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ABSTRACT 

      Multilevel Inverters (MLI) have received significant attention in recent times. Reduced 

distortion, better output power quality, minimum switching losses, reduced switching stress 

make multilevel architecture suitable for a variety of applications. Till date multilevel 

inverters are widely used in UPS (un-interruptible power supply), renewable energy systems, 

medium voltage industrial (induction motor) drives and many more. An extensive study and 

research is being carried out to design multilevel inverters for advanced industrial 

applications as well as efficient utilization and storage of renewable energy. A variety of 

control mechanisms (PI, Fuzzy, Hysteresis bands etc.) and switching/modulation techniques 

(SPWM, SVM, Selective harmonic elimination, wavelet modulation) have been proposed and 

demonstrated across the world. Our work deals with design and analysis of various control 

techniques for single phase and three phase MLI. 

       In our work we demonstrated multilevel inverter systems following Generalized 

Proportional Integral (GPI) control mechanism. The design of the system is based on cascade 

H-bridge architecture. The cascade H-bridge architecture eliminates the problems observed 

with other architectures such as Diode Clamped and Flying Capacitor. We designed a single 

phase MLI and also a three phase MLI.  

      Feedback is an important facet in the design of closed loop systems. Typical feedback in 

an inverter would be voltage or current or both. In our work we designed MLI using current 

feedback and voltage feedback independently. Each model is designed for a 7-level inverter 

following single phase and three phase. The switching scheme for these designs follows 

SPWM (Sinusoidal Pulse Width Modulation) technique. This makes the system less complex 

and easy to implement.   

      Major limitation on the design of cascaded MLI is the number of switches required. To 

resolve this limitation and a novel design method was proposed. The proposed technique 

based on H-bridge. This design also reduces the number of DC voltage sources, each having 

different magnitudes of voltage and number of power electronic switches.  
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       This proposed model has been designed for 7-level, 9-level, 15-level and 31-level 

inverters. All the multilevel systems are simulated using MATLAB Simulink. The loads for 

single phase MLI are taken as R-L load. The MLI design for reduced power electronic 

devices (switches, DC voltage Sources) is simulated for R-L load. The Total Harmonic 

Distortion for each system has also been studied from simulation results.  
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CHAPTER 1 

INTRODUCTION 

      Power electronics are playing a vital role in efficient electrical energy from source to load 

i.e. conversion of electrical energy from one form to another in an efficient and robust 

manner for proper utilisation. There are tremendous applications of power electronics in the 

area of industrial fields, energetics, residential appliances, commercial and business fields, 

telecommunications, medicines, aeronautics, military domain and electric utility systems. 

      Power electronic devices are drawing more attention in recent days especially in power 

systems. They offer better flexibility and power flow control making them efficient for small 

scale to large scale power systems. The gate pulses and firing angle play a vital role in 

design, development and implementation of these power systems. 

      The power electronic devices are primarily controlled by using gate pulses or controlling 

gate signal. An efficient power system requires a better switching scheme design. If the  

switching scheme is poor, it degrades the output power quality. Several parameters should be 

taken into account for the design. Important factors to be considered  are Root Mean Square 

(RMS) values of output current and voltage, harmonic distortion, losses due to switches 

(ON/OFF time of switches), peak values of current and voltage, average values of current and 

voltage and practical implementation of the system. 

      A variety of components are involved in the design of power electronic systems. Few 

such components are MOSFET, IGBT, DIODE, Thyristor, GTO, SMPS etc. Firing angle of 

these components controls the state of these components and hence the power electronic 

systems. 

      For the past three decades, enormous research and development is being done and has 

found many applications in various fields. Inverters are used to convert DC power to AC 

power at desired frequency and voltage. Inverters are used in many applications such as un-

interruptible power supply (UPS), Medium voltage Industrial (induction motor) drives, ship 

propulsion Induction heating high voltage direct current (HVDC) power transmission, wind 
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Energy System or grid connected photovoltaic system ([1]-[2]), railway locomotives, active 

filters, and  applications of power system for example flexible AC transmission (FACTS). 

1.1. Classical Inverters 

      Classical inverters can be built by connecting devices in series. Typical classical inverters 

are efficient for low power applications but fail to satisfy high power applications. Classical 

inverters exhibit various drawbacks such as 

a. High DC voltage across each switch  in OFF state 

b. Static sharing 

c. Dynamic sharing 

d. May damage motor insulation due to large step voltage (Two level output) 

e. Higher distortion 

Despite these drawbacks classical inverters offer the following advantages 

a. Design involves standard Pulse width modulation technique 

b. Less number of power electronic components  

c. High reliability     

d. Adding devices in series is easier resulting in redundancy of system 

 

1.2.  Multilevel Inverters 

      Total harmonic distortion (THD) [3] is an important parameter associated with every 

inverter (including multi-level) and is ideally desired to be almost zero. Multi-level cascaded 

inverter reduces the total harmonic distortion, switching stress on devices, electromagnetic 

compatibility (EMC) and produce high power ratings of the output current and voltage.  All 

these applications use devices MOSFET’s, Insulated Gate Bipolar Transistor (IGBT), 

Insulated Gate Commutated Thyristor (IGCT), Gate Turn-off Thyristor (GTO) etc.  

      Multilevel cascaded inverters [4] are used mainly to achieve quality improvement of 

output voltage signal [5]. Typical cascaded multi-level inverter needs ‘n’ DC sources to 

generate (2n+1) levels of output for each phase. Consequently, a five level inverter generates 

five output voltage levels with two DC voltage sources and a seven level Inverter generates 

seven output voltage levels with three DC voltage sources.  
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      Multiple DC voltage sources can be designed using active elements like batteries, 

capacitors, any renewable energy voltage sources. Although high output voltages can be 

made possible by power semiconductor switches, the rated voltages depend only on the 

connected DC sources. Different multilevel cascaded inverter topologies have been 

developed such as cascaded H-bridges inverter with diode clamped multilevel inverter, 

separate DC sources and flying capacitor multilevel inverter etc.  

1.3. Modulation Techniques 

There exist different modulation techniques available to generate control pulses such as 

a. Sinusoidal Pulse Width Modulation (SPWM) [6] 

b. Space Vector  Modulation (SVM) 

c. Wavelet Modulation (WM)   

d. Selective Harmonic Elimination 

e. Harmonic orientation of pulse width modulation 

 

1.4.  Controllers 

       A variety of feedback controls and switching techniques are available to reduce the total 

harmonic distortion in cascaded multi-level inverter with unequal DC voltage sources. 

Proportional Integral (PI) controller technique [7] is widely used to regulate DC signal since 

it can reduce the steady state error. In proportional integral controller the integral term 

improves the tracking by reducing the instantaneous error between the actual and reference 

signal and hence improves the system stability, reduces the offset and yields faster response. 

It is used in the control of flow, level and pressure etc. 

      Other control methods available for inverters include systems based on hysteresis bands 

(higher efficiency, low cost), Pulse Width Modulation (PWM) controller [8] (higher 

efficiency, more reliable and prolong battery drain of time) and fuzzy controller (easy to 

implement and flexible), GPI (Generalized Proportional plus Integral) controller [9] (an 

efficient solution for robustness problem). 
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CHAPTER 2 

LITERATURE SURVEY 

2.1.  Inverters:  

      The inverters are power conditioning device that converts from DC (voltage or current) to 

AC (voltage or current) at desired frequency and amplitude. The DC sources are battery bank, 

capacitors etc. Based on input DC source there are two types of inverters namely voltage 

source inverter (VSI) and current source inverter (CSI). 

2.1.1. Voltage Source Inverter (VSI): 

If the input DC source is voltage source then the inverter is voltage source inverter (VSI).The 

output voltage is constant mostly irrespective of load, because of this property of voltage 

source inverters are mostly used in industrial applications such as power systems, adjustable 

induction motor drives. 

2.1.2. Current Source Inverter(CSI): 

In this type of inverter the output is AC current waveform. i.e. If the input is DC current 

source and it is generating ac output current wave form.  These inverters are mostly used in 

medium voltage applications. Using these inverters, the high quality wave form is obtained. 

