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Abstract 

 

Three main foundations such as hydro, wind and solar belong to renewable resources, nevertheless, 

solar energy is considered as the most reliable and continuous source of energy consumed by 

photovoltaic array. For the profusion, omnipresent and easy existence of solar energy, it becomes 

the strong competitor against fossil fuel. To generate continuous electric power using renewable 

energy resources, Multilevel power converters has been receiving attention in the past few years 

by gaining synthesized waveforms with lower THD for Medium or high power high voltage 

applications. Multilevel power converters are various types. Among them Modular Multilevel 

Cascaded (MMC) converter is being widely used in order to achieve more efficiency than obtained 

from the Conventional converter system.The losses that exist in the Multilevel converter are much 

more complicated to evaluate compared to the Conventional converters. Loss evaluation  in this 

type of converter needs special attention because current always varies in different switches of the 

converter depending on PWM techniques, also a few percentage of loss in MW system represents 

kW range power loss which has a large effect in the system. Moreover, the losses are represented 

as switch loss and conduction loss in the Multilevel converters/Inverters. The overall losses depend 

on three different parameters, such as modulation technique, Inverter level and inherent manners 

of respective IGBTs. In this thesis work, Third harmonic injected (THI) Pulse width modulation 

with level shifted scheme is used as switching technique and Insulated Gate Bipolar Transistors 

(IGBTs) are used as switching devices in the converter/Inverter. The Proposed research is aimed 

for developing an Analytical Methodology for the loss calculation of the Modular Multilevel 

Cascaded (MMC) Inverter. In this book the above concept is presented through modeling and 

simulating the 15 level Modular Multilevel Cascaded (MMC) converter/Inverter by MATLAB. 

After simulation, it is found that, when comparing with the Reference paper with Proposed Loss 

Calculation Method using SPWM modulation technique, the switching losses come higher which 

is about 79% than conduction loss which is 21% . On the other hand, using Third Harmonic 

Injected (THI) PWM, switching loss is lower than conduction loss. All the results have been 

evaluated and compared for the MMC converter/Inverter.



1 

 

CHAPTER 1 

 

INTRODUCTION AND BACKGROUND 

 

Energy is a basic and essential ingredient for all living entities. The sun is no doubt the cause of 

all of the earth's energy, directly or indirectly. As the demand for energy is increasing globally 

gradually, energy reserves are not increasing in that way. Hence, world researchers are constantly 

focusing on the process of energy in the most efficient way to make it affordable, reliable and 

efficient for people. Having all these challenges, the application of modern electronic circuits and 

systems is essential to be considered. This is a strategic framework of power electronics. It is an 

orderliness defined in terms of the conversion of electrical energy, applications, and electronic 

devices. 

1.1 Introduction to Power Electronics 

From 1900 to 1950, electronics were primarily based on the vacuum tubes, such as gas discharge 

tubes, ignitrons, thyratrons, and mercury arc rectifiers. As the vacuum tube had a set of 

disadvantages, mercury equipment took the place of the vacuum tube in the 1930th. In the year 

1948, the first electronics revolution began with the transistor's invention, and approximately all 

of today's advanced electronic technologies are traceable from it [1].  

"General Electric" developed the first germanium diodes in 1952. In 1954, G. Teal developed a 

silicon transistor at “Texas Instruments,” which achieved tremendous market acceptance due to 

the improved quality and durability of the temperature. From the mid-1950s to the early 1960s, 

electronic circuit designs started to move from vacuum tubes to transistors, thereby opening up 

numerous new possibilities and growth in research [1]. 

The invention of a consumer thyristor was the second electronics revolution that started in 1956, 

but it is possible to classify the period of 1956-1975 as the age of first-generation control devices. 

General Electric invented the silicon-based thyristors. After that, several generations of power 

semiconductor devices and conversion Methods were carried out based on thyristors' discovery. 

Semiconductor engineering was considered as part of electrical engineering of medium and low 
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voltage, such as below one amp and just a few tens of volts up to 1959, respectively. Several other 

devices like gate turn-off thyristors, MOSFETs, BJTs, microprocessors, and power integral circuits 

were developed during and after the years of second-generation power devices. 

The IGBT was created in the 1990s as the third generation power switch, considered a modern 

trend in electronics, introducing intelligent power devices and modules. The golden era of power 

electronics was steered by the incremental developments of many advanced power semiconductor 

devices such as microprocessor/DSPs, FPGAs, ASIC chips, advanced converter topologies, PWM 

techniques, and advanced control techniques. The decrease in costs and scale, along with increase 

in performance, began the proliferation of power electronics applications in automotive, 

commercial, domestic, transport, aerospace and armed forces systems [2]. 

 

1.1.1  Modern Power Electronics 

In order to minimize reliance on oil and gas, most developed countries use renewable energy 

options such as solar energy, wind power, geothermal energy, and biomass. It has thus gained a 

high degree of demand in recent times [3]. In real life, the value of power electronics is now a 

requirement. Examples include High Voltage DC(HVDC), Static VAR Compensator (SVC), 

Flexible Ac Transmission System (FACTS) for active and reactive power flow management, 

Uninterruptible Power Supply (UPS), and variable frequency drive industrial process control to 

increase product efficiency and quality in modern factories [2]. It is also used for high-frequency 

drives used in pumps and compressor drives, drives for paper and cloth mills, rolling metal and 

textile mills, electric and hybrid cars, elevators, propulsion for subways and locomotives, air 

conditioners for variable speeds, machine tools and robots, home appliances, wind energy systems 

and propulsion for ships. In power electronic systems such as domestic, commercial, transport, 

industrial pumps, utility systems, aerospace, telecommunications, etc., enormous applications can 

be made [4-5]. With the aid of power electronics, saving electricity offers financial gain 

immediately where the cost of energy is huge. A preliminary calculation by the Electric Power 

Research Institute (EPRI) is that 15-20 percent of utility electricity can be saved by using power 

electronics extensively [2]. 
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Power electronics play a significant part in addressing global warming, which is now a huge global 

concern. The primary cause for the global warming issue is the human-made greenhouse gas 

produced. Renewable energy can satisfy a large portion of the energy demand. So it can be 

concluded that due to the vast expansion of the power electronics applications concerning the size, 

cost reduction of the implementation and improved performance, it will undoubtedly flourish 

everywhere soon.  

1.1.2 Power Electronic Systems  

The mixture of electronics, power, and control is power electronics. The steady-state and dynamic 

aspects of closed-loop systems are represented by control systems. Power is the static and moving 

power equipment used to generate, transfer and convey electrical power. Solid-state  instruments 

and signal processing circuits reflect circuitry that achieve the desired control objectives are 

represented by electronics. It is then applied to the devices and goods used in the transfer and 

management of electrical energy flow, ensuring that electricity is provided in a tiny thin package 

with optimum efficiency. 

The conversion process is achieved with two functional modules called the power processor and 

controller in most power electronic systems. The block diagram of the power electronics system 

for a single source and single load converter is shown in figure 1.1. In the Method for transforming 

and regulating the flow of electrical energy, this procedure is introduced, ensuring that power is 

provided with optimum efficiency. It consists of power semiconductor devices and passive 

devices. The controller deals with the operation of the switches by controlling the voltages and 

currents calculated at the input and/or output of the device according to particular algorithms [4]. 
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Figure 1.1 Block diagram of a power electronic system 

1.2 Switch Mode Converter 

The switched-mode power supply (SMPS) is an electronic power supply that integrates a switching 

regulator for effective transfer of electrical power. The SMPS transmits DC or AC power to DC 

or AC loads. Switch mode converters, transform DC source to AC, are used to drive ac motors and 

uninterrupted ac power supplies to achieve an ac output- the magnitude and frequency of which 

can be controlled [5]. The switch-mode Inverter is a converter by which the transfer of electricity 

is reversible. The input dc voltage of the Inverter is accomplished by rectifying and filtering the 

line voltage, considered an ac motor drive, and the voltage across the output terminals is needed 

to be sinusoidal with modified magnitude and frequency. The switch-mode dc-to-ac Inverter 

performs this operation. Generally, electricity passes from the side of dc to the side of ac, which 

is referred to as the mode of operation of the Inverter. On the other hand, the kinetic energy 

associated with the motor's inertia and its load is restored, and the ac-engine serves as a generator. 

Alternative regenerative braking is applied to avoid this rectifier mode of operation, if the braking 

occurs regularly, to have the energy extracted from the inertia of the motor load and fed back to 

the utility grid. 

The power of electrical and electronic devices can be converted and controlled with the help of 

power electronics, and the system can run efficiently as per human requirements. The main element 
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of power electronics is the switching converter [6]. Converters are classified into the following 

types, depending on the mode of conversion for single-phase and three-phase ac outputs. 

 AC-AC converters  

 DC-DC converter  

 AC-DC converters  

 DC-AC converters  

1.2.1 AC to AC converters 

The AC to AC cycloconversion converters are also known as ac voltage controllers. They can 

control load voltage without changing the frequency; applied in industrial heating, on-load 

transformer tap changing, light controls, poly-phase induction motor’s speed control, and ac 

magnet controls. 

1.2.2 DC to DC converters 

DC to DC converters, referred to as choppers, transform a dc source of fixed voltage into a dc 

source of variable voltage that has recently been commonly used in green energy systems. As it 

may be used to step-up or step-down a dc source, it can be viewed as dc equivalent to an ac 

transformer with a continuously variable turn ratio. Portable computing devices such as cellular 

phones, notebook computers and even space crafts are the other applications. The output voltage 

level of the Spacecraft Fuel Cell is very low. To raise the voltage level to the desired dc voltage 

level, step-up converters are used. 

1.2.3 AC to DC converters 

The AC to DC converters are commonly known as rectifiers. Rectifiers are used in a variety of 

commercial, residential, rural, and other applications to transform ac voltage or current into dc, 

carrying a greater or smaller magnitude. Thanks to its nearly infinite output energy and fine 

controllability, it is used as a stand-alone unit feeding single and multiple dc loads. In order to 

tackle electromechanical transients occurring in motor drives and power supplies, the speed of 

reaction is usually adequate.  
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1.2.4 DC to AC converters 

The DC to AC converters are commonly referred to as Inverters. This transforms a dc input voltage 

of the desired magnitude and frequency to a symmetrical ac output voltage. The output voltage 

could be constant or variable. A traditional power Inverter needs a reasonably reliable DC power 

source capable of producing adequate current for the system's estimated power requirements. The 

input voltage has been planned in compliance with market demand. 

In automotive applications such as variable-speed ac motor drives, induction heating, standby 

power supplies and uninterruptible power supplies, Inverters are widely used. A battery, fuel cell, 

solar cell or other DC sources may be the input. One of the booming applications nowadays is the 

Multilevel converters/Inverters in grid-tied PV energy conversion systems. 

 

1.3 Literature review and problem identification 

1.3.1 Literature review 

The thesis work concentrates on the development of an Analytical Methodology for the Loss 

Calculation of the Modular Multilevel Cascaded Inverter with Third Harmonic Injected (THI) 

PWM. However, different circuit topologies of DC-AC Multilevel Inverters have been studied 

from the beginning of the thesis work. It has been found that various isolated and non-isolated 

Inverter topologies have been developed to provide a medium or high voltage high power 

conversion.  

There exist some losses in the Multilevel Inverters in the form of switch loss and conduction loss. 

Loss evaluation in this type of Inverter needs special attention because currents always vary in 

different switches of the Inverter depending on PWM techniques. In [7], average power loss was 

calculated using device threshold voltage. Diode conduction loss has not been considered. Also, 

total device numbers were not considered in loss calculation. The average switching loss for IGBT 

and diode are obtained by multiplying switching energy with instantaneous current and switching 

frequency Evaluating the losses in Multilevel Inverters are very important because power loss is 

considered a very important indicator of the system's expense, performance and reliability. Diode 

losses include losses or conduction of the on-state, losses of the diode turn-on and losses of the 
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diode reverse recovery. The diode turn-on losses in the calculation are so minimal that they can be 

overlooked [8]. In some experiments, the instantaneous switching current of IGBT has been taken 

for calculation [9-12]. A specific IGBT manufacture Company's datasheet has been required as a 

reference to get an exact value for loss calculation [13]. For IGBT and diode, the most reliable 

way of switching loss measurement is the determination of current and voltage waveforms during 

the transition, where switching energy at turn-on or turn-off transitions is the field under the power 

waveform [14]. The failure calculation also allows the manufacturer to maximize the overall 

efficiency of the system, pick the system's heat sinking equipment, and cooling Method [15]. The 

individual current/voltage and the service cycle of semiconductors are the key variables 

influencing switching and conduction losses of Inverters. At each switching event, the energy 

dissipation is proportional to the current level and the junction temperature at that moment. 

