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ABSTRACT 

Conversion from electrical energy to mechanical energy is an important process in 

modern industrial civilization and it is done by means of electrical machines. About half of the 

electrical energy generated in a developed country is ultimately consumed by electric motors, 

of which 90% are induction motors as they are simple, rugged and cheap. The rapid 

development of power electronic devices and converter technologies in the last few decades 

has made possible to develop energy efficient adjustable speed induction motor drives. The 

conventional two-level voltage source inverters (VSIs) are widely used in induction motor 

drive applications due to the simple structure, control, reliability as well as cheaper parts.  In 

recent years, industries have begun to use high power equipment, which now are at 

megawatt levels. In high power and high performance drive applications, two-level VSIs 

suffers from problems like high dv/dt, higher switching loss, poor power quality, higher 

common-mode voltages and electromagnetic interference (EMI). Adjustable speed drives in 

megawatt range are usually connected to medium-voltage network due to restriction on 

current rating at low-voltage, therefore to connect the conventional two-level VSI with 

medium-voltage network several switching devices are to be connected in series. All the 

series connected switching devices should have accurate static and dynamic voltage sharing 

circuit which is not practically possible.  

Multilevel inverter (MLI) approach, on the other hand offers low dv/dt stress, good 

power quality, low switching loss, high voltage capability and good electro-magnetic 

compatibility (EMC) even at high power applications. Use of several levels of DC-voltage 

enables MLI to achieve better quality output voltages at low switching frequency. MLI 

topologies require more device count, but they are modular in structure and compact in size 

as they require reduced size output filter and transformer or none of them. Due to above 

features multilevel inverters emerge as an attractive solution for high power and high 

performance medium-voltage induction motor drives.  

Induction motors used in electric drives are either delta or star connected with three 

terminals and the motors are fed using two-level VSIs. In open-end winding induction motor, 

this delta or star connection is opened and the motor now has six terminals. The 

performance equivalent to 3-level inverter can be obtained by feeding these six terminals of 

open-end winding induction motor from both sides using two three-phase two-level VSI. 

There are certain advantages of the open-end winding method, such as common-mode 

voltage reduction and increase in the voltage transfer ratio. The multilevel inverter topologies 

proposed in the thesis uses this dual inverter fed open-end winding configuration for the 

induction motor.  

The present work is carried out to improve the performance of MLI for induction motor 

drive with simplified modelling, control and implementation. Problems associated with 
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conventional two-level voltage source PWM (Pulse Width Modulation) inverter fed induction 

motor drives are addressed first. Their possible solutions and recent trends are discussed. 

Different MLIs topologies along with their features, technical challenges, applications, 

historical developments and research gaps are discussed. A comprehensive literature survey 

on MLI including various MLI topologies, diverse modulation and control schemes for 

induction motor are given in detail. MLI for induction motor drive is designed, developed and 

investigated.  

In the literature, it has been shown that an open-end winding induction motor drive fed 

with two-level VSI inverters produce phase voltage waveforms and voltage space vector 

locations similar to a conventional 3-level inverter. This dual two-level (D2L) configuration is 

taken as the first investigative object. A mathematical model of the squirrel cage open-end 

stator winding induction motor in stationary reference is developed along with switching 

function based D2L inverter model. The carrier based space vector pulse width modulation 

(SVPWM) scheme is used to generate the control pulses for switching devices. To 

investigate the performance of SVPWM based D2L inverter scheme for open-end induction 

motor drive under steady-state and dynamic conditions simulation study is carried out in 

MATLAB/Simulink environment. The developed motor model is operated in constant V/f 

mode under no-load condition covering the entire range of modulation. Various simulation 

results are obtained and analyzed for performance evaluation. 

 A 5-level inverter configuration based on conventional 2-level inverters is selected as 

a second investigative object. The open-end winding induction motor is fed by 3-level inverter 

from one end and the other end is fed by two-level inverter. The combined effect of these two 

inverters generates five levels as -VDC/4, 0, +VDC/4, +VDC/2 and +3VDC/4, where VDC is the 

equivalent DC link voltage of the conventional two-level inverter fed induction motor drive. 

The 3-level inverter is realized by cascading two conventional two-level inverters. All three 

conventional two-level inverters are powered by isolated DC sources. This scheme uses 

asymmetrical DC link voltages to generate five levels in phase voltage of induction motor. A 

total of 512 space vector combinations are possible with this configuration which are 

distributed over 61 space vector locations. It has been shown that the same 5-level inverter 

circuit can produce six levels as -VDC/5, 0, +VDC/5, +2VDC/5, +3VDC/5 and +4VDC/5 by 

selecting a proper ratio of DC link voltages of individual two-level inverters. A switching 

function based mathematical model is developed and simulated with MATLAB/Simulink. The 

5-level inverter performance is evaluated in MATLAB by running a 1.5 kW open-end winding 

induction motor model at no-load in V/f control mode.  In the simulation results, it is found 

that the adopted scheme generates the voltage levels similar to conventional 5-level 

inverters. 
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To generate high resolution voltage space vectors with reduced number of components 

for an open-end winding induction motor, a 9-level inverter scheme is proposed. The 9-level 

inverter operation is realized by feeding both ends of the open-end winding by two 3-level 

inverters with asymmetrical DC link voltage. These 3-level inverters are realized by 

cascading two 2-level inverters. The total DC link voltage VDC is divided into two 3-level 

inverters in the ratio of 3VDC/4 and VDC/4. The proposed topology completely eliminates the 

requirement of clamping diodes and DC-link capacitors which are needed in the neutral point 

clamped (NPC) inverter. It also eliminates eighty four capacitors of rating VDC/8 which are 

required in case of 9-level FC inverter topology. Compared to the conventional cascade H-

bridge topology, the proposed inverter requires less number of power supplies. The flow of 

triplen harmonic current through the switches and motor windings is not possible in the 

proposed scheme due to use of four isolated DC supply. A modified level shifted triangular 

carrier based SVPWM technique is used for the proposed drive system. The proposed PWM 

scheme is capable of ensuring a smooth changeover from the mode of two-level inversion to 

the 3-level, then 3-level to 4-level, then from 4-level to 5-level and so on up to 9-level 

inversion and vice versa. This feature reduces the switching losses at lower speed range. A 

switching function based mathematical model of the proposed drive system is developed and 

validated by detailed analytical results in MATLAB/Simulink environment. 

A hybrid 9-level inverter is another configuration proposed in the thesis to reduce the 

requirement of four isolated DC sources of two different voltage rating into two isolated DC 

sources of the same voltage rating. The proposed topology is realized by feeding one end of 

the open-end winding induction motor by 5-level hybrid inverter and the other end by 

conventional two-level inverter. The three phase hybrid 5-level inverter is realized by 

cascading a 3-level flying capacitor (FC) inverter with capacitor fed H-bridge in each phase. 

The capacitor voltages are maintained at desired voltage level for the entire modulation 

range and also during transient operation by making use of redundant switching states 

available for generating different voltage levels. The proposed topology is capable of 

operating as 5-level inverter at full load in case of failure of H-bridge by simply bypass the 

faulty H-bridge; this feature enhances the reliability drive of the system. The proposed 

topology is compared with conventional topology in terms of the number of components 

used. The proposed inverter requires thirty IGBTs whereas the conventional topologies NPC, 

FC and CHB topology based 9-level inverters require forty eight IGBTs. As compared to 

asymmetrical cascade H-bridge (ACHB) topology which requires six isolated DC supply of 

two different voltages rating the proposed topology needs only two isolated DC supplies of 

the same rating. The proposed topology requires only six capacitors out of which three are of 

voltage rating VDC/4 and three are of voltage rating VDC/8 on the other hand, conventional 9-

level FC inverter requires eighty four capacitors of voltage rating VDC/8. The conventional 
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NPC 9-level inverter requires 168 clamping diodes and eight capacitors of voltage rating 

VDC/8; this requirement is completely eliminated in the proposed hybrid 9-level inverter. In the 

proposed inverter semiconductor switching devices which operated at a higher DC voltage 

switch less, hence low switching frequency rating devices can be used. As both sides 

inverters are fed by isolated DC supply so zero sequence currents are inherently prevented 

because there is no path available to flow of these currents. In the proposed hybrid 9-level 

inverter switching devices which operate at higher voltage level switch less as compared to 

the switching devices which operate at lower voltage level in the entire range of linear 

modulation, this feature can lead to use of low switching frequency rating power 

semiconductor devices hence overall cost is reduced. A switching state based mathematical 

model is developed to realize 9-level inversion operation. The space vector location and 

available switching redundancy at different locations are discussed. The capacitors voltage 

balancing algorithm and performance of the drive is evaluated during steady state and 

transient state in MATLAB/Simulink environment by operating an open-end winding induction 

motor at no-load in constant V/f mode and results are presented.  

The third topology proposed in the present work is an eighteen-level inverter topology 

for open-end winding induction motor drive. In the proposed topology one end of the open-

end IM is fed by conventional two-level inverter, while the other end is connected to a nine-

level asymmetrical cascade H-bridge (ACHB) inverter. The proposed topology is capable of 

generating eighteen levels as -VDC, -12VDC/13, -11VDC/13 -10VDC/13, -9VDC/13, -8VDC/13,             

-7VDC/13, -6VDC/13, -5VDC/13, -4VDC/13, -3VDC/13, -2VDC/13, -VDC/13, 0, +VDC/13, +2VDC/13, 

+3VDC/13 and +4VDC/13. The proposed topology requires less number of components as 

compared to conventional multilevel inverter (MLI) topology. An interesting feature of the 

proposed topology is that, it can operate in nine-level mode by connecting the motor winding 

in star in case of failure of the two-level inverter. Similarly, if the fault occurs in ACHB inverter 

the proposed inverter can operate in two-level mode. Thus, the reliability of the system is 

improved. Exhaustive simulation study is carried out to evaluate the performance of 

proposed inverter for the entire modulation range and results are presented.   

In this thesis extensive simulation study is carried out on D2L inverter, 5-level inverter, 

9-level inverter, hybrid 9-level inverter and 18-level inverter for an induction motor with open-

end windings. In order to validate the simulation results, downscaled prototypes of following 

topologies are developed in the laboratory and experimentation is carried out:  

Topology-1: 5-Level Inverter for open-end IMD 

Topology-2: 9-Level Inverter for open-end IMD 

Topology-3: Hybrid 9-Level Inverter for open-end IMD 

The system hardware of these prototypes is developed in three stages: 
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• Implementation of power circuit 

• Implementation of control circuit 

• Measurement of system parameters  

 The inverter circuits of all three topologies are developed using IGBTs 

(IRG4PH40KD). RT-Lab from Opal-RT Technologies is used as real-time hardware-in-loop 

controller to generate gate pulses for IGBTs in real-time. The different hardware circuits 

which are required for the proper operation of experimental setup such as driver circuit, 

isolation and dead-band circuits, voltage and current sensor circuits are designed, developed 

and interfaced with RT-Lab real time controller.  

In simulation studies of aforementioned topologies, the total DC link voltage (VDC) of 

600V was selected, but due to the practical constraints total DC-link voltage of 200V is used 

for experimental investigations. An open-end winding induction motor of 1.5kW, 415V, 50Hz, 

4pole is used as load and operated at no-load with constant V/f control. As the 

experimentation is carried out at reduced voltage, for validating the experimental results, the 

simulation study at reduced voltage is also carried out. The experimental and simulation 

results are matching to each other.  

The multilevel inverter topologies presented in this thesis are particularly suitable for 

high power drive applications such as an electric vehicle, traction, etc. Although all the 

proposed schemes are experimentally tested and validated on downscaled laboratory 

prototypes, but the proposed topologies, SVPWM technique and V/f control scheme are 

general in nature and can be easily applied to high power applications induction motor drive.  
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CHAPTER 1:                             INTRODUCTION AND LITERATURE REVIEW  

[This chapter describes problems faced by conventional two-level inverter fed medium voltage IM 

drives, their possible solutions as well as the features and the technical challenges of MLIs. A 

comprehensive literature survey on MLIs is given in detail. Finally, scope of work, author’s contribution 

and thesis outlines are presented.] 

1.1 Overview 
Conversion from electrical energy to mechanical energy is an important process in 

modern industrial civilization and it is done by means of electrical machines. Typical 

applications of electrical machine drives are in industrial drives for motion control and in 

automotive control (electric vehicles). 

Over a period of more than 40 years induction motor (IM) has become widely used 

motor in industry and replaced DC motor in most of the applications due to advantages as 

listed below: 

• Robustness 

• No commutator and brushes 

• Simpler protection and maintenance free 

• Lower rotor inertia  

• Smaller size and weight,  

• Lower price 

A wide range of speed control of IM requires variable frequency and variable voltage 

supply which necessitates complex control of induction motor drives. However, the 

advantages of IM override the issue of complex control. 

The development of high power converter and medium voltage (MV) drives started in 

the mid 1980’s after commercialization of MV power semiconductor devices [1]. The effort in 

advancing the technology has led to significant acceptance of MV drives in recent years. The 

GTO was the standard for the MV drive until the IGBT and IGCT emerged as viable solutions 

in late 1990s [2, 3]. These power semiconductor devices have rapidly progressed into the 

main areas of high-power electronics due to the superior switching characteristics, reduced 

power losses, ease of gate control and snubber less operation [4]. The high-power MV drives 

have pervasive applications in the industries. The drives in MV range cover power ratings 

from fraction of MW to few tens of MW at the medium voltage level of 2.3 kV to 13.8 kV. 

However, the majority of the installed MV drives are in the 1-to 4-MW range with voltage 

rating from 3.3 kV to 6.6 kV [4]. It has been reported in literature that 97% of the installed MV 

induction motors operate at a fixed speed and only 3% are controlled by variable speed 

drives [5]. Large amount of energy saving can be obtained by employing ASD (Adjustable 
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Speed Drive) where variable speed is required. The use of MV drive can give payback time 

of the investment from 1 to 2.5 years [6]. 

Voltage source inverters (VSIs) are well proven as a standard configuration for the 

PWM inverter drives due to availability of fast power semiconductor devices, high dynamic 

response and good spectral performance [7]. Current Source Inverter (CSI) drives give 

limited dynamic performance. VSI drives require only a simple diode bridge as a front-end 

converter whereas, CSI drives require active frontend converter to supply controlled current 

source to drive. The DC-link chock required in CSI drive offers short-circuit protection, at the 

same time it increases size, volume and weight. The output capacitors required in CSI drive 

can lead to resonance with motor. On the other side minimum cost, compact size, high 

dynamic response, good spectral performance, high efficiency and high reliability for 

rectifying state in VSI drives elect them as standard configurations over CSI drives. It is 

shown in literature that the three level NPC VSI drive achieves higher efficiency as compared 

to CSI drive [8]. In two-level VSIs high frequency PWM (Pulse Width Modulation) techniques 

are used to improve the quality of output voltage waveform. The high frequency PWM suffers 

from problems like higher switching losses, high dv/dt, higher common-mode voltages, more 

EMI/EMC etc. The reduction of switching frequency usually causes an increase in the 

harmonic distortion of the line-side and motor-side waveforms of the drive. At the same time, 

industry has begun to demand higher power equipment, which now reached up to megawatt 

level. Controlled AC drives in the megawatt range are usually connected to the medium-

voltage network. Currently, medium voltage drives cover voltages from 2.3 kV- 7.2 kV. The 

output power ranges from approximately 200 kW to as high as 12 MW, so it is difficult to 

connect a single power semiconductor switch directly to medium-voltage grids [1]. The 

problems associated to high frequency PWM inverter become more pronounced at high 

power levels. For these reasons, a new family of multilevel inverters has emerged as the 

solution for working at higher voltage levels with minimum waveform distortion at limited 

switching frequencies [1, 8].  

1.2 Inverter Topologies for Induction Motor Drives  
There are two possible solutions for the inverters operated in high power medium-

voltage range; one is conventional two-level inverter with series connection of switching 

devices and the other is multilevel inverter (MLI). The first solution is complex even with fast 

switching devices due to requirement of accurate static and dynamic voltage sharing of the 

series devices and therefore, MLIs are preferred in such applications.  

1.2.1 Conventional Two-Level Inverter 
 Two-level voltage source inverter is a well-known inverter topology for low-voltage 

(≤600 V) drives. This technology has been extended to the MV drives, which are 
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commercially available for the power rating up to a few megawatts [10]. The power circuit of 

conventional two-level MV VSI drive is shown in Fig. 1.1. The inverter consists of 12 IGBTs 

(Insulated Gate Bipolar Transistor) with four IGBTs per inverter leg and two IGBTs per 

inverter branch. In order to reduce voltage per switching device, series connections of the 

switches are used. The number of series connected switches (IGBTs) depends upon the 

terminal voltage level of drive. The DC-link voltage for inverter configuration can be obtained 

by 6, 12 or 24 pulse diode rectifier. In applications with more stringent harmonic 

requirements, the higher pulse number diode rectifiers can be used. Bhim Singh, et al. 

discussed the detailed analysis on the multi-pulse diode rectifier and active front-end 

converters [11]. The multi-pulse diode rectifier can be replaced by an active front-end for 

four-quadrant operation or regenerative braking. The DC-link capacitors are normally of oil-

filled type instead of electrolytic types which are commonly used in the low-voltage VSI 

drives; due to limited voltage ratings of electrolytic type. 

 

 
Fig. 1.1: Power circuit of conventional two-level MV VSI drive 

 

The two-level inverter fed MV induction motor drive has number of advantages 

including simple converter topology, simple PWM scheme and ease of DC capacitor 

recharging. On contrary, it has several problems at high switching frequency, which are listed 

below [9, 11, 12]: 

1. Fast switching speed of semiconductor devices generates high dv/dt. Therefore, 

waveform reflections at the rising and falling edges of the inverter output voltage 

results in premature failure of motor winding insulation due to partial discharges. 
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High switching also induces rotor shaft voltages and current flowing into shaft 

bearing leading to early bearing failure.  

