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  ABSTRACT 
The power loss, the electromagnetic stress dv/dt and Total Harmonics Distortion becomes 
the issue of industrial electrical drives today. Induction motors are most widely used 
machine in both industrial and domestic sector. However, they require variable-frequency 
power-electronic drive for their optimal speed control. Out of the various methods, the 
cascaded multilevel inverter based speed control has proven to be the most versatile. The 
SPWM techniques are used at this thesis work that providing better sinusoidal wave form 
of both voltage and current. In this thesis work, using MATLAB R2013a/SIMULINK 
software, a five and seven cascaded multilevel inverter topologies are analyzed, designed 
and simulated to eliminate the fifth and seventh harmonics that are dominant in closed 
loop induction motor drive. The THD values of five level and seven level CMLI inverter is 
compared. The THD value measured from chemical industry corporation mugher cement 
factory are 49% and 7. 10% for current and voltage respectively is compared with 
designed cascaded multilevel inverter are 4.06% and 5.06% for current and voltage 
respectively. Hence the cascaded multilevel inverter is proven and result with lower THD 
value. Moreover, the PI controller is designed and cascaded with multilevel inverter to 
obtain smooth speed control of IM as per settled reference speed. The smooth speed 
control IM is compared for the two CMLI for the same settling time and settled reference 
speed. 
 

Keyword: Cascaded Multilevel (CML), Sinusoidal Pulse Width Modulation, PI controller, 
MATLAB/SIMULINK, speed control. 
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CHAPTER ONE 

INTRODUCTION 

1.1  Background of the study 

Multilevel Pulse Width Modulation inverters have been gained importance in high 

performance power applications without requiring high ratings on individual devices, as 

static var-compensators, drives and active power filters. A multilevel inverter divides the 

dc rail directly or indirectly, so that the output of the leg can be more than two discrete 

levels. As both amplitude modulation and pulse width modulation are used in this, the 

quality of the output waveform gets improved with low Total Harmonics Distortion. The 

advantages of multilevel inverter are good power quality, low switching losses, reduced 

output dv/dt and high voltage capability. Increasing the number of voltage levels in the 

inverter increases the power rating. The three main topologies of multilevel inverters are 

the Diode clamped inverter, Flying capacitor inverter, and the Cascaded H-bridge inverter 

[1][2]. The PWM schemes of multilevel inverters are classified in to two types the 

multicarrier sub-harmonic PWM (MC-SHPWM) and the Multicarrier switching frequency 

optimal pulse width modulation (MC-SFOPWM) [4] [5]. The MC-SHPWM diode clamped 

multilevel inverter strategy reduced total harmonic distortion and the MC-SFOPWM 

technique for multilevel inverter strategy enhances the fundamental output voltage [6], [8]. 

For this thesis work MATLAB® R2013a /SIMULINK software is used for the design and 

implementation of cascaded multilevel inverters, and the way by which the performance of 

the machine can be improved by increasing the level of the inverter. This thesis work 

enhances the method to produce a wave which is similar to that of a sine from a DC 

source. This is mainly applicable where there is only DC supply like the Batteries, fuel, 

photovoltaic cell etc. As the main device which converts the DC power to AC power is 

inverter, this thesis deals with evolution of inverters. The type of inverter circuit used in 

this project is cascaded H-bridge inverter model as it is more advantageous compared with 

that of the others. The triggering pulses are produced by the sinusoidal pulse width 

modulation technique. The obtained output is given to the three-phase squirrel cage 

induction motor and its speed is taken and compared with that of the reference speed and 

the desired speed is attained using PI controller 

1.2 Statement of the problem 

The presence higher frequencies are engaged in traditional pulse width modulation 

methods because of the unwanted harmonics occur at higher frequencies, which can be 
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filtered easily and several kHz is well above the acoustic noise level. But, in the case of 

chemical industry corporation mugher cement factory the designed addition filter for the 

traditional pulse width modulation methods cause electromagnetic interference (EMI). The 

rapid change in voltage (dv/dt) is the cause of electromagnetic interference. A high dv/dt 

produces common-mode voltages across the windings of motor and leads to damage. As a 

result cascaded multilevel inverter based speed control will overcome the above problem 

for industrial motor drives. 

1.3 Significance of the study 

The need to signify cascaded multilevel inverter for closed loop induction motor drives, for 

the reason that this topologies can generate output voltage with extremely low distortion, 

lower dv/dt, draw the input current with very low distortion, provide smaller common 

mode voltage thus reducing the stress in the motor bearing, they can operate with a lower 

switching frequency. Hence this method prevents the switching loss, reduces Total 

Harmonic Distortion and unwanted power loss which result in extra billing cost for 

industry.  

1.4 Objective of the study 

1.4.1  General objectives 

The main objective of this thesis Work is to analysis the existing speed control method of 

Chemical Industry Corporation Mugher Cement Factory and design cascaded multilevel 

inverter for closed loop induction motor drive by using PWM techniques.  

1.4.2  Specific objectives 

• To examine the existing speed control method of Chemical Industry Corporation 

Mugher Cement Factory. 

• To design cascaded multilevel inverters using SPWM techniques.  

• To design closed-loop PI controller that control speed of induction motor drive. 

• To designed and test the combined overall system to verify the speed control of closed 

loop induction motor drive. 

• To compare and analyzed THD level of both five and seven cascaded multilevel 

inverters voltage and current with the IEEE standard value [IEEE 519-1992].  

1.5 Scope  

This thesis work includes the design, simulation of the development of SPWM techniques 

for cascaded multilevel inverter speed control of closed loop three phase squirrel cage 
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induction motor by using MATLAB software. The design and simulation of cascaded 

multilevel inverter for speed control of induction motor in this thesis proposal is limited to 

five multilevel and seven multilevel inverter for the elimination of 5th and 7th harmonics. 

1.6 Limitation 

During this thesis work the researcher limited to the existing speed control method data at 

selected study area i.e. Chemical Industry Corporation Mugher Cement Factory. The 

company doesn’t have data measured like THD values of their control method; this 

problem leads to inefficient use of Electric Power Utility.  

1.7 Organization of the thesis 

Chapter one deals with the complete introduction of the thesis work, statements of the 

problem , significance of the study, the aim of the thesis work and the way the thesis is 

organized. It also gives a basic idea of the content present in the thesis.  

Chapter two deals with the literature review are also given for the further references. In this 

chapter varies speed control of three phase induction motor is reviewed. The working of 

the basic inverter and its circuit operation along with the output waveforms, pulse width 

modulation techniques is explained. Then the need for the multilevel inverters is 

concentrated. The different types of multilevel inverters topology along with their 

advantages and disadvantages are explained. 

Chapter three deals with methodology and system design. A detailed study on the 

sinusoidal pulse width modulation is explained and the way the pulses are produced for 

different levels are schematically shown. MATLAB®2013a /SIMULINK implementation 

of the generation of pulses and cascaded Multilevel for both five and seven level is also 

explained.  

Chapter four deals with results and discussion of the thesis work. The THD value of five 

cascaded multilevel and seven cascaded multilevel inverter is compared and the THD 

value proven that as the number of level increases the THD value is reduced. The 

compression of open loop and closed loop for both speed and load torques is discussed in 

this chapter. Chapter five deals with conclusions made and recommendation for this thesis 

work. 
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CHAPTER TWO 

LITERATURE REVIEW 

Adjustable Speed Drives (ASDs) and less THD are the essential and endless demand of the 

industries and researchers. They are widely used in the industries to control the speed of 

conveyor systems, blower speeds, machine tool speeds and other applications that require 

adjustable speeds. Now days, AC motors are preferred to DC motors, in particular, an 

induction motor due to its low cost, low maintenance, lower weight, higher efficiency, 

improved ruggedness and reliability. All these features make the use of induction motors in 

many areas of industrial applications [9].  

2.1 Various speed control method of Induction Motor 

There are various methods for the speed control of an Induction Motor. They are: 

• Variable Rotor Resistance Control 

• Variable Supply Voltage Control 

• V/f Control 

• Variable Supply Frequency control  

•  Speed control by pole changing 

• Multilevel inverter based SPWM speed control etc. 

Before the development of semiconductor power electronics, it was difficult to vary the 

frequency, and cage induction motors were mainly used in fixed speed applications. 

Applications such as electric overhead cranes used DC drives or wound rotor induction 

motors with slip rings for rotor circuit connection to variable external resistance allowing 

considerable range of speed control. However, resistor losses associated with low speed 

operation of wound rotor induction is a major cost disadvantage, especially for constant 

loads. Due to power loss in the resistance, this method is used where speed changes are 

required for short period only. This method also used for wound rotor induction method 

but not for cage motor [34]. 

Variable frequency drives can control the speed, but if we use this control method a lot of 

it will have harmonics in electric lines which damage sensitive electronic equipment, to 

prevent this it need more filter which need another cost [5].   

By varying supply frequency (on small amount), we can vary the speed. But a decrease in 

supply frequency decreases the speed and increases the flux, core losses which lead heating 

and low efficiency.  Increase in frequency increases the speed and reduces the torque. 
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Separate costlier auxiliary equipment is required to provide a variable frequency. So this 

method is not used in practical [34]. 