 

SMPS (Switched Mode Power Supply) converters are very important in this aspect due to ease of 

application and scope of improvement. To operate the switch-mode power Inverters, the Inverters 

must be connected with a dc voltage source. Renewable energies such as photovoltaic system is a 

great aspect for the dc source. Due to solar radiation, temperature and load, the PV modules are 

affected, and the output characteristics of the PV array become nonlinear. High cost and low 

efficiency these two vital factors are the reason to limit the implementation of PV systems in 

energy conversion. In recent times, grid-connected photovoltaic systems are the higher developing 

solar energy applications. Certainly, the efficient use to harvest solar energy requires the 

implementation of maximum power point tracking (MPPT) unit [20]. The possible power Inverters 

of a PV system are of two types such as - Inverters in Small-Scale Solar PV Systems (Output 

voltage obtained below 6 kV) and Inverters in Medium and Large-Scale Solar PV Systems (Output 

voltage obtained between 6-36 kV). The Small-scale PV systems are then subdivided into three 

categories such as - Two-Stage Solar PV Inverters Systems [23], Multiple-Stages Solar PV 

Inverters Systems [32] and Single-Stage Solar PV Inverter Systems [33]. On the other hand, 

Multilevel Inverters, as the topologies of the Multilevel Inverters, are discussed in the following 

chapter, used for Medium and Large-Scale Solar PV Systems [48-49,55-57]. 

In [32], Multiple-Stages Solar PV System is categorized under Small-scale PV Systems; it has 

been described that galvanic isolation is mandatory to reduce the ground leakage currents. Via a 

power frequency transformer on the grid side of the PV Inverter, which can also operate for voltage 
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step-up operation, the insulation can thus be accomplished. This transformers of power frequency 

are heavy, increase the cost of installation of the PV Inverter and require daily maintenance. 

Instead, several high-frequency transformer-based Solar PV Inverter topologies have been 

developed for Small-Scale Systems. The PV-based high-frequency transformer can decrease 

performance and increase system costs, but it can greatly reduce the power conversion system's 

weight and volume and mitigate the problems of grid isolation. Among all the Multilevel Inverters 

used for Medium and Large-scale PV systems, the diodes and the capacitors are eliminated, and 

multiple isolated and balanced DC sources are connected across each H-Bridge in the Modular 

Multilevel Cascaded (MMC) Inverter. To balance the voltage of the DC sources with (MPPT) 

operation – a common high-frequency magnetic link is used [52-53]. Electrical separation between 

the PV array and the grid is also provided by the high-frequency magnetic connection. For this 

thesis work, the output obtained from the Conventional 15-level Inverter has been studied and 

analyzed for implementing the Proposed loss calculation Methodology [55-57].  

In the Conventional 15-level Multilevel Inverter's input side, a control signal as a continuous 

triangular frequency is required in order to compare with the 3-phase sinusoidal signal, which is 

called a reference signal. As this Multilevel Inverter is working with a 15-level control signal, so 

the 3-phase sinusoidal reference signals are comparing with 15 levels, and as a result, gate pulses 

are generated for the switch (IGBT).  

The Inverters which are operated with Pulse Width Modulation (PWM) are called PWM Inverters. 

There are various schemes for pulse width modulation applied in the Inverter switches to achieve 

the desired ac output voltages. Many varieties of reference signals are used in both traditional 

converters as well as Multilevel converters. The Sinusoidal, Third Harmonic Injected Sinusoidal, 

60o Modulated Sinusoidal and Trapezoidal are the vital reference signals or control signals 

(constant or slowly varying in time) used in both the Conventional Inverter system and the 

Multilevel Inverter system [58-59]. All are of various characteristics having unique advantages 

and disadvantages. By decreasing the amount of switching occurrences in a period,  the switching 

losses can be decreased. When these four individual reference signals with level-shifted carrier 

signals used in a 3-phase system, four different modulation schemes are generated, such as The 

level-shifted carriers with sinusoidal references known as the Sin Pulse Width Modulation 

(SPWM) scheme, the level-shifted carriers with Third Harmonic Injected Pulse Width Modulation 
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(THIPWM) scheme, The level-shifted carrier with 60o Modulated Sinusoidal references known as 

the 60o Pulse Width Modulation (SDPWM) scheme, The level-shifted carrier with Trapezoidal 

type references known as the Trapezoidal Pulse Width Modulation (TRPWM) scheme. In [58] and 

[59], the output of the 120° shifted sinusoidal three reference signals and output of the THIPWM 

reference signals obtained by the MATLAB/Simulink model from the 3-phase Modular Multilevel 

Cascaded Inverter Circuit have been illustrated, respectively. 

As per the concern of the carrier signal, PWM techniques for gate signal generation generally has 

two Methods in Multilevel Inverters such as Level shifted Carrier Pulse Width Modulation 

(LSCPWM) and Phase shifted Carrier Pulse Width Modulation (PSCPWM). Also various schemes  

as In Phase disposition (IPD), Phase Opposition disposition (POD) and Alternate Phase Opposition 

Disposition (APOD). Level shifted carriers are arranged vertically, exists between two voltage 

levels. Thus it is named as level-shifted. By Comparing with phase-shifted carrier-based 

modulation scheme, level-shifted carrier-based modulation scheme provides less distorted ac 

outputs. In level-shifted scheme on a particular phase leg, the following parameters are calculated 

as (1) Carriers are level shifted by, ɵls = ± Am/(m-1), (2) Peak to peak amplitude of carrier signal, 

Acl = Am/(m-1) [where, Am = peak to peak amplitude of the reference signal] and (3) Amplitude 

modulation index, mal = Am/(m-1)Acl .  The literature [60] defines the switching patterns produced 

by the PWM technique of Level Shifted in Phase Disposition (LS-IPD) where four triangular 

waveforms are compared to a sinusoidal relation for the generation of switching signals in each 

case. 

By comparing with the 3-phase THIPWM sinusoidal reference signals, level-shifted 15-level 

carriers generate 15 signals for the H-bridge cells in this thesis work. Those 15 pulses fire the 1st 

cross pair IGBTs of a single H-bridge cell while the other 2nd cross pair is off and vice-versa. Each 

pair of IGBTs has 3 output voltages. There are 7 H-bridge cells for a 15-level MMC Inverter; each 

consists of 4 switches (IGBTs). The gate pulses generated by Level shifted In Phase disposition 

(LSIPD) Method by MATLAB where every carrier signal is in phase but in distinct levels [61]. In 

this thesis work loss calculation has been Proposed for the 3-phase 15-level Modular Multilevel 

Cascaded (MMC) circuit. 

The total losses of the concerned Inverter vary on the modulation, level number, and the IGBTs' 

inherent behavior. Different switching Methods are introduced for loss evaluation of MMC with 
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different switching strategies [64]. Loss calculation was done by only fixed modulation index and 

fixed power factor for 7-level MMC circuit controlled by SPWM as well as 2nd order polynomial 

equations were calculated for switching loss and conduction loss [72]. Moreover, IGBT type 

FZ250R65KE3, 6.5 kV, 250 A rated IGBT module is used for 11 kV Low to Medium Voltage 

System. THIPWM is used as a switching technique in the Proposed Method with a level-shifted 

scheme, which is aimed to obtain a better spectra property. The Proposed research is aimed for 

developing an Analytical Methodology for loss calculation using Modular Multilevel Cascaded 

(MMC) or H-bridge Inverter circuit. 

1.4 Problem Identification 

In previous Methods to analyze the loss, instant current and threshold voltage of the device were 

taken for developing the equations for the average conduction loss calculation. The average 

switching loss for IGBT and diode are obtained by multiplying switching energy with 

instantaneous current and switching frequency. In the Proposed Method, an Analytical 

Methodology has been developed for the loss calculation with the help of rms and average current 

instead of taking instant current. Instant current is avoided in this Proposed Method because at 

continuous and different gate pulses, currents enter into the IGBT and its antiparallel diodes 

continuously. The amount of current is not the same in all cases because gate pulses are not the 

same all the time. So current varies. Therefore, rms and average current have been calculated to 

develop the Proposed Analytical Methodology. 5th order polynomial equation was used for 

calculating conduction loss and switching loss. The loss calculation Method is applied in 

THIPWM-controlled MMC Inverter to get lower THD. IGBT 5SNA 1500E250300 (ABB), 2.5 

kV 1500 A rated IGBT module is used in the MMC Inverter for 11 kV Medium Voltage System. 

Real data sheet data is used for calculation. 

Hence, the aim of this research is to develop an Analytical Methodology for calculating the loss 

for Modular Multilevel Cascaded Inverter (MMC) and to design circuits as per the developed 

equations.  
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1.5 Thesis Objectives 

The principal goal of this thesis is to develop a new Analytical Methodology for the loss calculation 

of the Modular Multilevel Cascaded Inverter. However, more particularly, the objectives include: 

1. To analyze a loss calculation Method for computing the losses for Modular Multilevel 

Cascaded Inverter (MMC) with Third Harmonic Injected (THI) PWM. 

2. To develop some theoretical equations as per the analysis of the loss calculation Method 

in terms of conduction loss and switching loss for both IGBTs and their antiparallel diodes. 

3. To design some circuits applied inside the IGBTs of the Inverters as per the developed 

equations of the conduction loss and the switching loss.  

4. To incorporate an xl sheet in order to read the loss during different switching time. 

5. To justify the efficacy of the Proposed Methodology by simulation results. 

 

1.6 Thesis Organization 

This thesis focuses on the study - a new Analytical Methodology for loss calculation of the 

Modular Multilevel Cascaded Inverter with Third Harmonic Injected (THI) PWM. 

 In Chapter 2, different Inverter topologies including Conventional and Multilevel 

Inverters are discussed. The working principle of the Conventional Inverter is explained.  

 In Chapter 3, the different losses of IGBT and diode are identified and the Proposed 

Methodology for loss calculation are introduced.  

 In Chapter 4, the performance of the Proposed Method is analyzed. Performance 

comparison is shown using Proposed loss calculation Method with an Inverter circuit from 

another published IEEE paper to measure the efficacy of the Proposed Method.  

 Chapter 5 includes the conclusion of the thesis, where a brief summary of the results is 

illustrated with some recommendations for future work. 

 References are added at the end of the report. 
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CHAPTER 2 

 

DC-AC CONVERTERS 

 

The switch-mode dc-to-ac converters, known as Inverters, are used to provide ac power in ac motor 

devices and uninterruptable ac power supplies. The Inverters are designed with a particular 

arrangement of certain power semiconductor components, work with the technique of pulse width 

modulation (PWM) and switch between various circuits, which ensures that the Inverter is a 

nonlinear but smooth mechanism. Furthermore, the regulation strategies of the Inverter are similar 

to those of DC-DC converters. Different kinds of Inverters are available on the market according 

to the intent. The Inverter aims to adjust the input DC voltage to the desired magnitude and 

frequency of a symmetric AC output voltage. The output voltage and the frequency may be 

variable or fixed. By varying the dc input voltage and by keeping the Inverter gain constant, the 

variable output voltage can be obtained. On the other hand, if the DC input voltage is constant and 

not controllable, it is possible to achieve a variable output voltage by varying the Inverter's gain, 

which is regulated by the pulse width variation. The gain of the Inverter is determined by the AC 

output voltage ratio to the DC input voltage. Square-wave or quasi-square-wave voltages are ideal 

for low and medium-power applications, whereas slight twisted sinusoidal waveforms are suitable 

for high-power applications. The input dc is acquired from a diode-bridge rectifier and LC or C 

filter from a single-phase or three-phase utility power supply. There are many PWM technique and 

of all the control technique, the THIPWM modulation will reduce the switching losses of the 

Inverter. By flatting the top of the waveform of the sinusoidal reference signal decreases the 

number of switching occurrences in each cycle of the THIPWM. 