2. Current and voltage harmonics in the stator winding results into additional power 

losses in the motor winding and magnetic core. At higher power level these losses 

are significant. Thus, motor is derated and cannot operate at its full capacity. 

3. The switching action of an inverter generates common-mode (CM) voltages, which 

appears on the neutral of the stator winding with respect to ground and 

superimposed to the phase voltage of the stator winding, resulting into premature 

failure of the motor winding insulation. Keeping in view the high replacement cost 

and loss of production in MV drives, special care should be taken to minimize 

common-mode voltages. 

4. High EMI is associated with high switching frequency. 

5. Device switching losses accounts for a significant amount of total power loss at 

high switching frequency and it will increase further in the MV drive. Its minimization 

leads to a reduction in operating and manufacturing cost as well as the cooling 

requirements for the switching devices.  

As the two-level inverter produces high dv/dt and higher THD in its output voltage, 

therefore it often requires a large-size LC filter installed at its output terminals. The first two 

problems as listed above can be effectively taken care by adding properly designed LC filter 

at inverter output. The LC filter is normally installed inside the drive cabinet and connected to 

the inverter with short cables to avoid wave reflections. However, the use of large size LC 

filter causes an increase in the manufacturing cost, fundamental voltage drops and 

circulating current between filter and DC circuit. It may also cause LC resonances that can 

be excited by the harmonics in the inverter PWM output voltage. 

1.2.2 Multilevel Inverter 
Multilevel inverters include an array of power semiconductors and capacitor voltage 

sources, the output of which generate voltages with stepped waveforms [9]. The 

commutation of the switches permits the addition of the capacitor voltages, which produces 

high voltage at the output, while the power semiconductors must withstand only reduced 

voltages. The term multilevel inverter (MLI) is specifically used for DC/AC multilevel power 

processing system to distinguish it from AC/DC multilevel power processing system. In some 

of the literature both of these power processing systems are uniquely named as multilevel 

converters [13, 14].   

In general form of MLI different voltage levels are formed by employing several DC 

voltage sources through different configurations. Fig. 1.2 shows a schematic diagram of one 

phase leg of inverter with different numbers of levels, for which the action of the power 

semiconductors is represented by an ideal switch with several positions. A two-level inverter 
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generates an output voltage with two values (levels) with respect to the negative terminal of 

the DC source shown in Fig. 1.2(a), while the three-level inverter generates three voltages as 

shown in Fig. 1.2(b), and so on. Fig. 1.2(c) uses series-connected capacitors to generate 

different DC voltage level using single DC voltage source. If all capacitors are of same value 

then each capacitor has the same voltage Vc as given by: 

 
1

dc
c

VV
n

=
−

  (1.1) 

 Where n is the number of levels in MLI. The term levels are referred to as the number 

of nodes to which an inverter can be accessible. An n-level inverter needs (n-1) capacitors. 

The output pole voltage can be defined as voltage across output terminals of the inverter and 

the negative terminal of the DC supply denoted as '0' as shown in Fig. 1.2. The number of 

levels in pole voltage is the same as that of in MLI. The number of the line-to-line voltage 

levels is given by k as: 

 2 1k n= −   (1.2) 

Considering a star connected load, the number of phase voltage level, p, is given 

by:  

 2 1 4 3p k n= − = −   (1.3) 

 

 
Fig. 1.2: One phase leg of an inverter with (a) two levels; (b) three levels; (c) n levels 

 

In a 5-level inverter, it is possible to obtain pole voltage, line-to-line voltage and phase 

voltage levels of 5, 9 and 17 respectively. Higher the number of levels better is the quality of 

output voltage and a better approximation of a sinusoidal wave, but a more complex control 

system with respect to the two-level inverter. Some of the attractive features of MLI are as 

follows [4, 13, 15]: 

1. They can operate with a lower switching frequency while giving same output 

waveform quality as compared to two-level inverter.  
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2. They draw input current with very low distortion. 

3. MLI can generate output voltages with extremely low distortion, reduced voltage 

stress on switching devices and lower dv/dt. Hence, associated problems are 

substantially reduced.   

4. They require more device count, but still they are compact in size because they 

require either reduced sized output filter or transformer or none of them. 

5. Smaller common-mode (CM) voltages are generated, thus, reducing stress on 

motor bearings. Using sophisticated modulation methods, CM voltages can be 

eliminated. 

6. Less EMI can be achieved in MLI due to lower switching frequency.  

 The various problems associated with two-level inverters, necessitate multilevel 

inverters as an attractive solution for high power as well as low power induction motor drives 

(IMDs). However, MLI has several technical challenges like large device count, DC-link 

voltage unbalancing, more complex circuit and control at higher level. Hence, there is a need 

to investigate MLIs, which have been a subject of intensive research recently. The use of 

multilevel inverter for installation of the MV drive can lead to a significant savings on energy 

cost [17]. Nowadays, there are numerous commercial MLI-ASDs are available for high power 

application [4]. In spite of several good features posses by MLIs for MV drives, yet they are 

not able to completely replace the two-level inverter due to technological problems such as 

reliability, efficiency, control complexity, design difficulties of easy and fast modulation 

methods [14]. 

1.3 Literature Review 
Multilevel Inverters (MLIs) gaining popularity in many fields like power system, HVDC 

transmission, medium and high voltage induction motor drives, non-conventional energy 

sources etc. Many researchers have discussed MLIs, their control strategy, uses, 

advantages, disadvantages and how they can be effectively used in induction motor drive 

application. The significant contributions in these fields are discussed in this section. 

1.3.1 Multilevel Inverter Topologies 
The development in MLI began in the early eighties when Akira Nabae et al. [18] 

presented a neutral point clamped NPC PWM inverter in 1981. In this article, a new neutral-

point-clamped pulse width modulation (PWM) inverter composed of main switching devices 

which operate as switches for PWM and auxiliary switching devices to clamp the output 

terminal potential to the neutral point potential has been discussed. This inverter output 

contains less harmonic content as compared with that of a conventional type. It was the 

milestone in the history of MLI. However, the concept of utilizing several levels for power 

conversion has been introduced in 1975 and it was based on cascaded H-bridge [19]. This 
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was followed by the diode clamped inverter [19, 20] which utilized a bank of series connected 

capacitors to generate different DC voltage level using single DC voltage source. A later 

invention of flying capacitor [22], the capacitors were floating instead of series-connection. 

Various MLI configurations are available in the literature that can be applied to replace the 

existing two-level inverters. The major multilevel inverter topologies are discussed in 

subsequent sub-sections.  

1.3.1.1 Diode Clamped Multilevel Inverter (DCMLI) 
The diode clamped multilevel inverter (DCMLI) proposed by Nabae, Takahashi and 

Akagi in [18] can be considered the first real multilevel inverter. The DCMLI employs 

clamping diodes and series connected DC capacitors to produce AC voltage waveforms with 

multiple voltage levels [17, 22]. The inverter can be configured as a three, four, five or any 

higher-level topology, but for higher number of levels the control complexity increases 

exponentially [24]. Therefore, mainly three-level inverter, often known as neutral-point 

clamped (NPC) inverter, has found in the market [23].  

 Fig. 1.3 shows the circuit diagram of a three phase five-level DCMLI [4] . Each phase-

leg of the inverter is composed of eight active switches (with anti-parallel diodes) from S1 to 

S’4. In practice, either IGBT or IGCT is used as a switching device. The upper and lower 

switches of each phase-leg form complementary pairs as (S1, S'1), (S2, S'2), (S3, S'3) and (S4, 

S'4). On the DC side of the inverter, four series connected capacitors are used to split the DC 

bus in to four parts, and provides a neutral point O. The voltage across each of the DC 

capacitor is Vdc/4, where Vdc is the total DC link voltage. The diodes, connected to the DC 

bus capacitors are called ‘clamping diodes’, which limits the voltage stress across each 

device to Vdc/4. The voltage rating of diode D’1 in Fig. 1.3 is three times the voltage rating of 

D1 because it has to block three capacitor voltages (3Vdc/4) when all lower devices, S'1 - S'4 

are turned ON. Similarly, D2 and D’2 need to block 2Vdc/4, and D3 needs to block 3Vdc/4. 

Therefore, different voltage rating clamping diodes are required in DCMLI.  

 The DC bus capacitors in DCMLIs carry full load current, leading to DC-link capacitor 

voltage unbalancing and results in the neutral point fluctuation [25], . Several modulation 

schemes have been suggested in the literature to address the capacitor voltage unbalancing 

problem along with the control of the output voltage [24]-[34]. These schemes are either 

carrier based or space vector based control scheme. 

R. Rojas, et al. [26] have reported a tight control of capacitor voltage by using a 

hysteresis controller that is capable of stabilizing the neutral point potential variations within 

fixed limits during steady and transient states. A switching frequency optimal PWM control 

method has been suggested in [27], which achieves the switching frequency two times the 

mean thyristor switching frequency permitted. A simple control circuit is proposed in [28], to 

address the capacitor voltage balancing for a diode-clamped multilevel  inverter (DCMLI)  
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Fig. 1.3: Three-phase five-level diode clamped inverter 

  

based distribution static compensator (DSTATCOM) connected to a three-phase, four-wire 

(3p4w) distribution system. A switched rectifier DC voltage source is proposed by K. Siva 

kumar et al. [29], for three-level neutral-point-clamped (NPC) inverter based  drive system to 

alleviate the inverter from capacitor voltage balancing. The limiting conditions for which a 

four-level diode clamped inverter cannot achieve voltage balancing is explored in [30] and to 

avoid these limiting conditions proper redundant vectors are selected in the space-vector 

diagram so that a quadratic parameter related to the currents in the middle points is 

minimized. Some virtual space vector concept based modulation scheme are reported in 

literature [29, 30] which offers balancing of the neutral-point voltage over the full range of 

inverter output voltages and for all load power factors. A simple space vector PWM scheme 

for operating a three-level NPC inverter at higher modulation index, including overmodulation 

region, with neutral point balancing is presented in [33].  

 An optimal predictive control method for the NPC multilevel inverter, working as an 

active power filter for power quality applications is proposed in [34]. S.B. Monge, et al. [35] 

presented a PWM strategy for n-level three-phase diode clamped inverters in the 

overmodulation region, with dc-link capacitor voltage balance in every switching cycle. A 

sixth harmonic zero-sequence voltage injection based triangle carrier modulation scheme is 
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proposed in [36], for voltage balancing of a three-level diode-clamped converter in a 

transformer less hybrid active filter.  

1.3.1.2  Flying Capacitor Multilevel Inverter (FCMLI) 
 Another benchmark multilevel topology is flying capacitor multilevel inverter proposed 

by Meynard and Foch in 1992 [22]. This topology requires a series connection of pre-

charged capacitor switching cells [8, 13]. The circuit configuration of a five-level FC inverter 

is depicted in Fig. 1.4. An n-level FC inverter requires a total of (n-1)×(n-2)/2 auxiliary 

capacitors per phase leg in addition to (n-1) main dc bus capacitors.This topology has 

several unique and attractive features when compared to the DCMLI. One feature is that 

clamping diodes as required in DCMLI are not needed. Furthermore, the FCMLI has a 

switching redundancy within a phase, which can be used to balance the voltages of the flying 

capacitors (FC) and equally distribute the switching and conduction losses of the 

semiconductor switches. The topology provide extra ride through capabilities during power 

outage. The requirement of several flying capacitors for higher level inverters makes the 

topology bulky, costly and less reliable. In the last few decades several modulation schemes 

have been reported in the literature to efficiently maintain the correct voltage across the  

Vdc/4

Vdc/4

Vdc/4

Vdc/4

S1a

S2a

S3a

S4a

S'4a

S'3a

S'2a

S'1a S'1b

S1c

S2c

S3c

S4c

S'4c

S'3b

S'2c

S'1c

A CC

C

C

C

C

C

S1b

S2b

S3b

S4b

S'4b

S'3b

S'2b

BC

C

C

C

C

C

C

C

C

C

C

C

 
Fig. 1.4: Three-phase five-level flying capacitor inverter 
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floating or cell capacitor [37]–[45], out of which most of the schemes are based on carrier 

based PWM [35, 36, 38, 42]. A rule-based switching pattern scheme to maintain the 

capacitor voltage at desired level in FC inverter is proposed in [45]. A multilevel hysteresis 

current regulation strategy has been presented [39], to  improve   the   dynamic  response  of  

FC  MLIs. An analytic method is proposed by B. P. McGrath, et al. [41] for determining the 

natural capacitor voltage balancing dynamics of a three-phase flying capacitor converter 

supplying an induction motor load. Extended operation of a three-cell flying capacitor 

multilevel inverter has been studied by Keith A. Corzine and Jing Huang [42]. An interesting 

direct predictive control for a four-level FC inverter is proposed in [43]. In this scheme the 

gating patterns are generated without any modulation, just using sequence tables calculated 

offline.  

1.3.1.3 Cascade H-Bridge Multilevel Inverter (CHBMLI) 
Cascade H-bridge (CHB) multilevel inverter is a new topology as compared to DCMLIs 

and FCMLIs [46].  This configuration has recently become popular in adjustable speed drive 

applications. The circuit diagram of three-phase five-level CHB inverter is shown in Fig. 1.5 

(Vdc1=Vdc2). CHBMLIs consist of number of H-bridge power conversion cells, each supplied 

by an isolated source on DC side and series connected on AC side [47]–[49].  

 
Fig. 1.5: Three-phase five-level cascade H-bridge inverter 
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However, the requirements of isolated DC sources make the topology bulky and very 

much costly. Regeneration is not possible in this topology, which restricts its application in 

regenerative motor drives. In the last few years researchers working in the field of MLIs have 

reported several variants of CHBMLIs and their control schemes [50]–[58].  

Manjrekar has proposed an asymmetrical CHB topology [46]. Asymmetrical 

configurations of CHB (Vdc1≠Vdc2) offer very high power improved quality waveform with less 

power semiconductors [49]. Lower switching losses can be obtained if high-power cells 

commutate at lower switching frequency. Contrarily, differences in power sharing of input 

transformers and complexity of input current harmonic compensation are the drawbacks of 

asymmetrical configuration of CHB.  

A comparison of different types of three-phase MLIs, in terms of power components 

required to realize n-number of levels in each type of inverter is given in Table 1.1. 

Table 1.1: Comparison of power components requirements in conventional MLIs   

Components Required DCMLI FCMLI CHBMLI 

Main switching devices 
(per phase) 

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

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

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

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

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

    

1.3.1.4 Multilevel Inversion Using Split-phase Induction Motor 
It has been shown in literature that improved-quality multilevel output voltage waveform 

can be achieved by using split-phase induction motor [59]–[62]. The power circuit of split 

phase induction motor drive is shown in Fig. 1.6. K. Oguchi, et al. have suggested a six-

phase inverter system to obtain a 60-step waveform for a six-phase induction motor [60]. The 

inverter system comprises two main three-phase inverters, an additional single-phase 

inverter and coupling reactors. The single-phase inverter injects ripple voltage, at a 

frequency six times higher than the fundamental frequency of the output voltage, into the DC-

link. The main inverters operate at the same frequency as the output voltage. The coupling 

reactor is used to absorb harmonic components of the order 6m±1 (m=1,3,5…). This type of 

system is suited to applications where it is not possible to use high-frequency PWM and that 

require improved-quality voltage waveform. 
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K. Gopakumar, et al. proposed dual voltage source inverter fed six-phase induction 

motor drive system [59]. In this scheme 48 locations for the resultant voltage space vector 

are possible as compared with eight in the conventional three-phase configuration. The 

boundary of the voltage space phasor locations is a 12-sided polygon as compared with a 

hexagon for the three-phase system. Also, the DC-bus utilization in this system is higher by 

about 11.5% compared to the conventional system (i.e. a system in which a three-phase 

induction motor fed by two-level inverter).  

In six-phase induction motor air gap flux produced by all the 6m±1 (m=1, 3, 5…) order 

harmonic voltages are mutually cancelled; these components are called zero sequence 

components and responsible for flow of large harmonic currents in the stator phases. Only 

the 12m±1 (m=0, 1, 2, 3…) order harmonic voltage components contribute toward the air gap 

flux and electromagnetic torque production in \ 

the motor. An interesting scheme is presented in [62] where two six-phase induction 

motors are connected in series with proper phase sequence so that the zero sequence 

component voltages of one machine act as torque and flux producing components for the 

other. Thus, the two six-phase induction motors can be independently controlled from a 

single six-phase inverter system.   

