

an impact on the behavior of the photovoltaic (PV) system. Therefore, many 

multilevel converters for the photovoltaic (PV) systems have been reported in the 

literature. The study presented an MLC for PV systems with integrated ESS. The 

developed MLC can provide constant power irrespective of the weather conditions. 

The proposed MLC showed a smooth transition from the charging mode to the 

discharging mode. Hence, the cascaded H‐bridge (CHB) converter can be used in 

grid interconnections owing to its modular attributes, high‐quality output 

waveforms, and ability to connect to medium voltage grids. A CHB‐MLC with DC‐

DC stage isolation has been presented for large‐scale PV systems. The proposed 
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CHB converter offered quality currents with low distortion. Its modular design 

ensured that it could operate in high voltage conditions and could improve the power 

quality. The study by presented an improved CMLI with a reliable configuration for 

reduction of current leakages in transformer less PV systems; conduction and 

switching losses were also reduced, making high switching frequency operation 

possible. 

The study presented a CHB converter for use in PV systems; the system utilized 

an H6‐bridge power cell rather than the H‐bridge type. The system significantly 

improved the current quality and output voltage in partial shading conditions 

compared to the CHB type; this improved the system efficiency and the energy 

injected into the grid. A modular MMC was used in grid‐connected PV systems. The 

proposed system can perform in both active and reactive power conditions, and this 

extends the applicability of the PV systems. A hybrid modular MMC for grid‐

connected PV systems was presented; this system can be used in high power systems 

by simply increasing the number of submodules per phase. 
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CHAPTER 3 

MODULATION TECHNIQUES FOR MULTILEVEL 

INVERTER EQUAL PHASE METHOD 
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Chapter 4 

CASCADED MULTILEVEL INVERTER 

4.1 Cascaded H‐Bridges MLI 

Cascaded multilevel inverter topologies have received a great deal of attention for grid-

connected PV systems. Three-cascaded multilevel inverter configurations are proposed for 

grid-connected PV applications. These are the three-phase cascaded H-bridge multilevel 

inverter topology, three-phase cascaded voltage-source inverter topology using inductors, 

and three-phase cascaded voltage-source inverter topology using coupled transformers. 

Distributed maximum power point tracking (MPPT) of PV modules using perturbation and 

observation algorithm is used for all presented topologies. Each PV module is connected to 

one DC-DC isolated converter for best MPPT achievement. Simulation is achieved by using 

the SIMULINK environment. The simulation results show that the three proposed 

topologies function well in improving the grid’s power quality. The grid currents are kept 

in phase with the grid voltage to ensure unity power factor, and the THD of the grid currents 

are within the acceptable range. The proposed topologies are experimentally implemented 

in the lab, and the switching pulses are generated with the help of the Macrolabia data 

acquisition system. Comparing the three topologies according to the number of switches, 

voltage, and current stresses on switches and THD of the generated voltages and grid 

currents and according to the efficiency has been achieved in this paper, both experimentally 

and by simulation. The simulation and experimental results and comparisons are presented 

to verify the proposed topologies’ effectiveness and reliability. 

 

4.1.1 Introduction 

According to the interconnection of the photovoltaic (PV) inverters in the grid, four types of 

topologies are possible. These are the centralized inverter topology, string inverter topology, 

multistring inverter topology, and AC module topology. All of these topologies are shown in 

Figures 1(a)–1(d), respectively. They each have merits and demerits compared to each other. 

AC module topology is based on using one PV module per converter; therefore, it is the most 

modular and has the best MPPT capability. Any mismatching between PV modules can be 

removed using the AC module inverter topology. In addition, it is easy to enlarge by simply 

adding one PV module connected to one converter. Another advantage is that it can be used by 

persons without knowledge of electrical installations. 
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(a) 

 

(b) 
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(c ) 

 

 

(d) 

Figure 1  Grid-connected PV system topologies. 

 

Recently, many multilevel inverter (MLI) topologies have been proposed and have gained 

attention in many applications, especially in grid-connected PV applications. The most 

common MLI topologies can be classified into three types: neutral-point MLI, flying capacitor 

MLI, and cascaded H-bridge (CHB) MLI. 

Cascaded MLI features have gained attention as an attractive solution for many applications, 

such as use of CHB MLI in standalone systems, static VAR compensations, and grid-connected 

PV system. 
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The topology presented in is an example of string inverter topology described in Figure 1(b). 

The authors proposed a three-phase cascaded H-bridge MLI and PV strings. The topology 

enables a large increase of the total power capacity of the PV system. However, this system is 

based on the string inverter topology in which multiple PV strings are connected to an H-bridge 

cell, and the H-bridge cells are then cascaded to generate multilevel voltage. Therefore, this 

type of topologies suffers from poor MPPT because of partial shading and module mismatch. 