 In the case of v/f control, speed of the motor is controlled by varying the ratio of v/f 

accordingly. But the speed is not varying proportional to application so it consumes the 

rated power and it becomes economical disadvantages [5]. 

The change of number of poles is done by having two or more entirely independent stator 

windings in the same slots.  Each winding gives a different number of poles, so we will get 

different speeds.  Due to cost and complex switching arrangements, it is not practical to 

provide more than two arrangements of poles (i.e. two normal speeds) [34]. 

 Of the above mentioned methods, the advancement in Power Electronics and 

semiconductor technology has triggered the development of high power and high speed 

semiconductor devices in order to achieve a smooth, continuous and step less variation in 

motor speed. Applications of solid state converters/inverters for adjustable speed of 

induction motor drive are wide spread in electromechanical systems for a large spectrum of 

industrial systems [1], [2].  

Because of the above reviewed literatures drawback of different various speed control 

nowadays industrial application is move toward  adjustable speed drives, hence this thesis 

work focus on cascaded multilevel inverter for the Adjustable speed control of closed loop 

three phase squirrel cage induction motor drives. Three-phase squirrel cage rotor induction 

motors are widely used in industrial drives because they are rugged, reliable and 

economical.. The rotor of the slip ring motor has a cylindrical core with parallel slots, and 

each slot consists each bar. The slot of the squirrel cage motor is not parallel to each other. 

The slip ring motor is also called phase wound rotor. The construction of the slip-ring 

motor is complicated because it consist slip ring and brushes whereas the construction of 

the squirrel cage motor is simple. The phase wound motor consists external resistance 

circuit, whereas in squirrel cage motor it is not possible to add any external resistance 

circuit because their rotor bars are permanently slotted. For starting the slip ring motor the 

rotor resistance starter is used, whereas the slip ring motor does not require any starter. The 

starting torque of the slip-ring motor is high, whereas in squirrel cage motor it is low. The 

maintenance cost of the slip ring motor is high as compared to squirrel cage motor because 

the slip ring motor consists brushes and rings. The copper loss is more in slip ring motor as 

compared to squirrel cage motor. The slip ring motor has brushes for transferring the 

power whereas the squirrel cage motor is brushless. The copper loss in the phase wound 
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motor is high as compared to squirrel cage motor. The efficiency of the slip ring motor is 

low whereas the squirrel cage motor has high efficiency. The speed of the phase wound 

motor is controlled by using the resistance circuit. It is impossible to control the speed of 

the squirrel cage motor. The slip ring motor has low power factor as compared to squirrel 

cage motor. The cost of the phase wound rotor is high because it consists brushes. The 

squirrel cage motor is cheap. The starting current of the phase wound rotor is low because 

it is controlled by resistance circuit whereas it is high in squirrel cage motor. The phase 

wound motor is mostly used in places where high starting torque is required like a hoist, 

cranes, etc. The squirrel cage motor is used in a drilling machine, lathe machine, etc [33]. 

In general, because of the above reviewed literature merits this thesis work focus on the 

speed control of three-phase squirrel cage induction motor in closed loop drives system 

control. 

Synchronous speed 

An AC motor's synchronous speed, ns, is the rotation rate of the stator's magnetic field, 

which is expressed in revolutions per minute as 

n
 = 120 × f
P  

(2.1) 

Where  f is the motor supply's frequency in Hertz and P is the number of magnetic poles.  

Slip 

Slip, s, is defined as the difference between synchronous speed and operating speed, at the 

same frequency, expressed in rpm or in percent or ratio of synchronous speed. Thus 

S = n
 − n�
	n
  (2.2) 

 Where n
	is stator electrical speed, n� is rotor mechanical speed. Slip, which varies from 

zero at synchronous speed and 1 when the rotor is at rest, determines the motor's torque. 

Since the short-circuited rotor windings have small resistance, a small slip induces a large 

current in the rotor and produces large torque. At full rated load, slip varies from more than 

5% for small or special purpose motors to less that 1% for large motors. 

n� = n
(1 − S) (2.3) 

Hence slip plays an essential role in induction motor speed control. As we know, the slip 

speed is the difference between the synchronous and the rotor speed of induction motor 

(2.4).  
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S = ω
 −ω�
ω


 (2.4) 

Therefore emf (e ) induces in the rotor because of relative motion, or we can say the slip 

speed of the motor. So,  

e ∝ n
 − n� (2.5) 

The rotor current (i ) is directly proportional to the induced emf. 

i ∝ e  (2.6) 

The torque (T) is directly proportional to the rotor current. 

T ∝ i  (2.7) 

Therefore, 

T = K	(n
 − n�)	or		K	n
 	&	n
 − n�
	n
 	' 	or	T = K(S (2.8) 

Hence, torque is directly proportional to the slip. 

T ∝ S (2.9) 

The equation (2.9) shows that the torque induces on the rotor are directly proportional to 

the slip of the induction motor. The high value of slip induces the emf in the rotor. This 

EMF develops the heavy torque on the rotor conductors. The value of the slip is adjusted 

by considering the load on the motor. For full-load, the high value of torque is required. 

This can be achieved by increasing the amount of the slip and reducing the speed of the 

rotor. The slip of the motor is kept low when the induction motor is running at no-load. 

The small slip produces the small torque on the motor [35]. 

2.2  Introduction to Inverters 

A device that converters dc power into ac power at desired output voltage and frequency is 

called an inverter. The main applications of inverters are uninterruptable power supply, 

speed adjustment in ac drives, HVDC transmission lines. 

Recent advances in the power handling capabilities of static switch devices such as IGBTs 

with higher voltage rating has made the use of voltage inverter feasible for high power 

applications. Multilevel pulse width modulation inverter topologies have drawn 

tremendous interest in the power industry since it can provide the high power application. 

The unique structure of multilevel inverters allows them to operate at high voltages 

without switching devices connected in series. The inverter is also capable to operate at 

megawatt power level, with low distortion and low dv/dt stress [23]. 
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Several industrial applications have begun to require higher power apparatus in recent 

years. Some medium voltage motor drives and utility applications require medium voltage 

and megawatt power level. For a medium voltage grid, it is troublesome to connect only 

one power semiconductor switch directly. As a result, a multilevel power converter 

structure has been introduced as an alternative in high power and medium voltage 

situations. A multilevel converter not only achieves high power ratings, but also enables 

the use of renewable energy sources. Renewable energy sources such as photovoltaic, 

wind, and fuel cells can be easily interfaced to a multilevel converter system for a high 

power application [11-12]. 

The concept of multilevel converters has been introduced since 1975 [13]. The term 

multilevel began with the three-level converter. Subsequently, several multilevel converter 

topologies have been developed. However, the elementary concept of a multilevel 

converter to achieve higher power is to use a series of power semiconductor switches with 

several lower voltage dc sources to perform the power conversion by synthesizing a 

staircase voltage waveform. Capacitors, batteries, and renewable energy voltage sources 

can be used as the multiple dc voltage sources. The commutation of the power switches 

aggregate these multiple dc sources in order to achieve high voltage at the output; 

however, the rated voltage of the power semiconductor switches depends only upon the 

rating of the dc voltage sources to which they  are connected [15-22]. 

2.3 Need for multilevel inverters 

The need of multilevel converter is to give a high output power from medium voltage 

source. Sources like batteries, super capacitors, solar panel are medium voltage sources, 

and hence the squirrel cage IM run on AC power, there should be a conversion from DC to 

AC by a power converter. Inverters are employed to do this conversion. The simplest 

topology that can be used for this conversion is the two-level inverter that uses four 

switches. Each switch needs an anti-parallel diode, so there should be also four anti parallel 

diodes. There are also other topologies for inverters. A multilevel inverter is a power 

electronic system that synthesizes a sinusoidal voltage output from several DC sources. 

These DC sources can be fuel cells, solar cells, ultra capacitors, etc. The main idea of 

multilevel inverters is to have a better sinusoidal voltage and current in the output by using 

switches. Many switches are put in series and the switching angles are important in the 

multilevel inverters because all the switches should be switched in such a way that the 

output voltage and current have low harmonic distortion [16]. 
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Basically, the THD will be decreased by increasing the number of levels. It is obvious that 

an output voltage with low THD is desirable, but increasing the number of levels involves 

more complexities like more hardware and a more complicated control strategy. Choosing 

an inverter model with various levels is an optimum selection between price, weight, 

complexity and a very good output voltage with lower THD [6]. 

2.4  Introduction to multilevel inverters (MLI) 

The voltage source inverters produce an output voltage or a current with levels either 0 or 

± Vdc .They are known as the three -level inverter. To obtain a quality output voltage or a 

current waveform with a minimum amount of ripple content, they require high-frequency 

along with various pulse width modulation strategies. In high –power and high –voltage 

applications, these two-level inverters, however, have some limitations in operating at high 

frequency mainly due to switching losses and constraints of device ratings.  