 

 
Fig. 1.6: Split phase induction motor drive 

1.3.1.5 Multilevel Inversion Using Open-end Winding Induction Motor  
The concept of obtaining three-level inversion operation by feeding an open-end 

winding induction motor (IM) from either side with two two-level inverters is introduced by 

Stemmler and Guggenbach [63]. An open-end winding IM is obtained by opening the neutral 

point of the stator windings. Fig. 1.7 shows the power circuit schematic proposed in [63]. This 

scheme requires two isolated power supplies to prevent the triplen harmonic currents from 

flowing through the motor phases [64]. The magnitude of DC-link voltage of each inverter is 

VDC/2, where VDC represents the DC-link voltage in an equivalent conventional scheme (i.e. a 

scheme in which a single two level inverter feeds a normal IM). It is well suited for automotive 

applications in which splitting the batteries bank is possible [65], [66].      
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Fig. 1.7: Schematic of power circuit for open-end winding based three-level inverter  

 In recent years several MLI topologies based on this configuration have been 

reported in the literature [67]–[74]. M.R. Baiju, et al. presented a topology for voltage-space 

phasor generation equivalent to a five-level inverter for an open-end winding induction motor 

in [74]. In this scheme both ends of the IM are fed by three-level inverters. These three-level 

inverters are implemented by cascading two two-level inverters. In this scheme four isolated 

DC supplies are required. A six-level inverter is realized by feeding one end of the open-end 

winding IM motor by three-level inverter and other end by two-level inverter [72]. A hybrid 

seven-level inverter configuration for open-end winding IM is proposed in [68]. This inverter 

uses two numbers of two-level inverters and six capacitor-fed H-bridges to realize seven-

level in the inverter output voltage. The number of levels in the topology proposed in [68] can 

be increased from seven to nine by changing the voltage across the capacitors of H-bridges 

[67], [75]. The advantage of capacitor fed H-bridge is that if any bridge fails, the inverter can 

still be operated at reduced power level that enhances the reliability of circuit. In addition to 

that more redundant states are available for capacitor balancing. A five-level inverter for an 

open-end winding induction motor is proposed by Figarado [70], this inverter uses only two 

DC-link rectifiers of voltage rating of VDC/4, a neutral-point clamped (NPC) three-level inverter 

and a two-level inverter. Even though the two-level inverter is connected to the high-voltage 

side, it is always in square-wave operation. Since the two-level inverter is not switching in a 

pulse width modulation hence switching losses are reduced. K. Sivakumar, et al. presented a 

five-level inverter topology for open-end winding induction motor (IM) drive in [69]. The 

proposed topology is realized by feeding the phase winding of an open-end induction motor 

with two-level inverters in series with flying capacitors. The flying capacitor voltages are 

balanced using the switching state redundancy for full modulation range. The proposed 

inverter scheme is capable of producing two-level to five-level pulse width modulated voltage 

across the phase winding depending on the modulation range.  
Somasekhar, et al. proposed a circuit configuration for the open-end winding induction 

motor drive to eliminate the requirement of isolated DC sources [76]. In this scheme the 

elimination of triplen harmonic currents is achieved by generation of switched neutral using 

bidirectional auxiliary switches.    
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1.3.2 Modulation Techniques for Multilevel Inverters  
The efficiency parameters such as switching losses, harmonics, etc. of multilevel 

inverter are depend on the modulation strategies used to control the inverter. It is a technical 

challenge to extend traditional modulation methods to the multilevel case, due to the inherent 

additional complexity of having more power electronics devices to control, and the extra 

degrees of freedom provided by these topologies. As a consequence, a large number of 

modulation algorithms have been developed, each one with unique features and drawbacks, 

depending on the application. Abundant modulation techniques and control paradigms have 

been developed for multilevel inverters such as sinusoidal pulse width modulation (SPWM), 

selective harmonic elimination (SHE-PWM), space vector modulation (SVM), and others. A 

classification of the modulation methods developed to control the multilevel inverters are 

presented in Fig. 1.8. Three main modulation techniques of multilevel inverters are SHE-

PWM, PWM and optimized harmonics stepped pulse width modulation (OHS–PWM). The 

regular PWM modulation method can be classified as open loop and closed loop owing to its 

control strategy. The open loop PWM techniques are SPWM, space vector PWM, sigma–

delta modulation, while closed loop current control methods are defined as hysteresis, linear, 

and optimized current control techniques [77].  

 

MLI Control
Schemes

OHS-PWMSHE-PWM PWM

Closed-LoopOpen-Loop

SIGMA-DELTASPWM SVM

HCC

LCC

OCC
 

Fig. 1.8: Classification of multilevel modulation techniques 
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Different modulation methods and their technical features, limitation and applications 

are summarized in detail in [77], part of which is reproduced here for better insight. In 

general, low/medium switching frequency methods are preferred for high-power applications 

due to the reduction of switching losses, while the better output power quality and higher 

bandwidth of high switching frequency algorithms are more suitable for high dynamic range 

applications. Space Vector Modulation (SVM), Optimized Harmonic Stepped Wave (OHS) 

and Selective Harmonic Elimination (SHE) modulations are carried out at fundamental 

switching frequency, whereas Space Vector PWM and Sinusoidal PWM are high switching 

frequency modulation schemes.  

1.3.2.1 Selective Harmonic Elimination PWM (SHE-PWM) 
 The selective harmonic elimination PWM (SHE-PWM) technique is based on 

fundamental frequency switching theory proposed by Patel in the year 1973 [78]. The main 

idea of this method is based on defining the switching angles of harmonic orders to be 

eliminated.  Using SHE-PWM, it is possible to eliminate limited number of harmonics, but the 

non canceled harmonics are not considered in the algorithm and could reach very high 

amplitudes [79]. This leads to the fact that it is not possible to keep them below a desired 

value, having a great impact on the size and the cost of the filtering system. However, the 

flexibility of SHMPWM (Selective Harmonic Mitigation PWM) can be used to apply different 

criteria for low and high order harmonics. High-order harmonics can be reduced using SHM-

PWM. SHM minimizes these harmonics, rather than eliminating them, according to some 

cost function (such as harmonic loss in an induction motor) to give a better overall result. A 

summary of harmonic elimination PWM techniques is presented by Enjeti et al. [80]. 

Selective harmonic elimination (SHE) has been extended to the multilevel case for high-

power applications due to the strong reduction in the switching losses [81]–[83]. However, 

SHE algorithms are very limited to open loop or low-bandwidth applications since the 

switching angles are computed offline and stored in tables, which are then interpolated 

according to the operating conditions. In addition, SHE based methods become very 

complex to design and implement for converters with a high number of levels (above five), 

due to the increase of switching angles, hence equations that need to be solved. Chiasson, 

et al. suggested a complete solution to the harmonic elimination problem using the theory of 

resultants from elimination theory [84].  

1.3.2.2 Sinusoidal PWM (SPWM) 
Traditional PWM techniques [85] have been successfully extended for multilevel 

inverters, by using multiple carriers to control each power switch of the inverter. Therefore, 

the traditional sinusoidal PWM techniques are also known as multicarrier PWM methods. For 

multi-cell topologies, like FC and CHB, each carrier can be associated with a particular 
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power cell to be modulated independently using sinusoidal bipolar and unipolar PWM, 

respectively, providing an even power distribution among the cells. The multi-carrier SPWM 

control methods have been classified according to vertical and horizontal arrangements of 

carrier signal. The vertical carrier distribution techniques are defined as phase disposition 

(PD), phase opposition disposition (POD), and alternative phase opposition disposition 

(APOD), while horizontal arrangement is known as phase shifted (PS) control technique. An 

example of these arrangements for a five-level inverter (thus four carriers) is given in Fig. 1.9 

(a)–(d), respectively. In fact, PSPWM is only useful for cascaded H-bridges and flying 

capacitors MLI, while level shifted PWM (PD, POD and APOD) are more useful for NPC-MLI 

[86], [87]. An in-depth assessment between these PWM methods can be found in [88], [89].  
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(c) 

 
(d) 

Fig. 1.9: Carrier arrangements for five-level inverter; (a) PD, (b) POD, (c) APOD, (d)PS 
 

LS-PWM techniques can be implemented for any multilevel topology; however, they 

are more suited for the NPC-MLI since each carrier signal can be easily related to each 

power semiconductor. Particularly, LS-PWM methods are not very attractive for CHB 

inverters, since the vertical shifts relate each carrier and output level to a particular cell, 

producing an uneven power distribution among the cells. This power unbalance disables the 

input current harmonic mitigation that can be achieved with the multi-pulse input isolation 

transformer, reducing the power quality. Finally, the hybrid modulation is in part a PWM 

based method that is specially conceived for the CHB with unequal DC sources [90], [91]. 

The basic idea is to take advantage of the different power rates among the cells of the 

converters to reduce switching losses and improve the converter efficiency. This is achieved 
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by controlling the high-power cells at a fundamental switching frequency by turning ‘ON’ and 

‘OFF’ each switch of each cell only one time per cycle, while the low-power cell is controlled 

using unipolar PWM.  

1.3.2.3 Space Vector PWM (SVPWM) 
Space vector pulse width modulation (SVPWM) directly uses the reference voltage 

given by the control system as a reference space vector to be generated by the power 

converter. The harmonic elimination and fundamental voltage ratios in SVPWM schemes are 

obtained in better values compared to SPWM schemes. In addition to this, the maximum 

peak value of the output voltage is 15% greater than triangular carrier-based modulation 

techniques [77]. The requirement of sector identification and look-up table to determine the 

switching intervals in SVPWM make this method quite complicated. Although the difficulty of 

determining sectors and switching sequences according to increased n-level of inverter, DSP 

and microprocessor implementations provide proper solution while preparing the algorithms. 

The SVPWM technique generates the voltage reference vector as a linear combination of the 

state vectors obtaining an averaged output voltage equal to the reference over one switching 

period [92].  

The proper placement of the zero space vectors can be achieved by addition of triplen 

offset voltage in all of the three reference waveforms in the carrier based PWM, which is 

equivalent to using space vector PWM [66], [93], [94]. McGrath, et al. find  the similar 

equivalence between the phase disposition (PD) carrier and space vector modulation 

strategies applied to diode clamped, cascaded n-level or hybrid multilevel inverters [95].  

Several space vector modulation (SVM) algorithms extended to multilevel converters 

have been proposed and reported in the literature. Most of them are particularly designed for 

a specific number of levels of the converter. The computational cost and the algorithm 

complexity are increased with the number of levels. This modulation technique for multilevel 

converters involves trigonometric function calculations, look-up tables, or coordinated system 

transformations, which increases the computational load. Researchers have made 

tremendous efforts to reduce the computational burden and the complexity of the algorithms 

compared with other conventional SVM and sinusoidal PWM modulation techniques [96]–

[101]. These techniques provide the nearest state vectors to the reference vector forming the 

switching sequence and calculating the corresponding duty cycles using very simple 

calculations without involving trigonometric functions, look-up tables, or coordinate system 

transformations [102]. Therefore, these methods significantly reduce the computational load, 

permitting the online computation of the switching sequence and the on-state duration of the 

respective switching state vectors. In addition, the low computational cost of the proposed 

methods is always the same and it is independent of the number of levels of the inverter.  
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The general SVM scheme proposed by Gupta A.K., et al. in [100] for cascade MLI 

operated in overmodulation range is also applicable for NPC-MLI [33]. Wenxi Yao, et al. 

studied the relations of SVM and traditional carrier based PWM for multilevel inverter in their 

research articles [103], [104]. They proposed that the PWM generation of SVM can be 

achieved by carrier-based PWM scheme by addition of suitable offset in sine wave.   

The common-mode voltage (CMV) generates leakage current and this 

leakage/discharge current is the main cause of bearing erosion because of the fluting or  

electro discharge machining (EDM) effect [105]. A number of techniques have been 

suggested to reduce or eliminate the common-mode voltages generated by the various 

configurations of multilevel inverters [106]–[111]. A comparative study of common mode 

voltage elimination scheme using SVM and SPWM for three-level NPC inverter is presented 

in [107] and It has been shown that SPWM gives almost the same performance as that of 

SVM.   

Von Jouanne, et al. proposed a modulation scheme for eliminating the common-mode 

voltage in the conventional neutral-point clamped (NPC) three-level inverter [108]. M. R. 

Baiju, et al. presented a SVM based PWM to eliminate the common mode voltage using the 

open-end winding configuration for the induction motor [109]. A12-sided polygonal voltage 

space vector generation with common-mode voltage elimination is proposed for an open-end 

stator winding induction motor drive [110]. The proposed scheme gives a motor operation 

with zero common-mode voltage, which thus totally eliminates all the problems associated 

with common-mode voltage variation. A.K. Gupta. et al. proposed a space-vector modulation 

scheme to reduce common mode voltage for cascaded multilevel inverters. The proposed 

scheme not only reduces the CMV but also increase the voltage range of operation by about 

17% with less total harmonic distortion [111].  

1.3.2.4 Sigma Delta Modulation (SDM) 
The delta modulation (DM) technique was firstly proposed as a 1-bit coding method of 

pulse code modulation (PCM) by Jager in 1952 [77]. One-bit coding application was obtained 

using an integrator feedback block to pulse modulator that is a component of encoding 

process as seen in Fig. 1.10(a). The sigma-delta modulation (SDM) has been described with 

[112] in order to prevent the decreasing on power density of modulated signal according to 

increase sampling frequency. A SDM system was obtained adding a sample and hold block 

to a basic DM modulator as shown in Fig. 1.10(b). The SDM has adapted to power 

conversion processes using analog to digital (ADC) and digital to analog converters (DAC) 

[77]. The utilization of resonant DC-link inverters allows the soft switching applications 

instead of hard switching of conventional PWM. These kinds of inverters are mostly known 

with their zero switching losses obtained by switching at predetermined times of a sampler 

clock and this method can be appropriately adapted to SDM [113]. 
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∫

 

Fig. 1.10: Block diagrams of delta modulation: (a) Simple delta modulator, (b) Sigma–delta 
modulator 

 

 In the Fig. 1.10(b), the output of modulator changes to +Vo, 0, or -Vo according to 

sampling period of fs and the output is compared with input amplitudes. The error (e) is 

integrated and the integrator (E) output is fed to quantizer. Quantizer determines the output 

sign opposite to (E). A multilevel SDM generates multi-bit data sequence and decoding the 

output yields several output states which can be used to control on/off states of the switches 

of multilevel inverter. The block diagram of SDM controlled multilevel inverter is shown in Fig. 

1.11. The interaction of SDM modulator and inverter is managed using a multilevel decode 

logic block that adopts the quantized SDM signals and decodes to switching signals for 

inverter [114]. 

The research shows that although it has been developed to control DC-link inverters, 

the sigma-delta modulators can be developed to control multilevel inverters using logic 

interfaces [77], [115]. For a SDM controlled multilevel inverter, the output errors such as 

irregular voltage distribution and system nonlinearity can be reduced in high frequency 

switching up to 200 kHz. 

∫

 

Fig. 1.11: Block diagram of sigma delta modulation control of a multilevel inverter 

1.3.2.5 Hysteresis Current Control (HCC) Modulation 
The hysteresis current control (HCC) modulation is a feedback current control method 

where the load current tracks the reference current within a hysteresis band in nonlinear load 

application of an MLI. Depending upon the hysteresis band, output waveform can be 

obtained from the set reference. The scheme is easy to implement. However, uncontrolled 
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switching frequency and higher switching losses in inverter limits its practical implementation 

[9]. A current-error space phasor based hysteresis controller with nearly constant switching 

frequency for generalized n-level voltage source inverter fed three-phase induction motor 

drive has been found in literature [116]–[118]. P.C. Loh, et al. suggested a double band 

hysteresis regulator for hybrid seven-level inverter [119]. The controller uses the slope of the 

current error to determine the appropriate steady state voltage level to keep this error within 

the inner hysteresis band, while still allowing switching to the extreme inverter states during 

transient conditions to reduce the current error as rapidly as possible. Roberto Rojas, et al.  

have been proposed hysteresis comparator based closed loop control of the line-to-line 

voltage vectors of NPC inverter [120]. A current-error space-vector-based hysteresis 

controller with online computation of boundary for two-level inverter-fed induction motor (IM) 

drives is proposed by R. Ramchand, et al. [121].  

As mentioned above, all of the modulation schemes illustrated in Fig. 1.8 are not 

suitable for every topology; moreover, some of the algorithms are not applicable to some 

converters. The selected control scheme for any MLI determines the effectiveness on 

harmonic elimination, while generating the ideal output voltage. DC-MLIs, especially three-

level structure, have a wide popularity in motor drive applications besides other multilevel 

topologies due to reducing THD with robust control of SHE-PWM control scheme. However, 

it would be a restriction of complexity and pre-defined switching angles when the levels 

exceed three. The SPWM and SVM modulation techniques succeed this limitation of DC-MLI 

for higher level topologies.  

Table 1.2 illustrates the most appropriate control schemes according to selected 

multilevel inverter topology. 
 

Table 1.2: The most appropriate control scheme matching diagram according to topologies 

Topology 
Control scheme 

SHE-PWM SPWM SVPWM 

DC-MLI Most Appropriate Applicable Applicable 

FC-MLI Applicable Applicable Not Good 

CHB-MLI Not Good Most Appropriate Applicable 

 

1.3.3 Applications of Multilevel Inverters 
In today's world multilevel voltage source converters have successfully been applied 

and emerged as an important alternative that competes with PWM-CSI in classic applications 

like compressors, pumps, fans, rolling mills, and conveyors, etc. [1]. It is worth noticing that 

these processes are the most common medium-voltage applications in the industry. The MLI 
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topologies discussed in section 1.3.1 posses different characteristics like the number of 

components, modularity, control complexity, efficiency, and fault tolerance. Particularly, the 

NPC topology has found an important market in high-power motor drive applications such as 

conveyors, pumps, fans and mills. Application of variable frequency drive (VFD) for high-

power medium voltage (2.4 kV to 13.8 kV) motors is shown using NPC-MLI  in [4, 8]. CHBs 

are suitable for renewable power conversion, battery operated vehicles, Magnetic 

Resonance Imaging (MRI) and transformer-less applications like active filters and 

STATCOMs [15]. G. Joos, et al. have been shown CHB and NPC application for STATCOM 

[122], [123]. S. Anand, et al. proposed a 4-level Open-Ended Transformer based STATCOM 

for high power applications [124]. 

Researchers all over the world are making great efforts to improve multilevel inverter 

performances such as the control simplification [125], implementation issues [126], [127], 

reducing the THD of the output signals [4], [125], reducing DC-link current ripples [109], the 

balancing of the DC-link capacitor voltage [24-34,111], extended operation in overmodulation 

[92], [100], reducing common-mode voltage [106]–[111], the development of new MLI 

topologies [91], [129]–[131] and new control strategies [85], [132]–[146]. In fact, the MLI idea 

is so much attractive that several major drive manufactures have obtained patents on MLI 

and associated switching techniques [147]–[149] and commercialized NPC, FC or CHB 

topologies with application oriented control [4]. Commercially available MV drive products 

offered by major drive manufactures are presented in [4]. 