2.2.  Single phase inverter (VSI): 

        Dual polarity voltage (positive and negative) with one directional current flow can be 

obtained using single phase inverter. The two arms of single phase inverter consist of two 

switches each with antiparallel diodes across each switch for reverse current discharge. The 

schematic of single phase full bridge inverter is shown in Figure 2.1. The switches are S1, S2, 

S3, S4. The switches in each arm can’t be operate in same mode simultaneously. The dead 

beat time is required to avoid short circuiting. By implementing different switching time of 

switches, the output voltage can shift from one level to another level. The switching states of 

single phase inverter are shown in TABLE 2.1. The switching scheme for single phase 

inverter can be implemented by using PWM. 
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Figure.2.1 Single Phase voltage source (Full wave Bridge) Inverter. 

 

 

TABLE 2.1 

Switching scheme for single phase inverter 

 

S1 S2 S3 S4 VA VB 
VAB 

ON OFF OFF ON +Vs/2 -Vs/2 +Vs 

OFF ON ON OFF +Vs/2 +Vs/2 -Vs 

ON OFF ON OFF +Vs/2 -Vs/2 0 

OFF ON OFF ON -Vs/2 +Vs/2 0 
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2.3. Three Phase Inverter: 

      Three phase systems are used widely across the world. Most of the available power 

transmission systems follow three phase AC design. Typically components include three 

phase generators, electrical loads, and as well as transmission lines. In a three phase system 

constant power is available at the load. This makes three phase systems preferable over a 

single phase systems.    

      Generally three phase inverters are used for high and medium power applications. Three 

phase inverters can be designed with three single phase half bridge (half bridge contains two 

controlled switches in series) are connected in parallel. Also, three single phase full bridges to 

be connected in parallel with separate DC sources can form three phase inverter.  The 

different models of three phase inverter are shown in Figure.2.2, and Figure.2.3. 

 

 

Figure.2.2 Three Phase voltage source Inverter with single phase half bridges. 
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Figure.2.3 Three Phase voltage source Inverter with separate DC source. 

 

2.4.  Multilevel Inverter: 

Multilevel converters are being used for variety of applications and also are commercially 

available in the markets. The growing demand of these devices attracted researchers and 

industries. An in-depth study is being done on various parameters of multilevel converter 

systems across the world. Researchers are trying to improve the performance of multilevel 

systems especially in terms of energy efficiency, power density, complexity, accuracy and 

reliability. Multilevel inverters produce output voltage in the form of stepped [10 - 11].  

Advantages: 

A Multilevel inverter has many advantages over a classical inverters or conventional 2-level 

inverter that uses pulse width modulation with very high carrier or switching frequency.  

These are following attractive features of multilevel inverters. 
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a. Switching Frequency:  

      Operation at fundamental switching and higher switching frequency pulse width 

modulation (PWM) is possible by using multilevel inverters.   

b. Input current:  

     The current drawn by multilevel inverter usually exhibits low distortion. 

c. Staircase waveform quality:  

     Multilevel inverters can reduce the switching stress or dv/dt stress; hence there is 

reduction of Electromagnetic compatibility (EMC) problem. 

d. Common mode voltage:  

     By using multilevel converters, the obtained common mode voltages are smaller; 

therefore the stress can be reduced. With modern modulation schemes, common mode 

voltage can be eliminated further [12].  

Disadvantages: 

     Despite various advantages discussed above multilevel inverters or converters have the 

following disadvantages 

a. Several power semiconductor switches required.  

b. High cost  

c. Complex design 

 

2.4.1. Types of Multilevel inverters: 

There are primarily three types of multilevel inverter structures namely 

a. Cascade Multilevel Inverters (C-MLI) 

b. Flying Capacitor Multilevel Inverters (FC-MLI) 

c. Diode clamped Multilevel Inverters (DC-MLI) 

 

2.4.1.1.  Cascade Multilevel Inverter/Cascaded H-bridge inverter: 

       The cascade H-Bridge inverter is a H-Bridges connected in a series or cascade of H-

Bridges [13]. The number of DC sources required to produce a (2n+1) output phase voltage 

levels in a three phase multilevel cascade inverter is given by the relation. 
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 𝑀 =  2𝑛 +  1 (2.1) 

   

Where M = Number of voltage levels and n = no of DC sources. Phase voltage is the sum of 

voltages of each H-bridge cell 

 Van  = Vdc1 + Vdc2 + Vdc3 + --------------+ Vdcm + Vdcn                                                                                   (2.2) 

 

        Figure.2.4 illustrates the structure of multilevel cascaded H-bridge inverter for single 

phase. Each single phase H-bridge or full bridge contains separate DC source. A five level 

cascaded multilevel inverter generates five output voltage levels (Vdc, 2Vdc, 0, - Vdc, - 2Vdc) 

with two DC separate voltage sources and a seven level cascaded multilevel inverter 

produces seven output voltage levels (Vdc, 2Vdc, 3Vdc, 0, - Vdc, - 2Vdc, - 3Vdc) with three 

separate DC voltage sources for each phase of three phase inverter. Each single phase full 

bridge contains four switches, S11, S12, S13,S14 are produces three different output voltage 

levels such as Vdc, 0, - Vdc. + Vdc output voltage level can be obtained, when the switches S11 

and S14 are turn on, similarly -Vdc output voltage level can be obtained by turning on 

switches S12 and S13. In other cases of switching the output voltage level is zero. 

Figure.2.5 stepped wave form shows the example for 11- level single phase inverter which 

contains five different separated DC sources and five full bridges. The output voltage is given 

by 

 Vn5  = Vn1 + Vn2 + Vn3 + Vn4 + Vn5 (2.3) 

 

The Fourier transform for the wave form shown in Fig.2.5 is follows 

                 𝐻  (𝑚) =  
4

𝑚𝜋
 [cos(𝑚𝜃1) +  cos(𝑚𝜃2) + ⋯ +  cos(𝑚𝜃𝑠)                                    (2.4) 

Where  m = 1, 3, 5, 7, . . . .  . .  
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Figure.2.4 Structure of multilevel cascaded H-bridge inverter for single phase. 
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Figure.2.5 11-level inverter output voltage waveform with five separate DC sources. 

 

Advantages: 

 Electrical shocks are reduced. 

 No extra requirement of clamping diodes hence number of components 

decreases. 

 These inverters are scalable, good circuit layout due to the series structure. 

 Switching redundancy is feasible 

Disadvantages: 

 Due to availability of separate DC voltage sources these inverters are 

restricted to certain applications. 
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2.4.1.2. Flying  Capacitor Multilevel Inverter (FC-MLI): 

      This is also called as Capacitor-Clamped multilevel inverter [14]. Flying capacitor 

multilevel inverter topology permits high flexibility in output waveform and also allows 

balancing voltage across flying capacitors.  

     The Figure.2.6 shows the general structure of m-level flying capacitor or capacitor 

clamped based multilevel inverter which produces m-level output voltage waveform. The 

requirement voltages for the capacitors are different. This type of multilevel inverter structure 

demands more number of flying capacitors per phase. Due to large number of capacitors the 

design becomes bulky and complex. Simple five level flying capacitor multilevel inverter is 

shown in Figure.2.7 and the switching pattern for five level inverter is shown in TABLE 2.2 

 

 

 Figure.2.6 m-level Flying Capacitor multilevel inverter. 
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Figure.2.7 A five level flying Capacitor multilevel inverter. 

 

TABLE 2.2 

Switching scheme for flying capacitor or clamped capacitor multilevel inverter 

Sa1 Sa2 Sa’2 Sa’1 Sb1 Sb2 Sb’2 Sb’1 Vab 

0 0 1 1 1 1 0 0 -Vdc 

0 0 1 1 0 1 0 1 −
1

 2
Vdc 

0 1 0 1 1 1 0 0 −
1

 2
Vdc 

0 1 0 1 1 1 0 0 −
1

 2
Vdc 

1 1 0 0 1 1 0 0 0 

0 0 1 1 0 0 1 1 0 

0 1 0 1 0 0 1 1 
1

 2
Vdc 

1 1 0 0 0 1 0 1 
1

 2
Vdc 

1 0 1 0 0 0 1 1 
1

 2
Vdc 

1 1 0 0 0 0 1 1 Vdc 
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      The advantages and disadvantages of the flying capacitor multilevel inverters is as 

follows 

Advantages:  

 Total Harmonic Distortion is reduced. 