 

2.1 Inverter Circuit Topologies  

If the input of the switch mode Inverters are dc voltage source, they are called voltage source 

Inverters (VSIs) and if the input of the switch mode Inverters are dc current source, they are called 

current source Inverters (CSIs) though CSIs has limited applications. VSIs can also be classified 
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into two categories, High Power 2-level Voltage Source Inverter and Multilevel Inverters. 

Multilevel Inverters are further classified into Single DC source and Multiple DC source. Flying 

Capacitor (FC) and Neutral Point Clamped (NPC) Inverters are classified under Single DC source 

and Cascaded H-Bridge is classified under Multiple DC source. The Inverter Circuit topologies is 

shown in figure 2.1. 
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Figure 2.1 Inverter Circuit topologies 
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2.1.1 High Power 2-level Voltage Source Inverter/Conventional Inverter 

Two level Inverter is known as Conventional Inverter which is primarily used to achieve a 

controllable voltage [4-6]. The two-level Inverter is a circuit which comprises of voltage sources 

with a certain amount of voltage and several voltage or current control switches. The traditional 

two-level Inverters, however, have some pitfalls in high-power and high-voltage applications, 

primarily due to switching losses and power system rating restrictions. Power loss is very high due 

to the existence of multiple switches and sources. In traditional two-level Inverters, with the help 

of semiconductor power switches, consists of similar three legs. Therefore, each phase's output 

(VAN/VBN/VCN) depends only on dc bus voltage and the switching status. Since any switch of each 

phase can be ON at any moment, the output voltage does not change with the change of load 

current. In traditional two-level Inverters, with semiconductor modules' help, the input DC is 

converted into the output as an AC supply of the desired frequency and voltage. A switch group is 

operated to provide the positive half-cycle output, called positive group switches, and the negative 

group switches are the other group that is operated to provide the negative half-cycle. The 

traditional three-phase Inverter load is divided by 1200 with each other's fundamental frequency 

by three different single-phase Inverters. In such situations, such as having a three-phase output 

transformer or independent access to each phase on the load side, this configuration is preferred. 

Such access is, however, not available in operation. An Inverter constructed with at least 12  

switches is required to make this arrangement feasible to provide an uninterruptible ac supply 

referred to as a 3-level Inverter called a Multilevel Inverter. Started from 3-level or above is known 

as Multilevel Inverters. A Conventional/2-level 3-phase voltage source Inverter (VSI) is shown in 

figure 2.2. 
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Figure 2.2 The Conventional Three Phase Inverter [4-6] 

 

To receive three-phase balanced voltages, the above three single-phase Inverters are split into each 

other by 120 °. Depending on the application, traditional 3-phase VSIs contain six semiconductor 

switches, using IGBT, MOSFET, etc. The feedback diodes, which are located anti-parallel to the 

semiconductor switches, are worked to return the stored energy from the inductive load to the DC 

supply. The DC power is set as an input, and by providing the right gate pulses to the switches, the 

VSI transforms DC power into AC power. A capacitor with large capacitance is connected at the 

Inverter's input terminals to make the input dc voltage constant and remove the harmonics which 

fed back to the dc source. 

The modulation scheme applied at the input side of the Conventional Inverter is shown in figure 

2.3 and the output line voltage of the Conventional Inverter is shown in figure 2.4 respectively. 
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Figure 2.3 Modulation Scheme of the Conventional/2-level Three Phase Inverter 
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Figure 2.4 Line voltage of the Conventional/2-level (Three Phase) Inverter 
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2.1.1.1 Working principle of a Conventional/2-level Inverter 

A three-phase Inverter consists of three single-phase Inverter where each switch of each phase can 

be attached to the load terminal. For the basic control system, the operation of three switches may 

be coordinated such that a single switch operates at every 60 degrees to create a line-to-line o/p 

waveform. This waveform requires a zero voltage stage between the two parts of the square-wave, 

positive and negative. If PWM-based Methods are applied, it is possible to take the waveform's 

basic shape such that the third harmonic, and its multiples, is canceled. 

Usually, with a 120-degree angle, this Inverter's three arms would be delayed to produce a 3-phase 

AC supply. After any 60-degree angle, the switching can be performed. The switches will 

supplement each other, such as S1, S2, S3, S4, S5, and S6. In this, three single-phase Inverters are 

located over a similar DC source. 

By contrasting a reference wave and a triangular carrier, ordinary PWM modulation for two-level 

Inverters is done. For the output voltage signal, the reference wave has the frequency and 

amplitude necessary, and in a simple ordinary case, the triangular carrier wave has an amplitude 

of half the DC input voltage, and its frequency depends on the application but must be higher than 

the reference wave frequency. 

In order to obtain balanced and regulated three-phase output voltages with an approximately 

constant input dc voltage, pulse width modulation is used. To produce gate pulses that control the 

switching operations (On/Off) of the Inverter circuit for the IGBTs, a pulse width modulation 

technique is necessary. For regulating the conduction of IGBTs in the Inverter, there are various 

PWM Methods. The approach is to compare three sinusoidal control voltages, which have 120o 

phase difference, with the same triangular waveform. A three-phase Inverter is mainly concerned 

with the harmonics of line-to-line voltages. In the output voltage, harmonics which have lower 

order can be removed or reduced and harmonics which have higher order can be conveniently 

filtered by controlling PWM. Certain variables have been taken care of, such as 

 For low values of modulation ratio, a synchronized PWM should be used to eliminate the 

even harmonics and the ratio should be an odd integer. 
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 For modulation ratio which have large values, the amplitudes of sub-harmonics are small 

due to asynchronous PWM but results large currents which is undesirable. Therefore, the 

asynchronous PWM is avoided. 

 The output voltage produces several more harmonics in the sidebands during over 

modulation (where the amplitude modulation ratio is >1), regardless of the frequency 

modulation ratio value. 

There are basically two conduction modes of operation for 3-phase VSI such as 180o conduction 

mode and 120o conduction mode. They are described as follows. 

2.1.1.2 180° Conduction Mode  

The 180o conduction mode specified that three switches conduct at a time and each of the three 

switches conducts for a duration of π- radians. Each switch among the three conduct for 1800 time 

period and after every 60°, one of them is opened and a new one will be start conducting. Consider 

the pair of switches denoted by S1 and S2, S3 and S4, S5 and S6 belonging to three different legs 

of the three phase Inverter respectively (Figure 2.2). Both the switches which are in the similar leg 

should not be closed at any instant of time as it has the possibility of DC short circuiting. Therefore, 

it has to be kept in mind that such scenario can be prevented.  

Switching sequence is started by closing the S1 switch and naming it as 0o. S1 switch will conduct 

from 00 to 180º for the positive half-cycle as the selected length of conduction is 180º. To make 

the positive half cycle complete, after S1, S3 start conducting for second positive half cycle by 

1800 duration and after that S5 start conducting for 3rd positive half-cycle by 1800 of time period. 

Thus repeating the sequence a complete positive half-cycle is accomplished.  

To make the negative half-cycle complete, switch S2, S4 and S6 start conducting for 1800 of time 

period. When any of the positive half cycles completes, the respective switches corresponding to 

the negative half-cycle start conducting for the next 1800 of  the time period. In this sequence, each 

of the switches corresponding to positive half-cycle and negative half-cycle conducts respectively. 

The ideal three-phase voltage waveform is obtained as illustrated in figure 2.5 by adopting this 

symmetrical switching. The flipping sequences for the 180o conduction mode are seen in Table 

2.1. 
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 Table 2.1 Switching sequences for 1800 Conduction Mode 

 

 

 

 

 

 

 

 

2.1.1.3 120° Conduction Mode 

In all ways, the 120o conduction mode is identical to 180o, except that each switch's conduction 

time length is 120o. The conduction mode of 1200 stated that two switch at a time conduct and 

each of the two switches conducts for 120° time period. After every 60°, each switch among the 

two is opened and a new one will be start conducting. Consider the pair of switches denoted by S1 

and S2, S3 and S4 and S5 and S6 belonging to three different legs of the three phase Inverter 

respectively. One of the switches of each leg must be closed and another one be opened at any 

instant of time or else it has the possibility of DC short circuiting.  

All over again, switching sequence is started by closing the S1 switch at first and naming it as 0o. 

The switch S1 will be conducted from 00 to 120º of the first positive half-cycle as the selected 

length of conduction is 120º. The remaining time of the positive half-cycle counting from1200 to 

180º of the sinusoidal signal, S1 will be open and S3 will be close started from another 1200 to 

2400. Moreover, switch S5 will be closed from 240º to 360º. In this sequence, S1, S3 and S5 start 

conducting for 1200 of the time period to make a positive half-cycle of the sinusoidal wave. To 

make the negative half cycle of the sinusoidal wave, switch S2, S4 and S6 will be closed for 1200 

time period. In this sequence, the ideal three-phase voltage is obtained as depicted in figure 2.6 by 

following this symmetrical switching. The flipping sequences for the 120o conduction mode are 

seen in Table 2.2. 

 

 

Interval Duration Conducting Switches 

1 180° S1 S2 S3      
2 180°  S2 S3 S4     
3 180°   S3 S4 S5    
4 180°    S4 S5 S6   
5 180°     S5 S6 S1  
6 180°      S6 S1 S2 
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Table 2.2 Switching sequences for 1200 Conduction Mode 

Interval Duration Conducting Switches 

1 120° S1 S2           

2 120°   S2 S3         

3 120°     S3 S4       

4 120°       S4 S5     

5 120°         S5 S6   

6 120°           S6 S1 

 

In conclusion, it can be seen that an alternating three-phase voltage output can be obtained from 

both the 180 ° and 120 ° mode of switching conduction and the output is not a pure sinusoidal 

wave but resembles the three-phase sinusoidal voltage waveform. For a simple or traditional VSI 

circuit, the above research has been completed. Nevertheless, for obtaining a better sinusoidal 

performance, a realistic model based on this principle can be acquired using various types of 

accessible semiconductor devices or using some PWM scheme or using more semiconductor 

switches needed for a Multilevel Inverter. 

2.1.1.4 Analysis of converter waveform 

The analysis of converter waveforms for both 1800 and 1200 conduction mode have been discussed 

in this section. The Inverter operates in eight switching states. All the switches which are at the 

same leg should not be switched ON at a time because it can short the input voltage and this is a 

clear violation of the KVL. Therefore, the nature of the two swithes in the same leg is paired. 

According to the figure 2.2, 

𝑆1 + 𝑆2 = 1                                              (1) 

𝑆3 + 𝑆4 = 1                                              (2)  

S5 + S6 = 1                                              (3)  

The switching operation is accomplished by the modulation technique that ensures only the valid 

states.  
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2.1.1.5 Output voltage calculated for 1800 Conduction Mode 

By following the mentioned symmetrical switching (table 2.1) for 1800 Conduction mode, the 

phase voltages and the line voltages have been derived in the figure 2.5 sequentially. Line-to- line 

voltages are calculated by the equations described from the three phase output voltage waveform 

for 1800 conduction mode.  
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Figure 2.5 Output voltage waveform for1800 Conduction Mode of the three phase Inverter 
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For 00 to 600 time period   

Only S1, S4, and S5 are closed and the rest of the switches are open. Therefore, the following 

voltages are obtained. 

Phase voltage, VAN = VCN =
Vdc

3
, VBN = −

2Vdc

3
 

By using these equations, the line voltages can be derived as below - 

Vab = VAN − VBN = Vdc 

𝑉bc = VBN − VCN = −Vdc 

Vca = VCN − VAN = 0 

For 600 to 1200 time period  

Only S1, S4 & S6 are close and other three switches are open. Therefore, the following voltages 

are obtained. 