Many MLI applications focus on industrial medium-voltage VFDs [150], automotive and 

traction systems [151], [152], flexible AC transmission system (FACTS) [153]–[156] and utility 

interface for renewable energy systems [157]. Multilevel inverters for high-power MV drives 

have found widespread applications in industry. They are used for pipeline pumps in the 

petrochemical industry [158] and water pumping stations [6], steel rolling mills in the metals 

industry [159] and traction applications in the transportation industry [147].  

Researchers started to think about battery power electric vehicles since the 1960’s; 

when the demand was revived due to air pollution and ecology. Technology advancement in 

last decade in the field of electric drives systems, new battery technologies, fuel cell, etc. 

lead to tremendous developments of HEVs. CHB and dual two level inverter scheme are 

prospective for HEV and other traction applications [151], [152]. 

Currently, one of the trends in development is to use synchronous generators with fully 

rated power converters. To reach the power levels of turbines several converters in parallel 

are required to handle full power since the current rating is generally high, considering that 

the output voltage of the conversion systems is usually about 690V. Nevertheless, operation 

in medium voltage now appears to be very attractive, considering that it would lead to lower 

currents and, hence cable width and cost reduction, which also has a positive impact on the 
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size and cost of line filters. It also reduces the voltage step-up requirement for connection at 

the PCC. Because of these reasons and considering that current turbines are in the 

megawatt range, multilevel converters emerge as a promising alternative as power converter 

interface for wind energy systems [157], [160]–[162]. 

The use of multilevel converters as power interface for photovoltaic grid-connected 

system seems, at a first glance, not very appropriate due to the low power level of current 

photovoltaic systems. However, grid-connected photovoltaic power plants are consistently 

increasing in power rating mainly due to the reduction in the cost of photovoltaic modules 

(among other factors); now, hundreds of large photovoltaic-based power plants over 10 MW 

[118] are operating, and even more are under development. For large photovoltaic power 

plants, centralized and multi string configurations are used with a central dc–ac converter 

that interfaces the power to the grid. Now that they reached the megawatt range, classic 

topologies such as the two-level voltage source converter will not be able to deliver the 

desired power quality, maximum allowed switching frequency, higher voltage operation, and 

reduction in filter size as that multilevel converters can provide. Multilevel converters can be 

used to interconnect the photovoltaic strings in a more intelligent way to reach higher 

voltages that are close to or even of the same value as the point of common coupling. As 

grid code requirements for photovoltaic systems will become more demanding, multilevel 

topologies will also become even more attractive [163]. Recent research shows that a three-

phase four-level NPC-based converter and a five-level converter formed by a three-level H-

bridge with a bidirectional switch arrangement that can clamp two additional levels to the 

output has been proposed as dc–ac converter stage in a multi string photovoltaic 

configuration [164], [165]. M. Saeedifard, et al. have been proposed a five-level diode 

clamped converter (DCC) based back-to-back high-voltage direct- current (HVDC) converter 

system [166].   

 

Table 1.3: Multilevel inverter application summary based on topology 

Application 
Topology 

DC-MLI FC-MLI CHB-MLI 

Train Traction  & 

Motor Drive 
Good Applicable Most Appropriate 

Active filters Most Appropriate Applicable Applicable 

Photovoltaic Most Appropriate Not Good Applicable 

Wind Power Applicable Most Appropriate Applicable 

HVDC Applicable Not Good Most Appropriate 

UPFC and UPQC Applicable Applicable Most Appropriate 

STATCOM Applicable Applicable Most Appropriate 
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Multilevel converters have matured from being an emerging technology to a well 

established and attractive solution for medium-voltage high-power drives. The recent 

developments in multilevel converter technologies together with the recent trends and 

challenges faced by energy applications such as, industrial drives, traction, renewable 

energy conversion [167], HVDC, FACTS and distributed generation systems are opening a 

wide area of applications where this technology has a lot to offer. Table 1.3 gives the idea 

about how active a particular topology is for a particular application. 

1.3.4 Induction Motor Speed Control Methods 
IM speed control methods can be divided into scalar and vector control. The general 

classification of IM control methods are given in [168]. Scalar control is based on relationship 

valid in steady state, only voltage magnitude and frequency of motor voltage, current and flux 

linkage space vectors are controlled. Thus, it does not act on space vector position during 

transients. V/f control of IMD gives adequate performance in steady state condition. 

Additionally, V/f control is simple, easy to implement and the control does not require any 

sensor and signal conditioning circuit. Application of V/f control is chosen where drive system 

may not require high dynamic performance. V/f control being simple in implementation widely 

used in majority of industrial applications. As being a scalar control technique, it gives 

sluggish dynamic response without decoupled control. Nearly, 85% of motors installed drives 

are used for pumps, fans, compressors and conveyors, where the drive system may not 

require high dynamic performance [1]. 

The vector control is based on relations valid for dynamic states, not only magnitude 

and frequency but also instantaneous positions of voltage, current and flux space vectors. 

Therefore, the vector control acts on the positions of space vectors and provides their correct 

orientations both in steady state as well as during transients. The most popular vector control 

methods Field Oriented Control (FOC) and Direct Torque Control (DTC) [169], have become 

industrial standard in advanced drive control. They are capable of introducing decoupled 

control between flux and torque in IMD [168]. Feedback Linearization Control (FLC) is 

another vector based control method in which input-output decoupling is obtained by 

nonlinear transformation of motor state variables in new coordinates [168]. DTC represents a 

viable alternative of FOC. It operates with closed loop torque and flux control without current 

controllers and insensitive to rotor parameters. Survey on DTC of PWM inverter-fed AC 

motors is given in [168]. Vector control methods give superior dynamic performance, but they 

have drawbacks like necessity and problems in number of sensors to be used, requirement 

of controller parameter tuning, complex control and higher cost. Several control scheme have 

been reported in the literature to eliminate or reduce the requirement of sensors [170]–[174].  

V. Verma, et al. presented a single current sensor based vector controlled IM drive 

[170]. In this drive system, current estimation is based on the reference currents in 
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synchronously rotating reference frame and the vector rotator, the speed estimation exploits 

a different form of X-model reference adaptive system (X-MRAS). Both techniques MRAS 

and X-MRAS do not involve stator resistance. Hence, the proposed controller works very well 

at low speed.  

C. Chakraborty, et al. proposed a model reference adaptive controller (MRAC) for the 

speed [171] and rotor resistance [173] estimation of the vector controlled induction motor 

drive. A. Choudhury and K. Chatterjee have also been reported a model reference adaptive 

scheme (MRAS) based clos6ed loop control scheme for direct torque control (DTC) IM drive 

[172]. The proposed scheme completely eliminates the requirement of speed sensor and 

offer constant switching frequency. An effort is made by A. Dey, et al. to minimize the torque 

ripples in DTC IM drive by using a three-level hysteresis torque controller [175].  

The selection of the IM motor control is done based on the superior performance, 

implementation issues in real-time and cost effectiveness.  

1.4 Scope of Work and Author’s Contribution 
MLI for medium and high voltage induction motor drive gaining more and more 

popularity day by day because of their inherent quality of reduced total harmonic distortion 

(THD), low dv/dt stress, low switching losses, high voltage capability and good Electro-

Magnetic Compatibility (EMC). The quality of MLI output voltage is improved with the 

increase in number of levels, but at the same time the structure of MLI become very complex 

and less reliable, due to use of large number of switching devices.    

Present work is carried out to investigate the possibility of obtaining multilevel inversion 

operation for induction motor drive with reduce number of components. Technical problems, 

possible solutions and attractive features are discussed for conventional two-level inverter 

and MLI topologies. The multilevel inverter topologies proposed in the thesis use dual 

inverter fed open-end winding configuration for the induction motor. A comprehensive 

literature survey on MLI with respect to various topologies, historical developments, PWM 

techniques, control methodologies and recent trends are given. The main contributions of the 

author are as follows: 

1) Investigations on dual two-level (D2L) inverter for IMD 

• A mathematical model of the squirrel cage open-end stator winding induction 

motor in stationary reference is developed. 

• A switching function based mathematical model of D2L inverter is also 

developed.  

• Simulation study is carried out in MATLAB/Simulink environment by operating 

the developed motor model with D2L inverter in constant V/f mode under no-

load condition covering the entire range of modulation. 
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• Various simulation results are obtained and analyzed for performance 

evaluation. 

2) Investigations on 5-level inverter for IMD 

• A 5-level inverter configuration based on conventional 2-level inverters is 

realized. 

• A switching function based mathematical model of 5-level inverter is developed 

and simulated with MATLAB/Simulink. 

• It has been shown that the same 5-level inverter circuit can produce six levels 

by selecting a proper ratio of DC link voltages of individual two-level inverters. 

• The level shifted triangular carrier based SVPWM scheme is adopted and 

implemented in MATLAB to generate the control pulses for switching devices.  

• Performance of 5-level inverter is evaluated in MATLAB by running a 1.5 kW 

open-end winding induction motor model at no-load in V/f control mode. 

3) Investigations on 9-level inverter for IMD 

• With the aim to generate high resolution voltage space vectors with reduced 

number of components for an open-end winding induction motor, a 9-level 

inverter scheme is proposed. 

• A modified level shifted triangular carrier based SVPWM technique is used for 

the proposed drive system. 

• The proposed PWM scheme is capable of ensuring a smooth changeover from 

the mode of two-level inversion to the 3-level, then 3-level to 4-level, then from 

4-level to 5-level and so on up to 9-level inversion and vice versa.  

• A switching function based mathematical model of the proposed drive system is 

developed and validated by detailed analytical results in MATLAB/Simulink 

environment. 

• Simulation study is carried out in MATLAB/Simulink environment to evaluate the 

performance of proposed 9-level inverter in steady state as well as in transient 

state.  

4) Investigations on hybrid 9-level inverter for IMD 

• A hybrid 9-level inverter is another configuration proposed in the thesis to 

reduced the requirement of four number of isolated DC sources of two different 

voltage rating in to two isolated DC sources of same voltage rating.  

• The proposed topology is compared with conventional topology in terms of 

number of components used.  

• A switching state based mathematical model is developed to realize 9-level 

inversion operation.   
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• The space vector location and available switching redundancy at different 

locations are analyzed.  

• The capacitors voltage balancing algorithm and performance of the proposed 

inverter is evaluated under steady state as well as in transient state in 

MATLAB/Simulink environment.  

• The scheme is computationally simple; therefore, it can be implemented using a 

commercially available DSP/microcontroller. 

5) Investigations on 18-level inverter for IMD 

• The third topology proposed in the present work is an 18-level inverter topology 

for open-end winding induction motor drive by using ACHB and conventional 

two-level inverter.  

• The proposed topology requires less number of components as compared to 

conventional multilevel inverter (MLI) topology.  

• The number of components used by proposed topology is same as that of use 

by hybrid 9-level inverter. 

• An interesting feature of the proposed topology is that, it can operate in nine-

level mode by connecting the motor winding in star in case of failure of two-level 

inverter. Similarly if the fault occurs in ACHB inverter the proposed inverter can 

operate in two-level mode. Thus, the reliability of the system is improved.  

• A switching function based mathematical model of proposed inverter is 

developed and implemented using MATLAB/Simulink. The performance of 

inverter is investigated by running a 1.5kW open-end winding induction motor 

under no-load in V/f control mode for the entire range of modulation.  

6) Development of laboratory prototype for experimental validation 

• In this thesis extensive simulation study is carried out on D2L inverter, 5-level 

inverter, 9-level inverter, hybrid 9-level inverter and 18-level inverter for an 

induction motor with open-end windings. In order to validate the simulation 

results, downscaled prototypes of following topologies are developed in the 

laboratory and experimentation is carried out:   

     (a) Topology-1: 5-Level Inverter for open-end IMD 

           (b) Topology-2: 9-Level Inverter for open-end IMD 

           (c) Topology-3: Hybrid 9-Level Inverter for open-end IMD 

• The different hardware components as required for the proper operation of 

experimental setups such as driver circuit, isolation and dead-band circuits, 

voltage and current sensor circuits designed, developed and interfaced with RT-

Lab real time controller.  

 



 

28 

 

• Rapid control prototyping of drives library is carried out by total development 

environment of RT-Lab real time digital simulator with Spartan-3 FPGA board 

for flexible control development using model-based control design with 

minimum hardware and small design cycle. 

• A level shifted triangular carrier based SVPWM algorithm implemented on RT-

Lab real time controller to generate gate pulses for the IGBTs of developed 

prototype inverter in real time.  

• Implementation of V/f control scheme for IMD is carried out in RT-Lab real time 

digital simulator.  

• Performances of all three prototype inverters are experimentally evaluated in 

steady state and dynamic speed changing conditions. Further, these 

experimental studies are validated with simulation results obtained using the 

experimental parameters.  

1.5 Organization of the Thesis 
The thesis is organized in eight chapters and the work included in each chapter is 

briefly outlined below:  

CHAPTER-1 starts with brief overview of the problems faced by conventional two-level 

inverter fed high power medium voltage IM drives, their possible solutions and then the 

features and the technical challenges of MLIs are discussed. A comprehensive literature 

survey on MLIs including various topologies, modulation strategies, control schemes, 

historical developments, and applications is given in detail. Finally, scope of work, author’s 

contribution and thesis outlines are presented. 

CHAPTER-2 describes dual two-level (D2L) inverter, scheme for open-end IMD. A 

mathematical model of the squirrel cage open-end stator winding induction motor along with 

D2L inverter is presented. A carrier based space vector pulse width modulation (SVPWM) 

scheme is adopted for the D2L inverter scheme. The steady state and transient state 

performances of the SVPWM based D2L inverter scheme is investigated for open-end IMD in 

MATLAB/Simulink environment.   

In CHAPTER-3 a 5-level inverter scheme using three numbers of two-level inverters is 

presented for open-end IMD. A Switching function based inverter mathematical model is 

proposed. Procedure for determining the DC link ratio to achieve the maximum number of 

levels in output voltage is discussed. A simulation model of 5-level inverter scheme is 

developed using Simulink toolbox of MATLAB software and tested by operating a 1.5-kW 

open-end winding IM model at no-load in V/f control mode.     

A 9-level inverter scheme for open-end IMD is proposed in CHAPTER-4. A switching 

function based mathematical model of the proposed scheme is developed and validated by 

detailed analytical results in MATLAB/Simulink environment. A modified level shifted 
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triangular carrier based space vector pulse width modulation (SVPWM) scheme is proposed 

to reduce the switching losses at lower speed operation. Simulation study is carried out to 

evaluate the steady state and transient state performance of the SVPWM based 9-level 

inverter scheme by operating an open-end winding IM at no-load in constant V/f mode for 

entire range of modulation.  

CHAPTER-5 investigates a hybrid 9-level inverter topology for open-end IMD. The 

proposed topology is compared with other 9-level inverter topologies in terms of number of 

component used. A switching function based mathematical model is developed to realize 9-

level inversion operation. To validate the mathematical model simulation study is carried out 

in MATLAB/Simulink environment and detailed analytical results are presented. The space 

vector location and available switching redundancy at different locations are discussed. The 

capacitors balancing algorithm and performance of the drive is evaluated during steady state 

as well as in transient state by operating an open-end winding IM model at no-load in 

constant V/f mode covering the entire range of modulation.  

CHAPTER-6 proposes an 18-level inverter using the same number of switching 

devices used by hybrid 9-level inverter presented in chapter-5. A comparison is made 

between proposed 18-level inverter and other 18-level MLI topologies in terms of number of 

components use. A switching function based mathematical model is developed for proposed 

inverter. Exhaustive simulation study is carried out in MATLAB/Simulink environment to 

check the correctness of mathematical model. Steady state and dynamic performance of the 

proposed inverter fed open-end IMD system at different modulation indices at no-load in V/f 

control mode, based on simulation studies, is also presented.    

CHAPTER-7 is dedicated to experimental investigations on 5-Level Inverter, 9-Level 

Inverter and hybrid 9-Level Inverter topologies proposed in previous chapters for open-end 

IMD. This chapter deals with design of system hardware, RT-Lab Meta Controller interfacing 

and experimentation on the three laboratory prototype to validate the simulation results 

presented in previous chapters. To investigate the performance of the prototype inverters a 

1.5kW open-end winding IM is operated at no-load in V/f control mode. Further, these 

experimental studies are validated with simulation results obtained using the experimental 

parameters.  

The main conclusions of the presented work and possible future research are 

summarised in CHAPTER-8.  

A list of important references and appendices are given at the end. 

 

 

 

 



 

30 

 

 

 

 

 

 

 

 

 

 

 

 



 

31 

 

CHAPTER 2:                                             DUAL TWO-LEVEL INVERTER FOR                 
          INDUCTION MOTOR DRIVE     

[This chapter describes dual two-level (D2L) inverter, scheme for open-end induction motor drive. The 

mathematical model of the squirrel cage open-end stator winding induction motor along with D2L 

inverter is developed. A carrier based space vector pulse width modulation (SVPWM) scheme is 

presented for the D2L inverter scheme. The steady state and transient state performance of the 

SVPWM based D2L inverter scheme is investigated for open-end induction motor drive.]  

2.1 Introduction  
The conventional two-level inverters are widely used in variable speed induction motor 

drive due to its simple circuit structure, reliable and cheaper parts as well as simple control. 

In high power and high performance drive applications, they suffer from problems like high 

dv/dt, higher switching loss, poor power quality and high Electromagnetic Interference (EMI). 