 Reactive power as well as real power flow can be controlled. 

 Flexible switching redundancy. 

 Greater m allows  

Disadvantages:  

 Due to large number of capacitors design is bulky and increases the cost. 

 Switching control becomes complex. 

 Efficiency reduces for real power transmission.  

 

2.4.1.3.  Diode Clamped Multilevel Inverter (DC-MLI): 

      Diode clamped inverter, also known as Neutral point clamped converter (NPC) [15] at 

basic level, consists of a combination of switches, diodes and capacitors. The two switches 

are arranged in series with capacitors and diodes in parallel such that the higher dc voltage is 

divided into lower steps by the capacitors. This configuration can result in five level output (-

Vdc to +Vdc) for a given DC input Vdc. The output voltage is controlled by the combination of 

switches in the network. The schematic for five level diode clamped inverter is shown in 

Figure 2.8, and switching scheme for this design is shown in TABLE 2.3. The 5-level system 

is just the simplest one and higher levels (3-phase-6-level) have also been already 

implemented. 

      Higher levels of systems require more number of diodes per phase. It was observed that 

series inclusion of diodes is impractical for higher level design and hence cannot be 

implemented. Also, the capacitor voltage is often imbalanced which makes this model less 

efficient for higher level outputs. One way to overcome the voltage imbalance is to add 

resistors in series with each capacitor. Although this improves the performance, the NPC 

system yet has several drawbacks. 
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Figure.2.8  A five level Diode Clamping multilevel inverter. 

 

TABLE 2.3 

Switching scheme for Diode Clamped multilevel inverter 

Sa1 Sa2 Sa’2 Sa’1 Sb1 Sb2 Sb’2 Sb’1 Vab 

0 0 1 1 1 1 0 0 -Vdc 

0 0 1 1 0 1 1 0 −
1

 2
Vdc 

1 1 0 0 1 1 0 0 0 

0 0 1 1 0 0 1 1 0 

0 1 1 0 0 0 1 1 
1

 2
Vdc 

1 1 0 0 0 0 1 1 Vdc 
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Advantages: 

 Harmonic distortion reduces merely by increasing the number of levels. 

 Efficiency can be high for operation at fundamental frequency of switching.  

 The design model is relatively simple. 

 DC voltage across each phase is same. 

Besides these advantages, diode clamped inverter systems exhibit several disadvantages. 

Disadvantages: 

 Number of diodes required increases nonlinearly with required levels of 

output. 

 Voltage imbalance disturbs the performance of system. 

 Current rating varies for each switch due to different duty cycles of operation. 

   

2.5.  Importance of Cascade multilevel inverter: 

      There are different structures of multilevel inverters namely diode clamped multilevel 

inverters, cascaded multilevel inverter, flying capacitor multilevel inverters and other 

structures available. Among these different structures of multilevel inverters, cascade 

multilevel inverters are producing high output voltage levels, high output power levels and 

high reliability due to property of modular topology. The structure obtained by adding single 

phase inverters are in series is cascade multilevel inverters. This structure of multilevel 

inverters can reach medium output power and voltage level easily using advanced low 

voltage components. If the number of components (power electronic components) is more, 

the system becomes less reliable [16] (number of elements is indirectly proportional to 

reliability). The comparisons of three different structures of multilevel inverter are shown in 

TABLE 2.4. It is inferred that Cascade multilevel inverter requires less number of 

components and hence cascade multilevel inverter systems are high reliable and flexible.  
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TABLE 2.4 

Comparison of Multilevel inverter topologies 

Type of converter 
Diode Clamped 

Multilevel inverter 

Flying Capacitor 

Multilevel inverter 

Cascade Multilevel 

inverter 

Main Diodes (n - 1)* 2 (n - 1)* 2 (n - 1)* 2 

Main Switching (n - 1)* 2 (n - 1)* 2 (n - 1)* 2 

Clamping Diodes (n - 1)* (n - 1) 0 0 

Balancing 

Capacitors 
0 (n - 1)* (n - 1) 0 

DC bus 

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

 

 

2.6.  Applications of Cascade multilevel inverters: 

     Cascade multilevel inverter requires more number of separate DC sources then also these 

inverters are mostly used in various applications.  

a. Electric Vehicles traction motor drives: 

      For Electric vehicles traction motor drives applications [17], cascade inverters are 

most suitable. These inverters are produces output voltage almost sinusoidal with low 

electromagnetic compatibility (EMC) and also low voltage ripples. 

b. LNG Plant 

c. STATCOM 

d. Pumps and Fans 
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2.7.  Modulation Technique for Multilevel Inverters: 

       There are several modulation techniques available to control multilevel inverters such as 

Sinusoidal Pulse Width Modulation (SPWM) [18], Space Vector Modulation (SVM), 

Selective Harmonic Elimination (SHE), Wavelet Modulation (WM) and others. In this work 

multilevel inverters are controlled by Sinusoidal Pulse Width Modulation (SPWM).  

      Now a days in practical applications pulse width modulation (PWM) inverters are mostly 

used in power electronic applications. PWM inverters are producing DC to AC voltages of 

variable frequency and variable magnitude. PWM inverters are used in ac motor loads to 

adjust speed. These PWM pulses can be generated by using analog and digital design. By 

using 555 timer, Microcontroller, DSP (Digital Signal Processor) processor [19-20] and 

FPGA (Field Programmable Gate Array) we can generate PWM pulses. There are several 

PWM techniques available such as Sinusoidal Pulse Width Modulation (SPWM), Space 

Vector Modulation (SVM), Wavelet Modulation and Selective Harmonic Elimination. In this 

work we designed multilevel cascaded inverter using sinusoidal pulse width modulation 

technique. This is also called as natural sampling i.e. amplitudes of modulating wave (sine 

wave) is compared with high frequency carrier wave (triangular wave) to generate PWM 

signals. The ratio of amplitude of modulating waveform to the amplitude of carrier waveform 

is known as modulation index. The SPWM technique achieves low power consumption, 

higher efficiency, good power handling capability and easy to implement using today’s 

digital microcontrollers, microprocessors and FPGA.  

 

Sinusoidal Pulse Width Modulation (SPWM):  

      The multiple pulses are produced in this modulation technique and each pulse width 

varies with respect to magnitude of sine wave. These gating signals or control signals can be 

obtained by comparing triangular signal having high frequency with desired frequency 

sinusoidal signal. The number of gating pulses per half cycle based upon the ratio of 

frequency of the reference (sinusoidal) signal to the carrier or triangular signal (fc). The ratio 

of peak amplitude of control (modulating sine wave) signal to the peak amplitude of carrier 

signal is modulation index (ma).  
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       Figure 2.9 shows the generation of gating pulses with different modulation index. 

Modulation index controls the RMS voltage of output waveform. The RMS value of output 

voltage is given by 

 

𝑉𝑜 =  𝑉𝑠  [ ∑
2𝑡𝑜𝑛

𝑇

2𝑞

𝑚=1

]

1/2

 

 

(2.5) 

 

Where    𝑡𝑜𝑛 = Width of mth pulse. 

The amplitude modulation index is given by 

 
𝑚𝑎 =  

𝑉𝑚

𝑉𝑐𝑎𝑟
 

 

 

(2.6) 

Where     𝑉𝑚   = peak amplitude of modulating signal or control signal 

          𝑉𝑐𝑎𝑟 = peak amplitude of high frequency carrier signal. 

Modulation ratio for frequency is  

 
𝑚𝑓 =  

𝑓𝑐𝑎𝑟

𝑓𝑚
 

 

 

(2.7) 

Where    𝑓𝑚   = frequency of sinusoidal signal  

               𝑓𝑐𝑎𝑟  = frequency of triangular signal 
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Fig.2.9 PWM signal generation with modulation index (ma) < 1. 

 

 

Fig.2.10 PWM signal generation with modulation index (ma) > 1. 
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Advantages:  

 Lower Switching losses. 

 Low power loss since no voltage drop across when switch is turn ON and also there is 

no practical current when switch is in OFF state hence reduces power loss. 