The topology presented in is an example of multistring inverter topology that is described in 

Figure 1(c). The presented configuration consists of string PV modules that are connected to 

one DC-DC converter and then to the H-bridge cell. Three H-bridge cells were cascaded to 

generate seven-level voltage. The DC-DC converter is responsible for tracking MPP and for 

amplifying the DC voltage if needed. This system suffers from the same disadvantages of not 

accurately tracking the MPP of the PV modules. In addition, the power rating of the DC-DC 

converter will be high, which increases the system cost. From another point of view, an 

example of the AC module inverter topology shown in Figure 1(d) is presented. A modular 

cascaded H-bridge multilevel PV inverter for three-phase grid-connected applications. The AC 

module inverter topology uses only one PV module for each H-bridge cell. To realize the 

improved use of PV modules, and to maximize solar energy extraction, a distributed maximum 

power point tracking control scheme is applied to the three-phase multilevel inverter, which 

allows for the independent control of each DC-link voltage. With increasing the number of PV 

modules, the number of H-bridges is increased. The AC module topology is very suitable to 

improve system efficiency, since the best utilization of PV modules could be obtained; 

however, the system will be costly and the control will be complex if the number of PV modules 

increases. 

Another type of cascaded MLI topology is based on the conventional two-level voltage-source 

inverter (VSI). It has been used in many motor-drive applications. This cascaded MLI can also 

be used for grid-connected renewable energy applications. The three-phase currents in each 

unit are not balanced, which means the current stresses on each leg are not equal.  

Three-cascaded multilevel inverter configurations are used for grid-connected PV applications. 

These are the three-phase cascaded H-bridge MLI topology, three-phase cascaded VSI 

topology using inductors, and three-phase cascaded VSI topology using coupled transformers. 

Distributed maximum power point tracking is used for all presented topologies. The AC 

module inverter topology has a great advantage in fully optimizing the MPPT. Therefore, the 
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AC module inverter topology is considered for all presented topologies in which only one PV 

module is considered for every DC-DC converter. The presented topologies are built in the 

SIMULINK environment and simulated with a grid interface. In order to validate the quality 

performance of the presented topologies as well as accurate control, the three topologies are 

experimentally implemented in the lab, and the switching pulses are generated with the help of 

the Macrolabia data acquisition system. The presented topologies have been compared to each 

other by simulation and experiment. The experimental results have verified the effectiveness 

and reliability of the proposed topologies. 

 

4.1.2 Three-Phase Cascaded H-Bridge MLI 

The proposed configuration is a multilevel inverter consisting of two power-processing stages: 

DC-DC converter and inverter. The proposed configuration is shown in Figure 2. As shown in 

this configuration, each PV module is connected to one DC-DC converter—unlike the AC 

module inverter topology described in [5], in which each PV module is connected to one H-

bridge for optimal MPP tracking. This in turn can lead to increasing the total system cost and 

increasing the switching losses. The DC-DC converter is able to track MPP for each PV module 

and hence improve efficiency and for voltage amplification if needed. In this paper, the DC-

DC isolated converter is used. The presence of a high-frequency isolation transformer within 

the DC-DC converter is for safety purposes. In addition, it is known that the H-bridge suffers 

from leakage current that may be introduced due to the presence of parasitic capacitance 

between the PV panel and the earth. This leakage current will cause distortion to the grid 

current, higher losses, and safety and electromagnetic interference problems. Therefore, the 

galvanic isolation will solve this problem and prevent leakage current. 
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Figure 2  Three-phase cascaded H-bridge MLI. 

 

4.1.3 Three-Phase Cascaded Voltage-Source MLI Using Inductors 

The proposed three-phase cascaded VSI topology is displayed in Figure 3. The system is used 

for grid-connected PV applications and consists of the three two-level VSI units. The three 

units are then connected in such a manner as to generate seven-level line-to-line voltage as 

mentioned in the Introduction. The circulating current is limited by using a current-limiting 

inductor. Each VSI unit is connected to PV modules via the DC-DC isolated converter. Each 

PV module is connected to one DC-DC converter. The DC-DC converter is responsible for 

tracking MPP and for voltage amplification if needed. In addition, it is used for isolation 

purposes due to the presence of a high-frequency transformer. 
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Figure 3 Three-phase cascaded VSI using inductors. 