On the other hand, multilevel inverters (MLI) offer low dv/dt stress, good power quality, low 

switching loss, high voltage capability and better Electro-Magnetic Compatibility (EMC) even 

at high performance and high power applications. The quality of output voltage waveform 

improves with the increase of number of levels, but at the same time the conventional MLIs 

suffer from several problems like large device count, DC-link voltage unbalancing, more 

complex circuit and control specially at higher number of levels [9]. In order to adopt 

multilevel approach using conventional two-level inverter configurations [176]-[177], the dual 

two-level inverter (D2L) scheme is selected for analysis. This topology produces voltage 

levels equivalent to a three-phase three-level inverter. As compared to cascade H-bridge 

(CHB) three-phase three-level inverter topology [46] which requires three isolated DC 

sources, the D2L inverter scheme uses only two isolated DC sources. The voltage rating of 

the source and switching devices are receded by half in D2L configuration. Resultant space 

vector locations generated by D2L inverter scheme for open-end winding induction motor are 

similar to a three-level neutral point clamped (NPC) inverter [18]. The D2L scheme 

completely eliminates the requirement of clamping diodes and tapped DC-link capacitors. It 

offers reduced harmonic distortions with limited switching frequencies, lower dv/dt and higher 

voltage capability. Moreover, the inverter is composed of widely commercialized parts, which 

make its implementation cheaper and reliable. It is well suited for automotive applications in 

which splitting the batteries bank is convenient and reliable solution. 

2.2 System Configuration and Switching Logic     

2.2.1 Power Circuit 
 The power circuit of D2L inverter scheme for open-end winding induction motor (IM) 

is shown in Fig. 2.1. One end terminals of the open-end winding IM (A1, B1, C1) are fed by 

two-level inverter-1 while the others end terminals of the machine (A2, B2, C2) are fed by  
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Fig. 2.1 :Dual two-level (D2L) inverter scheme for open-end winding induction motor drive 

 

another similar type of two-level inverter-2. Both two-level inverters are powered by isolated 

DC source of magnitude VDC/2. Any pole voltage VA1O, VB1O or VC1O of two-level inverter-1, 

can have two levels 0 and VDC/2 independently. Similarly inverter-2 pole voltages with 

respect to reference point O′ are VA2O′, VB2O′ and VC2O′ can also have two levels 0 and VDC/2 

independently. The difference of these two pole voltages will have three-different levels as -

VDC/2, 0 and +VDC/2. 

2.2.2 Switching Logic 
Inverter switching logic is developed to obtain three-level inversion operation. The pole 

voltage VA1O of two-level inverter-1 (Fig. 2.1) will be at level +VDC/2 if the switch S11 is made 

to turn 'ON', and at level zero if the switch S14 is made to turn 'ON'. Any pole voltage of two-

level inverter-1 VA1O, VB1O or VC1O can have these two levels by proper selection of switches 

of two-level inverter-1, which are made to be turned 'ON'. Similarly the pole voltage VA2O′ of 

inverter-2 (Fig. 2.1) can also have voltage level of VDC/2 if the switch S21 is made to turn 'ON', 

and at level of zero if the switch S24 is made to turn 'ON'. Any pole voltage of two-level 

inverter-2 VA2O’, VB2O’ or VC2O’ can have these two levels by proper selection of switches of 

two-level inverter-2, which are made to be turned 'ON'. The combine effect of both two-level 

inverters is generation of three distinct voltage levels in the phase voltage of open-end 

winding induction motor as shown in Table 2.1. It is clear from the Table 2.1 that the voltage 

levels of -VDC/2 (Level-L1) and 0 (Level-L2) can be generated by clamping the inverter-1 at 

zero voltage level and switching the inverter-2 between VDC/2 and zero. Similarly to get the 

voltage level of VDC/2 (Level-L3), inverter-1 is clamped at VDC/2 and inverter-2 at zero. 

Switching states of corresponding switches of both two-level inverters to realize three-levels 

across the phase-A winding of open-end induction motor are shown in Table 2.1. Similar 

logic can also be implemented for others phases. Switches correspond to same leg of any 

two-level inverter operate in complementary fashion. The voltage rating of all the switches is 

VDC/2 where VDC is the equivalent DC link voltage required to operate conventional two-level 

inverter fed induction motor drive.   
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Table 2.1: Switching states of inverter-1 and inverter-2 to realised three-levels in phase- A  

Level 

Pole voltage of 

two-level 

inverter-1 (VA1O) 

Pole voltage of 

two-level 

inverter-2 (VA2O′) 

Motor phase-A 

voltage level 

(VA1O -VA2O′) 

Switch 

(state) 

Inverter-1 

Switch 

(state)  

Inverter-2 

L1 0 VDC/2 -VDC/2 S14 (ON) S21 (ON) 

L2 0 0 0 S14 (ON) S24 (ON) 

L3 VDC/2 0 VDC/2 S11 (ON) S24 (ON) 

 

2.3 Control Scheme 
The gating signals for the devices are generated using the multi-level carrier based 

space vector pulse width modulation (SVPWM) technique [178], [179]. The open-end winding 

induction motor is operated in constant V/f control mode. The magnitude of reference voltage 

space phasor (Vr*) is determined by V/f ratio and modulation index. Fig. 2.2 shows the 

principle of multi-level carrier based space vector pulse width modulation (SVPWM) scheme. 

In this figure only phase–A modulating procedure is shown for simplicity. Both the switches of 

same leg operate in complementary fashion. The entire range of operation is divided into 

three regions by two level-shifted triangular carrier waves (C1, C2). The region below the first 

triangular carrier C1 is define as level L1, region between C1 and C2 is level L2 and region 

above second triangular carrier C2 is level L3.  

 
Fig. 2.2: Switching signals for the devices of phase–A of three-level D2L inverter using 

LSPWM technique 
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Three modulating signals are simultaneously compared with triangular carrier signals 

(C1, C2) in each sample period and depending upon their instantaneous position switching 

signals are generated according to Table 2.1. The three reference waves (V*
a, V*

b, V*
c) 

corresponding to phase-A, B and C are generated by transferring the orthogonal components 

of reference voltage phasor (V*
r) into the 3-phase quantity. An offset as given by equation 

(2.1) is added to these reference waves to generate three modulating signals which give the 

performance equivalent to conventional SVPWM [179]. The three modulating signals are 

expressed by equation (2.2).   

 * * * * * *[max( , , ) min( , , )] / 2offset a b c a b cV V V V V V V= − +   (2.1) 

 

* *
1 2

* *
1 2

* *
1 2

A A a offset

B B b offset

C C c offset

V V V

V V V

V V V

⎫= +
⎪⎪= + ⎬
⎪= + ⎪⎭

  (2.2) 

The modulation index (m) is define as the ratio of the magnitude of the actual reference 

voltage space phasor ( *
rV ) to the maximum magnitude of the voltage space phasor (VDC) as 

given by equation (2.3). The limit of modulation index (m) for linear modulation is 0.866 [179].  

 
*

r

DC

V
m

V
=   (2.3) 

2.4 Mathematical Modelling of Dual Two-Level (D2L) Inverter fed IMD  
 The mathematical modelling of dual two-level inverter fed open loop drive scheme 

includes model of D2L inverter and open-end winding induction motor. The assumptions 

made for the modelling of the drive scheme are as follows: 

• The DC link voltages available at the input terminals of inverters are ripple free. 

• The three-phase stator windings of the induction motor are balanced and produce 

    sinusoidal Magneto Motive Force (MMF) in the space and harmonics are ignored. 

• Switching transients in both inverters are ignored. 

• Switching transition time of the switching devices are considered to be negligible. 

2.4.1 Model of D2L Inverter 
Mathematical modelling of D2L scheme is first obtained for switching functions based 

pole voltages of both two-level inverters thereafter motor phase-voltages are obtained in 

terms of inverters pole voltages and line voltages. Fig. 2.3 shows the applied switching 

function to each switch and inverters pole voltages with respect to their negative terminal. 

Both switches of the same leg operate in complementary fashion to avoid the short-circuit of 

DC source. Two switching functions SFX and SFX’ (X=a, b, c) are defined for each phase 
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which can take discrete value either 0 or 1. In terms of switching function, Inverter-1 pole 

voltages (VA1O, VB1O, VC1O) with respect to point-O are given by 

 

1

1

1

2

2

2

DC
A O a

DC
B O b

DC
C O c

VV SF

VV SF

V
V SF

⎫= ⎪
⎪
⎪= ⎬
⎪
⎪

= ⎪
⎭

  (2.4) 

Similarly Inverter-2 pole voltages (VA2O',VB2O',VC2O') with respect to point-O’ in terms of 

DC link voltages and switching  functions are given by: 

 

2 ' '

2 ' '

2 ' '

2

2

2

DC
A O a

DC
B O b

DC
C O c

VV SF

VV SF

V
V SF

⎫= ⎪
⎪
⎪= ⎬
⎪
⎪

= ⎪
⎭

  (2.5) 

The three-phase voltages can be expressed as:  

 1 2 1 ' 2 'A A A O OO A OV V V V= + −   (2.6) 

 1 2 1 ' 2 'B B B O OO B OV V V V= + −   (2.7) 

 1 2 1 ' 2 'C C C O OO C OV V V V= + −   (2.8) 

Where VA1A2,VB1B2,VC1C2 are the phase voltages of phase A, B and C respectively and 

VOO’ is the common mode voltage. Since both the two-level inverters are supplied by isolated 

DC sources, hence they can be assumed to be two independent nodes. Thus for the balance 

three-phase load summation of the three-phase voltages will be zero. 

 1 2 1 2 1 2 0A A B B C CV V V+ + =   (2.9) 

 

 
Fig. 2.3: Diagrammatic representation of switching functions and inverter pole voltages for 

D2L inverter   
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Using equations (2.6)-(2.9) common mode voltage can be expressed as:    

 + + − + +
= 2 ' 2 ' 2 ' 1 1 1

'
( ) ( )

3
A O B O C O A O B O C O

OO
V V V V V VV   (2.10) 

Thus, the common mode voltage of the D2L inverter system is the difference between 

the common mode voltages of an individual inverter. The common mode voltage is not a 

problem if two sources are isolated; in single source topologies an arrangement has to be 

made to avoid common mode current flow. 

On substituting the value of VOO’ from equation (2.10) in to equation (2.6) phase-A 

voltage can be expressed as:  

 1 2 1 2 ' 1 2 ' 1 2 '
2 1 1( ) ( ) ( )
3 3 3A A A O A O B O B O C O C OV V V V V V V= − − − − −   (2.11) 

Similarly substituting the value of VOO’ from equation (2.10) in to equations (2.7) and 

(2.8) phase-B (VB1B2) and phase-C (VC1C2) voltages can be written as:  

 1 2 1 2 ' 1 2 ' 1 2 '
1 2 1( ) ( ) ( )
3 3 3B B A O A O B O B O C O C OV V V V V V V= − − + − − −   (2.12) 

 1 2 1 2 ' 1 2 ' 1 2 '
1 1 2( ) ( ) ( )
3 3 3C C A O A O B O B O C O C OV V V V V V V= − − − − + −   (2.13) 

Equations (2.11)-(2.13) can be written in matrix form as:   

 
1 2 1 2 '

1 2 1 2 '

1 2 1 2 '

2 1 1
1 1 2 1
3

1 1 2

A A A O A O

B B B O B O

C C C O C O

V V V
V V V
V V V

− − −⎡ ⎤ ⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥ ⎢ ⎥= − − −⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥ ⎢ ⎥− − −⎣ ⎦ ⎣ ⎦ ⎣ ⎦

  (2.14) 

Substituting the values of pole voltages in terms of switching functions from equations 

(2.4)-(2.5), motor phase voltages can be expressed as follows: 

 
1 2 '

1 2 '

1 2 '

2 1 1
1 2 1

6
1 1 2

A A a a
DC

B B b b

C C c c

V SF SF
V

V SF SF
V SF SF

− − −⎡ ⎤ ⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥ ⎢ ⎥= − − −⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥ ⎢ ⎥− − −⎣ ⎦ ⎣ ⎦ ⎣ ⎦

  (2.15) 

The combined effect of three-phase voltages VA1A2, VB1B2 and VC1C2 on motor phase 

winding, at any instant will be given by Vs as: 

 (2 /3) (4 /3) 
1 2 1 2 1 2. .j j

s A A B B C CV V V e V eπ π= + +   (2.16) 

The d-q component of space vector Vs in terms of phase voltages is given by:   

 
1 2

1 2

1 2

1 1/ 2 1/ 2
2 0 3 / 2 3 / 2
3

1/ 2 1/ 2 1/ 2

qs A A

ds B B

os C C

V V
V V
V V

− −⎡ ⎤⎡ ⎤ ⎡ ⎤
⎢ ⎥⎢ ⎥ ⎢ ⎥= −⎢ ⎥⎢ ⎥ ⎢ ⎥
⎢ ⎥⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦⎣ ⎦

  (2.17) 

  Motor phase voltages can also be expressed in terms of line-to-line voltages of 

inverter-1 and inverter-2. The line-to-line voltages of inverter-1 are labeled as VA1B1, VB1C1, 
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VC1A1 whereas inverter-2 line-to-line voltages are labeled as VA2B2, VB2C2, VC2A2. The motor 

phase voltages VA1A2, VB1B2 and VC1C2 can be expressed in terms of line-to-line voltages as: 

 
1 2 1 2 1 1 2 2

1 2 1 2 1 1 2 2

1 2 1 2 1 1 2 2

A A B B A B A B

B B C C B C B C

C C A A C A C A

V V V V
V V V V
V V V V

− = − ⎫
⎪− = − ⎬
⎪− = − ⎭

  (2.18) 

Using equations (2.9) and (2.18), motor phase voltages can be written as:   

 

1 1 1 1 2 2 2 2
1 2

1 1 1 1 2 2 2 2
1 2

1 1 1 1 2 2 2 2
1 2

3 3

3 3

3 3

A B C A A B C A
A A

B C A B B C A B
B B

C A B C C A B C
C C

V V V V
V

V V V VV

V V V VV

− − ⎫= − ⎪
⎪

− − ⎪= − ⎬
⎪
⎪− −

= − ⎪
⎭

  (2.19) 

2.4.2 Mathematical Modelling of Open-end Stator Winding Induction Motor 
The open-end winding induction motor structure is obtained by opening the neutral 

point of the conventional squirrel cage induction motor (IM) and it does not require any 

design change in the motor. In the present work, an open-end stator winding induction motor 

is modeled using d-q theory in the stationary reference frame which needs fewer variables 

and hence analysis becomes easy. The parameters shown in Appendix-A are used to model 

IM and developed model is used throughout the thesis for simulation analysis. 

The equivalent circuit model of an induction motor in stationary reference frame is 

shown in Fig. 2.4. The stator q-axis voltage component ( s
qsv ) is given by 

 s s s
qs qs s qs

b

pv r iψ
ω

= +   (2.20) 

The stator q-axis flux linkage per second can be written as follows:  

 s s s
qs ls qs mqx iψ ψ= +   (2.21) 

 ( )s s s
mq m qs qrx i iψ = +   (2.22) 

From equations (2.20)-(2.22) q-axis stator flux linkage can be given by  

 { ( )}s s s ss
qs b qs qs mq

ls

r
v dt

x
ψ ω ψ ψ= − −∫   (2.23) 

Similar analysis is carried out to evaluate stator d-axis flux linkage as given below:  

 s s s
ds ds s ds

b

pv r iψ
ω

= +   (2.24) 

 s s s
ds ls ds mdx iψ ψ= +   (2.25) 

 ( )s s s
md m ds drx i iψ = +   (2.26) 

 { ( )}s s s ss
ds b ds ds md

ls

rv dt
x

ψ ω ψ ψ= − −∫   (2.27) 
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By rearranging equations (2.21) and (2.25), stator q-axis and d-axis currents can be 

expressed as:  

 
s s
mq qss

qs
ls

i
x

ψ ψ−
=   (2.28) 

 
s s

s ds md
ds

ls

i
x

ψ ψ−
=   (2.29) 

To evaluate rotor flux linkages all the quantity of rotor side are referred to the stator 

side and basic circuit equations are formed using equivalent circuit shown in Fig. 2.4. 

Equation (2.30) shows the rotor quantities referred to stator side. The rotor circuit analysis is 

carried out in the same way as it was carried out for stator circuit. As the rotor is short circuit 

therefore 'sq rv  and 'sdrv are equated to zero in equations (2.31) and (2.34) . The rotor q-axis 

and d-axis flux linkages are expressed by equations (2.33) and (2.36) respectively.  

        

 

2

' '

'

'

'

' ( )

3 3 3
2 2 2

s ss s
qr qr b qr b qr

r r

s ss
dr dr

r

s sr
qr qr

s

s sr
dr dr

s

s ss
lr lr

r

s s
m ss sr rr

r r

N N
N N
N
N

Ni i
N
Ni i
N
NL L
N

N NL L L L
N N

ψ ψ ω λ ω λ

ψ ψ

⎫= = = ⎪
⎪
⎪

= ⎪
⎪
⎪

= ⎪
⎪
⎬
⎪=
⎪
⎪
⎪= ⎪
⎪
⎪= = = ⎪
⎭

  (2.30) 

Rotor q-axis analysis in stationary reference frame is as follows: 

 ' ' ' ' ' 0s s s sr
qr qr dr r qr

b b

pv rω
ψ ψ ψ

ω ω
= − + =   (2.31) 

 ' ' 's s s
qr lr qr mqx iψ ψ= +   (2.32) 

 
'' { ' ( ' )}
'

s s s sr r
qr b dr mq qr

b lr

r dt
x

ω
ψ ω ψ ψ ψ

ω
= + −∫   (2.33) 

Similarly for rotor d-axis; 

 ' ' ' ' ' 0s s s sr
dr dr qr r qr

b b

pv rω
ψ ψ ψ

ω ω
= + + =   (2.34) 

 ' ' 's s s
dr lr dr mdx iψ ψ= +   (2.35) 
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Fig. 2.4: Equivalent circuit of an induction motor in stationary reference frame 

 
'' { ' ( ' )}
'

s s s sr r
dr b qr md dr

b lr

r dt
x

ω
ψ ω ψ ψ ψ

ω
= − + −∫   (2.36) 

The zero sequence stator and rotor currents can be computed using equations (2.37) 

and (2.38) respectively.  