In such cases we prefer for Multilevel Inverters. MLI’s are well suited for high power, high 

voltage applications; the structure of MLI’s is used to synthesize a near sinusoidal voltage 

from several levels of dc voltages. As the number of levels increases, the synthesized 

output waveform has more steps, which produce a staircase wave that approaches a desired 

waveform and the harmonic distortion of the output waveform decreases, approaching zero 

as the number of levels increases [18, 19]. 

2.5 Types of multilevel inverters 

Multilevel inverters are of three types, namely: 

• Diode clamped multilevel inverter 

• Flying capacitor multilevel inverter 

• Cascaded H-bridge multilevel inverter 

2.5.1 Diode clamped multilevel inverter 

A diode clamped multilevel inverter was one of the first inverters ever used. This inverter 

topology is as shown in figure 2.4 below. The diode-clamped inverter provides multiple 

voltage levels through connection of the phases to a series bank of capacitors. According to 

the original invention, the concept can be extended to any number of levels by increasing 

the number of capacitors. Early descriptions of this topology were limited to three-levels 

where two capacitors are connected across the dc bus resulting in one additional level. 
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Figure 2.1 Structure of diode clamped multilevel inverter [38] 

The additional level was the neutral point of the dc bus, so the terminology neutral point 

clamped (NPC) inverter was introduced. However, with an even number of voltage levels, 

the neutral point is not accessible, and the term multiple point clamped (MPC) is 

sometimes applied. Due to capacitor voltage balancing issues, the diode-clamped inverter 

implementation has been mostly limited to the three-level. Because of industrial 

developments over the past several years, this inverter topology has faded out of extensive 

use. The advantages of the diode clamped multi-level inverter are as large number of levels 

results in a small harmonic distortion. All phases share same DC bus, the control method is 

relatively simple and interconnection of two diode clamped multilevel inverters back-to-

back with a DC capacitor link is suitable for applications like unity power factor control, 

frequency changer, phase shifter, etc. however excessive clamping diodes (n-1) (n-2) are 

required per phase. Reactive power flow is difficult because of capacitors imbalance. 

Maximum output voltage in the output is half of the DC source (this problem can be solved 

by cascading two diode clamped multilevel inverters) [28].  
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2.5.2 Flying capacitor multilevel inverter 

Another fundamental multilevel topology, the flying capacitor, involves series connection 

of capacitor clamped switching cells. This topology has several unique and attractive 

features when compared to the diode-clamped inverter. One feature is that added clamping 

diodes are not needed. Furthermore, the flying capacitor inverter has switching redundancy 

within the phase which can be used to balance the flying capacitors so that only one dc 

source is needed. A conventional 5-level flying capacitor model is as shown in next page in 

Figure 2.3. 

 

Figure 2.2 Structure of flying capacitor multilevel inverter [38] 

This model is capable of solving capacitor voltage unbalance problem and excessive diode 

count requirement in DCMI. An n level inverter needs 2(n-1) switching devices, (n-1) (n-

2)/2 balancing capacitors per phase & (n – 1) main DC bus capacitors. The advantages of 

the flying capacitor multi-level inverter, it provide switch combination redundancy for 

balancing different voltage levels. Similar to diode - clamp inverter with more levels, the 

harmonic content is low enough to avoid the need of filters and both real and reactive 

power flow can be controlled. But his topology has results in an excessive number of 

storage capacitors are required when the number of levels is high, high level inverters are 

more difficult to package with the bulky power capacitors and are more expensive too. The 
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inverter control can be very complicated, and the switching frequency and switching losses 

are high during practical applications for high power transmission [36]. 

2.5.3  Cascaded H-bridge multilevel inverter 

The concept of this inverter is based on connecting H-bridge inverters in series to get a 

sinusoidal voltage output. The output voltage is the sum of the voltage that is generated by 

each cell. The number of output voltage levels are 2n+1, where n is the number of cells. 

The switching angles can be chosen in such a way that the total harmonic distortion is 

minimized. An n level cascaded H-bridge multilevel inverter needs 2(n-1) switching 

devices where n is the number of the output voltage level [27]. 

A schematic diagram of a cascade m,d H-bridge inverter is as shown in Figure 2.3 below: 

 

 

Figure 2.3 Cascaded H-bridge multi-level inverter 

The advantage of the cascaded H-bridge multi-level inverters has the simple architecture 

and the lowest component count, the converter is very modular and easy to understand not 

only to its Structure, but also its control. For real power conversions from AC to DC and 

then DC to AC, the cascaded inverters need separate DC sources. The structure of separate 

DC sources is well suited for various renewable energy sources such as fuel cell, 
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photovoltaic and biomass. However, there is only limited access to DC bus capacitors, 

which limits its area of application to either those with only reactive power flow, or those 

where the power source or load can be both modular and isolated. It needs separate dc 

sources for real power conversions, thereby limiting its applications. 

2.6 Comparison of the three multilevel inverter topologies 

A comparative study of the above said inverter topologies can be represented by the 

following tabular column Table 2.1. 

Table 2. 1 Comparison of the three multilevel inverter topologies 

Inverter Configuration  Diode-Clamp Flying-Capacitor Cascaded-Inverter 

Main switching devices 2(n-1) 2(n-1) 2(n-1) 

Main diodes 2(n-1) 2(n-1) 2(n-1) 

Clamping diodes (n-1)(n-2) 0 0 

DC bus capacitors (n-1) (n-1) (n-1)/2 

Balancing capacitors 0 (n-1)(n-2)/2 0 

2.7 Introduction to Pulse Width Modulation 

In many industrial applications, control of output voltage is often necessary to withstand 

with the variations of dc input voltage, to regulate voltage of inverters, to satisfy the 

constant volts and frequency control requirement. There are various techniques to vary the 

inverter gain .The most efficient method of controlling the gain is to incorporate PWM 

control within the inverters .The commonly used techniques for single phase inverters are: 

• Single-pulse -width modulation 

• Multiple-pulse-width modulation 

• Sinusoidal pulse-width modulation 

And for three phase inverters are: 

• Sinusoidal pulse width modulation  

2.8  The Carrier Based Modulation Schemes of Multilevel Inverters 

The carrier based modulation schemes for multilevel inverters can be generally classified 

into two categories: 

• Phase-Shifted Carrier Based Modulation and  

• Level-Shifted Carrier Based Modulation 

Both modulation schemes can be applied to the cascaded multilevel inverters. 
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2.8.1 Phase-Shifted Carrier Based Modulation  

A multilevel inverter with m voltage levels requires (m-1) triangular carriers. In phase 

shifted multicarrier modulation, all the triangular carriers have the same frequency and the 

same peak-to-peak amplitude, but there is phase shift between any two adjacent carrier 

waves, it’s given by: 

Φ� = 360˚
(m − 1) 

(2.3) 

Where: 

m= multilevel inverter with m voltage levels 

Φ�= phase shift angle between any two adjacent carrier waves 

2.8.2 Level-Shifted Carrier Based Modulation   

Similar to the phase shifted modulation, an m-level cascaded multilevel inverter level 

shifted multicarrier modulation schemes requires (m-1) triangular carriers, all having the 

same frequency and amplitude. The (m-1) triangular carrier is vertically disposed such that 

the bands they occupy are contiguous. The frequency modulation index is given by 

equation (2.4), which remains the same as that for the phase shifted modulation scheme 

whereas the amplitude modulation index is defined as in equation (2.3). 

m� = f�
f� 

(2.4) 

		m� = v�	
v� 						 

	for	0 ≤ 	m� ≤ 1			 

(2.5) 

Where: 

m� = frequency modulation index 

f�= carrier frequency 

f�= frequency of modulating waves. 

m�= amplitude modulation index 

v�	= peak amplitude of voltage 

v�=peak carrier voltage 

THD of phase-shifted modulation is much higher than level-shifted modulation [30]. 

Therefore, the modulation schemes of this thesis are considered level shifted modulation. 

An m cascaded multilevel inverter using level-shifted multicarrier modulation scheme 

requires (m-1) triangular carriers, all having the same frequency and amplitude. The (m-1) 
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triangular carriers are vertically disposed such that the bands they occupy are contiguous. 

There are three alternative PWM strategies with different phase relationships for the level-

shifted multicarrier modulation: 

• In-phase disposition (IPD), where all carrier waveforms are in phase. 

• Phase opposition disposition (POD), where all carrier waveforms above zero reference 

are in phase and are 1800 out of phase with those below zero. 

• Alternate phase disposition (APOD), where every carrier waveform is in out of phase 

with its neighbor carrier by 1800. Hence the THD value of IPD is less comparing to the 

rest above two PWM techniques for the level shifted multicarrier modulation in phase 

disposition PWM techniques is considered for this thesis work [30]. 

Comparison between phase shifted and level shifted PWM Schemes 

To compare the performance of the phase and level shifted modulation schemes, it is 

assumed that the average switching frequency of the solid state device is the same for both 

schemes. 