 Easy to implement. 

 Also works with digital controls due to their turn ON/OFF nature. 

 

Applications: 

 Low power HVDC transmission 

 Active filters 

 UPS (Uninterruptible power supplies) 

 In AC motors as adjustable speed drives 

 Renewable energy applications 

 STATCOM, DSTACTCOM, UPFC.  

 

 

 

 

 

 

 

 

 

 

 

 



24 
 

 

 

 

 

 

 

 

CHAPTER 3 

GPI CONTROLLER 

 

 

 

 

 

 

 

 

 

 

 



25 
 

CHAPTER 3 

GPI CONTROLLER 

3.1. Generalized Proportional Integral Tracking Controller with 

output voltage as feedback 

        GPI controller is robust [21] hence, in this work; we have used a GPI controller  with 

output voltage as a feedback for cascade multi-level Inverter. GPI voltage controller helps to 

maintain the desired voltage level at the load by tracking the reference voltage. In most of the 

applications multilevel cascade inverters are subjected to unexpectedly nonlinear loads [22], 

[23] due to this the output voltage is not constant across the load. The Generalized 

Proportional Integral Voltage Controller has the ability to resolve the robustness difficulty. 

These controllers have been used in many applications such as voltage/power converters (DC 

to DC) [24], [25] in different manners and stabilization around a constant required reference 

[26]. Figure.3.1 shows the five level cascaded single phase inverter with LC filter and 

Figure.3.2 shows the equivalent model for five level inverter.  

 

 

Figure.3.1 Five level inverter with LC filter. 
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Figure.3.2 Equivalent model of inverter. 

The mathematical model of the cascaded multi-level inverter can be given by [27]: 

 L 
𝑑𝑖

𝑑𝑡
  =  - vo  +  Vdc uav (3.1) 

                                                                      𝐶
𝑑𝑣

𝑑𝑡
  = iL - 

1

𝑅
 v0                                                         (3.2)                                                   

     Where, i is the current through the inductor, vo is voltage across capacitor and u is denotes 

control input taking discrete values between [-1 1] [28]. L, C represent Inductor and 

Capacitor respectively which act as a low pass filter. R denotes load resistance. Schematic of 

a five level inverter with R, L, C is shown in Figure 3.1. Higher levels can be designed using 

the similar modules by increasing the number of sources. 

     The control method is based on the state average model of the inverter with control input u 

replaced with a signal uavg ; where, uavg is a continuous signal in time and it takes the values 

between -1 to 1. The average model of the inverter is flat i.e., control signal can be 

expressible in terms of flat output, denoted by F , and this output is equal to voltage across 

capacitor. 

 
𝑖𝐿 = 𝐶

𝑑𝐹

𝑑𝑡
+

1

𝑅
𝐹   (3.3) 

 

 𝑢𝑎𝑣𝑔 =  
𝐿𝐶

𝑉𝑑𝑐
(

𝑑2𝐹

𝑑𝑡2 ) + 
𝐿

𝑅𝑉𝑑𝑐
(

𝑑𝐹

𝑑𝑡
) + 

1

𝑉𝑑𝑐
F                             (3.4) 

 𝑣𝑜 = 𝐹    (3.5) 
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On integrating Eq(3.1), we get  

 
𝑖𝐿   (t)  =  𝑖𝐿   (0) +   

1

𝐿
  ∫[𝑉𝑑𝑐 𝑢𝑎𝑣𝑔(𝛽) −  𝑣𝑜

𝑡

0

(𝛽) ] 𝑑 β               
 

(3.6) 

 

 𝑖�̂�(t) =   
1

𝐿
  ∫ [𝑉𝑑𝑐 𝑢𝑎𝑣𝑔(𝛽) −  𝑣𝑜

𝑡

0
(𝛽) ] 𝑑 β (3.7) 

 

 �̇� = �̇� (3.8) 
 

  �̂̇� = 
1

𝐶
 𝑖 ̂ -  

1

𝑅𝐶
 (3.9) 

 

 = 
1

𝐿𝐶
  ∫ [𝑉𝑑𝑐 𝑢𝑎𝑣𝑔(𝛽) − 𝑣𝑜 

𝑡

0
(𝛽) ] 𝑑 β − 

1

𝑅𝐶
 (3.10) 

 

 𝐹 =  �̂̇� + �̇�0 (3.11) 

 

 

       Where �̇� denotes unknown initial rate of change of voltage. Consider a sinusoidal signal 

with known constant amplitude Am  and constant known frequency ωn  i.e. v*o(t)= Am sin(ωn t) 

it is desired to have the output capacitor voltage vo(t) of the inverter track the signal with 

small tracking error independent of the time varying  load current. 

GPI feedback control law is given by 

 
𝑢𝑎𝑣𝑔 =  

𝐿𝐶

𝑉𝑑𝑐
𝑣(𝑡)  +   

𝐿

𝑅𝑉𝑑𝑐
  �̂̇� +  

1

𝑉𝑑𝑐
  𝐹 (3.12) 

 

Where 

 v(t) = �̈�∗(𝑡)– 𝑧3  [ �̂̇� (𝑡) − �̇�∗(𝑡)] − 𝑧2[𝐹(𝑡) − 𝐹∗ (𝑡)] 

− 𝑧1  ∫ [
𝑡

0
𝐹(𝛽) −  𝐹∗(𝛽)] 𝑑𝛽 − 𝑧0 ∫ ∫ [𝐹(Ω) −  𝐹∗(Ω)] 𝑑Ω

𝜎

0

𝑡

0
  

 

(3.13) 

 

F*(t) = Am sin (ωn t), 

�̇�∗(𝑡) = Am ωn cos (ωn t), 

                                                            �̈�∗(𝑡) =  - Am 𝜔𝑛
2 𝑠𝑖𝑛 2(ωn t)                                                  (3.14) 
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𝑢𝑎𝑣

∗(𝑡) =  
𝐿𝐴𝑚 𝜔𝑛

𝑅𝑉𝑑𝑐
 𝑐𝑜𝑠 (𝜔𝑛 𝑡) + 

𝐴𝑚 

𝑉𝑑𝑐
 [1 − 𝐿𝐶𝜔𝑛

2]𝑠𝑖𝑛 (𝜔𝑛 𝑡) (3.15) 

 

After some fundamental operations, one obtains 

 

𝑢𝑎𝑣
∗(𝑡) =  √[ (

𝐿𝐴𝑚 𝜔𝑛

𝑅𝑉𝑑𝑐
)

2

+  (
𝐴𝑚 

𝑉𝑑𝑐
 [1 − 𝐿𝐶𝜔𝑛

2])
2

 ] 𝑠𝑖𝑛(𝜔𝑛 𝑡 +  𝛼)   

 

(3.16) 

 

 
𝛼 = arctan  (

𝐿𝜔𝑛

 𝑅(1 − 𝐿𝐶𝜔𝑛
2)

 )  

   

(3.17) 

 

Equation (3.16) gives the relation between the magnitude Am and frequency of the required 

output voltage. The condition is  

 
𝐴𝑚 ≤  

𝑉𝑑𝑐

√(
𝐿
𝑅)

2

𝜔𝑛
2 + (1 − 𝐿𝐶𝜔𝑛

2) 2

  

   

 

(3.18) 

 

     Let e = F(t) - F*(t) represents tracking error. The closed loop system is formed from 

equations (12) and (4).Error dynamics given by 

  𝑒4 +  𝑧3 𝑒3 +  𝑧2�̈� +  𝑧1�̇� +  𝑧𝑜𝑒 =  −
1

𝐶
 

𝑑3

𝑑𝑡3  𝑖(𝑡) (3.19) 

 

       If z3, z2, z1, z0 are the coefficients of the linear dynamics of above equation are chosen 

such that the polynomial in the complex variable s can be given by:  

 e(s) = 𝑠4 + 𝑧3𝑠3 +  𝑧2𝑠2 +  𝑧1𝑠 +  𝑧0 (3.20) 

 

The desired Hurwitz polynomial can then be written as:  

    𝑝𝑑 (𝑠) = (𝑠2 +  2𝜉𝜔𝑛𝑠 + 𝜔𝑛
2)2   (3.21) 
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And the gains of GPI controller will be given by: 

 𝑍3 = 4𝜉𝜔𝑛 (3.22) 

 𝑍2  = 4𝜉2𝜔𝑛
2 + 2𝜔𝑛

2 

𝑍1  = 4𝜉𝜔𝑛
3 

𝑍0 =  𝜔𝑛
4 

(3.23) 

(3.24) 

(3.25) 

        

     The pole location of the above characteristic polynomial sufficiently far in left – half 

complex plane in order to reduce effects of nonlinear load in the closed loop. The roots were 

located at (-2812 - 2525.52j)2  and  (-2812 + 2525.52j)2 . 
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3.2. Simulation results 

3.2.1. Single Phase Inverter 

 Design Parameters are given below in TABLE 3.1. 