 ( )b
os os os s

ls

i v i r dt
x
ω

= −∫   (2.37) 

 ' ( ' ' ' )
'
b

or or or r
lr

i v i r dt
x
ω

= −∫   (2.38) 

Using equations (2.22),(2.28) and (2.32), ψ s
m q can be expressed as:   

 
'

( )
s s
qs qrs

mq M
ls lr

x
x x
ψ ψ

ψ = +   (2.39) 
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Where XM  is given as:    

 1 1 1 1
'M m ls lrx x x x

= + +   (2.40) 

Similarly using equations (2.26), (2.29) and (2.35), ψ s
md can be expressed as:  

 
'( )
'

s s
s ds dr
md M

ls lr

x
x x
ψ ψ

ψ = +   (2.41) 

The developed electromagnetic torque is given by  

 3 / 2 ( )
2

s s s s
em ds qs qs ds

b

PT i iψ ψ
ω

= −   (2.42) 

The equation of motion of the rotor is obtained by equating the inertia torque to the 
accelerating torque, that is  

 2 ( / )b r b
em load damp

J d T T T
P dt
ω ω ω

= + −   (2.43) 

Here, P is the number of poles and /r bω ω  is per unit rotor speed.   

2.5 Simulation Studies  
 To evaluate the performance of D2L inverter scheme a MATLAB/Simulink model is 

developed and simulation study is carried out in fixed-point simulation mode at a sampling 

time of 10 µSec. S-Function concept is used to develop various blocks using mathematical 

equations in order to increase the simulation speed and improve the numerical stability. The 

developed simulink model consists of two parts, the first part is power circuit and the second 

part is control circuit and monitoring as shown in Fig. 2.5(a) and (b) respectively. The power 

circuit consists of open-end winding induction motor and D2L inverter. The parameters of the 

open-end winding IM used in simulation study are given in Appendix-A. The library of 

developed subsystems is applied to a switching function based D2L inverter scheme. 

Switching function based two-level inverters take switching pulses as an input signals and 

produced the pole voltages which are fed to the open-end winding IM. The control circuit 

generates the switching functions for both two-level inverters depending upon modulation 

index (m). The value of modulation index is given to V/f logic block which generates 

magnitude of reference voltage (V*r) and frequency (f*m) for switching logic block. The 

switching logic block uses a space vector pulse width modulation (SVPWM) technique to 

generate switching functions for the inverters. The monitoring block consist of several scopes 

and display block to measure various performance parameter of the system like voltage, 

current, THD, modulation index, etc. The motor is operated in constant V/f mode under no-

load condition over the wide range of operation. The DC-link voltage needed to get a 

maximum phase voltage of 340V (√2*240V) for a 240 volts motor, operating  under  linear   

modulation range can be determined as:  
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 × × =

⇒ =

2 3 340
3 2

588.88 Volts

DC

DC

V

V
   

 Therefore, for simulation study DC link voltage is taken as 600V throughout in the 

thesis. The simulated D2L inverter model is operated at various switching frequencies and 

results are tabulated in Table 2.2. It can be observed in Fig. 2.6 that with the increase in 

switching frequency THD decreases. Therefore, minimum switching frequency (fc) 1kHz is 

selected to further improve the performance by increasing the number of levels. To cover the 

entire range of modulation three values of modulation indices (m) 0.2, 0.8 and 1 correspond 

to frequencies (f*m) of 10, 40 and 50Hz respectively are selected. The motor phase-A voltage 

(VA1A2), phase-A current (iA1A2), their harmonic spectrums, inverters pole-A voltages (VA1O, 

VA2O') and difference of inverters pole-A voltages (VA1O - VA2O') are considered as evaluation 

criteria. The simulation results are presented for steady-state, as well as for transient-state 

condition.  

(a) 

(b) 

Fig. 2.5: Simulink model of D2L inverter scheme (a) Power circuit (b) Control circuit and 
monitoring  
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 Table 2.2: Effect of switching frequency on THD of motor phase-A voltage  

Modulation  
index(m) 

Switching 
frequency  

THD of phase-A 
voltage in %  

Amplitude of dominant 
harmonic component in % 

0.2 

1kHz 132.53 72 

3kHz 128.49 71.2 

5kHz 121.94 66.52 

10kHz 109.69 56.15 

0.4 

1kHz 61.20 15.48 

3kHz 62.24 15.08 

5kHz 59.57 14.53 

10kHz 50.73 14.13 

0.8 

1kHz 32.18 12 

3kHz 31.75 11.25 

5kHz 31.44 10.85 

10kHz 31.30 10.77 
 

 

 

 
Fig. 2.6: Graph between THD of motor phase-A voltage and switching frequency for different 

value of modulation index 
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2.5.1 Simulation Results and Discussion 
The steady-state performance of D2L inverter for open-end IM drive at no load is 

shown in Fig. 2.7 - Fig. 2.15. The motor phase-A voltage (VA1A2) and current (iA1A2) at 

modulation index m =0.2 is shown in Fig. 2.7. At this modulation index motor operates at 

fundamental frequency (f*m) of 10Hz. The harmonic spectrum of phase-A voltage and current 

with respect to their fundamental component are shown in the Fig. 2.8(a) and Fig. 2.8(b) 

respectively. These spectrums show that the dominant harmonic component of phase 

voltage and current occur at the side band of order of 200 (2 fc/f*m =2x1000/10). The 

amplitude of dominate harmonic component of voltage and current are 72% and 5% of their 

fundamental. The lower order harmonics responsible for higher losses are significantly low. 

The pole voltages and difference in pole voltages of inverter-1 and inverter-2 are shown in 

Fig. 2.9. It can be noted from pole voltages waveform that both inverters operate in PWM 

mode only for half of the duration of fundamental cycle. This feature can lead to use of low 

switching frequency rating power semiconductor devices in dual two-level inverter scheme. 

Fig. 2.10 shows the performance of D2L inverter scheme when IM operated at modulation 

index m =0.8 corresponds to fundamental frequency (f*m) of 40Hz at no load. The phase 

voltage waveform clearly shows the performance equivalent to three-level inverter. The 

harmonic spectrum of phase-A voltage and current with respect to their fundamental 

component are shown in the Fig. 2.11(a) and Fig. 2.11(b) respectively. These spectrums 

show that the dominant harmonic component of phase voltage occur at the side band of 

order of 50 (2 fc/f*m =2x1000/40) with the amplitude of 12% of the fundamental voltage. The 

overall THD of phase current is 10.58% of the fundamental. The lower order harmonics 

responsible for higher losses are little bit high as compared to the two-level mode of 

operation. The pole voltages and difference in pole voltages of inverter-1 and inverter-2 for 

three-level mode of operation are shown in Fig. 2.12. The performance of SVPWM based 

D2L inverter scheme is also evaluated in overmodulation region and result are shown in Fig. 

2.13 - Fig. 2.15. The modulation index m =1 and corresponding fundamental frequency f*m is 

equal to 50 for this mode of operation. The motor phase-A voltage and current are shown in 

Fig. 2.13 and their harmonic spectrums, shown in Fig. 2.14. It can be observed from voltage 

and current harmonic spectrums that lower order harmonics are increased in overmodulation 

region. The pole voltages and difference in pole voltages of inverter-1 and inverter-2 for 

overmodulation mode are shown in Fig. 2.15. However, the limit of linear modulation ends at 

0.866, even though motor is operated at m =1 just to show the operation of inverter in over 

modulation region. In the subsequent chapters motor is operated under linear modulation 

range.  
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(a) 

 
(b) 

Fig. 2.7: (a) Motor phase-A, voltage (VA1A2) and current (iA1A2) at m=0.2; f*m =10Hz for         
SVPWM based D2L inverter for open-end IM drive at no load (b) zoom view of waveforms 

shown in (a)  
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(a) 
 

 

(b) 

 

(c) 

Fig. 2.8: (a) Harmonic spectrum of phase-A voltage (VA1A2) at m=0.2; f*m =10Hz             
(b) Harmonic spectrum of phase-A current (iA1A2) at m=0.2; f*m =10Hz                     

(c) Zoom view of harmonic spectrum shown in (b) 
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Fig. 2.9: Top trace; Inverter-1 pole voltage (VA1O), Middle trace; Inverter-2 pole voltage 

               (VA2O’), Bottom trace; Difference of inverter-1and -2 pole voltages (VA1O - VA2O’) 
     at m=0.2; f*m =10Hz 

 

 
Fig. 2.10: Motor phase-A, voltage (VA1A2) and current (iA1A2) at m=0.8; f*m =40Hz for SVPWM 

              based D2L inverter for open-end IM drive at no load  
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(a) 

 
(b) 

 
(c) 

Fig. 2.11: (a) Harmonic spectrum of phase-A voltage (VA1A2) at m=0.8; f*m =40Hz            
(b) Harmonic spectrum of phase-A current (iA1A2) at m=0.8; f*m =40Hz                     

(c) Zoom view of harmonic spectrum shown in (b) 
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Fig. 2.12: Top trace; Inverter-1 pole voltage (VA1O), Middle trace; Inverter-2 pole voltage  
                (VA2O’), Bottom trace; Difference of inverter-1and -2 pole voltages (VA1O - VA2O’)  

                at m=.08; f*m =40Hz 
 

 
Fig. 2.13 : Motor phase-A, voltage (VA1A2) and current (iA1A2) at m=1; f*m =50Hz for SVPWM 

                based D2L inverter for open-end IM drive at no load 
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(a) 

 

(b) 

 

(c) 

Fig. 2.14: (a) Harmonic spectrum of phase-A voltage (VA1A2) at m=1.0; f*m =50 H             
(b) Harmonic spectrum of phase-A current (iA1A2) at m=1.0; f*m =50Hz                     

(c) Zoom view of harmonic spectrum shown in (b)   
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Fig. 2.15: Top trace; Inverter-1 pole voltage (VA1O), Middle trace; Inverter-2 pole voltage 
               (VA2O’), Bottom trace; Difference of inverter-1and -2 pole voltages (VA1O - VA2O’)  

               at m=1; f*m =50Hz 
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(a) 

 

 
(b) 

Fig. 2.16: (a) Motor phase-A, voltage VA1A2 (upper trace) and current iA1A2 (lower trace) 
waveforms under sudden change  in modulation index from 0.2 to 0.8                     

(b) Motor phase-A, voltage VA1A2 (upper trace) and current iA1A2 (lower trace)               
waveforms under sudden change  in modulation index from 0.8 to 0.2 
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The performance of D2L inverter fed open-end IM is also investigated against transient 

state stability by changing the modulation index from 0.2 to 0.8 and from 0.8 to 0.2. Fig. 2.16 

(a) shows the motor phase voltage and current waveforms during the changeover of 

modulation index from 0.2 to 0.8. Similar types of waveforms for sudden change in 

modulation index from 0.8 to 0.2 are shown in Fig. 2.16 (b). It is depicted in phase voltage 

waveform that changeover of modulation index from lower to higher or from higher to lower 

take place instantaneously. The motor phase current and hence the motor speed attains its 

steady state in within few cycles.  

2.6 Conclusion   
The dual two-level (D2L) inverter produces the same voltage levels across the phase 

winding of induction motor as they are generated by three-level inverter. The D2L scheme 

completely eliminates the requirement of clamping diodes and DC-link capacitors which are 

required in neutral point clamped (NPC) inverter. Three-level cascade H-bridge (CHB) 

requires three isolated DC supply of rating VDC, whereas the D2L inverter scheme uses only 

two isolated DC supplies of VDC/2 rating and switching devices voltage rating is also reduced 

by half. In comparison to flying capacitor MLI topology the D2L inverter scheme does not 

need any flying capacitors. A switching function based mathematical model of dual two-level 

inverter is developed and the performance is evaluated under different operating conditions. 

The performance of the inverter under steady state and transient state is found satisfactory, 

but harmonics contents in the output voltage are quite high.   

In the next chapter, a 5-level inverter is realized by using three numbers of 

conventional two-level inverters to improve the quality of output voltage.   
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CHAPTER 3:           FIVE-LEVEL INVERTER FOR INDUCTION MOTOR DRIVE  

 [In this chapter a 5-level inverter scheme is presented for open-end induction motor drive. A Switching 

function based mathematical model of 5-level inverter is proposed. Procedure for determining the DC 

link ratio to achieve the maximum number of levels in output voltage is discussed. A simulation model 

of 5-level inverter scheme is developed using SimPowerSystemsTM and Simulink toolbox of MATLAB 

software and tested on 1.5-kW open-end winding induction motor]   

3.1 Introduction 
Multilevel inverter of 5-level and above for medium and high power applications is an 

area of extensive research though 3-level inverters are now being used for various 

applications [180]. The 3-level diode-clamped inverter topology is one of the well established 

topology among various multilevel configurations, presented in the literature. Number of 

papers and patents published in the area of 3-level NPC inverter shows the importance of 

research on this topology [23], [149]. This topology suffers a major problem of neutral point 

fluctuation due to unbalancing of DC link capacitors voltages [31], [36]. Further extension of 

this topology to 5-level is more complex and required several clamping diodes of different 

ratings. 5-level inversion can also be achieved by feeding an open-end winding IM from both 

ends by 3-level inverter with symmetrical DC link [74], [181], [182]. In this chapter, D2L 

scheme presented in previous chapter is further explored to achieve 5-level structure by 

using three numbers of conventional two-level inverters [72], [180]. In this configuration an 

open-end winding IM is fed by 3-level inverter from one end and other end is fed by two-level 

inverter [180]. This structure does not require any clamping diodes and there is no issue of 

voltage unbalancing. When compared with the series connected H-bridge, it uses three 

isolated DC sources and 18 switching devices whereas cascade H-bridge (CHB) topology 

needs six isolated DC sources and 24 switching devices. Resultant space vector locations 

generated by adopted 5-level inverter scheme for open-end winding IM are similar to a 5-

level neutral point clamped (NPC) inverter. It offers reduced harmonic distortions with 

reduced switching frequency, lower dv/dt and higher voltage capability. Moreover, the 

modular approach of the inverter makes its implementation simple and reliable. 

3.2 5-Level Inverter Scheme for Induction Motor Drive     

3.2.1 Power Circuit 
 The power circuit of the 5-level inverter scheme for open-end induction motor drive is 

shown in Fig. 3.1. Five-level inversion operation is achieved by feeding one end of the open-

end winding IM by 3-level inverter-A and other end by two-level inverter-B. 3-level inverter-A 

is realized by cascading two conventional two-level inverter-1 and inverter-2. The DC link 

voltage of two-level inverter-1 and inverter-B is VDC/4 each, whereas two-level inverter-2 is of  
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Fig. 3.1: Power circuit of 5-level inverter scheme for open-end winding induction motor drive 

VDC/2, where VDC is the equivalent DC-link voltage required to operate the conventional two-

level inverter fed induction motor drive. All three conventional two-level inverters are powered 

by isolated DC sources. This scheme uses asymmetrical DC link voltages to generate five 

levels in phase voltage of induction motor. The 3-level inverter pole voltages VA2O, VB2O or 

VC2O can have three levels 0, VDC/2 and 3VDC/4 independently. The two-level inverter-B pole 

voltages with respect to its own reference point O′ are denoted as VA3O′, VB3O′ and VC3O′. 

These pole voltages can have two levels 0 and VDC/4 independently. The combined effect of 

these two inverters generates five levels as -VDC/4, 0, +VDC/4, +VDC/2 and +3VDC/4. 

3.2.2 Switching Logic 
The pole voltage VA2O of 3-level inverter-A (Fig. 3.1) will be at level of +3VDC/4 if the 

switch S11 and S21 are made to turn 'ON', and at level of +VDC/2 if the switch S14 and S21 are 

made to turn 'ON'. The pole voltage VA2O will be zero if the switch S24 is made to turn 'ON'. 

Any pole voltage of 3-level inverter-A VA2O, VB2O or VC2O can have these three levels by 

proper selection of switches of 3-level ‘Inverter-A’ which are made to be turned 'ON'. 

Similarly the pole voltage VA3O′ of inverter-B (Fig. 3.1) can have voltage level of +VDC/4 if the 

switch S31 is made to turn 'ON', and at level of 0 if the switch S34 is made to turn 'ON'. Any 

pole voltage of two-level inverter-B VA3O’, VB3O’ or VC3O’ can have these two levels by proper 

selection of switches of two-level 'Inverter-B', which are made to be turned 'ON'. The 

combined effect of both two-level inverters is generation of five distinct voltage levels in 

the phase voltage of open-end winding induction motor as shown in Table 3.1. It is clear 

from the Table 3.1 that the voltage levels of -VDC/4 (Level-L1) and 0 (Level-L2) can be 

generated by clamping the inverter-A at  'zero'  voltage level and switching the  inverter-B 
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Table 3.1: Five levels realised in phase- A for combinations of pole voltages of inverter-A and 
inverter-B 

Level 
Pole voltage of 3-level 

Inverter-A (VA2O) 

Pole voltage of two-level 

Inverter-B (VA3O′) 

Motor phase-A voltage 

level (VA2O -VA3O′) 

L1 0 VDC/4 -VDC/4 

L2 0 0 0 

L3 VDC/2 VDC/4 +VDC/4 

L4 VDC/2 0 +VDC/2 

L5 3VDC/4 0 +3VDC/4 

 

Table 3.2: Switching states of phase-A related switches of all two-level inverters for 5-level 
operation 

Level 
Motor phase-A 

voltage level 

Switch (state) 

Inverter-1 

Switch (state) 

Inverter-2 

Switch (state) 

Inverter-B 

L1 -VDC/4 S14 (ON) S24 (ON) S31 (ON) 

L2 0 S14 (ON) S24 (ON) S34 (ON) 

L3 +VDC/4 S14 (ON) S21 (ON) S31 (ON) 

L4 +VDC/2 S14 (ON) S21 (ON) S34 (ON) 

L5 +3VDC/4 S11 (ON) S21 (ON) S34 (ON) 

 

between VDC/4 and zero. Similarly to get the voltage level of +VDC/4 (Level-L3) and +VDC/2 

(Level-L4), inverter-A is clamped at VDC/2 and inverter-B switched between VDC/4 and zero. 