Phase voltage, VBN = VCN = −
Vdc

3
, VAN =

2Vdc

3
 

From these equations, the line voltages can be derived as below - 

Vab = VAN − VBN = Vdc 

Vbc = VBN − VCN = 0 

Vca = VCN − VAN = −Vdc 

For 1200 to 1800 time period  

Only S1, S3, and S6 are close and other three switches are open. Therefore, the following voltages 

are obtained. 
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Phase voltage, VAN = VBN =
Vdc

3
, VCN = −

2Vdc

3
 

From these equations, the line voltages can be derived as below - 

Vab = VAN − VBN = 0 

Vbc = VBN − VCN = Vdc 

Vca = VCN − VAN = −Vdc 

For 1800 to 2400 time period  

Only S2, S3, and S6 are close and other three switches are open. Therefore, the following voltages 

are obtained. 

Phase voltage, VAN = VCN = −
Vdc

3
, VBN =

2Vdc

3
 

From these equations, the line voltages can be derived as below - 

Vab = VAN − VBN = −Vdc 

Vbc = VBN − VCN = Vdc 

Vca = VCN − VAN = 0 

For 2400 to 3000 time period 

Only S2, S3, and S5 are close and other three switches are open. Therefore, the following voltages 

are obtained. 

Phase voltage, VAN = −
2Vdc

3
, VBN = VCN =

Vdc

3
 

From these equations, the line voltages can be derived as below - 

Vab = VAN − VBN = −Vdc 
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Vbc = VBN − VCN = 0 

Vca = VCN − VAN = Vdc 

For 3000 to 3600 time period 

Only S2, S4, and S5 are close and the rest of the three switches are open. Therefore, the following 

voltages are obtained. 

Phase voltage,   VAN = VBN = −
Vdc

3
, VCN =

2Vdc

3
 

From these equations, the line voltages can be derived as below - 

Vab = VAN − VBN = 0 

Vbc = VBN − VCN = −Vdc 

Vca = VCN − VAN = Vdc 

2.1.1.6 Output voltage calculated for 1200 Conduction Mode 

By following the mentioned symmetrical switching (table 2.2) for 1200 Conduction mode, the 

phase voltages and the line voltages have been derived in figure 2.6 sequentially. Line-to- line 

voltages are calculated by the equations described from the three phase output voltage waveform 

for 1200 conduction mode.  
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Figure 2.6 Output voltage waveform for 1200 Conduction Mode of the three phase Inverter 
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For 00 to 600 time period  

Only S1, S4 are close and the other three switches are open. Therefore, the following voltages are 

obtained. 

Phase voltage, VAN =
Vdc

2
, VCN = 0, VBN =  −

Vdc

2
 

From these equations, the line voltages can be derived as below - 

Vab = VAN − VBN = Vdc 

Vbc = VBN − VCN = −
Vdc

2
 

Vca = VCN − VAN = −
Vdc

2
 

For 600 to 1200 time period  

Only S1 and S6 are close and other three switches are open. Therefore, the following voltages are 

obtained. 

Phase voltage,  VBN = 0, VCN = −
Vdc

2
, VAN =

Vdc

2
 

From these equations, the line voltages can be derived as below - 

Vab = VAN − VBN =
Vdc

2
 

Vbc = VBN − VCN = Vdc/2      

Vca = VCN − VAN = −Vdc   
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For 1200 to 1800 time period  

Only S3 and S6 are close and other three switches are open. Therefore, the following voltages are 

obtained. 

Phase voltage, VAN = 0, VBN =
Vdc

2
, VCN = −

Vdc

2
 

From these equations, the line voltages can be derived as below - 

Vab = VAN − VBN = −
Vdc

2
 

Vbc = VBN − VCN = Vdc 

Vca = VCN − VAN = −
Vdc

2
 

For 1800 to 2400 time period  

Only S2 and S3 are close and other three switches are open. Therefore, the following voltages are 

obtained. 

Phase voltage, VAN = −
Vdc

2
, VBN =

Vdc

2
, VCN = 0 

From these equations, the line voltages can be derived as below - 

Vab = VAN − VBN = −Vdc 

Vbc = VBN − VCN = Vdc/2 

Vca = VCN − VAN = Vdc/2 

For 2400 to 3000 time period  

Only S2 and S5 are close and other three switches are open. Therefore, the following voltages are 

obtained. 
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Phase voltage, VAN = −
Vdc

2
, VBN = 0, VCN =

Vdc

2
 

From these equations, the line voltages can be derived as below - 

Vab = VAN − VBN = −
Vdc

2
 

Vbc = VBN − VCN = −
Vdc

2
 

Vca = VCN − VAN = Vdc 

For 3000 to 3600 time period  

Only S4 and S5 are close and other three switches are open. Therefore, the following voltages are 

obtained. 

Phase voltage, VAN = 0, VBN = −
Vdc

2
, VCN =

Vdc

2
 

From these equations, the line voltages can be derived as below - 

Vab = VAN − VBN =
Vdc

2
 

Vbc = VBN − VCN = −Vdc 

Vca = VCN − VAN =
Vdc

2
 

2.1.2 Multilevel Inverters 

Multilevel Inverters are being extensively used in the renewable energy conversion process for 

high voltage and high power applications in order to achieve more efficiency than obtained from 

the Conventional Inverter system. The Multilevel Inverters starting from 3 level to different upper 

levels, were first Proposed in the year 1975 [41]. Multilevel Inverter topologies are of 3 types. The 

topologies are 
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 Neutral Point Clamped (NPC) 

 Flying Capacitor (FC) 

 Modular Multilevel Cascaded (MMC) or H-Bridge Inverter 

2.1.2.1 Neutral Point Clamped 

The Neutral Point Clamped topology (NPC) gives the best harmonic performance compared with 

the other basic Multilevel Inverter topologies. The number of diodes required for each phase leg 

is calculated by (2m-4), where m denotes the level number. Also the active switching devices for 

each phase leg is calculated by (2m-2). m-level output phase voltage and (2m-1) level output line 

voltage are obtained from the m-level NPC topology. In NPC topology, the more the converter 

level increases, the more the auxiliary diodes increases. Therefore, the major design challenge of 

NPC is considered as the reverse recovery of the large number of clamping diodes. Unlike Modular 

Multilevel Cascaded (MMC) Inverter, NPC requires a single DC supply. For a three phase m-level 

Inverter, (6m-12) auxiliary diodes are required. The 3 phase NPC topology shares a common DC 

bus voltage which has been subdivided by (m-1) capacitors into equal m-levels. Many 

development of NPC topology have been done in different times. A new NPC PWM 3-phase 3-

level Inverter was introduced in 1981 [45] shown in figure 2.7. 
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Figure 2.7 Three-phase 3-level NPC Inverter circuit [45] 
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2.1.2.2 Flying Capacitor 

The configuration of the Flying Capacitor (FC) topology is similar to the structure of the Neutral 

Point Clamped (NPC) topology. The distinction is that the auxiliary capacitors are needed for FC 

topology, while the auxiliary diodes are required for NPC topology. Active switching devices are 

calculated by (2m-2) for each phase leg, and the number of capacitors needed for each phase leg 

is calculated by (2m-4). From the m-level FC topology, the m-level output step voltage and (2m-

1) level output line voltage are obtained. FC topology, like NPC topology, shares a typical DC bus 

voltage that contrasts with the topology of Modular Multilevel Cascaded (MMC). When the 

amount of converter level is high, the number of necessary capacitors is also high, the main design 

challenge of FC topology. Thus, the design of a high-level FC Inverter device is impractical. An 

external control circuit is also needed to recharge the clamping capacitors with the voltage level 

necessary, which increases the size, weight and expense of the Inverter device. The primary value 

is that each branch can be evaluated independently. The number of auxiliary capacitors needed for 

each phase leg will be determined by (m2-3m+2)/2 for 3-phase, if the voltage rating of the 

capacitors is equal to that of the active switching devices. In [49], a new 3-phase 5-level FC 

Inverter topology was described shown in figure 2.8. 
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Figure 2.8 Three-phase 5-level FC Inverter circuit [49] 

 

2.1.2.3 Modular Multilevel Cascaded (MMC) Inverter 

Among all the above mentioned Multilevel Inverters, the Modular Multilevel Cascaded (MMC) 

H-Bridge Inverter has drawn a special interest because MMC Inverters require a less number of 

components and high power quality can be gained from this Inverter. These Inverters are used to 

extract power from solar system and a high power can be achieved from these Inverters which can 

be directly connected to the grid without LCL or EMC filter. The more the level increases, the less 

will be the harmonic content in the output waveform. The output becomes more synthesized with 

respect to increase of levels or vice-versa which resembles a staircase. The levels can be defined 

by 3,5,7,9,11,13,15,17,19,21 or more. A MMC Inverter requires 2(m-1) [m=level number] 

switches, voltage levels can be defined by 2N+1 [where, N= number of cells or dc link voltages]. 

A m-level MMC Inverter has m-level output phase voltage. The main advantage of MMC Inverter 

is that with minimum level of voltages maximum number of output voltage level can be obtained. 

A 3-phase 15-level H-Bridge Modular Multilevel Cascaded Inverter is shown in figure 2.9. 
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Figure 2.9 Three-phase 15-level H-Bridge Modular Multilevel Cascaded Inverter circuit 

[55-57] 

 

2.2  Comparison of the 2-level and Multilevel Inverters 

Multilevel Inverter starts from 3-level. The output voltage waveform is generated in a 2-level 

Inverter using PWM with two voltage levels, causing the output voltage and current to be skewed 

and the THD to be high. On the other hand, the output voltage and current of the 3-level Inverter 

is even more sinusoidal and the THD is better. 
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The efficiency of the whole system is dominated by the rectifier losses in light loads for 2-level 

Inverters.Whereas, the performance at maximum load is higher in 3-level Inverters than in 2-level 

Inverters. Better rated power consumption means a smaller heat sink and better reliability. 

It requires two modules in series in each phase in a three-level Inverter, but only one module per 

phase is required in a two-level Inverter. 

The two-level configuration is noted to be 27 percent cheaper than the three-level configuration, 

but it is 44 percent higher in a two-level Inverter than in a three-level Inverter in terms of power 

losses. The higher-level Inverter will have output power of less than 5% THD because it 

synthesizes the output voltage of the staircase by reducing the harmonic content of the waveform 

of the output voltage, which is similar to the reference signal of the sinusoidal voltage. Since they 

are quicker, lighter and cheaper than high voltage switches used in 2-level Inverters, the equipment 

used in multi-level Inverters are low voltage switches. They endure higher voltages as switches 

are built in series, so switching losses can be minimized because the switching frequency is smaller 

than the 2-level Inverter, and the switching speed for low voltage switches is also faster. Multilevel 

Inverters thus provide better sinusoidal voltage waveform than 2-level Inverters, and using more 

than two voltage levels, the output voltage can be generated, which allows the THD to be lower. 

Conduction losses are also smaller due to low forward voltage decline. The dv/dt of the output 

voltage is lower when using different voltage levels, so the strain in the cables and motor is lower. 

By switching frequency, conduction losses are not altered, but it depends on the modulation 

technique. With the Inverter modulation index MI and the load power factor PF, switching losses 

are independent, but increase linearly with the switching frequency. The conduction losses of the 

two-level Inverter are smaller compared with the equivalent switching losses for switching 

frequencies that are widely used. The general comparison between 2-level and Multilevle Inverters 

are shown in Table 2.3 and 2.4 respectively. 
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Table 2.3 The general comparison between 2-level/Conventional and Multilevel Inverters 

Sl 

No. 