TABLE 3.1 

Parameters used for Simulink Design using GPI controller 

Parameter Value 

Voltage(Vdc) 120V 

Capacitance 10 µF 

Inductance(L) 3 mH 

Carrier Frequency(FC) 2. 4 KHz 

Cut off Frequency 900 Hz 

Modulation Frequency 50 Hz 

Damping Ratio(ξ) 0.750 

Damping Frequency 3750 

z0 11250 

z1 59765625 

z2 1.58e11 

z3 1.9755e14 

     

     The Simulink model for seven level Single Phase Inverter is shown in Figure 3.3 and that 

of the GPI voltage controller in Figure 3.4. Seven level single phase inverter consists of three 

H-Brides and three equal magnitudes of DC voltage sources. 



31 
 

 

Figure.3.3 Simulink Model for seven level Single Phase Inverter with GPI voltage controller. 

 

 

Figure.3.4 Simulink model of GPI voltage controller.  
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      The control signal, uavg is compared with triangular wave having frequency 2.4 KHz to 

generate switching signal with delay for seven level Inverter. For seven level single phase 

cascade multilevel inverter requires 12 gating signals to produce seven output voltage levels. 

The gating pulses generated by using Sinusoidal Pulse Width Modulation technique 

(SPWM). Control signal uavg is compared with six triangular signals each phase shifted by 

600.  The matlab Simulink model for SPWM generation is shown in Figure.3.5. 

 

 

Figure.3.5 Matlab Simulink model for SPWM generation. 

3.2.2. R-Load: 

Load resistance (RL) = 75Ω 

The generated PWM signals (A1, A2, C1, and C2) are shown in Figure.3.6. The simulation 

results and FFT analysis of output voltage with and without filter and current for seven level 

single phase inverter are shown in Figure.3.7, Figure.3.8 respectively. 
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Figure.3.6 SPWM signals. 

 

Figure.3.7 Current and voltage (with and without filter) waveforms for seven level single 

phase inverter with resistive load using GPI voltage controller. 
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Figure.3.8 (a) 

 

Figure.3.8 (b) 

 

Figure.3.8 (c) 

Figure.3.8 FFT Spectra of seven level single phase inverter with R-load using GPI voltage 

controller (a) Output voltage without filter (b) output voltage with filter (c) Output current. 
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3.2.3. R-L load: 

Load resistance (RL) = 75Ω 

Load Inductance (L) = 200mH 

      The simulation results and FFT analysis of output voltage with and without filter and 

current for seven level single phase inverter are shown in Figure.3.9, Figure.3.10 

respectively. 

 

Figure.3.9 Current and voltage (with and without filter) waveforms for seven level single 

phase inverter with R-L load using GPI voltage controller. 
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Figure.3.10 (a) 

 

Figure.3.10 (b) 

 

Figure.3.10 (c) 

Figure.3.10 FFT Spectra of seven level single phase inverter with R-L load using GPI voltage 

controller (a) Output voltage without filter (b) output voltage with filter (c) Output current. 
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3.4. Three Phase Inverter: 

      The Simulink model of three phase seven level inverter with separated DC sources is 

shown in Figure 3.11. Each phase consists of three H-Bridges and three equal values of DC 

voltage sources. The Simulation results and FFT analysis of seven level three phase inverter 

are shown in Figure 3.12 and Figure 3.13 respectively. 

 

Figure.3.11 Simulink Model for seven level three phase inverter with GPI voltage controller. 
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      The simulation results of output voltage with and without filter and current for seven level 

three phase inverter with resistive load are shown in Figure.3.9, Figure.3.10 respectively. 

 

Figure.3.12 Current and voltage (with and without filter) waveforms for seven level three 

phase inverter with resistive load using GPI voltage controller. 

      The FFT analysis of output voltage and output current for three phase seven level inverter 

are shown in Figure.3.13, and it shows the THD of voltage and current for one phase of three 

phase seven level inverter. The remaining phases exhibit same THD. 
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Figure.3.13 (a) 

 

Figure.3.13 (b) 

 

Figure.3.13 (c) 

Figure.3.13 FFT Spectra of seven level three phase inverter with resistive load (a) Output 

voltage without filter (b) output voltage with filter (c) Output current. 
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3.4. Generalized Proportional Integral Tracking Controller with 

output current as feedback 

     GPI controller is robust hence, in this work; we have used a GPI controller with output 

current as a feedback for cascade multi-level Inverter. GPI current controller helps to 

maintain the desired current level at the load by tracking the reference current signal. 

The mathematical model of the cascaded multilevel single phase inverter is given by  

 

 

Figure.3.14 Equivalent circuit for single phase inverter. 

 

Applying KVL and KCL to the above circuit 

 
𝐿𝑎

𝑑𝑖𝑎

𝑑𝑡
= − 𝑣𝑎 + 𝑉𝑑𝑐𝑢𝑎𝑖       (3.26) 

 
     𝐶𝑎

𝑑𝑣𝑎

𝑑𝑡
=  𝑖𝐿𝑎 −  

1

𝑅𝑎
 𝑣𝑎  (3.27) 

     𝑉𝑐1 =  𝑖𝑅𝑎𝑅𝑎   (3.28) 
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      Where ia is the current through the inductor, va is voltage across capacitor and uai is 

denotes control input taking discrete values between [-1 1]. La, Ca represent Inductor and 

Capacitor respectively which act as a low pass filter. Ra denotes load resistance.  

      The control method is based on the state average model of the inverter with control input 

u replaced with a signal uai ; where, uai is a continuous signal in time and it takes the values 

between -1 to 1.  

 
𝑖𝐿𝑎 =  𝐶𝑎

𝑑𝑉𝑐𝑎

𝑑𝑡
+

1

𝑅𝑎
𝑣𝑐𝑎  

(3.29) 

 
 𝑖𝐿𝑎 =  𝑖𝑅𝑎 + 𝑅𝑎𝐶𝑎 

𝑑𝑖𝑅𝑎

𝑑𝑡
 

(3.30) 

                         𝑉𝑑𝑐𝑢𝑎𝑖=   
𝐿𝑎𝑅𝑎𝐶𝑎

𝑉𝑑𝑐
(

𝑑2𝑖𝑅𝑎

𝑑𝑡2 )  +  
𝐿𝑎

𝑉𝑑𝑐
(

𝑑𝑖𝑅𝑎

𝑑𝑡
)  +  

 𝑅𝑎

𝑉𝑑𝑐
𝑖𝑅𝑎 (3.31) 

       

       The average model of the inverter is flat i.e., control signal can be expressible in terms of 

flat output, denoted by I , and this output is equal to current through the load resistance Ra. 