Table 2. 2 comparison between the phase and level shifted PWM schemes [29] 

Comparison Phase Shifted Modulation Level Shifted Modulation  

(IPD) 

Device switching frequency Same for all devices Different  

Device conducting Period Same for all devices Different  

Rotating of switching pattern Not required Required  

Line-to-line voltage THD Good Better  

Single Pulse Modulation 

In single pulse width modulation control ,there is only one pulse per half cycle and the 

width of the pulse is varied to control the inverter output voltage .The gating signals are 

generated by comparing a reference signal of amplitude Vr, with a carrier wave of 

amplitude Vc. The frequency of the reference signal determines the fundamental frequency 

of output voltage. As the semiconductor devices receive only one pulse during half cycle, 

one semiconductor devices is switched on. The output voltage of the inverter can be 

controlled by controlling width of pulse. This will control the output voltage of the inverter 

and the frequency of the output voltage depends upon frequency of reference signal [7].    
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Multiple Pulse Width Modulation 

There is more than one pulse per half cycle in the multiple width modulation. These gate 

pulses are used to control output voltage of the inverter as well as reduce harmonics. The 

magnitude and width of the pulses are equal in this method. The reference signal and 

higher frequencies carrier signal are compared in this method in order to generate more 

than one gating pulses. The number of gate pulses depends upon carrier frequencies of 

whereas the output voltage depends frequencies of reference signal. Figure 2.5 illustrate 

the multiple pulse width modulation techniques as follow. 

 

Figure 2.4 Multiple Pulse Width Modulation 

From figure 2.4 

Carrier frequency= f� in Hz 

Reference frequency = f- in Hz 

1

f�
�
π

3
 

(2.6) 

 

T� �
π

3
  

Or  
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Similarly  

1
2f- =

1
π 

(2.7) 

 

Or 

T- = 1
π 

 

TR= π/2     

There number of the pulses per half cycle 

NP =Length of the half cycle reference signal /Length of one cycle Triangular waveform 

N
 = 1
2f- 	/	

1
f�											 

= f�
2f- 

(2.8) 

Number of generated pulses NP = 
1
2 * π   [from equation (2.6) and (2.7) 

                                                  = 3  

As the number of pulses increases in each half cycle, lower order harmonics reduces but 

higher order harmonics increases. The higher order harmonics are reduced by using filter. 

It is to be noted that the switching losses of the semiconductor increase as there are more 

number of pulses per half cycle.  This modulation technique is also called symmetrical 

modulation control. 

Sinusoidal pulse-width modulation 

This is similar to that of the above mentioned method of the pulse generation by 

comparison of the triangular wave with that of the sine wave. But the main difference is 

the generation of the triangular waves. The amplitude of the triangular is changed 

depending on the required switching sequence keeping the sine wave amplitude constant.  

The reference signal is taken as sinusoidal waveform whereas the carrier signal is taken as 

triangular waveform in this method. The width of the pulse in the SPWM is not equal due 

to reference signal is taken as sinusoidal waveform. The amplitude of sinusoidal waveform 

is not constant. The width of gate pulse is determined by intersect point of the sinusoidal 

waveform and triangular waveform. The frequency of the inverter output voltage depends 

upon frequency of reference signals fR and amplitude of the reference signals VR controls 
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the modulation index (M). The number of pulses per half cycle when the amplitude of 

triangular wave becomes maximum and sinusoidal waveform become zero.   

N
 �
f�
2f- 

2.9 

Where 

     f�= carrier wave frequency = 1
2 

          f-= Reference wave frequency = (
 2 

Therefore 

N
 = 3
π	∗ 	

2π
2  

= 3 

2.10 

The number of pulses per half cycle when the amplitude of traingular waveform and 

sinusoidal become zero at same time. 

N
 = f4
2f- − 1		 
= 2 

2.11 

The modulation index = 56
78 

The analysis of harmonic is done in the sinusoidal PWM control is below. Whe the value 

of modulation index is less than one, the maximum harmonic number in the output voltage 

is: 

f�
f- 	± 1 

Or 

2N
 ± 1 

Where Np= Number of pulses per half cycle 

As the number of pulses per half cycle increases, the higher order harmonics also 

increases. Let Np= 3, it will generate will generate 5th harmonic and 7th harmonic but 

higher order harmonics are easily filtered out. As the number of pulses increases per half 

cycle, the switching losses also increase and it affects the efficiency of the inverter. When 

the  modulation index is greater than one, lower order harmonics reduces in the output of 

the inverter. 
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Multilevel inverter based SPWM speed control is the most advantages for industrial and 

domestic applications because of its Adjustable Speed Drives (ASDs), reduction of 

Electromagnetic interference and less THD comparing to the rest. Thus in areas where 

precision is required, Multilevel inverter based SPWM speed control used. The various 

advantages multilevel inverter based SPWM speed control is as follows: 

• It gives good running and transient performance. 

• Reduce harmonic  

• No need to filter circuits 

• It has low starting current requirement. 

• It has a wider stable operating region. 

• Voltage and frequencies reach rated values at base speed. 

Voltage or current converters generate discrete output waveforms which led the use of 

machines with special isolation and in some applications large inductances connected in 

series with the respective load. The distorted voltages and currents waveforms produce 

harmonic distortion additional power losses, and high frequency noise that can affect not 

only the power load but also the associated controllers [3], [6]. 

 All these unwanted operating characteristics associated with PWM converters could be 

overcome with multilevel converters in addition to the fact that higher voltage levels can 

be achieved. The poor quality of output current and voltage of an induction motor fed by a 

classical two-level inverter is due to the presence of harmonics. The presence of significant 

amount of harmonics makes the motor to suffer from severe torque pulsations, especially at 

low speed, which manifest themselves in cogging of the shaft [3], [7]. It will also causes 

undesired motor heating and Electromagnetic interference. The reduction in harmonics 

calls for large sized filters, resulting in increased size and the cost of the system. Nowadays 

multilevel inverters are the promising alternative and cost effective solution for high 

voltage and high power applications including power quality and motor drive problems. 

Multilevel structure allows raising the power handling capability of the system in a 

powerful and systematic way. The advancements in the field of power electronics and 

microelectronics made it possible to reduce the magnitude of harmonics with multilevel 

inverters, in which the number of levels of the inverters are increased rather than 

increasing the size of the filters. The performance of multilevel inverters enhances as the 

number of levels of the inverter increases [1, 2, 4]. 
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CHAPTER THREE 

METHODOLOGY AND SYSTEM DESIGN 

The methodology of this thesis work involves a number of different tasks that are 

performed to lead towards completion. This is followed by the literature review where all 

the theoretical information regarding the component multilevel inverter and Mathematical 

calculation such the speed of the motor, torques and so on. Design of the project will be 

implemented by using MATLAB R2013a/SIMULINK software for simulate the result. 
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Figure 3.1 Block diagram for induction motor with closed loop speed control 

According to the above block diagram the DC source given to the three phase H-bridge, 

which followed by Signal generator PWM techniques. The overall completed CML 

inverter is fed the induction motor drive, such a way that the speed of induction motor is 

controlled by using PI controller control by comparing actual speed of the motor with 

respect the set value or reference generator. The compilation methodology of the research 

is discussed as follow by using MATLAB R2013a software as tools. 

3.1 MATLAB Implementation of Sinusoidal Pulse width Modulation (SPWM)  

The MATLAB® high-performance language for technical computing integrates 

computation, visualization, and programming in an easy-to-use environment where 

problems and solutions are expressed in familiar mathematical notation. Simulink software 

models, simulates, and analyzes dynamic systems. It enables you to pose a question about 

a system, model the system, and see what happens. With Simulink, you can easily build 

models from scratch, or modify existing models to meet your needs. Simulink supports 

linear and nonlinear systems, modeled in continuous time, sampled time, or a hybrid of the 

two. The Sinusoidal pulse width modulation is generated by using Simulink block in such 
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a way that by comparing the fundamental frequency with that carrier it generates the gate 

signals. This circuit consists of the sine generator block, triangular generator block, logical 

comparator and they are connected as shown in the Figure 3.1. 

 

Figure 3.2 Simulation circuit of the sinusoidal pulse width modulation technique 

In the above simulation circuit one of the sine wave is a phase shift of 00 where the other 

sine block is with a phase shift of 1800. The triangular block is common one which gives 

the carrier frequency for the generation of pulse1 and pulse 2 shown in the Figure 3.1. The 

output waveform of this circuit is shown in Figure 4.1. 

3.2  Metal Oxide Field Effect Transistor (MOSFET)  

The metal–oxide–semiconductor field-effect transistor (MOSFET, MOS-FET, or MOS 

FET) is a transistor used for amplifying or switching electronic signals. Although the 

MOSFET is a four-terminal device with source (S), gate (G), drain (D), and body (B) 

terminals, the body (or substrate) of the MOSFET often is connected to the source 

terminal, making it a three-terminal device like other field-effect transistors. Because these 

two terminals are normally connected to each other (short-circuited) internally, only three 

terminals appear in electrical diagrams. The MOSFET is by far the most common 

transistor in both digital and analog circuits, though the bipolar junction transistor was at 

one time much more common [25].  