Parameters       2-level     Multilevel 

1 Efficiency Low High 

2 Harmonics High Low 

3 Output voltage Low High 

4        Voltage Regulation   Not adjustable        Adjustable 

 

 

Table 2.4 Comparison between 2-level/Conventional and Multilevel 

Inverters based on parameter used 

 

 2- 

level 

Diode 

Clamped 

MLI 

Flying 

Capacitor 

MLI 

Cascaded 

H-Bridge 

MLI 

No. of 

switches per 

phase 

2 2(n-1) 2(n-1) 2(n-1) 

No of DC Bus 

Capacitors 

1 (n-1) (n-1) (n-1)/2 

No of 

Clamping 

diodes per 

phase 

0 (n-1)*(n-2) 0 0 

No of Flying 

Capacitors per 

phase 

0 0 (n-1)*(n-2)/2 0 
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CHAPTER 3 

 

Proposed Loss Calculation Methodology 

 

The Modular Multilevel Cascaded (MMC) Inverter or H-Bridge Inverter is one of the useful 

Multilevel converters/Inverters that uses the minimum voltage level and generates the maximum 

output voltage level. Isolated and balanced DC sources are connected to each H-Bridge of the 

MMC Inverter. A widely accepted high-frequency magnetic link is used to balance DC source 

voltage together with Maximum Power Point Tracking (MPPT), that also offers electrical 

insulation between the Photovoltaic system and the grid. Four switching devices are needed for 

each H-Bridge cell that can yield 3 distinct voltage outputs namely Vdc, 0 and –Vdc. The gate 

pulses generated by the Third Harmonic Injected PWM (THIPWM) Method and the current 

flowing through the H-Bridge cell are computed in such a manner as to evaluate the losses 

associated with it. Gate pulses are necessary for the computation of switching losses only, whereas 

currents are needed for the computation including both switching losses and conduction losses. 

There are 84 IGBTs in the 3-phase 15-level Modular Multilevel Cascaded Inverter Circuit, each 

phase contains 28 IGBTs and is therefore equally distributed in three phases.  

 

3.1 Identification of different losses in the IGBTs 

The behavior of IGBTs are observed by the manufacturer at Device Under Test Condition to 

identify different losses in IGBTs. figure 3.1 demonstrates different types of losses found by the 

manufacturer when switching device is tested. 
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There are five types of losses to be assessed for the MMC 3-phase H-bridge Inverter circuit. The 

losses are as follows, 

1. Switching turn-on loss, 

2. IGBT switching turn-off loss, 

3. IGBT (total) loss of switching, 

4. Diode turn-off loss, 

5. Loss of IGBT conduction 

6. Loss of diode conduction 

 

3.2 Methodology 

The calculation process of  the losses associated with the Multilevel Inverter has been designed in 

following four steps  

 First, design a circuit to control the positive and negative current of the IGBT. 

 Second, a Method has been stated along with a circuit to count the switching losses for 

both the IGBTs and diodes. 

 Third, a Method has been stated along with a circuit to count the conduction losses for both 

the IGBTs and diodes. 

 Fourth, accumulate all the above losses obtained from the IGBTs and diodes to count the 

total losses associated with the Inverter. 

 

This process has been explained in detail below. 

 

3.3 IGBT input Current Control Circuit 

 

To distinguish the positive and negative current of the IGBT’s input current, a circuit has been 

introduced inside the IGBT. The positive currents are then used for calculating the switching and 

conduction loss of the IGBT. The negative currents, on the contrary, are used to evaluate the turn-

off loss and conduction loss of the diode. The diodes are placed parallel to each IGBT which are 
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commercially available as a package. The IGBT input current control circuit has been illustrated 

in figure 3.2 (a) located in each IGBT. The current vs time graph obtained by MATLAB from the 

above mentioned circuit located in a random IGBT at any instantaneous time has been shown in 

figure 3.2 (b). The rest individual IGBTs can also give the same current vs time graph but the 

shape of the graph will not be similar to each other as the amount of current is not same due to 

different gate pulses. 
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                                                                                    Time (Sec) → 

(b) 

 

Figure 3.2 (a) IGBT input current control circuit 

(b)Time graph obtained from a random IGBT at any instantaneous time 

 

The above mentioned positive current and negative current from the IGBT input current can be 

separated and controlled by two separate circuits and the graph of positive and negative current can 

be illustrated in separate time domains as displayed in figure 3.3(a) (b) and in figure 3.4(a) (b) 

respectively. 
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3.3.1 Positive Current Control Circuit 
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Figure 3.3 (a) Positive current control circuit (b) Positive current vs time graph obtained by 

MATLAB 
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3.3.2 Negative Current Control Circuit 
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3.4 Switching loss 

Theoretically, switching losses can be determined by multiplying the voltage by the definite 

integral of the current, but practically it is difficult to provide voltage and current time functions 

during the switching process. The loss for current-switching of the IGBT and the loss of current-

recovery of the diode are calculated by measuring the area between current and voltage of the 

curves supplied by IGBT manufacturing companies in the device under test conditions throughout 

switching on and switching off time both for IGBT and diode shown in figure 3.1. Hence the above 

loss curve can be processed to approximate the losses such as EON-Time as the turn-on loss of switch, 

EOFF-Time as the turn-off loss of switch and Ed as the recovery loss of diode by MATLAB. The turn-

on losses of diode are less than 1% compared to the turn-off losses of diode. So, the turn-on losses 

of diode are neglected. In this thesis, switching losses are approximated by the following 5th  order 

polynomial equation, which can be obtained by the MATLAB curve fitting tool. The energy curves 

generated by MATLAB have been shown in figure 3.5. Switching losses are of three types 

namely (1) Turn-on loss of switch; (2) Turn-off loss of switch; and (3) Reverse recovery loss of 

diode. The circuit for assessing abovementioned switching losses is being shown in figures 3.6, 

3.7 and 3.8 respectively. 
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Figure 3.5 (a) Switching energies vs. collector current b) Diode reverse 

recovery characteristics vs. forward current 

 

The below 5th  order polynomial equations, obtained by the MATLAB curve fitting tool to 

determine the switch turn-on, turn-off and diode reverse recovery losses 

 

EON-Time = h1ig
5 +h2ig

4 + h3ig
3 + h4ig

2 + h5ig+ h6                  (1) 

EOFF-Time = j1ig
5 +j2ig

4 + j3ig
3 + j4ig

2 + j5ig+ j6                             (2)                                 

Ed= k1if
5 +k2if

4 + k3if
3 + k4if

2 + k5if+ k6                                              (3) 

   

The co-efficients of EON-Time are, 

h1 = -1.95 x 10-23 

h 2 = 3.961 x 10-20 

h 3 = 5.391 x 10-11 

h 4 = 2.552 x 10-08 
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h 5 = 0.000738 

h 6 = 0.09619 

 

The co-efficients of EOFF-Time are, 

j 1 = -2.831 x 10-17 

j 2 = 5.934 x 10-14 

j 3 = 7.197 x 10-11 

j 4 = -6.343 x 10-7 

j 5 = 0.00203 

j 6 = 0.2046 

 

The co-efficients of Ed are, 

k 1 = -2.34 x 10-24 

k 2 = 3.211 x 10-20 

k 3 = 5.448 x 10-8 

k 4 = -0.0004056 

k 5 = 1.108 

k 6 = 127.3 
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3.4.1 IGBT Switch Turn on loss 
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Figure 3.6 Switch Turn-on loss circuit 

 

3.4.1.1 Working Principle 

To calculate the IGBT Switch Turn on loss, the positive and rising current are required. For 

recognizing the rising current, MATLAB tool Edge detector is used. The function of the edge 

detector is that it compares the present input value to previous value to detect a change. Here when 

the switch turns on, the edge detector detects the entering current only after getting the gate pulse. 

Therefore, gate pulse is not required to mention in the design for switch turn on. The rising current 

is then passed through a switch consists of triple input and single output. The constants of the 5th 

order polynomial equation for switch turn-on loss are then mentioned in the circuit. 
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The output of the polynomial equation is then passed through another switch. A pulse generator is 

used for automatically turning on and off the switch. The input is then passed through two more 

switches. This is due to the temperature measurement of the IGBT. If IGBTs are getting heated, 

they can be burnt out. To reduce the heat of the IGBT, the duration of the gate pulses may increase 

or decrease or the IGBT may be removed. Therefore, to understand the IGBT temperature, a 

Memory device is used in the design. The function of the Memory device is that it records the 

starting temperature when the IGBT is in contact. Then it compares the ongoing IGBT temperature 

with starting temperature as reference and gives a feedback to the reference. By comparing with 

the reference temperature (starting temperature), an error is measured. That is how the IGBTs are 

decided to be kept on working or not. 

The output of the memory device is then passed through another switch and then passed through 

the sample and hold device. The function of this device is that it holds the data as energy, the 

energies are added together and then reset all the data for every alternate 0.02 sec (50% of the time 

period). These measured data are the losses occur in the system due to switch turn on condition. 

Loss means energy (in Joules). These losses are then divided by 0.02 sec (half of the time period). 

After that the output will come in Joule/sec (Watt).  
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3.4.2 IGBT Switch Turn off loss 
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Figure 3.7 Switch Turn-off loss circuit 

 

3.4.2.1 Working Principle 

The operating theory of the IGBT switch Turn-off loss circuit design is identical to IGBT switch 

Turn on loss circuit design. The only difference is Falling Edge detector is used in IGBT Turn off 

condition because only Falling current is taken into account for this calculation. 

 

 

3.4.3 Diode Turn off loss 
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Figure 3.8 Diode Turn-off loss circuit 

 

3.4.3.1 Working Principle 

The principle operation of the Diode reverse recovery loss circuit design is similar to IGBT switch 

Turn on loss circuit design. The only difference is Falling Edge detector is used in Diode reverse 

recovery condition because only Falling current is taken into account for this calculation. 
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3.4.4 Total Switching loss 

Therefore, the total switching loss for turning ON and OFF the IGBT and reverse recovery of 

Diode for the fundamental time period Tf  ( 0.02 sec) can be written as follows; 

 

              PIGBT(ON+OFF) =
1.  Vdc(practical)

𝑇𝑓.  Vdc(token)
∑ [EON Time + EOFF Time]N

𝑛=1          (4) 

             PDiode(OFF) =
1.  Vdc(practical)

𝑇𝑓.  Vdc(token)
∑ [Ed.(𝑖𝑓)]N

𝑛=1                                      (5) 

 

Here Vdc(practical) is the voltage provided by the manufacturer's data at which IGBTs are tested in 

Device under test condition and Vdc(token)  is the voltage of the MMC Inverter circuit (11016 V) 

using for this loss calculation Methodology. N denotes the total number of IGBT for n-level 

Modular Multilevel Cascaded Inverter. 

 

3.5 Conduction loss 

The typical current vs voltage on-state characteristic curve of IGBT and the typical current vs 

voltage forward characteristic curve of diode in different temperatures provided by the IGBT 

manufacturers. Hence the above curve can be processed to approximate the on-state voltage such 

as vg for switch (IGBT) and vf for diode. In this thesis work the above mentioned process is done 

by curve fitting tool of MATLAB to obtain 5th order polynomial equation of the on-state voltages. 

The typical characteristic curves obtained by MATLAB has been illustrated in figure 3.9. 
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Figure 3.9 (a) Typical IGBT current vs voltage on-state characteristics curve (b) Typical 

Diode current vs voltage forward characteristics curve 

 

IGBT on-state voltage can be represented by the polynomial equation written below, 

vg = C1ig
5 +C2ig

4 + C3ig
3 + C4ig

2 + C5ig +C6         (6) 

Similarly, the on-state voltage of diode can be represented by the below polynomial equation, 

vf = F1if
5 +F2if

4 + F3if
3 + F4if

2 + F5if +F6                 (7) 

The conduction loss is required for calculating both the IGBT and diode. Thus, it is of two types. 

 IGBT conduction loss 

 Diode conduction loss 

 

3.5.1 Analytical process of IGBT Conduction loss 

 

The Proposed Analytical Methodology is processed with the following systematic continuation. 

At first, a tangent has been drawn on the typical current-voltage curve at point O (ig1, vg1) as shown 

in the figure 3.10. Thus, an on-state zero current forward voltage drop vg0 as well as a common 

point of voltage and current (vg1, ig1) for IGBT is obtained. 



55 

 

As a consequence, the following straight line equation has been introduced for the tangent.  