 𝑢𝑎𝑖(𝑡)  =   
𝐿𝑎𝐶𝑎

𝑉𝑑𝑐
(

𝑑2𝐼

𝑑𝑡2) + 
𝐿𝑎

𝑅𝑎𝑉𝑑𝑐
(

𝑑𝐼

𝑑𝑡
) + 

1

𝑉𝑑𝑐
I (3.32) 

 𝑖𝑅𝑎 = 𝐼 (3.33) 

                         𝑉𝑑𝑐𝑢𝑎𝑖=   
𝐿𝑎𝑅𝑎𝐶𝑎

𝑉𝑑𝑐
(

𝑑2𝑖𝑅𝑎

𝑑𝑡2
)  +  

𝐿𝑎

𝑉𝑑𝑐
(

𝑑𝑖𝑅𝑎

𝑑𝑡
)  +  

 𝑅𝑎

𝑉𝑑𝑐
𝑖𝑅𝑎 (3.31) 

On integrating Eq(3.26), we get 

 

𝑖𝐿𝑎 (t)  =  𝑖𝐿𝑎 (0)  +   
1

𝐿𝑎
  ∫[𝑉𝑑𝑐 𝑢𝑎𝑖(𝛽) −  𝑣𝐶𝑎

𝑡

0

(𝛽) ] 𝑑 β    (3.32) 

 𝑖̂𝐿𝑎(t) =   
1

𝐿𝑎
  ∫ [𝑉𝑑𝑐 𝑢𝑎𝑖(𝛽) −  𝑣𝐶𝑎

𝑡

0
(𝛽) ] 𝑑 β 

(3.32) 

 𝐼=̇ 𝑖̇𝑅𝑎 (3.33) 

 
𝐼̇̂ =

1

𝑅𝑎𝐶𝑎
 [𝑖̂𝐿𝑎 −  𝑖𝑅𝑎] (3.34) 
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 =  
1

𝐿𝑎𝑅𝑎𝐶𝑎
  ∫ [𝑉𝑑𝑐 𝑢𝑎𝑖(𝛽) − 𝑖𝑅𝑎  𝑅𝑎

𝑡

0
]𝑑β − 

1

𝑅𝑎𝐶𝑎
 𝑖𝑅𝑎

 (3.35) 

 𝐼̇ =  𝐼̇̂ +  𝐼0̇ 
(3.36) 

      Where 𝐼̇ denotes unknown initial rate of change of current. Consider a sinusoidal signal 

with known constant amplitude 𝐴𝑚  and constant known frequency 𝜔𝑛 i.e. 𝐼𝑅𝑎
∗(t)= 𝐴𝑚 

sin(𝜔𝑛* t). It is desired to have the output current of the inverter track the signal with small 

tracking error independent of the time varying load current.  

GPI feedback control law is given by 

 
 𝑢𝑎𝑖(𝑡)  =   

𝐿𝑎𝐶𝑎

𝑉𝑑𝑐
 𝑖(𝑡)  +  

𝐿𝑎

𝑅𝑎𝑉𝑑𝑐
𝐼̇̂ + 

1

𝑉𝑑𝑐
  𝐼  

(3.38) 

 

Where 

 i(t)=   𝐼∗̈(𝑡)– 𝑠3  [ 𝐼̇̂ (𝑡) −  𝐼∗̇(𝑡)] −  𝑠2[𝐼(𝑡) −         𝐼∗ (𝑡)] −  𝑠1  ∫ [
𝑡

0
𝐼(𝛽) −

 𝐼∗(𝛽)] 𝑑𝛽 −             𝑠0 ∫ ∫ [𝐼(Ω) −  𝐼∗(Ω)]𝑑Ω
𝜎

0

𝑡

0
                      

   

 

(3.39) 

 

𝐼∗ (t) = Am sin (ωn t) , 

𝐼∗̈(𝑡) =  - Am 𝜔𝑛
2  sin (ωn t) 

 𝐼∗̇(𝑡) = Am ωn cos (ωn t) (3.40) 

       Let e = I(t) - I*(t) represents tracking error. The closed loop system is formed from 

equations (12) and (4).Error dynamics given by 

   𝑒4 + 𝑘3 𝑒3+ 𝑘2�̈� +  𝑘1�̇� +  𝑘𝑜𝑒 =  −
1

𝐶𝑎
 

𝑑3

𝑑𝑡3  𝑖𝑅𝑎(𝑡) (3.41) 

 

      If k3, k2, k1, k0 are the coefficients of the linear dynamics of above equation are chosen 

such that the polynomial in the complex variable s can be given by:  
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 𝑒(𝑠)  =  𝑠4 +  𝑘3𝑠3 +  𝑘2𝑠2 +  𝑘1𝑠 +  𝑘0    (3.42) 

 

The desired Hurwitz polynomial can then be written as:  

                   𝑝𝑑  (𝑠) = (𝑠2 +  2𝜉𝜔𝑛𝑠 +  𝜔𝑛
2)2          (3.43) 

 

And the gains of GPI controller will be given by: 

    𝑠3 = 4𝜉𝜔𝑛 

   𝑠2 = 4𝜉2𝜔𝑛
2 + 2𝜔𝑛

2 

  𝑠1 = 4𝜉𝜔𝑛
2 

𝑠0 =  𝜔𝑛
4 

(3.44) 

(3.45) 

(3.46) 

(3.47) 

       

      The pole location of the above characteristic polynomial sufficiently far in left half 

complex plane in order to reduce effects of nonlinear load in the closed loop. The roots were 

located at (-2812 - 2525.52j)2  and  (-2812 + 2525.52j)2. 
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3.5. Simulation results 

3.5.1. Single Phase Inverter 

The Simulink model for GPI current controller is shown in Figure.3.15. The output load 

current has taken as feedback. 

 

 

Figure.3.15 Simulink model of GPI current Controller.  

 

3.5.2. R-Load: 

Load resistance (RL) = 75Ω 

       The simulation results and FFT analysis of output voltage with and without filter and 

current for seven level single phase inverter are shown in Figure.3.16, Figure.3.17 

respectively. 
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Figure.3.16 Current and voltage (with and without filter) waveforms for seven level single 

phase inverter with resistive load using GPI current controller. 

 

 

Figure.3.17 (a) 
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Figure.3.17 (b) 

 

Figure.3.17 (c) 

Figure.3.17 FFT Spectra of seven level single phase inverter with resistive load using GPI 

current controller (a) Output voltage without filter (b) output voltage with filter (c) Output 

current. 

3.5.3. R-L load: 

Load resistance (RL) = 75Ω 

Load Inductance (L) = 150mH 

      The simulation results and FFT analysis of output voltage with and without filter and 

current for seven level single phase inverter are shown in Figure.3.18, Figure.3.19 

respectively. 
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Figure.3.18 Current and voltage (with and without filter) waveforms for seven level single 

phase inverter with R-L load using GPI current controller. 

 

 

Figure.3.19 (a) 
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Figure.3.19 (b) 

 

Figure.3.19 (c) 

Figure.3.19 FFT Spectra of seven level single phase inverter with R-L load using GPI current 

controller (a) Output voltage without filter (b) output voltage with filter (c) Output current. 

 

3.6. Three Phase Inverter 

     The simulation results of output voltage with and without filter and current for seven level 

three phase inverter with resistive load are shown in Figure.3.20, Figure.3.21 respectively. 
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Figure.3.20 Current and voltage (with and without filter) waveforms for seven level three 

phase inverter with resistive load using GPI current controller. 

 

      The FFT analysis of output voltage and output current for three phase seven level inverter 

are shown in Figure.3.21, and it shows the THD of voltage and current for one phase of three 

phase seven level inverter. The remaining phases exhibit same THD. 
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Figure.3.21 (a) 

 

Figure.3.21 (b) 

 

Figure.3.21 (c) 

Figure.3.21 FFT Spectra of seven level three phase inverter with resistive load using GPI 

current controller (a) Output voltage without filter (b) output voltage with filter (c) Output 

current. 
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3.7. Discussions: 

From the above simulation results the THD values for voltage and current are shown in 

TABLE 3.2. The designed single phase and three phase inverters are produces seven level of 

output voltage. From the table.3.2 it is observed that in each case the THD of voltage with 

filter and current is less than 3.0%  and also GPI current controller gives less distortion than 

GPI voltage controller. 

TABLE 3.2 

 THD of multilevel inverter using GPI controller 

Controller 
Multilevel 

inverter 
Load 

THDv(%) 

without filter 

THDv(%) 

with filter 

THDi(%) 

GPI voltage 

Controller 

Single Phase 

R Load 21.87 1.65 2.38 

R-L Load 22.29 1.56 2.34 

Three Phase R Load 22.85 0.94 1.01 

GPI current 

Controller 

Single Phase 

R Load 18.68 0.88 0.88 

R-L Load 18.45 1.12 0.41 

Three Phase R Load 18.73 0.68 0.70 
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Cascaded multilevel inverter with reduced number of 

power electronic components 
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CHAPTER 4 

Cascaded multilevel inverter with reduced number of 

power electronic components 

      Depending on the DC voltage source magnitude, the cascade multilevel inverters can be 

divided into two groups such as Asymmetric design and symmetric design. In the symmetric 

design [29], the DC voltage source magnitude is equal for all single phase H-bridges and in 

asymmetric model [30] the magnitudes of DC source voltages are unequal for all single phase 

H-bridges. 