Metal- oxide- semiconductor field effect transistors require the continuous application of a 

gate-source voltage of appropriate magnitude in order to be in the on state. No gate current 

flows except during the transitions from on to off or vice versa when the gate capacitance 

is being charged or discharged. The switching times are very short, being in the range of a 
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few tens of nanoseconds to a few hundred nanoseconds depending on the device type. The 

on-state resistance  r:;(<=) of the MOSFET between the drain and source increases rapidly 

with the device blocking voltage rating. On a per-unit area basis, the on-state resistance as 

a function of blocking voltage rating BVDss, can be expressed as 

r:;(<=) � kBV:;;
 .BC .D 3.1 

Where k is a constant that depends on the device geometry. Because of this, only devices 

with small voltage ratings are available that has low on-state resistance and hence small 

conduction losses. 

P; �
1
2V�I<f
(t�(<=) + t�(<��)) 3.2 

Where, P; is switching power loss,	V�	input voltage, I<, entire current, f
 device switching 

frequency and  t� is conduction time. This is an important result because it shows that the 

switching power loss in a semiconductor switch varies linearly with the switching 

frequency and the switching times. Therefore, if devices with short switching times are 

available, it is possible to operate at high switching frequencies in order to reduce filtering 

requirements and at the same time keep the switching power loss in the device from being 

excessive. However, because of their fast switching speed, the switching losses can be 

small in accordance with Eq. 3.2. From a total power loss standpoint, 300-400V MOSFETs 

compete with bipolar transistors only if the switching frequency is in excess of 30-100 

kHz. However, no definite statement can be made about the crossover frequency because it 

depends on the operating voltages, with low voltages favoring the MOSFET. Metal- oxide 

semiconductor field effect transistors are available in voltage ratings in excess of l000 V 

but with small current ratings and with up to 100 A at small voltage ratings [7], [36].  

 

Figure 3.3 N-channel and P-channel depletion type MOSFET 
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From Figigure3.3 it can be concluded that depletion type MOSFETs are normally ON type 

switches i.e. with the gate terminal open a nonzero drain current can flow in these devices. 

This is not convenient in many power electronic applications. 

 

Figure 3.4 N-channel and P-channel enhancement type MOSFET 

The enhancement type MOSFETs (particularly of the n-channel variety) is more popular 

for power electronics applications. This is the type of MOSFET is used for the design of 

cascaded multilevel inverter in this thesis work. Both "n-channel" and "p-channel" devices 

are being made, but the former are available in higher ratings because the electrons have a 

higher mobility than holes inside the silicon crystal.   

The main advantage of a MOSFET is that it requires almost no input current to control the 

load current, when compared with bipolar transistors. In an enhancement mode MOSFET, 

voltage applied to the gate terminal increases the conductivity of the device. In depletion 

mode transistors, voltage applied at the gate reduces the conductivity [24], [37]. 

MOSFETs also have comparatively higher on state resistance per unit area of the device 

cross section which increases with the blocking voltage rating of the device. Consequently, 

the use of MOSFET has been restricted to low voltage (less than about 500 volts) 

applications where the ON state resistance reaches acceptable values. Inherently fast 

switching speed of these devices can be effectively utilized to increase the switching 

frequency beyond several hundred kHz. 
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Figure 3.5 Summary of power semiconductor device capabilities.  

3.3 MATLAB implementation of Three Phase Five CMLI Level Inverter 

This circuit consists of 24 MOSFET’s with 8 for each phase. These 8 MOSFET’s are 

connected as H-bridge with two legs having two switches each. These two bridges are 

connected in series for a single phase as shown in the Figure 3.4 

The waveform of one leg of cascaded H-bridge multilevel inverter of VAN can be expressed 

in terms of Fourier series as 

VHI �
4V:4

π K 1
n

L

=M(,1,B,D…
Pcos(nθ() + cos(nθ ) + cos(nθ1)} sin(nωt) 

3.1 

For 0 ≤ θ1< θ  <θ(≤ π/2 

Where n is the harmonic order, and θ(, θ   and θ1 are the independent switching angles. 

The coefficient  
U7V8
2   represent the peak values of the maximum fundamental voltage 

VW,X�Y of an H-bridge cell, which occurs when switching angle θ(of vW( for example , 

reduce to zero. The switching sequence is stated in table 3.1. 
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Figure 3.6.  Cascaded H-bridge for single phase five level 

Operation of Five Level Cascaded Multilevel Inverter 

There are five different states of switching to produce the five level output. The switching 

operation is explained in the following table. 

Table 3.1 Switching sequence of five level cascaded multilevel inverter 

S11 S12 S13 S14 S21 S22 S23 S24 Output 

On Off Off On On Off Off On 2vdc 

On Off Off On Off Off Off Off Vdc 

On Off Off On Off On On Off 0 

Off Off Off Off Off On On Off -Vdc 

Off On On Off Off On On Off -2vdc 
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3.4 MATLAB implementation of 3 Phase Seven CMLI Level Inverter 

This circuit consists of 36 MOSFET’s with 12 for each phase. These 12 MOSFET’s are 

connected as H-bridge with two legs having two switches each. These three bridges are 

connected in series for a single phase as shown in the figure 3.5. 

 

Figure 3.7. Cascaded H-bridge for single phase seven level 

Operation of seven level cascaded multilevel inverter 

There are seven different states of switching to produce the seven level output. The 

switching operation is explained in the following table. 
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Table 3. 2 Switching sequence of seven level inverter 

S11 S12 S13 S14 S21 S22 S23 S24 S31 S32 S33 S34 Output 

On Off Off On On Off Off On On Off Off On 3vdc 

On Off Off On On Off Off On Off Off Off Off 2vdc 

On Off Off On Off Off Off Off Off Off Off Off Vdc 

On Off Off On Off On On Off Off Off Off Off 0 

Off Off Off Off Off On On Off Off Off Off Off -Vdc 

Off Off Off Off Off On On Off Off On On Off -2vdc 

Off On On Off Off On On Off Off On On Off -3vdc 

3.5 PID Controller  

A proportional–integral–derivative controller (PID controller) is a generic loop feedback 

(controller) widely used in industrial control systems – a PID is the most commonly used 

feedback controller. A PID controller calculates an "error" value as the difference between 

a measured process variable and a desired set point. The controller attempts to minimize 

the error by adjusting the process control inputs. Some applications may require using only 

one or two actions to provide the appropriate system control. This is achieved by setting 

the other parameters to zero. A PID controller will be called a PI, PD, P or I controller in 

the absence of the respective control actions. PI controllers are fairly common, since 

derivative action is sensitive to measurement noise, whereas the absence of an integral 

term may prevent the system from reaching its target value due to the control action.  

Hence the research uses the PI controller for adjustable speed control of three phase 

squirrel cage induction motor in this thesis work [32]. 

PID Controller theory: 

The PID control scheme is named after its three correcting terms, whose sum constitutes 

the manipulated variable (MV). The proportional, integral, and derivative terms are 

summed to calculate the output of the PID controller. Defining u(t)as the controller output, 

the final form of the PID algorithm is: 

)()()()()(
0

te
dt

d
KdeKteKtMVtu

t

dip ∫ ++== ττ  

Where: 

K
=Proportional gain, a tuning parameter 

K	 = Integral gain, a tuning parameter 
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K� =Derivative gain, a tuning parameter 

e=Error =SP-PV 

SP=Set Point 

PV=Process Variable 

t: Time or instantaneous time  

Tuning Methods of PI Loop 

There are several methods for tuning a PI loop. The most effective methods generally 

involve the development of some form of process model, and then choosing P, I, and D 

based on the dynamic model parameters. Manual tuning methods can be relatively 

inefficient, particularly if the loops have response times on the order of minutes or longer. 

The choice of method will depend largely on whether or not the loop can be taken "offline" 

for tuning, and the response time of the system. If the system can be taken offline, the best 

tuning method often involves subjecting the system to a step change in input, measuring 

the output as a function of time, and using this response to determine the control 

parameters. 

Ziegler–Nichols method: 

The Ziegler–Nichols method, introduced by John G. Ziegler and Nathaniel B. Nichols in 

the 1940s. The K	  and  K� gains are first set to zero. The P gain is increased until it reaches 

the ultimate gain,KZ, at which the output of the loop starts to oscillate. Ku and the 

oscillation period Pu are used to set the gains as shown in table 3.3 [31]. 

Table 3.3  K
 ,K	 ,K� values using Ziegler–Nichols method [31] 

Ziegler–Nichols Method 

Control Type [\ [] 1[^ 

P 0.50 KZ - - 

PI 0.45 KZ 1.2 
_`


a
 - 

PID 0.60	KZ 2 	
_`


a
 K
	pZ

8
 

3.6  MATLAB implementation of 3 Phase Five Level CMLI for Induction Motor  

The modulating signal fed the control signal in order to generate the appropriate voltage 

level in the case five level cascaded multilevel inverter. The following diagram shows the 

MATLAB implementation of three-phase IM fed with five cascaded multilevel inverter for 

the case open loop speed control. 
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Figure 3.8 Three phase IM feed with open loop five CML inverter 

The three-phase IM fed with five cascaded multilevel inverter in the case of open loop 

speed and torque response is shown in the figure 4.12 and figure 4.14. Each system block 

and their respective function in the system are described as follows. 