4.1.4. Three-Phase Cascaded Voltage-Source MLI Using Coupled Transformers 

The proposed three-phase cascaded voltage-source inverter topology is seen in Figure 4. This 

system consists of the three two-level voltage-source inverter units. The three units are then 

connected in such a manner as to generate seven-level line-to-line voltage. This topology was 

proposed to solve the unbalanced three-phase currents inside each two-leg unit of the topology 

depicted in Figure 3. The authors [18] solved the problem of unbalanced three-phase currents 

in each unit by using intermediate transformers instead of inductors. The coupled transformers 

are characterized by their high magnetization inductance, which reduces the circulating current 

inside the converter. Each VSI unit is connected to PV modules via the DC-DC isolated 

converter. Each PV module is connected to one DC-DC converter. The DC-DC converter is 

responsible for tracking MPP and for isolation purposes. 

 

Figure 4 Three-phase cascaded VSI using coupled transformers. 
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3.2 Features of Cascaded H-Bridge Multilevel Inverter 

 

4.2.1 H-Bridge Cell 

• Each H-Bridge Cell consists of four switches and four diodes as shown in the 

picture. 

• Like every H-Bridge, different combinations of switch positions determine 

different voltages such as V+, V- and 0. 

• Two switching combinations are present for 0 volts. 

• S1 and S2 are connected to positive voltage and S3 and S4 are connected to 

negative voltage. 

 

 

 

4.2.2 Single Phase Multilevel Inverter 

• The number of output levels from a multilevel inverter depends upon the number 

of separate DC sources attached to it. 

• The relation is m=2s+1 

• All the outputs from H-Bridges should be quarter symmetric to generate a sin 

like wave. 

• No even harmonics are present. 
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4.2.3 Three-Phase Multilevel Inverter 

• Three-phase Multilevel Inverter is simply like three single phase inverters 

connected in wye configuration. Three H-Bridges are connected together. 

• Delta configuration can also be used. 

• Maximum number of line voltages is 2m+1 where m=no. of phase voltages. 

• Triple harmonics are eliminated themselves. 

4.2.4 Real Time Switching 

In ideal cases the switching time is considered zero and the switching devices turn on and off 

as soon as you command. But in real time application, switching time is an important 

phenomenon. To avoid this Blanking time is introduced. The switch turns off just 

immediately, but the other switch turns on after a certain delay. 

4.2.5 Separate DC Source 

One of the major issues with Cascaded H-Bridge Multilevel Inverters is that we need separate 

DC sources with each leg. Well, it might look that separate DC source will create a mess or 

increase the components, but it is fairly necessary. Because same DC sources can give 

multiple configurations that result in short circuit. However, this issue has also been resolved. 

Now lesser number of DC sources can be used and SDC topology has also been proposed. 

 

4.3 Advantages of Cascaded H-Bridge Multilevel Inverter 
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As the name suggests this multilevel inverter uses full H-Bridges connected is series to 

produce inverted AC from separate DC sources. These DC sources can be any natural 

resource such as sunlight or wind energy or anything. 

• It does not need any capacitors or diodes for clamping. 

• The wave is quite sinusoidal in nature even if you don’t filter it. 

This was all about cascaded H-Bridge multi -level inverters. Due to their advantages, 

they are often used now-a-days. More of the inverters types are still there which are 

extensively used and will be discussed in the upcoming tutorials.  
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CHAPTER-5 

The multilevel inverter has generated a lot of attention in the high-power business lately. They offer the most recent 

collection of elements that may be used to simplify reactive power adjustment. Without the use of transformers or series-

connected synchronized switching devices, multilevel voltage source inverters' distinctive configuration enables them to 

reach high voltages with minimal harmonics. The Diode clamped, flying capacitor, and Cascaded H-bridge inverter is 

the three main different inverter structures which are used in industrial applications with separate dc sources [1-5]. A 

diode-clamped multilevel (m-level) inverter (DCMLI) consists of (m-1) capacitors on the dc bus and produces m levels 

in the phase voltage. Some of the features are as follows: 

• Blocking diodes with a high voltage rating. 

• Unbalanced capacitor voltage. 

• Unequal switching device rating. 

However, the voltage level for the flying capacitor converter is identical to that of the diode-clamped converter. In flying 

capacitors, the order is numbered differently from that of the diode-clamped inverter [6-8]. Additionally, this has the 

following qualities: 

• Balancing capacitor voltages. 

• A Large number of capacitors. 

A cascaded-multilevel inverter is made up of many H-bridge inverter components. With the use of multiple different dc 

sources, such as fuel cells, batteries, or solar cells, this multilayer inverter can provide the desired [9-11].  voltage. It has 

some characteristics: 

• The cascaded inverters require distinct dc sources for power conversions from ac to dc or vice versa. It is 

appropriate for a range of renewable energy sources, such as solar, fuel cells, and biomass. 