Switching states of corresponding switches of all two-level inverters to realize five levels 

across the phase-A winding of open-end induction motor are shown in Table 3.2. Similar 

logic can also be implemented for others phases. Switches correspond to same leg of any 

two-level inverter operate in complementary fashion. The switches of 'Inverter-2' have to be 

rated for 3VDC/4 because they have to block voltage level of 3VDC/4 when the top switches of 

inverter-1 are ‘ON’.  

3.2.3 Analysis of Voltage Space Vectors  
Assuming points O and O′ of the inverters shown in Fig. 3.1 are connected then the 

common mode voltage VOO’ will be zero and the three phase voltages VA2A3, VB2B3  and VC2C3 

of open-end winding induction motor in terms of pole voltages will be given by  

 -2 3 2 3 'A A A O A OV V V=   (3.1) 

 2 3 2 3 'B B B O B OV V V−=   (3.2) 

 2 3 2 3 'C C C O C OV V V−=   (3.3) 
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 The net effect of these 3-phase voltages on 120º apart motor phase winding, at any 

instant is denoted by equivalent voltage space vector Vs as:  

 (2 /3) (4 /3) 
2 3 2 3 2 3. .j j

s A A B B C CV V V e V eπ π= + +   (3.4) 

 The voltage space vector Vs in terms of pole voltage is given by equation (3.5).  

 (2 /3) (4 /3)
2 3 ' 2 3 ' 2 3 '( ) ( ). ( ).j j

A O A O B O B O C O C OsV V V V V e V V eπ π
− − −= + +   (3.5) 

The voltage space vector Vs can be resolved along α-β axis as shown in Fig. 3.2, 

where α-axis is along the phase-A axis and β-axis is 90 degree apart from α-axis. Vs will be 

given by:   

 ( ) ( )s s sV V jVα β= +   (3.6) 

 Where Vs(α) is the summation of all components of VA2A3, VB2B3 and VC2C3 in the 

direction of α-axis and Vs(β) is the addition of all the components of VB2B3 and VC2C3 along the 

β-axis.   

 α α α α= + +( ) 2 3( ) 2 3( ) 2 3( )s A A B B C CV V V V   (3.7) 

 ( ) 2 3( ) 2 3( )s B B C CV V Vβ β β= +   (3.8) 

 
2 3

( )

2 3
( )

2 3

1 11 - -
2 2   
3 30 -

2 2
S

A A
s

B B

C C

V
V

V
V

V

α

β

⎡ ⎤ ⎡ ⎤⎢ ⎥⎡ ⎤ ⎢ ⎥⎢ ⎥=⎢ ⎥ ⎢ ⎥⎢ ⎥⎣ ⎦ ⎢ ⎥⎣ ⎦⎢ ⎥⎣ ⎦

  (3.9) 

Substituting the values of phase voltages from equations (3.1)-(3.3) in equation (3.9), 

the α-β axis voltages can be expressed as:    

 
2 3 '

( )

2 3 '
( )

2 3 '

1 11
2 2   
3 30

2 2

A O A O
s

B O B O
s

C O C O

V V
V

V V
V

V V

α

β

−

−

−

⎡ ⎤ ⎡ ⎤− −⎢ ⎥⎡ ⎤ ⎢ ⎥⎢ ⎥=⎢ ⎥ ⎢ ⎥⎢ ⎥⎣ ⎦ ⎢ ⎥− ⎣ ⎦⎢ ⎥⎣ ⎦

  (3.10) 

Depending upon the switching state phase voltages can be easily found and once the 

phase voltages are known Vs can be calculated using equation (3.6) and equation (3.10).     

3-level inverter-A can generate 64 switching state as it is having two, two-level inverter in 

cascade combination and each two-level inverter can generate eight switching states hence 

total of 64 (8x8) different combination of space vectors. Two-level inverter-B can generate 

eight switching states. Collectively inverter-A and inverter-B will generate total of 512 (64x8) 

space vectors distributed over 61 locations as shown in Fig. 3.3. The switching states 0,1,2,3 

and 4 correspond to phase voltage levels of -VDC/4, 0, +VDC/4, +VDC/2 and +3VDC/4. The 

redundant switching states are not shown in the figure for simplicity. There are four co- 

centric hexagons forming four layers of operating region. If the reference space vector Vs 

exist within the first layer, which is the region inside the innermost hexagon the inverter 

operates in two-level mode. If the reference vector is in between first and second hexagon, 

i.e. in layer-two the operation is shifted from two-level to 3-level. Similarly, when the 
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Fig. 3.2: Equivalent voltage space vector Vs in α-β plane 

  

 

Fig. 3.3: Voltage space vectors distribution for 5-level inverter 



 

58 

 

reference vector is in layer-three mode of operation is 4-level and finally, when reference 

vector is in layer-four the operation reaches to its maximum level that is the 5-level mode of 

operation. In the above discussion it is assumed that the points O and O′ are connected, but 

in actual they are not connected hence common-mode voltage will exist between these two 

points. The effect of this voltage is only generation of multiplicity of space vectors in different 

locations, and the system with unconnected points O and O′ will generates the same voltage 

space vectors as generated by Vs  [74].  

3.2.4 Selection of DC Link Voltage Ratio  
 The effective number of voltage levels in open-end winding induction motor 

configuration depends on the ratio of the DC link voltages of individual inverters. The 

maximum number of voltage levels achievable is the product of the voltage levels of the 

individual inverters [183]. To obtain the maximum number of effective voltage levels, the DC 

voltage ratio must be set as:   

 2 2

1 2 1

1
( 1)

DC

DC

V n
V n n

−
=

−
  (3.11) 

Where VDC1 is the DC link voltage of first inverter, which is having n1 number of voltage 

levels and VDC2 is the DC link voltage of second inverter having n2 number of voltage levels.  

The 5-level configuration shown in Fig. 3.1 can produce six different voltage levels by 

making proper selection of DC link voltages of 3-level inverter-A and two-level inverter-B.  

Taking n1 =3 and n2 =2 the ratio of DC link voltage of 3-level inverter-A to two-level inverter-B 

comes out to be 4 and if VDC is the equivalent DC link voltage, then DC link voltages of 3-

level inverter-A and two-level inverter-B will be 4VDC/5 and VDC/5 respectively. The modified 

power circuit to achieve 6-level inversion operation is shown in Fig. 3.4. The power circuit 

remains same as the power circuit of 5-level inverter the change is only in the DC link 

voltages of all two-level inverters. The 3-level inverter pole voltages VA2O, VB2O or VC2O can 

have three levels 0, 2VDC/5 and 4VDC/5 independently. The two-level inverter-B pole voltages 

with respect to its own reference point O′ are denoted as VA3O′, VB3O′ and VC3O′. These pole 

voltages can have two levels 0 and VDC/5 independently. The combined effect of these two 

inverters generates six levels as -VDC/5, 0, +VDC/5, +2VDC/5, +3VDC/5 and +4VDC/5. Switching 

states of corresponding switches of all two-level inverters to realize six levels across the 

phase-A winding of open-end induction motor are shown in Table 3.3. Similar logic can also 

be implemented for others phases. Switches correspond to same leg of any two-level 

inverter operate in complementary fashion.  
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Fig. 3.4: Power circuit of 6-level inverter scheme for open-end winding induction motor drive 
 

Table 3.3: Switching states of phase-A related switches of all two-level inverters for 6-level 
operation 

Level 
Motor phase-A 

voltage level 

Switch (state) 

Inverter-1 

Switch (state) 

Inverter-2 

Switch (state) 

Inverter-B 

L1 -VDC/5 S14 (ON) S24 (ON) S31 (ON) 

L2 0 S14 (ON) S24 (ON) S34 (ON) 

L3 +VDC/5 S14 (ON) S21 (ON) S31 (ON) 

L4 +2VDC/5 S14 (ON) S21 (ON) S34 (ON) 

L5 +3VDC/5 S11 (ON) S21 (ON) S31 (ON) 

L6 +4VDC/5 S11 (ON) S21 (ON) S34 (ON) 

 

3.3 Control Scheme 
The level shifted carrier based space vector pulse width modulation (SVPWM) 

technique describe in Chapter-2, for D2L inverter is extended to 5-level inverter. The entire 

range of operation is divided into five regions by four level-shifted triangular carrier waves 

(C1, C2, C3, C4) as shown in Fig. 3.5. The region below the first triangular carrier C1 is 

define as level L1, region between C1 and C2 is level L2, region between C2 and C3 is level 

L3, region between C3 and C4 is level L4 and region above triangular carrier C4 is level L5. 

Three modulating signals are simultaneously compared with all triangular carrier signals (C1, 

C2, C3, C4) in each sample period and depending upon their instantaneous position 

switching signals are generated according to Table 3.2. In Fig. 3.5 only phase–A modulating 

procedure is shown for simplicity for other phases switching signals are generated in similar 

fashion. The switches of same leg operate in complementary fashion. The open-end winding 
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IM drive is operated in constant V/f control mode at no-load. The magnitude of reference 

voltage space vector (V*
s) is determined by constant V/f ratio and modulation index. The 

three reference waves (V*
a, V*

b V*
c) correspond to phase-A, B and C are determined by 

transferring the orthogonal components of reference voltage vector (V*
s) into the three phase 

quantity as described in subsection 3.2.3. An offset as given by equation (3.12) is added to 

these reference voltages to generate three modulating signals which give the performance 

equivalent to conventional SVPWM. The three modulating signals correspond to three 

phases are given by equation (3.13).  

 * * * * * *[max( , , ) min( , , )] / 2offset a b c a b cV V V V V V V= − +   (3.12) 

 

* *
2 3

* *
2 3

* *
2 3

A A a offset

B B b offset

C C c offset

V V V

V V V

V V V

⎫= +
⎪⎪= + ⎬
⎪= + ⎪⎭

  (3.13) 

The modulation index (m) is define as the ratio of the magnitude of the actual reference 

voltage space phasor ( *
sV ) to the maximum magnitude of the voltage space phasor (VDC) as

*
s DCm V V= . The limit of modulation index (m) for linear modulation is 0.866.  

 

Fig. 3.5: Switching signals for the devices of phase–A of 5-level inverter using LSPWM 
technique 
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3.4 Mathematical Modelling of 5-level Inverter Scheme  
 A switching function based mathematical model developed in Chapter-2 for D2L 

inverter scheme, is modified to get the expression for output voltage of 5-level inverter 

scheme. The pole voltages of 3-level inverter-A can be expressed as: 

 

2

2

2

4

4

4

DC
A O a

DC
B O b

DC
C O c

VV SF

VV SF

VV SF

⎫= ⎪
⎪
⎪= ⎬
⎪
⎪

= ⎪
⎭

  (3.14) 

  The switching function SFX (X=a, b, c) can take three values 0, 2 and 3 depending 

upon the condition as described in equations (3.15) - (3.17)  

 
14 24

14 21

11 21

0                          when 1 and 1
2                          when 1 and 1
3                          when 1 and 1

a

S S
SF S S

S S

= =⎧
⎪= = =⎨
⎪ = =⎩

  (3.15) 

 
16 26

16 23

13 23

0                          when 1 and 1
2                          when 1 and 1
3                          when 1 and 1

b

S S
SF S S

S S

= =⎧
⎪= = =⎨
⎪ = =⎩

  (3.16) 

 
12 22

12 25

15 25

0                          when 1 and 1
2                          when 1 and 1
3                          when 1 and 1

c

S S
SF S S

S S

= =⎧
⎪= = =⎨
⎪ = =⎩

  (3.17) 

 Similarly, two-level inverter-B pole voltages (VA3O', VB3O', VC3O') with respect to point-O’ 

in terms of DC link voltages and switching  functions are given by  

 

3 ' '

3 ' '

3 ' '

4

4

4

DC
A O a

DC
B O b

DC
C O c

VV SF

V
V SF

VV SF

⎫= ⎪
⎪
⎪= ⎬
⎪
⎪

= ⎪
⎭

  (3.18) 

The switching function SFX' (X=a, b, c) can take two discreet values either 0 or 1 

depending upon the condition as described below: 

 34
'

31

0                   when 1 
1                   when 1 a

S
SF

S
=⎧

= ⎨ =⎩
  (3.19) 

 36
'

33

0                   when 1 
1                   when 1 b

S
SF

S
=⎧

= ⎨ =⎩
  (3.20) 

 32
'

35

0                   when 1 
1                   when 1 c

S
SF

S
=⎧

= ⎨ =⎩
  (3.21) 

    



 

62 

 

 The three-phase motor voltages can be derived in terms of pole voltages as 

described in Chapter-2     

 
2 3 2 3 '

2 3 2 3 '

2 3 2 3 '

2 1 1
1 1 2 1
3

1 1 2

A A A O A O

B B B O B O

C C C O C O

V V V
V V V
V V V

− − −⎡ ⎤ ⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥ ⎢ ⎥= − − −⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥ ⎢ ⎥− − −⎣ ⎦ ⎣ ⎦ ⎣ ⎦

  (3.22) 

After putting the values of pole voltages in terms of switching functions from equations 

(3.14) and (3.18) the motor phase voltages can be expressed as 

 
2 3 '

2 3 '

2 3 '

2 1 1
1 2 1

12
1 1 2

A A a a
DC

B B b b

C C c c

V SF SF
VV SF SF

V SF SF

− − −⎡ ⎤ ⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥ ⎢ ⎥= − − −⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥ ⎢ ⎥− − −⎣ ⎦ ⎣ ⎦ ⎣ ⎦

  (3.23) 

 The combined effect of three-phase voltages VA2A3, VB2B3 and VC2C3 on motor phase 

winding, at any instant will be given by Vs as 

 (2 /3) (4 /3) 
2 3 2 3 2 3. .j j

s A A B B C CV V V e V eπ π= + +   (3.24) 

The d-q component of space vector Vs in terms of phase voltages can be expressed as  

 
2 3

2 3

2 3

1 1/ 2 1/ 2
2 0 3 / 2 3 / 2
3

1/ 2 1/ 2 1/ 2

qs A A

ds B B

os C C

V V
V V
V V

− −⎡ ⎤⎡ ⎤ ⎡ ⎤
⎢ ⎥⎢ ⎥ ⎢ ⎥= −⎢ ⎥⎢ ⎥ ⎢ ⎥
⎢ ⎥⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦⎣ ⎦

  (3.25) 

3.5   Simulation Results and Discussion   
MATLAB/Simulink based simulation study is carried out in fixed-point simulation mode 

at a sampling time of 10 µSec to evaluate the performance of 5-level inverter scheme for 

open-end induction motor drive. The mathematical model of open-end winding induction 

motor describe in subsection 2.4.2 is developed in MATLAB/Simulink environment using S-

function concept. The induction motor is operated in constant V/f mode under no-load 

condition covering the entire range of linear modulation. The switching frequency (fc) is kept 

constant at 1kHz and DC link voltage is taken as 600V for simulation analysis. The motor 

phase-A voltage (VA2A3), phase-A current (iA2A3), their harmonic spectrum, inverters pole-A 

voltages (VA2O, VA3O') and difference of inverters pole-A voltages (VA2O - VA3O') are considered 

as evaluation criteria. To cover the entire range of linear modulation four values of 

modulation indices (m) 0.2, 0.4, 0.6 and 0.8 correspond to frequencies (f*m) of 10, 20, 30, 

and 40Hz respectively are selected. The performance of 5-level inverter scheme is evaluated 

under steady-state as well as transient-state conditions and results are presented in Fig. 3.6 

- Fig. 3.22.  

The motor phase-A voltage (VA2A3) and current (iA2A3) at modulation index m =0.2 are 

shown in Fig. 3.6. At this modulation index motor operates at fundamental frequency (f*m) of 

10Hz. The phase-A voltage (VA2A3) and current (iA2A3) waveforms are equivalent to 

conventional two-level inverter. The harmonic spectrum of phase-A voltage and current with 
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respect to their fundamental component for the modulation index m =0.2 are shown in Fig. 

3.7 and Fig. 3.8 respectively. These spectra show that the dominant harmonic component of 

phase voltage and current occur at the multiple of 100 (fc/f*m = 1000/10) i.e. near 100th and 

200th order. Lower order harmonics responsible for higher losses are significantly low. The 

pole voltages and difference in pole voltages of 3-level inverter-A and two-level inverter-B are 

shown in Fig. 3.9. It can be noted from pole voltages waveform that 3-level inverter-A 

operates in two-level mode (0 and VDC/2) only for half of the duration of fundamental cycle 

and for remaining half cycle it is clamped at voltage level of VDC/2 so effective switching 

frequency is half of the actual switching frequency. This feature can lead to use of low 

switching frequency rating power semiconductor devices in the proposed 5-level inverter 

scheme. The two-level inverter-B operates in PWM mode throughout the cycle, but since its 

DC link voltage is only VDC/4 hence switching losses are less.  

Similar type of waveforms for motor phase-A voltage (VA2A3), phase-A current (iA2A3), 

their harmonic spectrums, inverters pole-A voltages (VA2O, VA3O') and difference of inverters 

pole-A voltages (VA2O - VA3O') at modulation index m =0.4 are shown in from Fig. 3.10 to Fig. 