 

Figure 3.9 Description of modulating signal block and their out put 
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The modulating signal is given to the control signal. In such a way that the control signal is 

generate the pulse that given to the cascaded multilevel inverter for the case R_PHASE, S-

_PHASE and T_PHASE which is shown in the Figure 3.5. The main function of this 

subsystem is to producing the modulated signal from the fundamental frequency according 

to the firing angle. 

     

 

Figure 3.10 Description of control signal block of five level CMLI and their output 

By comparing the fundamental frequency and carrier frequency the pulse generated. These 

generated pulse given to the cascaded multilevel inverter, in this case five level inverter 

which shown in Figure 3.6. The rest block of Figure 3.8 i.e. subsystem1 and subsystem3 

are designed in the fashion as the one described in the above but it feed the left two leg of 

the cascaded multilevel inverter. Accordingly all the three-phase control signal generate 

the pulse and arranged switching sequence produce the output voltage as described in 

Table 3.1.  
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The signal generator fed the control signal in order to generate the appropriate voltage 

level in the case five level cascaded multilevel inverter. The following diagram shows the 

MATLAB implementation of three-phase IM fed with five cascaded multilevel inverter for 

the case closed loop speed control. This block diagram has one another more diagrams 

from that Figure 3.8 called PI controller block and hence it is called closed loop speed 

control system. 

 

Figure 3.11 Three-phase IM fed with closed loop five CML inverter 

The three-phase IM fed with five cascaded multilevel inverter in the case of closed loop 

speed and torque response is shown in the Figure 4.16 and Figure 4.17 respectively. The 

function and internal description of this subsystem is the same as the system described for 

Figure 3.7. But Figure 3.10 block have one additional feedback block named PI controller 

block and reference speed. The effect of PI controller block in system designed for the 

speed control of three-phase squirrel cage IM illustrated in chapter four of this thesis work.   
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3.7  MATAB implementation of 3 Phase Seven Level CMLI for Induction Motor 

The modulating signal fed the control signal in order to generate the appropriate voltage 

level in the case seven level cascaded multilevel inverter. This cascaded multilevel inverter 

is different from that of five cascaded multilevel inverter that seven cascaded multilevel 

inverter has on more H-bridge in it at shown in Figure 3.6. The following diagram shows 

the MATLAB implementation of three-phase IM fed with seven cascaded multilevel 

inverter for the case open loop speed control. 

 

Figure 3.12 Three phase IM feed with open loop seven CML inverter 

The three-phase IM fed with seven cascaded multilevel inverter in the case of open loop 

speed and torque response is shown in the Figure 4.13and Figure 4.14 respectively. The 

internal block of PHASE_A is illustrated as in the Figure 3.12. Since the design is for 

three-phase, the internal block of PHASE_B and PHASE_C has the same system design 

and the same function for that of PHASE_A. 



 

 33 

  

 

 

Figure 3.13 Description of control signal block for seven level CMLI and their output 

By comparing the fundamental frequency and carrier frequency the pulse generated. These 

generated pulse given to the cascaded multilevel inverter, in this case seven level inverter 

which shown in Figure 3.6. The rest block of Figure 3.12 i.e. subsystem of PHASE_B and 

PHASE_C are designed in the fashion as the one described in the above but it feed the left 

two leg of the cascaded multilevel inverter. Accordingly all the three-phase control signal 

generate the pulse and arranged switching sequence produce the output voltage as 

described in Table 3.2.  
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The signal generator fed the control signal in order to generate the appropriate voltage 

level in the case seven level cascaded multilevel inverter. The following diagram shows the 

MATLAB implementation of three-phase IM fed with seven cascaded multilevel inverter 

for the case closed loop speed control. This block diagram has one another more diagrams 

from that Figure 3.12 called PI controller block and hence it is called closed loop speed 

control system. 

 

Figure 3.14 Three-phase IM fed with closed loop seven CML inverter 

The three-phase IM fed with seven cascaded multilevel inverter in the case of closed loop 

speed and torque response is shown in the Figure 4.16, Figure 4.17 and Figure 4.18 

respectively. The description of system block of Figure 3.12 is the same with system block 

of Figure 3.14 but this system design contain one additional feedback block named PI 

controller block. In this case the PI controller looks for the correct output by comparing the 

actual speed and settled reference speed. The effect of PI controller in speed control of 

three-phase squirrel cage induction motor explained in chapter. 
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CHAPTER FOUR 

Results and Discussions 

 

Figure 4.1 Simulated output of SPWM technique 

The above generated pulses explain the basic structure sinusoidal PWM. The pulses of the 

five levels and seven levels are generated with the same concept but with the modification 

of the triangular wave. 

The waveforms of the five level pulse width modulation is as follows 

 

Figure 4.2. Sine and triangular waves for five level inverter 
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Figure 4.3. Sine and triangular waves for seven level inverter 

Figure 4.2 and 4.3 shows the fundamental and carrier frequency wave for single phase five 

and seven cascaded multilevel inverter respectively. The role of this control signal in the 

system design is the generate the pulse that control switching sequence of the inverter 

accordingly.  

 

Figure 4.4. Single-phase five level CMLI output waveform 

(f� =50 Hz, f�� = 2000 Hz, m�=1.0	) 

The output waveform of the three phase five level cascaded multilevel inverter 
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Figure 4.5 Three phase voltage output of five level inverter 

(f� =50 Hz, f�� = 2000 Hz, m�=1.0	) 

 

Figure 4.6 Three phase voltage output of five level inverter THD value in percent 

Figure 4.5 and 4.6 indicates the expected output of three-phase voltage for five level 

cascaded multilevel inverter and its THD measured value.  
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Figure 4.7 Single-phase current output of five level inverter 

(f� =50 Hz, f�� = 2000 Hz, m�=1.0	) 

 

Figure 4.8 Three phase current output of five level inverter 

(f� =50 Hz, f�� = 2000 Hz, m�=1.0	) 
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Figure 4.9 Three phase current output of five level inverter THD value in percent 

(f� =50 Hz, f�� = 2000 Hz, m�=1.0	) 

Figure 4.8 and 4.9 indicates the expected output of three-phase current for five level 

cascaded multilevel inverter and its THD measured value. This THD value of current too 

reduces enough comparing to the THD value measure from the company (Appendix A3). 

The THD value of five cascaded multilevel inverter is about 6.06% without using filter 

circuit but even if the company use filtering circuit the measured value of THD value is 

about 49.00% (Appendix A3). 

 

Figure 4.10 Three phase voltage output of seven cascaded multilevel inverter 

(f� =50 Hz, f�� = 2000 Hz, m�=1.0	) 
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Figure 4.11 Three phase voltage output of seven cascaded multilevel inverter 

(f� =50 Hz, f�� = 2000 Hz, m�=1.0	) 

 

Figure 4.12 Three phase voltage output of seven cascade multilevel inverter THD 

(f� =50 Hz, f�� = 2000 Hz, m�=1.0	) 

Figure 4.11 and 4.12 indicates the expected output of three-phase voltage for seven level 

cascaded multilevel inverter and its THD measured value. This THD value meet standard 

as well reduce enough comparing to THD value of company which about 7.10% 

(AppendixA3)  
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Figure 4.13 Single-phase current output of seven cascade multilevel inverter 

(f� =50 Hz, f�� = 2000 Hz, m�=1.0	) 

 

Figure 4.14 Three phase current output of seven cascade multilevel inverter 

(f� =50 Hz, f�� = 2000 Hz, m�=1.0	) 
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Figure 4.15 Three phase current output of five cascaded multilevel inverter THD 

(f� =50 Hz, f�� = 2000 Hz, m�=1.0	) 

Figure 4.14 and 4.15 indicates the expected output of three-phase current for seven level 

cascaded multilevel inverter and its THD measured value. This THD value of current too 

reduces enough comparing to the THD value measure from the company (Appendix A3). 

The THD value of five cascaded multilevel inverter is about 4.06% without using filter 

circuit but even if the company use filtering circuit the measured value of THD value is 

about 49.00% (Appendix A3). 

4.1.Comparison of THD for different modulation indexes at different levels  

The ‘m’ value is changed with the change in the values of the magnitude of the reference 

wave (sine). The different values are as shown in the table 4.1. 
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Table 4.1 Comparison of THD for five and seven cascaded multilevel inverter with 

different	de  and df values 

THD for 5-level THD for 7-level 

Modulating 

Frequency (m�) 

Modulation Index (m�) Modulation Index (m�) 

0.8 0.9 1.0 0.8 0.9 1.0 

2000 9.34% 7.88% 7.75% 6.37% 5.45% 5.06% 

1000 9.22% 7. 25% 7.12% 6.35% 5.34% 4.47% 

500 7.91% 7.21% 5.71% 6.31% 5.12% 4.21% 

250 4.95% 3.99% 3.85% 3.79% 3.56% 3.07% 

We observe that the value of the THD decreases as the Amplitude modulation index (ma) 

increases. The value of the THD is also improved if the frequency modulation index is 

decreased.  