• It is not feasible to connect two converters back-to-back with DC sources because a short circuit might be 

created. 

Cascaded H-bridge inverters solve the capacitor voltage balancing issue that plagues flying capacitors and diode-clamped 

inverters. Asymmetric and symmetric cascaded multilevel inverters are the two classes into which the cascaded 

topologies are divided. Due to the varying amplitude of its dc voltage source, the asymmetric CMLI produces a greater 

number of output levels than the symmetric CMLI [12]. The cascaded H-bridge multilevel inverter uses asymmetric 

voltage methods to raise the no output voltage levels. Voltage levels can be raised by using cascaded bridge MLI. 

Cascaded multilevel inverters' primary advantages are their uniform design and packaging. This results in a quicker and 

less expensive production process [14]. This has the drawback of requiring a separate dc supply for each H-bridge and 

having a large number of power switches. Sine Property methods may be used to precisely control the majority of 

cascaded inverter characteristics. 
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II. 3-LEVEL CASCADED H BRIDGE INVERTER 

Each H-bridge in a basic H-bridge inverter includes four semiconductor switches, and the four cells [15] can output 

voltage with either positive or negative polarity or zero volt due to the switching behaviour of the switches as shown in 

Fig. 1. 

 

 

Fig.1 MATLAB circuit for 3-Level Cascaded H-Bridge Multilevel Inverter 

 

Three levels are the lowest possible number of voltage levels for a multilevel inverter using a cascaded arrangement. 

Full-bridge inverters, also known as H-bridge cells, are used to illustrate how switches change ON and OFF by the 

switching voltages of a single H-bridge since they are necessary to obtain a waveform with three levels as shown in  

 

Table 1: Output Voltage Values for H-bridge 

 

Switching 

Voltage 

S11 S12 S21 S22 

0 1 1 0 0 

Vdc 1 0 0 1 

0 0 0 1 1 

0 0 0 1 1 

-Vdc 0 1 1 0 

0 1 1 0 0 

 

Table1. Three output switch levels, +V, -V, and zero, can be taken into consideration for voltages across the load 

according to a single H-bridge, which performs four switching operations. 
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Fig.2 3 level inverter Simulated waveform of output voltage and THD 

 

III. 1. 5-LEVEL CASCADED H BRIDGE INVERTER 

The performance analysis has been analyzed of 5 level inverter is shown in Fig.3. This inverter consists of the series 

connection of two H –bridges fed with two voltage sources. The output voltages of the inverter are the sum of all voltages 

that appear at each cell output. The output voltage is given by V=V1 +V2, Where V1 appear across the first cell and V2 

appears across the second cell. For a five-level inverter the output voltage ie. 2V, V, 0, -V, -2V.   

Fig.3 

MATLAB circuit for 5-Level Cascaded H-Bridge Multilevel Inverter 
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III. 2. WORKING OPERATION OF FIVE-LEVEL INVERTER 

Mode1: In mode1 operation switches S1, S3, S5, and S7 are on. The output voltage obtained across the load is zero. 

Mode 2: In mode2 operation switches S1, S3, S5, and S8 are on. The output voltage obtained across the load is +Vdc2.  

Mode 3:  In mode3 operation switches S1, S4, S5, and S8 are on. The output voltage obtained across the load is Vdc1 +Vdc2.  

Mode 4: In mode 4 operation switches S2, S4, S6, and S7 are on. The output voltage obtained across the load is -Vdc2. 

Mode 5: In mode 5 operation switches S2, S4, S6, and S8 are on. The output voltage obtained across the load is 0. 

Mode 6: In mode 6 operation switches S2, S3, S6, and S7 are on. The output voltage obtained across the load is -Vdc1 -

Vdc2. 

                   

 

Fig.4 5-level inverter Simulated waveform of output voltage and THD 

 

 

Table. 2 THD analysis of 3 & 5 level inverter 

 

 

 

 

 

 

 

 

 

 

 

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

-100

0

100

Selected signal: 4 cycles. FFT window (in red): 1 cycles

Time (s)

0 50 100 150 200 250 300 350 400 450 500 550 600 650
0

5

10

15

20

25

30

35

Frequency (Hz)

Fundamental (50Hz) = 138.6 , THD= 43.88%

M
a
g
 (

%
 o

f 
F

u
n
d
a
m

e
n
ta

l)

S. No      Types  of    

multilevel Inverter 

Total Harmonics Distortion 

with R Load 

1 3 level 82.3% 

2 5level 43.68 % 

57 



 