4.1.  Seven level inverter: 

The design of seven level cascade inverter [31] consists of two unequal magnitudes of DC 

voltage sources (V1, V2) and six power electronic switches (S1, S2 , S3 , S4 , Sa, Sb). The 

switches Sa, Sb cannot be turn on simultaneously to avoid short circuits. The schematic model 

for 7- level inverter with reduced number of power electronic switches and DC voltage 

sources is shown in Figure.4.1.  

 

 

Figure.4.1 Seven level single phase inverter with new topology. 
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The values of DC voltage sources of 7-level cascade inverter are 

                                                                          𝑉1  =  𝑉𝑑𝑐                                                                          (4.1)                                                                                                                         

                                                                        𝑉2  =  2𝑉𝑑𝑐                                                                          (4.2)                                                                                                                         

From these DC voltage sources the designed 7-level inverter can produce seven output 

voltage levels such as 0,  𝑉𝑑𝑐, + 2𝑉𝑑𝑐, + 3𝑉𝑑𝑐, -𝑉𝑑𝑐, - 2𝑉𝑑𝑐, -3𝑉𝑑𝑐.  

The switching scheme for proposed 7-level cascade inverter is shown in TABLE 4.1 

TABLE 4.1 

Output voltages of the seven level single phase inverter 

Serial 

No 
S1 S2 S3 S4 Sa Sb V0 

1 1 0 0 1 0 1 V1 

2 0 1 1 0 0 1 V2 

3 1 0 1 0 0 1 (V1 + V2) 

4 0 1 0 1 0 1 0 

5 0 1 1 0 1 0 - V1 

6 1 0 0 1 1 0 -V2 

7 0 1 0 1 1 0 -(V1 + V2) 

 

4.2. 9- level, 13-level and 15-level inverters: 

 

      The 9-level, 13-level and 15-level inverters have been developed from the seven level 

inverter as shown in Figure.4.2 and Figure.4.3 respectively. The 9-level inverter topology 

consists of three DC voltage sources and 8 switches. The 13-level, 15-level inverter design  
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comprises of Three DC voltage sources and ten power switches. The same design is 

generating 9-level, 11-lvel, 13-level and 15-level output voltages with different magnitudes 

of DC voltage sources. The magnitudes of DC voltage sources and output voltage levels are 

shown in TABLE 4.2 below and switching topology of 15-level inverter is shown in TABLE 

4.3 respectively. 

 

 

 

Figure.4.2 Nine level inverter new topology. 

 

TABLE 4.2 

The magnitudes of DC voltage sources 

Voltage source 9-level 11-level 13-level 15-level 

V1 Vdc Vdc Vdc Vdc 

V2 2Vdc 2Vdc 2Vdc 2Vdc 

V3 Vdc 2Vdc 3Vdc 4Vdc 
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Figure.4.3 Proposed multilevel inverter (13 and 15 levels). 

TABLE 4.3 

Switching scheme of 15-level inverter 

No S1 S2 S3 S4 Sa Sb S1a S2a S1b S2b Output Voltage 

1 0 1 0 1 0 1 0 0 0 1 0 

2 1 0 0 1 0 1 1 0 0 1 V1 

3 0 1 1 0 0 1 0 0 0 0 V2 

4 1 0 1 0 0 1 1 0 0 1 (V2+ V1) 

5 1 0 0 1 0 1 0 1 1 0 V3 

6 1 0 0 1 0 1 1 0 1 0 (V3+ V1) 

7 1 0 1 0 0 1 0 1 1 0 (V2+ V3) 

8 1 0 1 0 0 1 1 0 1 0 (V2  + V1 + V3) 

9 0 1 1 0 1 0 1 0 0 1 -V1 

10 1 0 0 1 1 0 0 0 0 0 -V2 

11 0 1 0 1 1 0 1 0 0 1 -(V2+ V1) 

12 0 1 1 0 1 0 0 1 1 0 -V3 

13 0 1 1 0 1 0 1 0 1 0 -(V3  + V1) 

14 0 1 0 1 1 0 0 1 1 0 -(V2  + V3) 

15 0 1 0 1 1 0 1 0 1 0 -(V2  + V1 + V3) 
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4.3.  31- Level Inverter: 

      The different topology for 31 level single phase inverter is shown in Figure.4.4 and the 

switching pattern is shown in TABLE 4.4. This inverter structure consists of four unequal 

magnitudes of DC voltage sources and ten power electronic switches. Other topologies 

require more number of power electronic switches and DC sources compare with above 

topology. The switches (S1, S2), (S3, S4), (S5, S6), (S7, S8) and (Sa, Sb) will not be turn-on 

simultaneously since if the power switches of these combination turn on simultaneously the 

DC voltage sources will be short circuited. To avoid short circuit the power switches will not 

be turn-on at the same time. 

      For this 31-level inverter topology the values of the number of power switches (Mswitch), 

maximum output voltage (Vmax), number of DC sources (Msource), voltage steps (Mstep) are 

calculated as follows 

                                                                   𝑀𝑠𝑤𝑖𝑡𝑐ℎ =  4𝑚 + 2                                                        (4.3) 

                                                                   𝑀𝑠𝑜𝑢𝑟𝑐𝑒 =  2𝑚                                                              (4.4) 

                                                                   𝑀𝑠𝑡𝑒𝑝 =  22𝑚+1 − 1                                                      (4.5) 

                                                               𝑉𝑚𝑎𝑥 =  𝑉𝐿,𝑚 +  𝑉𝑅,𝑚                                                        (4.6) 

Where m represents the number of DC voltage sources on each leg. 

The values of DC voltage sources of 31-level cascade inverter are 

                                                                        𝑉1  =  5𝑉𝑑𝑐                                                                          (4.7)                                                                                                                         

                                                                       𝑉2  =  𝑉𝑑𝑐                                                                             (4.8)    

                                                                      𝑉3  =  2𝑉𝑑𝑐                                                                            (4.9)                                                                                                                         

                                                                      𝑉4  =  10𝑉𝑑𝑐                                                                        (4.10)                                                                                                                         
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Figure.4.4 31-level inverter topology. 

 

TABLE 4.4 

Switching topology for 31-level inverter 

No S1 S2 S3 S4 S5 S6 S7 S8 Sa Sb V0 

1 1 0 1 0 1 0 1 0 0 1 V1 + V4 

2 1 0 1 0 0 1 1 0 0 1 V4 + V1 – V2 

3 0 1 1 0 1 0 1 0 0 1 V4 + V1 – V3 

4 0 1 1 0 0 1 1 0 0 1 V1  + V4  - V2 - V3 

5 1 0 1 0 1 0 0 1 0 1 V4  + V2 

6 1 0 1 0 0 1 0 1 0 1 V4 

7 0 1 1 0 1 0 0 1 0 1 V2 - V3  + V4 
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No S1 S2 S3 S4 S5 S6 S7 S8 Sa Sb V0 

8 0 1 1 0 0 1 0 1 0 1 V4  – V3 

9 1 0 0 1 1 0 1 0 0 1 V1  + V3 

10  1 0 0 1 0 1 1 0 0 1 V1  + V3  - V2 

11 0 1 0 1 1 0 1 0 0 1 V1 

12 0 1 0 1 0 1 1 0 0 1 V1  - V2 

13 1 0 0 1 1 0 0 1 0 1 V2 + V3 

14 1 0 0 1 0 1 0 1 0 1 V3 

15 0 1 0 1 1 0 0 1 0 1 V2 

16 0 1 0 1 0 1 0 1 0 1 0 

17 1 0 1 0 0 1 1 0 1 0 - V2 

18 0 1 1 0 1 0 1 0 1 0 - V3 

19 0 1 1 0 0 1 1 0 1 0 - (V2 + V3  ) 