4.2.Comparison of three-phase IM fed with five CMLI rotor speed response for open 

and closed loop  

 

Figure 4.16 Speed comparisons five CMLI with open and closed loop IM under load 

Figure 4.16 compare the speed performance of three phase squirrel cage IM fed with five 

cascaded multilevel inverter for the same rated speed of 1430 RPM and load torque of 20 

Nm in both open loop and closed control system. The speed response open loop control is 

very less when we compare to that of closed loop control system. For settling reference 

speed 1500 RPM and1430 RPM rated speed of the motor the speed respond of open loop 

and closed loop is 150 RPM and 1335 RPM respectively. In the case open loop speed 

response thought the system no smooth at all. But closed loop speed response indicates that 
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after 0.3 second the system speed response become smooth and steady state. The IP 

controller increases the performance of the machine as it shown in the above figure.  

4.3. Comparison of three-phase IM fed with five and seven CMLI rotor speed 

response for open loop  

 

Figure 4.17 Speed comparisons five and seven CMLI with open loop IM under load 

The speed response of three-phase IM fed with five and seven cascaded multilevel inverter 

under load is compared as in Figure 4.17. We observe that for the same rated speed and 

load the speed response of both five and seven level is clearly shown in the above figure. 

In the case five cascaded multilevel inverter the system didn’t smooth throughout the 

system. Relatively it shows a fluctuation as indicate on the Figure 4.13. But for the case of 

seven cascaded multilevel inverter the speed become steady state at 0.1 second and it has 

no damping when compared to the five cascaded multilevel inverter. Why because the 

frequency of a waveform is the number of times it repeats (cycles) in one second, 

the time it takes the waveform to transition from one peak level to the other. Therefore rise 

time is related to how quickly changes can happen. Hence it proves that as the number of 

multilevel increase the controllability of the machine also become smooth even if it is open 

loop system. 
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4.4.Comparison of three-phase IM fed with five and seven CMLI Load torque 

response for open a loop  

 

Figure 4.18 Torque comparisons five and seven CMLI with open loop IM under load 

Under the some rated speed 1430 RPM, load torque 20 Nm and settling time of one second 

in the case open loop control under the load, torque response is compared in Figure 4.18. 

The load torque is result in more overshoot and more damping in the case five cascaded 

multilevel inverter as shown in the Figure 4.16. It doesn’t smooth throughout the system 

which indicate the inefficiency of the system. But in the case of seven cascaded multilevel 

inverter the load torque result in less overshoot and damping. The torques becomes 

constant or steady state at time 0.12 second. 

In general even if it is open control system figure 4.16 shows the load torque performance 

of the system as it increase from five cascaded multilevel inverter to seven cascaded 

multilevel inverter. The system disturbance improved as the number of multilevel increase 

i.e. from five to seven. 
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4.5.Comparison of three-phase IM fed with seven CMLI rotor speed response for 

open and closed loop  

 

Figure 4.19 Speed comparisons seven CMLI with open and closed loop IM under load 

Figure 4.19 compare speed of three phase IM motor feed with seven cascaded multilevel 

inverter in the case of open loop and closed loop control system i.e. performance of IP 

controller in the case of closed loop. Under the same load torque 20 Nm, rated speed 1430 

RPM and settling time one second speed response shown in figure 4.19. The reference 

speed of closed loop control 1500 RPM. For the some rated speed, the response of open 

loop is 150 RPM and whereas the PI controller speed response i.e. closed loop speed 

response is almost 1430 RPM under the same load which indicate that speed control using 

PI controller more efficient.  

4.6.Comparison of three-phase IM fed with five and seven CMLI rotor speed 

response for closed loop  

 

Figure 4.20 Speed comparisons for 5 & 7 level inverter with closed loop IM under load 
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The PI controller speed has less overshoot. Settling time is one and rise time is also less for 

a set speed of 1500 RPM and the load torque of 20 Nm. Figure 4.20 shows the PI 

controller speed response relationship for IM feed with five and seven CML inverter under 

the same load and same settling time and speed as shown in Figure 4.18. For the rated 

speed of 1430 RPM, the speed response of five cascaded multilevel inverter is around 1398 

RPM and where as in the case seven cascaded multilevel inverter is 1428 RPM as shown in 

the above Figure 4.20. As we observed from Figure 4.20 after some damping speed 

becomes steady state at a time 0.31 second in the case of five cascaded multilevel inverter. 

However in the case of seven cascaded multilevel inverter the speed become steady state 

almost after 0.15 second with less damping. 

4.7.Comparison of three-phase IM fed with seven CMLI rotor speed response for 

closed loop at no load 

 

Figure 4.21 Torque comparisons for 5 &7 level inverter with closed loop IM under no load 

Figure 4.21 compare the torque response of three-phase IM feed with five and seven 

cascaded multilevel inverter under no load case. As we observe from Figure 4.21 the 

torque response for five level inverter has more damping, not smooth and less settling time 

than that of seven level inverter. Figure 4.21 clear shows how much it damped comparing 

the two no load torque within the some settling time. This proves how the system 

controllability performance is increase as the number of multilevel increase from five to 

seven levels. 
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4.8.Comparison of three-phase IM fed with five and seven CMLI rotor speed 

response for closed loop at load  

 

Figure 4.22 Speed comparisons for 5 & 7 level inverter with closed loop IM under load 

Figure 4.22 compare the torque response of three-phase IM feed with five and seven 

cascaded multilevel inverter under load torque 20 Nm.  As we observe from Figure 4.22 

the torque response for five cascaded multilevel inverter has more damping, not smooth 

and less settling time than that of seven level inverter as it clear shown in Figure 4.22. 
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CHAPTER FIVE 

Conclusion and Recommendation 

5.1 Conclusion 

Fundamental multilevel inverter structures and modulation examples including the 

advantage and disadvantages of each technique have been discussed. In most the thesis 

emphases on recent and more practical industrial applications of cascaded multilevel 

inverter. It should be well-known that this thesis cannot cover all multilevel power 

converter related applications. However the basic principles of different multilevel 

converters have been discussed precisely. In this thesis work the switching pulses are 

produced by using the sinusoidal pulse width modulation technique which compares the 

triangular wave with that of the sine wave and the pulse is produced when the sine is 

greater than triangular. 

This thesis work shows that the value of the THD will decrease as the modulation index 

(m) is increased. Here the ‘m’  is calculated for three different values. Indeed thesis paper 

also concludes that the value of the THD will be improved as the level of the inverter is 

increased i.e. from five level to the seven level. The designed cascaded multilevel inverter 

THD value for voltage and current are 5.06% and 4.06% respectively and that of measured 

from the company by researcher during instigation for voltage and current are 7.10% and 

49.00% respectively. Hence the designed cascaded multilevel is proven over that measured 

from the company. The outputs of the three phase inverters are given to the three phase 

squirrel cage induction motor and its speed and torque characteristics are obtained. The 

speed curve obtained is smooth in the case of seven level compared with that of the five 

level. Finally, concludes that the speed characteristics are improved as the level of the 

inverter is improved i.e. from the five level to the seven level. The performance of the 

machine will be improved when it is fed with multi-level inverter. 

5.2 Recommendation 

Cascaded multilevel inverter based speed controls is the modern techniques in industrial 

application todays because of the benefit mentioned in this thesis paper comparing to the 

convention adjustable speed controls of drives. The researcher could be recommended that 

the expansion of existing convectional inverters with cascaded multilevel inverter based 

speed control method.  
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• Since the cascaded multilevel inverter is no need filtering circuit the author 

recommends the company to shift their existing new version of power electronic 

device called cascaded multilevel inverters based speed control method. 

• Hence the THD value of current and voltage has the negative effects on the 

performance of the machine; the author recommends Chemical Industry 

Corporation Mugher Cement Factory to look the standard THD value of the 

currents and voltage during buying. So that the company can free from extra billing 

for the Utility. 

• Author recommendation is goes to Ethiopian Electric Utility to take the measured 

data of THD value of the customer before sales the power to any industries, so that 

the company gives notice their own allowable THD value voltage and current. 

Hence this pre-independent knowing THD values will safe from wastage of energy. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 51 

References 

[1] J.Rodriguez, J.S. Lai, F.Z. Peng, “Multilevel inverters: a survey of topologies, controls, 

and applications,” in IEEE Transactions on Industrial Electronics, Vol.49, Issue: 4, pp: 

724 – 738, Aug. 2002. 

[2]   Keith Corzine, “Operation and Design of Multilevel Inverters”, Rolla Developed for the 

Office of Naval Research, December 2014. 

[3]  B.Urmila,D.Subbarayudu. , “Multilevel Inverters: A Comparative Study of Pulse Width 

Modulation Techniques” Int. Journal of Scientific & Engineering Research, Vol. 1, Issue 

3, December-2010. 