 

References 

1. S. B. Kjaer, J. K. Pedersen, and F. Blaabjerg, “A review of single-phase grid-connected inverters for photovoltaic 

modules,” IEEE Transactions on Industry Applications, vol. 41, no. 5, pp. 1292–1306, 2005.View at: Publisher 

Site | Google Scholar 

2. I. Colak, E. Kabalci, and R. Bayindir, “Review of multilevel voltage source inverter topologies and control 

schemes,” Energy Conversion and Management, vol. 52, no. 2, pp. 1114–1128, 2011.View at: Publisher 

Site | Google Scholar 

3. L. M. Tolbert and F. Z. Peng, “Multilevel converters as a utility interface for renewable energy systems,” in 2000 

Power Engineering Society Summer Meeting (Cat. No.00CH37134), pp. 1271–1274, Seattle, WA, USA, 

2000.View at: Publisher Site | Google Scholar 

4. Y. Cao and L. M. Tolbert, “11-Level cascaded H-bridge grid-tied inverter interface with solar panels,” in 2010 

Twenty-Fifth Annual IEEE Applied Power Electronics Conference and Exposition (APEC), pp. 968–972, Palm 

Springs, CA, USA, 2010.View at: Publisher Site | Google Scholar 

5. B. Xiao, L. Hang, J. Mei, C. Riley, L. M. Tolbert, and B. Ozpineci, “Modular cascaded H-bridge multilevel PV 

inverter with distributed MPPT for grid-connected applications,” IEEE Transactions on Industry Applications, 

vol. 51, no. 2, pp. 1722–1731, 2015.View at: Publisher Site | Google Scholar 

6. H. Choi, W. Zhao, M. Ciobotaru, and V. G. Agelidis, “Large-scale PV system based on the multiphase isolated 

dc/dc converter,” in 2012 3rd IEEE International Symposium on Power Electronics for Distributed Generation 

Systems (PEDG), pp. 801–807, Aalborg, Denmark, 2012.View at: Publisher Site | Google Scholar 

7. S. Rivera, S. Kouro, B. Wu, J. Leon, J. Rodriguez, and L. G. Franquelo, “Cascaded H-bridge multilevel converter 

multistring topology for large scale photovoltaic systems,” in 2011 IEEE International Symposium on Industrial 

Electronics, pp. 1837–1844, Gdańsk, Poland, 2011.View at: Publisher Site | Google Scholar 

8. W. Zhao, H. Choi, G. Konstantinou, M. Ciobotaru, and V. G. Agelidis, “Cascaded H-bridge multilevel converter 

for large-scale PV grid-integration with isolated DC-DC stage,” in 2012 3rd IEEE International Symposium on 

Power Electronics for Distributed Generation Systems (PEDG), pp. 849–856, Aalborg, Denmark, 2012.View 

at: Publisher Site | Google Scholar 

9. S. É. Daher, J. Ü. Schmid, and F. L. M. Antunes, “Multilevel inverter topologies for stand-alone PV 

systems,” IEEE Transactions on Industrial Electronics, vol. 55, no. 7, pp. 2703–2712, 2008.View at: Publisher 

Site | Google Scholar 

10. E. Villanueva, P. Correa, J. Rodríguez, and M. Pacas, “Control of a single-phase cascaded H-bridge multilevel 

inverter for grid-connected photovoltaic systems,” IEEE Transactions on Industrial Electronics, vol. 56, no. 11, 