20 1 0 1 0 1 0 0 1 1 0 - (V1  - V2) 

21 1 0 1 0 0 1 0 1 1 0 - V1 

22 0 1 1 0 1 0 0 1 1 0 - (V1  + V3  - V2) 

23 0 1 1 0 0 1 0 1 1 0 - (V1  + V3) 

24 1 0 0 1 1 0 1 0 1 0 - (V4  – V3) 

25 1 0 0 1 0 1 1 0 1 0 - (V2 - V3  + V4) 

26 0 1 0 1 1 0 1 0 1 0 - V4 

27 0 1 0 1 0 1 1 0 1 0 - (V4  + V2) 

28 1 0 0 1 1 0 0 1 1 0 - (V1  + V4  - V2 - V3 ) 

29 1 0 0 1 0 1 0 1 1 0 - (V4 + V1 – V3) 

30 0 1 0 1 1 0 0 1 1 0 - (V4 + V1 – V2) 

31 0 1 0 1 0 1 0 1 1 0 - (V1 + V4  ) 
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4.4.  Simulation Results: 
 

Load Resistance = 45 Ω and 75Ω 

Load Inductance = 55mH and 60mH. 

 

4.4.1. Seven level Inverter: 

 

The Simulink model for 7-level inverter is shown in Figure.4.5 and the design 

parameters for 7-level inverter are given below 

𝑉1 =  30 𝑉 

𝑉2 = 60 𝑉 

 

 

Figure.4.5 Simulink model of seven level inverter with new topology. 

      The simulation of output voltage and current waveforms for 7-level inverter are shown in 

Figure.4.6 and FFT analysis is shown in Figure.4.7 respectively. 
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Figure.4.6 Output voltage and current of seven level inverter. 

 

 

Figure.4.7 (a) 
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Figure.4.7 (b) 

Figure.4.7 FFT Spectra of seven level single phase inverter with new topology 

(a) Voltage  (b) Current. 

 

4.4.2. 9-level  Inverter: 

     The Simulink model for 9-level inverter is shown in Figure.4.8 and the design parameters 

for 9-level inverter are given below 

V1 = 30V  

V2 = 60V  

V3 = 30V  

  

     The simulation results and FFT analysis of output voltage with and without filter and 

current for 9-level inverter are shown in Figure.4.9, Figure.4.10 respectively. 
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                 Figure.4.8 Matlab Simulink model for 9-level inverter. 

 

 

           Figure.4.9 Output voltage and current of 9-level inverter. 
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Figure.4.10 (1) 
 

 
 

Figure.4.10 (2) 

 

Figure.4.10 FFT spectrum of 9-level inverter (a) voltage (b) current. 
 

 

4.4.3. 15-level inverters: 

The Simulink model for 13-level as well as 15-level inverter is shown in Figure.4.11. 

      The DC voltage source magnitudes for 15-level inverter are given below and the 

simulation results and FFT analysis of output voltage with and without filter and current for 

15-level inverter are shown in Figure.4.12, Figure.4.13 respectively. 

𝑉1 = 15𝑉  

𝑉2 = 30𝑉  

𝑉3 = 60𝑉  
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Figure.4.11 Matlab Simulink model for 15-level inverter  

 

 

Figure.4.12 Output voltage and current of 15-level inverter. 
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Figure.4.13 (a) 

 

 
 

Figure.4.13 (b) 

 

Figure.4.13 FFT spectrum of 15-level inverter (a) voltage (b) current. 

 

 

4.4.4.  31-level Inverter: 

The values of DC voltage sources of 31-level cascade inverter are 

𝑉1 =  75 𝑉 

𝑉2 = 15 𝑉 

𝑉3 = 30 𝑉 

𝑉4 = 150 𝑉 
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       The simulation of output voltage and current waveforms for 31-level inverter are shown 

in Figure.4.14 and FFT analysis of output voltage and current is shown in Figure.4.15. 

 

 

Figure.4.14 Output voltage and current of 31- level inverter. 

 

 

Figure.4.15 (a) 
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Figure 4.15 (b) 

Figure.4.15 FFT Spectra of 31- level single phase inverter with new topology 

(a) Voltage  (b) Current 

 

4.5. Discussions: 

      The comparisons of conventional cascaded multilevel inverter and proposed multilevel 

inverters with respect to number of DC voltage sources and switches shown in TABLE 4.5. 

TABLE 4.5 

Comparison of cascaded conventional and proposed multilevel inverters 

Level 

Conventional cascaded 

multilevel inverter 

Proposed multilevel 

inverter 

No of DC 

voltage 

sources 

No of switches 

No of DC 

voltage 

sources 

No of 

switches 

7-level 3 12 2 6 

9-level 4 16 3 8 

13-level 6 24 3 10 

15-level 7 28 3 10 

31-level 15 60 4 10 
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      THD values of current, voltage of 7-level, 9-level, 13-level, 15-level and 31-level 

Inverters are shown in below TABLE 4.6. 

TABLE 4.6 

THD of multilevel Inverters 

Level 
THDv (%) 

 
THDi (%) 

7-level 16.96 10.86 

9-level 12.28 9.31 

15-level 6.83 5.30 

31-level 3.82 1.95 

 

         From different levels of simulation it is observed that by increasing number of levels 

THD can be decreased. Due to the less number of power electronic switches and number of 

DC voltage sources the total cost of the inverter decreases and also switching losses 

decreases. 
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CHAPTER 5 

CONCLUSION 

 

           In this work various architectures for multilevel inverters have been presented. We 

have designed MLI with 7-level output voltage. The design initially proposed for single phase 

inverter. Further it was extended to three phase as well. Thus the design is suitable for any 

DC to AC converter applications. We have considered pure resistive load for three phase 

MLI. The load for single phase MLI was taken to be pure resistive and reactive (R-L) load 

individually. We have designed MLI following GPI (Generalized Proportional and Integral) 

controller. The feedback signal was primarily taken as voltage signal. Since current feedback 

has some potential applications we have designed MLI having current feedback as well. The 

Total Harmonic Distortion (THD) in each of the cases observed using simulation results. An 

FFT spectrum was generated in each simulation which shows the harmonic order or THD.  

 

          For a seven level three phase R-load the THDi and THDv were found to be 1.01% and 

0.94%, while the same for a single phase system was found to be 2.38% and 1.65% 

respectively with voltage feedback. For a seven level three phase R-load the THDi and THDv 

were found to be 0.70% and 0.68%, while the same for a single phase system was found to be 

0.88% and 0.88% respectively with current feedback. With an R-L load the single phase 

seven level MLI showed THDi and THDv values of 2.34% and 1.56% respectively under 

voltage feedback. The same design with current feedback showed THDi and THDv values of 

1.12% and 0.41% respectively.  

 

         In all these designs the THD was found to be less than 5%. This suggests 7- level 

inverter with GPI controller delivers output power with better quality. 
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       Traditional architecture of multilevel inverter requires numerous power electronic 

components. As a solution to this, we have also designed MLI based on novel H-bridge 

structure. This model resulted in the reduction of switching elements as well as DC voltage 

sources required. For a seven level MLI, six switches and DC voltage sources are sufficient 

which is less compared to the conventional system using twelve switches and three sources. 

Using the same model we have also demonstrated 9-level inverter with three DC sources and 

eight switches, 15-level inverter with three DC source and ten switches and 31-level inverter 

with ten switches and four DC voltage sources. In 31-level inverter the THD found to be less 

than 5%, making the system compact yet efficient. 
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CHAPTER 6 

FUTURE SCOPE 

      In our work we presented seven level inverter systems. We have designed MLI with GPI 

controller for resistive and reactive (R-L) loads. The design can be extended to drive various 

motors such as induction motor, railway traction etc. We have demonstrated inverters with 

single and three phases. Further a multi-phase inverter can also be designed following similar 

or slightly modified architecture. We chose current and voltage signal separately as feedback 

signals for generating switching pulses using SPWM technique. Using combination of these 

feedback signals we may obtained better output power quality. In addition other modulation 

techniques such as Selective harmonic elimination, wavelet modulation etc. for switching 

based on desired application. 
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