  

Vg = vg0 + Rg.ig                                                                                                                                                                            (8)    
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Figure 3.10 Obtaining vg0 and Rg for IGBT 

 

From the above curve, the following points have been obtained.  

vg0 = Forward voltage drop of IGBT on-state zero current collector-emitter   

Rg = The on-state resistance of collector-emitter  

 

Therefore, at point O, it can be written,  

ig = ig1 and vg = vg1                                                                                                              (9) 

Now by differentiating the 5th order polynomial equation of voltage vg with respect to ig , the 

equation of slope m1 is gotten. 
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m1 = 
𝑑𝑣𝑔

𝑑𝑖𝑔
= 5c1ig

4 +4c2ig
3 +3c3ig

2 +2c4ig+ c5                                                                                                     (10) 

Using equation (8), (9); 

vg1 = vg0+ (Rg.ig1)                                                                                                            (11) 

Using equ (10) and (11); the zero-current collector-emitter forward voltage equation is gotten for 

IGBT, 

vg0 = vg1 – (m1.ig1)                                                                                                           (12)                             

Now getting the above expressions, the instantaneous IGBT conduction losses can be written as 

following [Similar to the equation (P=VI)], 

 

Pg (t) =  𝑣𝑔  (𝑡).𝑖𝑔(𝑡) 

= 𝑣𝑔0  (𝑡).𝑖𝑔(𝑡) + 𝑅𝑔. 𝑖2
𝑔(𝑡)     [vg = vg0 + Rg.ig ]                                                (13)    

Therefore, the average conduction power loss is found by, 

Pg = 
1

2ᴫ
∫ [𝑃𝑔 (𝑡)]𝑑(𝜔𝑡)                                                                                                              (14)

2ᴫ

0
 

    = 
1

2ᴫ
∫ [𝑣𝑔0 (𝑡). 𝑖𝑔 (𝑡) + 𝑅𝑔. 𝑖𝑔

2       (𝑡)]𝑑(𝜔𝑡)                                            
2ᴫ

0
                         (15) 

Pg= vgo. Ig (avg) + Rg.I
2

g (rms)                                                                                                                                                (16) 

 

Ig (avg) and .I
2

g (rms) are the average current and rms current of the IGBT respectively.  

 

For different level of voltages, the amount of currents are different in different time. That is why 

it is very challenging to measure the instantaneous current of the IGBT. Thus, the Proposed 

Method is constituted by taking the average and rms current for the conduction loss calculation. 

The similar Analytical process is also done for diode conduction loss which is described below. 
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3.5.1.1 The Proposed algorithm designed for IGBT Conduction loss  

Figure 3.11 is based on the equation [Pg= vgo.Ig (avg)+Rg.I
2

g(rms)]  of conduction loss obtained from 

the above mentioned Proposed Method.    
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Figure 3.11 IGBT Conduction loss 
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3.5.2  Analytical process of diode Conduction loss 

 

Similarly for diode, the Proposed Method is processed with the following systematic continuation. 

At first, a tangent has been drawn on the typical current-voltage curve at point T (if1 , vf1) as shown 

in the figure. Thus, an on-state zero current forward voltage drop vf0 as well as a common point of 

voltage and current (vf1, if1) for diode is obtained. 

As a consequence, the following straight line equation has been introduced for the tangent.  

 

vf = vf0 + Rf.if                                                                                                                                                                               (17)      
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Figure 3.12 Obtaining vf0 and Rf for Diode 

 

From the above curve, the following points has been obtained.  

vf0 =  Forward voltage drop of diode on-state zero current  
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Rf = The on-state resistance of the diode.  

 

Similarly for diode at point T, it can be written as if = if1    and vf=vf1                                             (18) 

 

Now by differentiating the 5th order polynomial equation of voltage vf  with respect to if , the 

equation of slope m2 is gotten 

m2 = 
𝑑𝑣𝑓

𝑑𝑖𝑓
=  5F1if

4 +4F2if
3 +3F3if

2 +2F4if+ F5                                                                     (19) 

Using equation (17), (18) and (19); the zero-current collector-emitter forward voltage equation is 

gotten for diode, 

vf0 = vf1 – (m2.if1)                                                                                                              (20) 

 

Now getting the above expressions, the instantaneous conduction losses of diode can be written as 

below Identical to the equation (P=VI)], 

 

    Pd (t) =  𝑣𝑓 (𝑡).𝑖𝑓(𝑡) 

= 𝑣𝑓0  (𝑡).𝑖𝑓(𝑡) + 𝑅𝑓 . 𝑖2
𝑓(𝑡)     [vf = vf0 + Rf.if ]                                                    (21)    

Therefore, the average diode conduction loss per phase can be written as 

Pd= vfo.If (avg) + Rf.I
2

f (rms)                                                                                                                                                    (22) 

Thus, adding both IGBT and diode conduction losses, the per phase total conduction loss with N 

number of IGBT and diode components is obtained by the following equation, 

Pgd = ∑ [ 𝑃𝑔(𝑛) +  𝑃𝑑
𝑁
𝑛=1 (𝑛)]                                                                                           (23) 
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3.5.2.1 The Proposed algorithm designed for diode Conduction loss  

The Figure 3.13 is based on the equation [Pd= vfo.If (avg) + Rf.I
2

f (rms)] of Diode conduction loss 

obtained from the Proposed Analytical Methodology.                                                                                                                          
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Figure 3.13 Diode Conduction loss 
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3.6 Loss Calculation  

3.6.1 The output obtained from the IGBTs  

 

The IGBT and its corresponding outputs are illustrated in figure 3.14 where outputs are denoted 

by the number as pn, qn, rn, sn, tn un [where n =1 to 28]. 

 

pn = switching turn-on loss, 

qn = IGBT switching turn-off loss,  

rn = IGBT switching (total) loss,   

sn = turn off loss of diode,   

tn = Conduction loss of IGBT,  

un = Conduction loss of diode. 
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Figure 3.14 IGBT-n of each phase (where n=1 to 28): pn, qn, rn, sn, tn, un are the outputs showing 

different types of losses 
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3.6.2 The Loss data Accumulation 

 

The following individual blocks (Figure 3.15) are called addition blocks which work for collecting 

the above mentioned output obtained from each IGBT and rearrange the output data as per 

requirement to measure the losses for the Multilevel Inverter system. 
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(e)                                     (f) 

Figure 3.15 (a) mb1=addition of all switch turn on loss, (b) mb2=addition of all switch turn off 

loss, (c) mb3=addition of total switching loss, (d) mb4=addition of diode turn off loss, (e) 

mb5=addition of all IGBT conduction loss, (f) mb6=addition of Diode conduction loss; per phase 
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3.6.3 Total Loss Calculation 

Per phase total switching loss, diode turn off loss, IGBT conduction loss and diode conduction 

loss are taken to calculate the per phase total loss.  

Moreover, to calculate the Inverter total loss, at first multiply the total loss (per phase) with 3 and 

3-phase total loss will be obtained. Figure 3.16 illustrates the total loss calculated for each phase 

and 3 phase of the 15-level MMC Inverter using Proposed Method. 

mb3

mb6

mb5

mb4

Per phase total loss 

add

x

3

3-phase 

Total loss 

(KW)

 

Figure 3.16 Total loss calculated for each phase and 3 phase for the 15-level MMC Inverter using 

Proposed Method. 
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CHAPTER 4 

 

PERFORMANCE & RESULTS 

 

The Proposed Analytical Methodology for the loss calculation of the Modular Multilevel Cascaded 

Inverter with Third Harmonic Injected (THI) PWM has been elaborated in chapter 3. There are 

various Analytical approaches of measuring conduction loss as well as switching loss of 

Conventional Inverter, some of are found in the literature [65-69]. However, the Methods 

developed for the Conventional system cannot be applicable for the multi-level Inverter because 

it has some specific structures [70]. 

At Inverter’s input side, a high frequency triangular signal known as control signal is generated by 

signal generator in order to compare with the 3-phase sinusoidal signals known as reference signal. 

By comparing the signals using comparator, gate pulses are generated to make the switch active.  

Sin Pulse Width Modulation is the basic form of PWM where gate pulse is generated by comparing 

sinusoidal signal with a high frequency control signal. If third harmonic component is imposed to 

SPWM, the original sin signal wave shape is changed and the wave shape looks like some flatting 

the top. This composed signal made of sin signal added with third harmonic component is further 

compared with the high frequency triangular wave to make the gate pulses required for the devices 

to be active. There are various modulation schemes. An experimental study has been done to make 

a comparative analysis between SPWM and THIPWM in the paper [56]. Relating to each other, it 

has been observed that Third Harmonic Injected Phase disposition scheme has lower THD than 

Sinusoidal Phase disposition scheme. Also it has been observed that applying the other schemes 

THIPWM has the lower THD than SPWM. 

4.1 Loss Factors 

To reduce the Inverter’s loss, following factors should be considered - 

(1) Using proper selection of device concerning with the level number. 



66 

 

(2)  The device’s working voltage is less than its rated voltage. The device is to be selected 

according to the high frequency switching and handling high power. Thus a high voltage 

Inverter must use commercially available devices provided by the reliable manufacturers. 

(3) Using Multilevel Inverters instead of Conventional Inverters. Because Multilevel reduces 

space, cost and maintenance effort as well as increase system efficiency. 

(4) Selecting proper modulation scheme. 

(5) Selecting the actual level number concerning with loss and available rated device. If level 

number increases, THD at the output voltage and switching loss decreases. Switching 

frequency and THD affects the efficiency of the Inverter. 

(6) Using proper Pulse Width Modulation (PWM) technique. The current is controlled by the 

PWM and it is also effective on voltage output and reduction of THD.  

 

4.2 Performance Analysis of Proposed Method for Conduction loss 

4.2.1 IGBT Conduction loss (W) 

By proceeding the Analytical equation in MATLAB surroundings, loss (W) of conduction is 

measured by running the circuit varying power factor angle and modulating index. By varying all 

possible combination of MI and pf angle, all the data has been collected in tabulated form (Table 

4.1) and represented in graphical form as figure 4.1. Considering the Multilevel Inverter of 15 level 

whose loss is calculating. The (output) voltage and current of the Inverter are 11016 V (rms) and 

1500A (rms) respectively. 
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     Table 4.1 IGBT Conduction loss data (W) for Single phase      

           

     

Power Factor 

Angle 

(Degree) 

Modulation Index 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

0 839.7 2098 3877 6169 9023 12527 16627 21435 26498 32938 

10 805.3 2065 3853 6123 8955 12448 16490 21268 26287 32665 

20 802.2 2050 3811 6046 8823 12242 16184 20848 25730 31940 

30 797 2025 3743 5916 8599 11887 15671 20137 24786 30709 

40 789.9 1992 3650 5735 8285 11390 14947 19137 23458 28979 

50 781 1949 3532 5507 7885 10760 14029 17868 21778 26786 

60 770.8 1899 3394 5239 7411 10016 12946 16371 19797 24198 

70 759.5 1844 3243 4947 6878 9192 11743 14709 17590 21316 

80 751.4 1802 3109 4710 6341 8413 10544 13083 15387 18444 

90 1387 3577 6053 10208 10306 17102 18078 26025 28367 36239 
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Figure. 4.1 3D figure of IGBT conduction loss (W) for Single phase 

 

The surface plot of switch conduction loss against modulation index and power factor for level-

shifted THIPWM (LSTHIPWM) in a three-phase 15 level Multilevel MMC Inverter is shown in 

the figure 4.1. From the table 4.1, it can be seen that when modulation index increases, loss 

increases and when power factor decreases, loss decreases.  

 

4.2.2 Diode Conduction loss (W) 

Like the IGBT conduction, the process for measuring the loss (W) of conduction is similar for the 

antiparallel diodes. The data has been organized in Table 4.2 and pictured in Figure 4.2.  
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Table 4.2 Diode Conduction loss data (W) for Single phase  

 

Power Factor 

Angle (Deg) 

Modulation Index 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

0 621.4 1271 1893 2344 2635 2751 2937 2590 1831 699.9 

10 614.1 1276 1916 2376 2676 2814 2998 2684 1955 861.7 

20 617.2 1289 1943 2433 2773 2958 3179 2930 2287 1312 

30 621.9 1310 1990 2528 2933 3190 3488 3346 2840 2055 

40 628.2 1338 2057 2661 3160 3518 3930 3952 3637 3115 

50 636.2 1374 2144 2832 3453 3950 4517 4761 4700 4519 

60 645.6 1417 2249 3040 3815 4485 5255 5775 6033 6273 

70 655.8 1465 2370 3279 4237 5111 6132 6978 7615 8350 

80 664.6 1511 2492 3529 4679 5767 7067 8265 9302 10568 

90 1100 2808 4683 7818 7725 12692 13415 19145 20690 26313 
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Figure 4.2 3D figure of Diode conduction loss (W) for Single phase 

 

The surface plot of Diode conduction loss against modulation index and power factor for level-

shifted THIPWM (LSTHIPWM) in a three-phase 15 level Multilevel MMC Inverter is shown in 

figure 4.2. From table 4.2, it can be seen that when modulation index increases, loss is consistently 

increases up to modulation index 0.7. From modulation index 0.8, the change is mostly decreasing. 