pp. 4399–4406, 2009.View at: Publisher Site | Google Scholar 

58 

https://doi.org/10.1109/TIA.2005.853371
https://doi.org/10.1109/TIA.2005.853371
https://scholar.google.com/scholar_lookup?title=A%20review%20of%20single-phase%20grid-connected%20inverters%20for%20photovoltaic%20modules&author=S.%20B.%20Kjaer&author=J.%20K.%20Pedersen&author=&author=F.%20Blaabjerg&publication_year=2005
https://doi.org/10.1016/j.enconman.2010.09.006
https://doi.org/10.1016/j.enconman.2010.09.006
https://scholar.google.com/scholar_lookup?title=Review%20of%20multilevel%20voltage%20source%20inverter%20topologies%20and%20control%20schemes&author=I.%20Colak&author=E.%20Kabalci&author=&author=R.%20Bayindir&publication_year=2011
https://doi.org/10.1109/pess.2000.867569
https://scholar.google.com/scholar_lookup?title=Multilevel%20converters%20as%20a%20utility%20interface%20for%20renewable%20energy%20systems&author=L.%20M.%20Tolbert%20&author=F.%20Z.%20Peng
https://doi.org/10.1109/apec.2010.5433387
https://scholar.google.com/scholar_lookup?title=11-Level%20cascaded%20H-bridge%20grid-tied%20inverter%20interface%20with%20solar%20panels&author=Y.%20Cao%20&author=L.%20M.%20Tolbert
https://doi.org/10.1109/TIA.2014.2354396
https://scholar.google.com/scholar_lookup?title=Modular%20cascaded%20H-bridge%20multilevel%20PV%20inverter%20with%20distributed%20MPPT%20for%20grid-connected%20applications&author=B.%20Xiao&author=L.%20Hang&author=J.%20Mei&author=C.%20Riley&author=L.%20M.%20Tolbert&author=&author=B.%20Ozpineci&publication_year=2015
https://doi.org/10.1109/pedg.2012.6254093
https://scholar.google.com/scholar_lookup?title=Large-scale%20PV%20system%20based%20on%20the%20multiphase%20isolated%20dc/dc%20converter&author=H.%20Choi&author=W.%20Zhao&author=M.%20Ciobotaru&author=&author=V.%20G.%20Agelidis
https://doi.org/10.1109/isie.2011.5984437
https://scholar.google.com/scholar_lookup?title=Cascaded%20H-bridge%20multilevel%20converter%20multistring%20topology%20for%20large%20scale%20photovoltaic%20systems&author=S.%20Rivera&author=S.%20Kouro&author=B.%20Wu&author=J.%20Leon&author=J.%20Rodriguez&author=&author=L.%20G.%20Franquelo
https://doi.org/10.1109/pedg.2012.6254100
https://scholar.google.com/scholar_lookup?title=Cascaded%20H-bridge%20multilevel%20converter%20for%20large-scale%20PV%20grid-integration%20with%20isolated%20DC-DC%20stage&author=W.%20Zhao&author=H.%20Choi&author=G.%20Konstantinou&author=M.%20Ciobotaru&author=&author=V.%20G.%20Agelidis
https://doi.org/10.1109/TIE.2008.922601
https://doi.org/10.1109/TIE.2008.922601
https://scholar.google.com/scholar_lookup?title=Multilevel%20inverter%20topologies%20for%20stand-alone%20PV%20systems&author=S.%20%C3%89.%20Daher&author=J.%20%C3%9C.%20Schmid&author=&author=F.%20L.%20M.%20Antunes&publication_year=2008
https://doi.org/10.1109/TIE.2009.2029579
https://scholar.google.com/scholar_lookup?title=Control%20of%20a%20single-phase%20cascaded%20H-bridge%20multilevel%20inverter%20for%20grid-connected%20photovoltaic%20systems&author=E.%20Villanueva&author=P.%20Correa&author=J.%20Rodr%C3%ADguez&author=&author=M.%20Pacas&publication_year=2009


 

 

11. C. Boonmee and Y. Kumsuwan, “Control of single-phase cascaded H-bridge multilevel inverter with modified 

MPPT for grid-connected photovoltaic systems,” in IECON 2013 - 39th Annual Conference of the IEEE 

Industrial Electronics Society, pp. 566–571, Vienna, Austria, 2013.View at: Publisher Site | Google Scholar 

12. S. Rivera, B. Wu, S. Kouro, H. Wang, and D. Zhang, “Cascaded H-bridge multilevel converter topology and 

three-phase balance control for large scale photovoltaic systems,” in 2012 3rd IEEE International Symposium 

on Power Electronics for Distributed Generation Systems (PEDG), pp. 690–697, Aalborg, Denmark, 2012.View 

at: Publisher Site | Google Scholar 

13. S. Kouro, B. Wu, Á. Moya, E. Villanueva, P. Correa, and J. Rodríguez, “Control of a cascaded h-bridge 

multilevel converter for grid connection of photovoltaic systems,” in 2009 35th Annual Conference of IEEE 

Industrial Electronics, pp. 3976–3982, Porto, Portugal, 2009.View at: Publisher Site | Google Scholar 

14. A. Marquez, J. Leon, S. Vazquez, and L. Franquelo, “Advanced control of a multilevel cascaded H-bridge 

converter for PV applications,” in IECON 2014 - 40th Annual Conference of the IEEE Industrial Electronics 

Society, pp. 4548–4553, Dallas, TX, USA, 2014.View at: Publisher Site | Google Scholar 

15. C. Xia, Z. Wang, T. Shi, and X. He, “An improved control strategy of triple line-voltage cascaded voltage source 

converter based on proportional–resonant controller,” IEEE Transactions on Industrial Electronics, vol. 60, no. 