[4] K.Veena , K.Roopa “ Multilevel Inverter For Induction Motor Drive”  The Int. Journal of 

Engineering and Science ISSN (e): 2319 – 1813 ISSN (p): 2319 – 1805, pp 69-77, 2014.  

[5] Pooja shinde, Rupali  Burungale, pooja Kale, Purvee  Jain, “speed control of induction 

motor by using variable frequency drive” in Int. Journal af Engineering Research and 

Application, Vol. 4, Issue 4 (version 8) pp 35-37, April 2014. 

[6] Manjesh,” Analysis of harmonics in three phase inverter drive with 

input power generation by Wind Driven Stand-Alone Six Phase Self-Excited Induction 

Generator” Int. Journal of Innovative Science, Engineering & Technology, Vol. 2 Issue 5, 

May 2015. 

[7] Farid Khoucha, ” Hybrid Cascaded H-Bridge Multilevel-Inverter Induction-Motor-Drive 

Direct Torque Control for Automotive Applications”  IEEE Transactions on Industrial 

Electronics, Vol. 57, No. 3, March 2010. 

[8] Nitin Goel1, P.R. Sharma2, Suman Bala, “Performance Analysis of SPWM Inverter 

Fed 3-Phase Induction Motor Drive Using Matlab/Simulink  ”, Int. Journal Advanced 

Technology in Engineering and Science Vol. 02, Issue No. 06, June 2014. 

[9] C.Saravanan, J.Sathiswar, S.Raja, “Performance of Three Phase Induction Motor using 

Modified Stator Winding”, Int. Journal of Computer Applications,  Vol. 46, No.1, May 

2012. 

[10] IEEE 519-1992, “Recommended Practices and Requirements for Harmonic Control in 

Electric Power Systems”. 

[11] L. M. Tolbert, F. Z. Peng, and T. Habetler, “Multilevel Converters for Large Electric 

drives,” IEEE Trans. Ind. Applicat.,vol.35,pp. 36-44, Jan./Feb. 1999. 

[12] R. H. Baker and L. H. Bannister, “Electric Power Converter,” U.S. Patent 3 867 643, Feb. 

1975 



 

 52 

[13] A. Nabae, I. Takahashi, and H. Akagi, “A New Neutral-point Clamped PWM inverter,” 

IEEE Trans. Ind. Applicat., vol. IA-17, pp. 518-523, Sept./Oct. 1981. 

[14] R. H. Baker, “Bridge Converter Circuit,” U.S. Patent 4 270 163, May 1981. 

[15] P. W. Hammond, “Medium Voltage PWM Drive and Method,” U.S. Patent 5 625 545, 

Apr. 1977. 

[16]  F. Z. Peng and J. S. Lai, “Multilevel Cascade Voltage-source Inverter with Separate DC 

source,” U.S. Patent 5 642 275, June 24, 1997. 

[17] P. W. Hammond, “Four-quadrant AC-AC Drive and Method,” U.S. Patent 6 166 513, 

Dec. 2000. 

[18]  M. F. Aiello, P. W. Hammond, and M. Rastogi, “Modular Multi-level Adjustable Supply 

with Series Connected Active Inputs,” U.S. Patent 6 236 580, May 2001. 

[19]  M. F. Aiello, P. W. Hammond, and M. Rastogi, “Modular Multi-Level Adjustable Supply 

with Parallel Connected Active Inputs,” U.S. Patent 6 301 130,Oct. 2001. 

[20] J. P. Lavieville, P. Carrere, and T. Meynard, “Electronic Circuit for Converting Electrical 

Energy and a Power Supply Installation Making Use Thereof,” U.S. Patent 5 668 711, 

Sept. 1997. 

[21] T. Meynard, J.-P. Lavieville, P. Carrere, J. Gonzalez, and O. Bethoux, “Electronic Circuit 

for Converting Electrical Energy,” U.S. Patent 5 706 188, Jan. 1998. 

[22] B. Urmila, D.Subbarayudu “Multilevel Inverters: A Comparative Study of  Pulse Width 

Modulation Techniques” International Journal of Scientific & Engineering Research, 

Volume 1, Issue 3, ISSN 2229-5518, December-2010 . 

[23] Bakshi, U. A., Godse, A. P. (2007). "§8.2 The depletion mode MOSFET". Electronic 

Circuits. Technical Publications. pp. 8–2. ISBN 978-81-8431-284-3. 

[24] Yuhua Cheng, Chenming Hu (1999). "§2.1 MOSFET classification and operation" 

(http://books.google.com/books?id=R5DP56qUql4C& pg=PA13). MOSFET modeling & 

BSIM3 user's guide. Springer. p. 13. ISBN 0-7923-8575-6. 

[25] Fitzgerald, A. E., Kingsley, Charles Jr.; Umans, Stephen D. (1983). “Electric Machinery 

(4th ed.). “ Mc-Graw-Hill, Inc. p. 20. ISBN 0-07-021145. 

[26] Vinayaka B.C, S. Nagendra Prasad, “Modeling and Design of Five Level Cascaded H-

Bridge Multilevel Inverter with DC/DC Boost Converter”, Vinayaka B.C Int. Journal of 

Engineering Research and Applications www.ijera.com ISSN : 2248-9622, Vol. 4, Issue 

6( Version 5), pp.50-55, June 2014. 

[27] Bolla Madhusudana Reddy, Dr.Y.V.Siva Reddy, Dr.M.Vijaya Kumar, “Design of novel 

cascaded multilevel inverter by series of sub multilevel inverters” , IOSR Journal of 



 

 53 

Electrical and Electronics Engineering e-ISSN: 2278-1676,p-ISSN: 2320-3331, Volume 

10, Issue 4 Ver. II PP 25-30, July – Aug. 2015. 

[28] J. R. Bednarczyk, “Induction Motor Theory”, PDH Center, 2012. 

[29] John Wiley, Sons. Inc., “High Power Converter and Ac Drives” , Institute of Electrical 

and Electronic Engineer, 2006. 

[30] M.Shehenaz Fathima ,etal, “Comparison of PID Controller Tuning Techniques for 

Temperature Process”, International Journal Of Innovative Research In Electrical, 

Electronics, Instrumentation and Control Engineering Vol. 2, Issue 8, August 2014. 

[31] Dharmendra Jain , Dr. M. K. Bhaskar , “Analysis of Load Frequency Control Problem for 

Interconnected Power System Using PID Controller”, International Journal of Emerging 

Technology and Advanced Engineering (ISSN 2250-2459, ISO 9001:2008 Certified 

Journal, Volume 4, Issue 11, November 2014). 

[32] Stephen J. Chapman, “Electric Machinery Fundamental”, Second Edition, McGraw-Hill 

companies, 2012. 

[33] Patel Pinkal Raghubhai, Dahanu, “A Review on Speed Control of Induction Motor 

Drives”, IJIREEICE, Vol. 5, Issue 2, February 2017. 

[34] Tomoyuki Dansako, etal, “Slip Compensation of Induction Motor using Sensorless 

Control”, International Symposium on Nonlinear Theory and Its Applications, Japan, 

November 27th-30th, 2016. 

[35] L.M. Tolbert, F.Z. Peng, T.G. Habetler, “Multilevel converters for large electric drives,” 

IEEE Trans. On Ind. Appl., vol. 35, pp. 36–44, Jan.–Feb. 1999. 

[36] John Wiley, Sons. Inc., “Power Electronics Converter, Application and Design”, Institute 

of Electrical and Electronic Engineer, Third Edition, 2003. 

[37] B. Lakshmana Nayak, G. Venkataratnam “THD and Switching losses Analysis Of Multi-

Level Inverter Fed three-phase Induction Motor Drive”  International Journal of Scientific 

& Engineering Research, Volume 5, Issue 1, January-2014. 

[38] P.Moses Stephen, M.Ponraj, N.Sathesh1, K.Balamurugan1, K.Karthikeyan “Modified 

Cascaded H-Bridge Multilevel Inverter For Household Appliances”,International 

Research Journal of Engineering and Technology (IRJET), Volume 05 Issue 03 , Mar-

2018 

 

 



 

 54 

Appendix A: C.A 8335-212306 2.6 Instrumentation Configuration 
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Appendix A1: Inverter fundamental frequency variation 
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Appendix A2: RMS value of current and voltage 
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Appendix A3: Inverter THD value of voltage and current 
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Appendix B: Induction motor parameters for five and seven level CML inverters 

The induction motor used for the simulation has the following parameters. It's a three phase 

squirrel cage motor with the stator reference frame.  

• P = 5.4HP(4KW) 

•  V��
=400V 

• f  = 50Hz 

• Rg=1.405Ω 

• L
=0.005839H 

• Rh=1.395Ω 

• L�=0.005839 H 

• L�=0.1722 H 

• J=0.0131 Kg.m^2 

• F=0.002985 N.m.s 

• Vdc =100 V 

• R=10k Ω 

• L=0.15mH 

 