Also diode conduction loss increases when power factor decreases.  
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4.3 Performance Analysis of Proposed Method for Switching loss 

4.3.1 Switch (IGBT) Turn-on loss (W) 

By arranging the polynomial equation in MATLAB settings, loss of switching turn on is measured 

by running the circuit varying pf angle and modulation index. Switching loss is dependent on 

switching frequency and PWM. Table 4.3 describes the loss (W) of switching in terms of turn on. 

 

 

Table 4.3 Switch (IGBT) Turn-on loss data (W) for Single phase 

 

 

 

 

 

 

Power Factor 

Angle (Degree) 

Modulation Index 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

0 1155.9364 813.21 1076.4 946.95 1118.2 1284 1528 1750 1927 2216 

10 227.86555 353.69 485.41 613.01 752.38 885 1060 1233 1374 1634 

20 234.70876 354.03 469.24 580.67 695.39 810 978 1105 1223 1443 

30 233.41712 342.85 447.49 548.07 639.05 737 890 991 1071 1271 

40 226.83772 330.59 427.02 514.23 593.56 662 805 882 932 1117 

50 225.16027 324.13 412.18 484.93 548.68 597 730 786 808 977 

60 223.60496 318.67 400.85 467.72 515.26 541 652 707 703 861 

70 227.2651 314.8 391.84 448.13 490.74 486 583 648 620 775 

80 222.17565 310.97 383.48 446.28 475.47 451 538 610 573 723 

90 321.50683 553.43 733.85 1090.5 835.21 1339 1309 1817 1639 2291 
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Figure 4.3 3D figure of switch Turn-on loss (W) for Single phase 

 

Switch Turn-on loss depends on switching frequency, switching current and PWM. The figure 4.3 

illustrates that IGBT turn on loss is increasing with respect to increase of modulation index. At the 

higher power factor, the loss is higher. 
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4.3.2 Switch (IGBT) Turn-off loss (W) 

As the procedure discussed for IGBT turn on case, the loss of IGBT turn off has been measured in 

a same way. Table 4.4 describes the loss (W) of switching in terms of turn off. 

 

 

 

Table 4.4 Switch (IGBT) Turn-off loss data (W) for Single phase 

 

Power Factor 

Angle 

(Degree) 

Modulation Index 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

0 870.41 1077.8 1336.8 1558.9 1777.8 1982 2234 2448 2585 2909 

10 639.51 948.54 1241.7 1503.9 752.38 2009 2310 2578 2787 3172 

20 618.51 937.04 1255 1556.4 695.39 2141 2517 2837 3095 3545 

30 615.14 955.3 1286.4 1615 1943.4 2249 2718 3046 3364 3863 

40 624.26 971.71 1318.1 1661.5 2002 2357 2843 3213 3553 4153 

50 624.13 978.14 1333.9 1705.6 2061.9 2408 2907 3340 3713 4373 

60 623.98 972.98 1349.1 1716.9 2099.9 2445 2945 3424 3820 4532 

70 613.79 987.4 1358.3 1746.1 2127.7 2437 2935 3484 3902 4625 

80 625 996.03 1359.9 1755.5 2141.6 2437 2916 3526 3928 4709 

90 803.86 1355.5 1763.3 2382.3 2382.7 3139 3587 4657 5187 6863 
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Figure 4.4 3D figure of switch Turn-off loss (W) for Single phase 

 

The figure 4.4 portrayed that switching off loss mostly increasing when power factor is decreasing. 

The surface plot shows an unnatural change at modulation index 0.5 and power factor angle within 

20. As switching loss is dependent on some other factors, thus loss may increase or decrease 

depends on switching current.  
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4.3.3 Single phase Switch Turn-on and Switch Turn-off loss (W) 

Adding switch turn on and turn off loss, total switching loss has been calculated from MATLAB 

for taking same condition. Table 4.5 describes the total collectable loss (W) regarding IGBT 

switching. 

 

Power Factor 

Angle (Degree) 

Modulation Index 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

0 2026 1891 2413 2506 2896 3267 3763 4199 4513 5126 

10 867.4 1302 1727 2117 2515 2895 3371 3813 4162 4807 

20 853.2 1291 1724 2137 2547 2952 3496 3943 4319 4990 

30 848.6 1298 1734 2163 2582 2987 3609 4038 4435 5135 

40 851.1 1302 1745 2176 2596 3020 3649 4096 4486 5271 

50 849.3 1302 1746 2190 2611 3006 3638 4127 4521 5351 

60 847.6 1292 1750 2185 2615 2987 3598 4132 4524 5394 

70 841.1 1302 1750 2194 2618 2925 3519 4132 4523 5401 

80 847.2 1307 1743 2202 2617 2890 3454 4138 4502 5433 

90 1125 1909 2497 3473 3218 4479 4897 6474 6827 9154 

 

 

 

 

 

 

 

 

Table 4.5 Total Switching (IGBT) loss data (Turn-on and Turn-off)  (W) for Single phase 
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Figure 4.5 3D figure of Total switching (IGBT) loss (W) for Single phase 

 

The figure 4.5 demonstrates that total loss concerning IGBT switching is increasing when power 

factor is decreasing. Switching loss swing on some influences discussed in section 4.1. To 

minimize the switching losses, those aspects should be considered. 

 

4.3.4 Diode Reverse recovery loss (W) 

Diode Reverse recovery loss is calculated. Diode turn on loss is negligible. Table 4.6 describes the 

loss (W) data collected from the simulation and figure 4.6 demonstrates the surface plot of Diode 

Reverse recovery loss. 
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Table 4.6 Diode Switching loss (Reverse recovery) data (W) for Single phase 

Power Factor 

Angle (Degree) 

Modulation Index 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

0 217.04 383.5 531.72 673.91 781.09 571.11 560.67 1025.1 1066.4 1194.1 

10 311.2 463.6 596.06 701.01 793.45 528.91 522.46 967.71 985.17 1089.1 

20 320.01 462.87 574.63 660.41 726.31 458.52 464 854.26 868.41 945.29 

30 318.07 448.08 547.86 623.42 665.92 404.88 414.41 775.68 771.38 828.7 

40 309.23 432.2 523.99 586.58 623.41 363.85 395.75 707.46 682.26 740.49 

50 306.98 424.4 508.02 557.44 583.91 358.07 391.85 650.26 617.73 674.62 

60 304.92 418.06 496.99 544.03 559.29 360.09 396.19 613.44 576.16 636.59 

70 309.81 413.76 488.37 526.09 543.52 373.13 416.19 592.53 545.78 619.21 

80 303.08 408.7 478.43 525.16 534.12 374.81 427.99 575.2 532.69 608.62 

90 423.18 646.23 755.95 942.67 700.22 608.79 433.43 997.46 850.66 1048 
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Figure 4.6 3D figure of Diode Reverse recovery loss (W) for Single phase 

 

The figure 4.6 shows the diode Reverse recovery loss diagram with respect to power factor angle 

and modulation index. Loss varies with different power factors and modulation index. Diode 

Reverse recovery loss depends on diode current. The surface plot shows minimum loss at the upper 

modulation indexes and low power factor. 

 

4.3.5 Total Loss (Conduction and switching) (kW) for IGBT (switch) and Diode  

The above obtained results are added together by MATLAB blocks for calculating total loss for 

single phase Inverter. The table 4.7 explains the total loss data (kW) for a single phase Inverter 

and figure 4.7 shows the total Inverter loss of the Single phase Inverter. 
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Table 4.7 Single phase Inverter Total loss (kW) 

 

Power 

Factor Angle 

(Degree) 

Modulation Index 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

0 3.705 5.644 8.716 11.69 15.33 19.12 23.89 29.25 33.91 39.96 

10 2.598 5.107 8.092 11.32 14.94 18.69 23.38 28.73 33.39 39.42 

20 2.593 5.092 8.052 11.28 14.87 18.61 23.32 28.58 33.2 39.19 

30 2.586 5.081 8.015 11.23 14.78 18.47 23.18 28.3 32.83 38.73 

40 2.578 5.064 7.976 11.16 14.66 18.29 22.92 27.89 32.26 38.1 

50 2.574 5.05 7.93 11.09 14.53 18.07 22.58 27.41 31.62 37.33 

60 2.569 5.025 7.89 11.01 14.4 17.85 22.19 26.89 30.93 36.5 

70 2.566 5.025 7.851 10.95 14.28 17.6 21.81 26.41 30.27 35.69 

80 2.566 5.029 7.823 10.97 14.17 17.44 21.49 26.06 29.72 35.05 

90 4.036 8.94 13.99 22.44 21.95 34.88 36.82 52.64 56.73 72.75 
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Figure 4.7 3D figure of Inverter total loss (kW) for Single phase 

 

The figure 4.7 shows the surface plot of Inverter’s total loss in kW. The loss is consistently 

increasing with the modulation index. The loss is also smoothly decreasing when power factor 

decreasing. The loss has an abrupt changes at modulation index 1 and power factor angle 90 in all 

the cases. This is an unnatural combination which should be avoided.  
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The total loss (kW) of the 3-phase Inverter have been calculated by multiplying 3 with the Single 

phase Inverter total loss. Thus, 3-phase Inverter total loss is obtained which is shown in the Table 

4.8.  

 

 

 

Table 4.8 3-phase Inverter Total loss (Conduction loss and Switching loss) data (kW) 

 

Power Factor 

Angle (Degree) 

Modulation Index 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

0 11.11 16.93 26.15 35.08 46 57.35 71.66 87.75 101.7 119.9 

10 7.794 15.32 24.28 33.95 44.82 56.06 70.14 86.2 100.2 118.3 

20 7.778 15.28 24.16 33.83 44.61 55.83 69.97 85.73 99.61 117.6 

30 7.757 15.24 24.05 33.69 44.34 55.41 69.55 84.89 98.5 116.2 

40 7.735 15.19 23.93 33.48 43.99 54.87 68.76 83.68 96.79 114.3 

50 7.721 15.15 23.79 33.26 43.6 54.22 67.73 82.22 94.85 112 

60 7.707 15.08 23.67 33.02 43.2 53.54 66.58 80.67 92.79 109.5 

70 7.699 15.07 23.55 32.84 42.83 52.8 65.43 79.24 90.82 107.1 

80 7.699 15.09 23.47 32.9 42.51 52.33 64.48 78.18 89.17 105.2 

90 12.11 26.82 41.97 67.33 65.85 104.6 110.5 157.9 170.2 218.3 
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Figure 4.8 3D figure of 3-phase Inverter Total loss (kW) 

 

The surface plot of figure 4.8 illustrates that total switching loss of 3 phase Modular Multilevel 

Cascaded Inverter of 15-level has a smooth change of losses. The loss is nicely decreasing when 

power factor decreasing. Loss is also smoothly increasing when modulation index increasing. 
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4.4 Current graph for Conduction loss: 

 

To understand the average and rms current relationship during IGBT conduction loss, the 

following curves (Figure 4.9) are plotted at fixed power factor angle 30. 

 

  

 

  

  

 

Figure 4.9 Average and rms Current (A) vs Modulation Index graph for IGBT Conduction loss 

 

 

0

100

200

300

400

500

600

700

0.1 0.2 0.3 0.4 0.5 0.6 0.7

Current vs. Modulation Index graph at pf angle=30 for IGBT 

Conduction loss         

avg rms

C
u
rr

ee
n
t 

(A
) 

Modulation Index → 



84 

 

The figure 4.9 depicted that, rms and average both currents are sharply increasing when modulation 

index increasing during IGBT conduction loss Because of the higher voltage at upper modulation 

index, current value is also higher 

 

To understand the average and rms current relationship during diode conduction loss, the following 

curves (Figure 4.10) are plotted at fixed power factor angle 30. 