7, pp. 2894–2908, 2013.View at: Publisher Site | Google Scholar 

16. J. Wen and K. Ma Smedley, “Hexagram inverter for medium-voltage six-phase variable-speed drives,” IEEE 

Transactions on Industrial Electronics, vol. 55, no. 6, pp. 2473–2481, 2008.View at: Publisher Site | Google 

Scholar 

17. B. Xiao, L. Hang, and L. M. Tolbert, “Control of three-phase cascaded voltage source inverter for grid-connected 

photovoltaic systems,” in 2013 Twenty-Eighth Annual IEEE Applied Power Electronics Conference and 

Exposition (APEC), pp. 291–296, Long Beach, CA, USA, 2013.View at: Publisher Site | Google Scholar 

18. E. Cengelci, S. U. Sulistijo, B. O. Woo, P. Enjeti, R. Teoderescu, and F. Blaabjerg, “A new medium-voltage 

PWM inverter topology for adjustable-speed drives,” IEEE Transactions on Industry Applications, vol. 35, no. 

3, pp. 628–637, 1999.View at: Publisher Site | Google Scholar 

19. A. Laka, J. A. Barrena, J. Chivite-Zabalza, M. A. R. Vidal, and P. Izurza-Moreno, “New hexagonal three-

phase voltage-source converter topology for high-power applications,” IEEE Transactions on Industrial 

Electronics, vol. 62, no. 1, pp. 30–39, 2015.View at: Publisher Site | Google Scholar 

20. Asim, M., Khan, M. S., Yadav, R. K., Mewara, H. S., & Sethy, N. (2022). Multilevel Inverters Operating with 

Improved Harmonic Performance Using SVPWM. In Advanced Energy and Control Systems (pp. 149-156). 

Springer, Singapore. 

21. Mohammed, A., Sarwar, A., Shahabuddin, M., & Manzar, M. S. (2021). Development of a solar photovoltaic 

model for a wide range of operating conditions. International Journal of Power Electronics and Drive Systems, 

12(4), 2483. 

59 

https://doi.org/10.1109/iecon.2013.6699197
https://scholar.google.com/scholar_lookup?title=Control%20of%20single-phase%20cascaded%20H-bridge%20multilevel%20inverter%20with%20modified%20MPPT%20for%20grid-connected%20photovoltaic%20systems&author=C.%20Boonmee%20&author=Y.%20Kumsuwan
https://doi.org/10.1109/pedg.2012.6254077
https://scholar.google.com/scholar_lookup?title=Cascaded%20H-bridge%20multilevel%20converter%20topology%20and%20three-phase%20balance%20control%20for%20large%20scale%20photovoltaic%20systems&author=S.%20Rivera&author=B.%20Wu&author=S.%20Kouro&author=H.%20Wang&author=&author=D.%20Zhang
https://doi.org/10.1109/iecon.2009.5415332
https://scholar.google.com/scholar_lookup?title=Control%20of%20a%20cascaded%20h-bridge%20multilevel%20converter%20for%20grid%20connection%20of%20photovoltaic%20systems&author=S.%20Kouro&author=B.%20Wu&author=%C3%81.%20Moya&author=E.%20Villanueva&author=P.%20Correa&author=&author=J.%20Rodr%C3%ADguez
https://doi.org/10.1109/iecon.2014.7049188
https://scholar.google.com/scholar_lookup?title=Advanced%20control%20of%20a%20multilevel%20cascaded%20H-bridge%20converter%20for%20PV%20applications&author=A.%20Marquez&author=J.%20Leon&author=S.%20Vazquez&author=&author=L.%20Franquelo
https://doi.org/10.1109/TIE.2012.2222854
https://scholar.google.com/scholar_lookup?title=An%20improved%20control%20strategy%20of%20triple%20line-voltage%20cascaded%20voltage%20source%20converter%20based%20on%20proportional%E2%80%93resonant%20controller&author=C.%20Xia&author=Z.%20Wang&author=T.%20Shi&author=&author=X.%20He&publication_year=2013
https://doi.org/10.1109/TIE.2008.921475
https://scholar.google.com/scholar_lookup?title=Hexagram%20inverter%20for%20medium-voltage%20six-phase%20variable-speed%20drives&author=J.%20Wen%20&author=K.%20Ma%20Smedley&publication_year=2008
https://scholar.google.com/scholar_lookup?title=Hexagram%20inverter%20for%20medium-voltage%20six-phase%20variable-speed%20drives&author=J.%20Wen%20&author=K.%20Ma%20Smedley&publication_year=2008
https://doi.org/10.1109/apec.2013.6520223
https://scholar.google.com/scholar_lookup?title=Control%20of%20three-phase%20cascaded%20voltage%20source%20inverter%20for%20grid-connected%20photovoltaic%20systems&author=B.%20Xiao&author=L.%20Hang&author=&author=L.%20M.%20Tolbert
https://doi.org/10.1109/28.767014
https://scholar.google.com/scholar_lookup?title=A%20new%20medium-voltage%20PWM%20inverter%20topology%20for%20adjustable-speed%20drives&author=E.%20Cengelci&author=S.%20U.%20Sulistijo&author=B.%20O.%20Woo&author=P.%20Enjeti&author=R.%20Teoderescu&author=&author=F.%20Blaabjerg&publication_year=1999
https://doi.org/10.1109/TIE.2014.2327597
https://scholar.google.com/scholar_lookup?title=New%20hexagonal%20three-phase%20voltage-source%20converter%20topology%20for%20high-power%20applications&author=A.%20Laka&author=J.%20A.%20Barrena&author=J.%20Chivite-Zabalza&author=M.%20A.%20R.%20Vidal&author=&author=P.%20Izurza-Moreno&publication_year=2015