 

 

 

 

 

 

 

Figure 4.10 Average and rms Current (A) vs Modulation Index graph for diode Conduction loss 

 

The figure 4.10 illustrates that, rms and average both currents are gradually increasing when 

modulation index increasing during diode conduction loss Because of the higher voltage at upper 

modulation index, current value is also higher.  

0

10

20

30

40

50

60

70

80

0.1 0.2 0.3 0.4 0.5 0.6 0.7

Current vs Modulation Index graph at pf angle=30 for diode 

conduction loss

avg rms

C
u
rr

en
t 

(A
) 

→
 

Modulation  Index → 



85 

 

Figure 4.11 shows the current (A) vs Power Factor Angle (Deg) graph at the modulation index 0.9 

during IGBT Conduction loss. 

 

 

 

 

 

 

  

Figure 4.11 Average and rms Current (A) vs Power Factor Angle for IGBT Conduction loss 

 

The figure 4.11 describes that at constant modulation index (0.9), the current gradually decreases 

with the decrease of the power factor during IGBT Conduction loss.  
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Figure 4.12 shows Current vs Power Factor Angle graph at Modulation index 0.9 during Diode 

Conduction. 

 

 

 

 

 

 

Figure 4.12 Average and rms Current (A) vs Power Factor Angle for diode Conduction loss 

 

The figure 4.12 describes that the current is leisurely increasing with the decrease of power factor 

during diode conduction. The diode conduction depends on diode current. At modulation index 1 

and power factor angle 90, the changes are very high, this combination of switching should be 

avoided.  

0

500

1000

1500

2000

2500

10 20 30 40 50 60 70 80 90

Current vs Power Factor angle graph at MI=0.9 for diode 

Conduction  loss

avg rms

C
u
rr

en
t 

(A
) 

→
 

Power Factor Angle (Deg) → 



87 

 

Figure 4.13 shows Total loss (kW) vs Power Factor Angle (Deg) at Modulation Index 0.8. 

 

 

 

  

Figure 4.13 Total loss (kW) vs. Power Factor Angle graph 

 

Figure 4.13 illustrates that, total loss of IGBT in single phase is decreasing when power factor 

decreasing. As the current decreases at low power factor, loss also decreases. The total loss is 

measured in kW and the total loss vs. power factor graph is plotted at modulation 0.8. 

 

4.5 Achievement 

This is my findings that when power factor increases, current increases and loss increases. So , 

when design a Multilevel Inverter system, it has to be traded off. 
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4.6 Performance Analysis Comparison of the Proposed Method with the 7-level Modular 

Multilevel Cascaded (H-Bridge) Inverter 

In [72], Losses investigation is done with Sin Pulse Width Modulation (SPWM) controlled single-

phase 7-level Cascaded H-bridge Multilevel Converter/Inverter for 11 kV Medium voltage grid 

connected system. The IGBT FZ250R65KE3 is taken in this work where maximum operating 

current is 250 A. The loss calculation is done for a fixed Modulation index as well as fixed 

Resistance (R=24.45 ohm) and fixed Inductance (L=20 mH) in this experiment. The switching 

loss and conduction loss are calculated for individual switches and cells. 12 switches are required 

for the 7-level H-Bridge Inverter. The total loss of the Inverter is calculated as 9.03 kW analyzed 

for the 7-level H-Bridge Inverter using Proposed Method. 

 

4.6.1 Comparison of Loss Performance for Individual Switches 

Table 4.9 Loss Performance (W) Analysis of the 7-level H-Bridge Inverter – calculating loss for 

individual Switches [72] 

Losses (W) Sw 1 Sw 2 Sw3 Sw 4 Sw 5 Sw 6 

Switching 1120 160 155 1140 810 810 

Conduction 80 20 25 90 40 40 

 

Losses (W) Sw 7 Sw 8 Sw 9 Sw 10 Sw 11 Sw 12 

Switching 810 820 160 1100 1105 160 

Conduction 40 30 20 90 85 20 
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Figure 4.14 Switching losses (W) calculation block-1 [72] 

 

Table 4.10 Loss Performance (W) Analysis of the Proposed Method using 7-level H-Bridge 

Inverter for individual Switches 

Losses (W) Sw 1 Sw 2 Sw3 Sw 4 Sw 5 Sw 6 

Switching 233.16 606.36 346.28 1559.02 224.8 220.46 

Conduction 165.83 229.74 153.07 80.6 183.71 183.22 

 

Losses (W) Sw 7 Sw 8 Sw 9 Sw 10 Sw 11 Sw 12 

Switching 578.54 567.45 626.12 227.27 1609.16 340.5 

Conduction 132.8 133.4 230.62 165.55 79.54 153.27 
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                            Figure 4.14 Switching loss Calculation using Proposed Method 

 

 

 

        
 

      Figure 4.15 Switching loss (W) Calculation using Proposed Method-1 

 

By comparing the Proposed Loss Calculation Method with 7-level MMC circuit [72], the analysis 

from the Figure 4.14 (Reference) and Figure 4.15 (Proposed) show that each switch experience 

different losses when compared to other switches in the Inverter. The main reason for this 

dissimilarities is different current flow through the switches depending on the applied control 

function. In Figure 4.15, some switches like S1, S5, S6, S10 and S12 produce very low losses 

around 400 Watts. On the other hand, switches S4, and S11 generate high losses around 1650 

Watts. Table 4.09 and Table 4.10 are the losses measured in numeric numbers  obtained from the 

7-level and the Proposed Method respectively. 
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4.6.2 Comparison of Loss Performance for Individual Cells  

Table 4.11  Performance Analysis of the 7-level H-Bridge Inverter – calculating loss for 

individual Cells (W) [72] 

Losses (W) Cell 1 Cell 2 Cell 3 

Switching 200 300 150 

Conduction 2500 3050 2350 

 

 

 

Figure 4.16 Switching losses (W) calculation block -2 [72] 
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Table 4.12  Performance Analysis of the Proposed Method using 7-level H-Bridge Inverter for 

individual Cells (W) 

Losses (W) Cell 1 Cell 2 Cell 3 

Switching 2744.82 1591.25 2803.05 

Conduction 629.24 633.13 628.98 

 

        
 

 
 

    

   
 

    

 

 

 

     

 

 

 

        

        
     

   
     

   
 

By comparing the Proposed Mehtod with the 7-level MMC Inverter circuit [72], Figure 4.16 

(Reference) and Figure 4.17 (Proposed) show that losses are different in different cells. This is 

because of current which is different in different cells. In Figure 4.17, cell 1 and cell 3 losses are 

more compared with the cell 2 loss. Table 4.11 and Table 4.12 are the losses measured in numeric 

numbers  obtained from the 7-level and the Proposed Method respectively. 
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4.6.3 Comparison of Loss Performance for Total Inverter loss (kW) 

Table 4.13 Performance Analysis of the 7-level H-Bridge Inverter - calculating Total Inverter 

loss (kW) [72] 

 

Total Inverter Loss 9.03 kW 

Switching 8462.82 

Conduction 540.18 

 

 

Figure 4.18 Inverter Total power losses (kW) [72] 

 

Table 4.14 Performance Analysis of the Proposed Method for 7-level H-Bridge Inverter 

calculating Total Inverter loss (kW) 

Total Inverter Loss 9.03 kW 

Switching 7139.12 

Conduction 1891.35 
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Figure 4.19 Total loss (kW) Calculation for 7-level H-Bridge Inverter using Proposed Method 

 

By comparing the Proposed Loss Calculation Method with 7-level MMC circuit [72], in both cases 

it is found that the total loss of the Inverter is 9.03 kW. In both cases, majority of the losses come 

from switching loss as presented in Figure 4.18 (Reference) and Figure 4.19 (Proposed). Table 

4.13 and Table 4.14 are the losses measured in numeric numbers  obtained from the 7-level and 

the Proposed Method respectively. 

The above figures are obtained from the same specification of the circuit as mentioned in [72] 

where IGBT maximum operating current is 250 A, output voltage is 11 kV and SPWM technique 

is used. The loss calculation of the Inverter is done using the Proposed Method shown in figure 

4.15, 4.17 and 4.19 respectively. As current varies in different switches and the loss is dependent 

with the current. Therefore, the losses are different for the individual switches and cells which can 

not be similar to the reference [72]. However, the total loss estimated as 9.03 kW which is same 

as the reference paper [72].  
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4.7 Inverter Output 

The Proposed loss calculation Method is applied in a 15 level Modular Multilevel Cascaded 

Inverter. The Inverter has been simulated by MATLAB and the Proposed loss calculation Method 

has been incorporated with the Inverter. The wave shape of the gate pulses obtained from the 3-

phase 15-level H-bridge MMC Inverter circuit using Third Harmonic Injected Pulse Width 

Modulation (THPWM), the Inverter output line voltage and THD of the Inverter circuit are shown 

as following (Figure 4.20, 4.21 and 4.22) 

 

 

 

Figure 4.20 MATLAB carrier output to generate gate pulses obtained from the 3-phase 

15-level H-bridge MMC Inverter circuit model 
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Figure 4.21 The 3-phase output line voltage of the 15-level H-Bridge Inverter circuit model 

 

 

Figure 4.22 Comparison of THD at pf 30 for different Modulation Indexes 

 

Figure 4.20 portraits the waveform after Third Harmonic component has been injected with the 

Sinusoidal reference signal. Third Harmonic signal is the signal consists of 3 cycles where 
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Sinusoidal signal has one complete cycle. This composed signal makes an output where peak 

voltage of the sinusoidal signal has flattened. As explained before, switching loss of the Inverter 

is dependent on the characteristic waveform of PWM. Therefore, flattening the peak voltage helps 

reducing the peak current which results reduced THD at the Inverter output. Thus THD of the 

Inverter’s output using Third Harmonic Injected PWM is less compared with the SPWM. Figure 

4.21 describes the output line voltage of the 3 phase Inverter showing same frequency as the 

reference signal. The output looks like a stairway due to Multilevel Inverter. The more the level 

increases the more has the possibility to get a synthesized wave shape though other factors has 

also been considered. Figure 4.22 shows the variation of THD of the model circuit. The THD is 

around 4% at modulation index 1. 
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CHAPTER 5 

 

5.1 Conclusion 

The loss in terms of turn-on, turn-off and conduction for IGBT and diode for Multilevel Inverters 

has been measured and observed independently. Lastly, the total loss is higher at higher value of 

modulation index and loss decrease with decrease of power factor but the changes are gradual. The 

loss result is obtained by the Proposed Analytical Method and current-voltage curve or energy 

curve of IGBT and diode have been processed in MATLAB with curve fitting tool to get the 

polynomial taking upper order value for a three phase Modular Multilevel Cascaded Inverter. By 

the Proposed Method, the switching loss is calculated at the point of switch turn on and turn off. 

After that all turn on and all turn off within a cycle are added measured in Joule and divided by 

time period which results power loss measured in Watt. For calculation of conduction loss and 

switching loss, IGBT’s real time value is considered, That is why loss calculation is more precise 

for both conduction and switching.When switching occurs, the instant current is impossible to 

measure as IGBTs are driven by high switching frequency having different gate pulses which 

causes different currents. Therefore, r.m.s and avg. current has been Proposed by the analysis for 

the loss calculation instead of taking instant current. Finally, all these Proposed equations then 

driven by MATLAB SIMULINK blocks.  

5.2 Future Work 

The loss of conduction is dependent with respect to increasing temperature. The loss of switching 

is dependent with respect to switching frequency, switching current, PWM,  level no., THD, device 

characteristic etc. Therefore to minimize the losses regarding switching- proper loss cause 

detection and optimum selection of essential features are necessary to be taken. The Proposed loss 

calculation Method can be implemented on other Multilevel topologies with different PWM by 

taking appropriate measures. A high power loss means rise of temperature in higher switching 

frequency. It may have the risk of failure of IGBTs which will cause an uneconomical power 

conversion. So, in hardware basis better cooling Method as well as equation for cooling Method 

can be developed for further work. 
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