 

 

22. Khan, M. S., Shadab, M. M., Asim, M., & Ahmad, J. (2021). Modelling and Simulation of Solar PV-Based Grid-

Tied Multilevel Inverter. In Renewable Power for Sustainable Growth (pp. 449-457). Springer, Singapore. 

23. Parveen, H., Asim, M., & Ahamad, I. (2016). Efficiency analysis of bridgeless PFC boost converter. Int. J. Sci. 

Res. Dev, 4(01). 

24. M., Riyaz, A., Tiwari, S., & Verma, A. (2018). Performance evaluation of fuzzy controller for boost converter 

with active PFC. Journal of Intelligent & Fuzzy Systems, 35(5), 5169-5175. 

25. Ebrahimi, J., E. Babaei and G.B. Gharehpetian, 2012. A new multilevel converter topology with reducednumber 

of power electronic components, IEEE Trans. Ind. Electron., 59(2): 655-667. 

26. Babaei, E., 2008. A cascaded multilevel converter topology with reduced number of switches, IEEE Trans. 

Power Electron., 23(6): 2657-2664. 

27. Abdul Kadir, M.N. and Z.F. Hussien, 2004. Asymmetrical multilevel inverter using ratio-three based sources, 

PECo 2004 Power and Energy conference, pp: 137-142. 

28. Naderi, R., Rahmati, A.: Phase-Shifted Carrier PWM Technique for General Cascaded Inverters. IEEE Trans. 

Power Electronics, 23, 1257-1269,( 2008). 

29. Malinowski, M., Gopal kumar, K., Rodriguez, J., Pérez, M. A. :A Survey on cascaded multilevel inverters. IEEE 

Trans. Ind. Electron., 57(7),  2197-2206,  July (2010). 

30. Ahamad, I., Asim, M., Sarkar, P. R., & Khan, F. A.  : Comparison of conventional PFC boost converter and 

bridgeless PFC boost converter. International Journal of Innovative Research in Instrumentation and Control 

Engineering, 4(5), 5 may (2016).   

31. A. Nabae, I. Takahashi, and H. Akagi, “A new neutral-point clamped PWM inverter,” IEEE Trans. Ind. Appl., 

Vol. IA-17, No.5, pp. 518–523,Sep./Oct. 1981. 

32. M. Malinowski, K. Gopakumar, J. Rodriguez, and M. A. Pe´rez, “A survey on cascaded multilevel inverters,” 

IEEE Trans. Ind. Electron., vol. 57, no. 7, pp. 2197–2206, Jul. 2010. 

33. R. Stala, “Application of balancing circuit for dc-link voltages balance in a single-phase diode-clamped inverter 

with two three-level legs,” IEEE Trans. Ind. Electron., Vol. 58, no. 9, pp. 4185–4195, Sep. 2011. 

34 Babaei, E., & Laali, S. (2016). A multilevel inverter with reduced power switches. Arabian 

Journal for Science and Engineering, 41(9), 3605–3617. doi:10.1007/s13369-016-2217-0 

 

 

 

 

 

 

 

60 



 

 

PUBLICATION 

1. MARUFUL HAQUE ANSARI, MIRZA MOHAMMAD SHADAB, ISARAR AHAMAD, “ANALYSIS 

AND IMPLEMENTATION OF CASCADED MULTILEVEL INVERTER TOPOLOGIES” 

ACCEPTED IN INTERNATIONAL JOURNAL OF REASERCH IN ENGINEERING AND SCIENCE 

(IJRES)  

61 