3.13. At this modulation index motor operates at fundamental frequency (f*m) of 20Hz.  

The performance of the motor at modulation index m =0.6 is depicted in from Fig. 3.14 

to Fig. 3.17. It can be observed from harmonic spectrum of phase voltage shown in Fig. 3.15 

for m =0.6 that THD is reduced to 9.55% and dominant harmonic component occur at side 

band of 67th (2fc/f*m = 2*1000/30) order harmonic. The distortion in phase current is only 

1.58% as shown in Fig. 3.16. The pole-A voltages and difference in pole voltages of 3-level 

inverter-A and two-level inverter-B are shown in Fig. 3.17. It can be noted from pole voltages 

waveform that 3-level inverter-A operates in 3-level mode of operation and takes the values 

0, VDC/2 and 3VDC/4 only for half of the duration of fundamental cycle and for remaining half 

cycle it is clamped at zero voltage so effectively it is operated in PWM mode only for half of 

the duration of fundamental cycle hence switching losses are reduce. Similarly two-level 

inverter-B also operates in PWM mode only for half of the duration of fundamental cycle 

hence switching losses are also reduced in this inverter. 

 Performance of the motor at modulation index m =0.8 correspond to 40Hz operation is 

presented in from Fig. 3.18 to Fig. 3.21. At this modulation index the distortion in phase 

voltage is reduced to 7.85%. However, THD of phase current is increased and reached up to 

4.90% due to presence of lower order harmonics.    

The proposed drive system is also investigated against transient state stability by 

sudden change its operation from two-level to 5-level and from 5-level to two-level operation; 

the results are shown in Fig. 3.22(a) and Fig. 3.22(b) respectively. It can be observed in Fig. 

3.22 that changeover from lower to higher or higher to lower level of operation take place 

instantly and drive achieve its steady state within few cycles.  
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Fig. 3.6: Motor phase-A, voltage VA2A3 (upper trace) and current iA2A3 (lower trace) of 5-level 

inverter fed open-end IM drive at no load (m=0.2; f*m =10Hz) 
 

(a) 

 
(b) 

Fig. 3.7: (a) Harmonic spectrum of phase-A voltage (VA2A3) at m=0.2; f*m =10Hz              
(b) Zoom view of harmonic spectrum shown in (a) 
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(a) 

(b) 

Fig. 3.8: (a) Harmonic spectrum of phase-A current (iA2A3) at m=0.2; f*m =10Hz               
(b) Zoom view of harmonic spectrum shown in (a) 
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Fig. 3.9: Top trace; 3-level inverter-A pole voltage (VA2O), Middle trace; Two-level inverter-B 
pole voltage (VA3O’),  Bottom trace; Difference of 3-level inverter-A and two-level inverter-B 

pole voltages (VA2O - VA3O’) at m=0.2; f*m =10Hz 
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Fig. 3.10: Motor phase-A, voltage VA2A3 (upper trace) and current iA2A3 (lower trace) of 5-level 

inverter fed open-end IM drive at no load (m=0.4; f*m =20Hz) 

 

 
(a) 

 
(b) 

Fig. 3.11: (a) Harmonic spectrum of phase-A voltage (VA2A3) at m=0.4; f*m =20Hz            
(b) Zoom view of harmonic spectrum shown in (a) 
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(a) 

 
(b) 

Fig. 3.12: (a) Harmonic spectrum of phase-A current (iA2A3) at m=0.4; f*m =20Hz              
(b) Zoom view of harmonic spectrum shown in (a) 

 
Fig. 3.13: Top trace; 3-level inverter-A pole voltage (VA2O), Middle trace; Two-level inverter-B 
pole voltage (VA3O’),  Bottom trace; Difference of 3-level inverter-A and two-level inverter-B 

pole voltages (VA2O - VA3O’) at m=0.4; f*m =20Hz 
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Fig. 3.14: Motor phase-A, voltage VA2A3 (upper trace) and current iA2A3 (lower trace) of 5-level 

inverter fed open-end IM drive at no load (m=0.6; f*m =30Hz)  
 

 
(a) 

 
(b) 

Fig. 3.15: (a) Harmonic spectrum of phase-A voltage (VA2A3) at m=0.6; f*m =30Hz            
(b) Zoom view of harmonic spectrum shown in (a) 
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(a) 

 
(b) 

Fig. 3.16: (a) Harmonic spectrum of phase-A current (iA2A3) at m=0.6; f*m =30Hz                  (b) 
Zoom view of harmonic spectrum shown in (a) 

 

 
Fig. 3.17: Top trace; 3-level inverter-A pole voltage (VA2O), Middle trace; Two-level inverter-B 
pole voltage (VA3O’),  Bottom trace; Difference of 3-level inverter-A and two-level inverter-B 

pole voltages (VA2O - VA3O’) at m=0.6; f*m =30Hz 
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Fig. 3.18: Motor phase-A, voltage VA2A3 (upper trace) and current iA2A3 (lower trace) of 5-level 

inverter fed open-end IM drive at no load (m=0.8; f*m =40Hz) 

 

 
(a) 

 
(b) 

Fig. 3.19: (a) Harmonic spectrum of phase-A voltage (VA2A3) at m=0.8; f*m =40Hz            
(b) Zoom view of harmonic spectrum shown in (a) 
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(a) 

 
(b) 

Fig. 3.20: (a) Harmonic spectrum of phase-A current (iA2A3) at m=0.8; f*m =40Hz              
(b) Zoom view of harmonic spectrum shown in (a) 

 

 
Fig. 3.21: Top trace; 3-level inverter-A pole voltage (VA2O), Middle trace; Two-level inverter-B 
pole voltage (VA3O’),  Bottom trace; Difference of 3-level inverter-A and two-level inverter-B 

pole voltages (VA2O - VA3O’) at m=0.8; f*m =40Hz 
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(a) 

 
(b) 

Fig. 3.22: (a) Motor phase-A voltage VA2A3 (upper trace) and current iA2A3 (lower trace)    
waveforms under sudden change in operation from two-level to 5-level at no-load            

(b) Motor phase-A voltage VA2A3 (upper trace) and current iA2A3 (lower trace) waveforms 
under sudden change in operation from 5-level to two-level at no-load 
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3.6 Performance Comparison  
In order to compare the performance of 5-level inverter with dual two-level (D2L) 

inverter simulation results obtained for different value of modulation index are tabulated in 

Table 3.4. It can be concluded from Table 3.4 that 5-level inverter gives better voltage and 

current harmonic spectrums as compared to D2L inverter. The order of dominant harmonic 

components in the phase voltage and current are the same in both inverters, but magnitude 

is less in case of 5-level inverter. At lower value of modulation index 5-level inverter operates 

in 3-level mode and for higher modulation index it operates in 5-level mode whereas D2L 

inverter operates in 3-level mode during the complete range of operation.   

 

Table 3.4: Performance comparison of 5-level inverter with D2L inverter      

Performance 
parameter Type of inverter 

Modulation  index(m) 

0.2 0.4 0.6 0.8 

Level of operation 
5-level inverter 3 3 5 5 

D2L inverter 3 3 3 3 

RMS of phase-A 
voltage (V) 

5-level inverter 66.41 118.8 173.9 229.3 

D2L inverter 94.15 132.9 184 237.8 

RMS of phase-A 
current (A) 

5-level inverter 0.886 0.977 0.995 0.998 

D2L inverter 0.893 0.976 0.998 0.968 

Frequency of phase 
voltage (Hz) 

5-level inverter 10 20 30 40 

D2L inverter 10 20 30 40 

THD of phase-A 
voltage in % 

5-level inverter 61.50 32.13 9.55 7.85 

D2L inverter 132.53 61.21 13.10 31.97 

Order of dominant 
voltage harmonic 
(amplitude in %) 

5-level inverter 200±1  
(15.91) 

100±1  
(11.15) 

66±1  
(7.48) 

50±1 
(7.37) 

D2L inverter 200±1 
(71.76) 

100±1 
 (15.59) 

66±1 
(17.32) 

50±1 
(32.18) 

THD of phase-A 
current in % 

5-level inverter 5.13 4.65 1.58 4.90 

D2L inverter 10.21 9.48 1.26 10.58 

Order of dominant 
current harmonic 
(amplitude in %) 

5-level inverter 100±2 
(2.36) 

50±2 
(1.65) 

17 
(1.56) 

5 
(4.70) 

D2L inverter 200±1 
(5.57) 

50±2 
(4.43) 

66±1 
(3.55) 

3 and 15 
 (3.92) 

3.7 Conclusion    
A 5-level inverter using 3-level inverter and conventional two-level is realized for open-

end winding induction motor drive. The describe scheme generates 512 voltage space 

vectors distributed over 61 locations. The presented 5-level inverter scheme completely 
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eliminates the requirement of clamping diodes and DC-link capacitors which are required in 

neutral point clamped (NPC) inverter. In comparison to 5-level cascade H-bridge (CHB) 

inverter which requires six isolated DC supply of rating VDC/4, the adopted 5-level scheme 

requires only three isolated DC supplies. The adopted scheme does not need any flying 

capacitors as they are required in flying capacitor MLI topology. A switching function based 

mathematical model is developed and simulation study has been carried out using 

MATLAB/Simulink to evaluate the performance of inverter and results are presented. From 

the simulation results, it can be observed that the adopted scheme generates the voltages 

similar to conventional 5-level inverters. In simulation results it is found that the voltage and 

current harmonic spectrums of the presented 5-level inverter fed open-end winding induction 

motor drive are improved in comparison to dual two level (D2L) inverter fed open-end 

winding induction motor drive, but still it does not meet the IEEE-519 standards. The drive 

operation is found stable under steady state as well as transient conditions. The transition of 

drive operation from two-level to 5-level or from 5-level to two-level take place 

instantaneously and drive achieves its steady state within few cycles. 

In the next chapter, a 9-level inverter is proposed to further improve the quality of 

inverter output voltage.  
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CHAPTER 4:        NINE-LEVEL INVERTER FOR INDUCTION MOTOR DRIVE  

[This chapter describes 9-level inverter scheme for open-end induction motor drive. A switching 

function based mathematical model of the proposed scheme is developed and validated by detailed 

analytical results in MATLAB/Simulink environment. A modified level shifted triangular carrier based 

space vector pulse width modulation (SVPWM) scheme is proposed to reduce the switching losses at 

lower speed operation and to get the even number of level operation. The steady state and transient 

state performance of the SVPWM based 9-level inverter scheme is evaluated by operating an open-

end winding induction motor at no-load in constant V/f mode.]  

4.1 Introduction 
In Chapter-3, five level inversion operation is achieved by feeding one end of the open-

end winding IM by 3-level inverter and other end by conventional two-level inverter. The 5-

level inverter generates 512 voltage space vectors distributed over 61 locations. The 

performance of inverter was good, but not meets out the IEEE-519 standards.  In this 

chapter, a 9-level inverter topology is proposed to further improve the quality of output 

voltage. In the proposed topology open-end winding induction motor is fed from both ends by 

three-phase 3-level cascade inverter. The 3-level inverter is realized by connecting two, two-

level inverter in cascade as discussed in previous chapter. Each 3-level inverter is powered 

by two isolated DC voltage sources of the same magnitude. As both the 3-level inverters are 

fed by isolated DC sources hence flow of zero sequence currents is not possible in proposed 

inverter. The proposed inverter needs only twenty four IGBTs whereas the conventional 

topologies NPC, FC and CHB based 9-level inverters require forty eight IGBTs. Although 

asymmetrical cascade H-bridge (ACHB) [49] 9-level inverter also uses twenty four IGBTs, 

but it requires six isolated DC supply whereas proposed topology needs only four isolated 

DC supplies. The 9-level FC inverter requires eighty four capacitors of rating VDC/8 which are 

completely eliminated in the proposed inverter. The proposed topology does not require 

clamping diodes and capacitors whereas NPC 9-level inverter requires 168 clamping diodes 

and eight capacitors of rating VDC/8. Though proposed topology uses four isolated DC supply 

in comparison with the NPC and FC topologies, but it inherently prevents the flow of triplen 

harmonic current through the switches and motor windings. The resultant space vector 

locations generated by proposed 9-level inverter for open-end winding induction motor are 

similar to the conventional (NPC, FC, CHB) 9-level inverters.  

In this chapter, an alternative switching strategy has been also proposed. The 

proposed SVPWM based switching strategy is an improvisation over the one adopted in 

Chapter-3. The proposed PWM strategy ensures that the changeover of inverter operation 

from two level to 9-level mode including even number of level operation. An important 

advantage of proposed PWM scheme is that in lower speed range switching losses are 

reduced.  
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4.2 9-Level Inverter Scheme for Induction Motor Drive     

4.2.1 Power Circuit 
 The power circuit of proposed 9-level inverter scheme for open-end winding induction 

motor is shown in Fig. 4.1. Both ends of the open-end winding are fed by a 3-level inverter, 

which is basically formed by connecting two, two-level inverters in cascade. One end of the 

open-end winding (A2, B2, C2) is connected with 3-level 'Inverter-A' and the other end (A4, B4, 

C4) is connected with 3-level 'Inverter-B'. Inverter-A is having two conventional two-level 

inverters 'Inverter-1' and 'Inverter-2' and 'Inverter-B' is also consist of two two-level inverters 

'Inverter-3' and 'Inverter-4'. The DC link voltage of 'Inverter-1' and 'Inverter-2' are (3/8)VDC , 

whereas 'Inverter-3' and 'Inverter-4' are of (1/8)VDC where VDC is the equivalent DC link 

voltage required to operate the conventional two-level inverter fed induction motor drive.  The 

pole voltages VA2O, VB2O or VC2O of 3-level 'Inverter-A' can have any of three levels 0, (3/8)VDC 

or (6/8)VDC independently. Inverter-B pole voltages with respect to its own reference point O′ 

are VA4O′, VB4O′ and VC4O′. These pole voltages can also have any of three levels 0, (1/8)VDC or 

(2/8)VDC independently. The combine effect of these two, 3-level inverters is the generation of 

nine different levels in the phase winding of induction motor. These levels are -(2/8)VDC,         

-(1/8)VDC, 0, (1/8)VDC, (2/8)VDC, (3/8)VDC, (4/8)VDC, (5/8)VDC and (6/8)VDC. The switches of 

'Inverter-2' have to be rated for (6/8)VDC because they block (6/8)VDC when the top switches 

of  'Inverter-1' are ‘ON’. Similarly switches in 'Inverter-4' are of (2/8)VDC rating as they have to 

block (2/8)VDC when the top switches of 'Inverter-3' will be ‘ON’.   

 

 

Fig. 4.1: Power circuit of 9-level inverter for open-end winding induction motor drive 
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4.2.1.1 Comparison between Proposed Inverter and Conventional MLI  
The proposed nine-level inverter topology is compared with the conventional nine-level 

inverter topologies, in terms of the components require and results are tabulated in Table 

4.1. The proposed inverter needs only twenty four IGBTs whereas the conventional 

topologies NPC, FC and CHB based nine-level inverters require forty eight IGBTs. Although 

asymmetrical cascade H-bridge (ACHB) also uses twenty four IGBTs, but it requires six 

isolated DC supply whereas proposed topology needs only four isolated DC supplies. The 

nine-level FC inverter requires eighty four capacitors of rating VDC/8 which are completely 

eliminated in the proposed inverter. The proposed topology does not require clamping diodes 

and capacitors whereas NPC nine-level inverter requires 168 clamping diodes and eight 

capacitors of rating VDC/8. Though proposed topology uses four isolated DC supply in 

comparison with the NPC and FC topologies, but it prevents the flow of triplen harmonic 

current through the switches and motor windings.     

 

Table 4.1: Comparison of nine-level inverter topologies 

Component (Rating) NPC FC CHB ACHB1 Proposed Inverter 

DC source (VDC) 1 1 0 0 0 

DC source (3VDC/8) 0 0 0 3 2 

DC source (VDC/8) 0 0 12 3 2 

IGBT (VDC/8) 48 48 48 12 6 

IGBT (VDC/4) 0 0 0 0 6 

IGBT (3VDC/8) 0 0 0 12 6 

IGBT (3VDC/4) 0 0 0 0 6 

Clamping diode (VDC/8) 168 0 0 0 0 

Capacitor2 (VDC/8) 8 84 0 0 0 

Note: 1ACHB is the asymmetrical cascade H-bridge with voltage source scaled in power of 3[49]     
         2 Excluding rectifier capacitors 

4.2.2 Switching Logic 
Inverter-A pole voltage VA2O can have different voltage levels depending upon the 

status of corresponding switches. The pole voltage VA2O will be at level of (6/8)VDC if the 

switch S21 and S11 are made to turn 'ON', and at level of (3/8)VDC if the switch S21 and S14 are 

made to turn 'ON' and  for zero level, switch S24 has to be made turn 'ON'. Any pole voltage 

of 3-level 'Inverter-A' VA2O, VB2O or VC2O can have these three levels by proper selection of 
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switches of two-level 'Inverter-1' and 'Inverter-2', which are made to be turned 'ON'. Similarly 

the 'Inverter-B' pole voltage VA4O′ can have voltage level of (2/8)VDC if the switch S41 and S31 

are made to turn 'ON', and at level of (1/8)VDC if the switch S41 and S34 are made to turn 'ON' 

and for zero level, switch S44 has to be made turn 'ON'. Any pole voltage of three-level 

'Inverter-B' VA4O′, VB4O′ or VC4O′ can have these three levels by proper selection of switches of 

two-level 'Inverter-3' and 'Inverter-4', which are made to be turned 'ON'. When both 3-level 

inverters operate simultaneously nine distinct voltage levels generate in the phase voltage of 

open-end winding induction motor as shown in Table 4.2. It is clear from the Table 4.2 that 

the voltage levels -(2/8)VDC (Level-L1), -(1/8)VDC (Level-L2) and 0 (Level-L3) can be generated 

by clamping the 'Inverter-A' at 'zero' voltage level and switching the 'Inverter-B' between 

(2/8)VDC, (1/8)VDC and zero. Similarly voltage levels +(1/8)VDC (Level-L4), +(2/8)VDC (Level-L5) 

and +(3/8)VDC (Level-L6) can be generated by clamping the 'Inverter-A' at (3/8)VDC and 

switching the 'Inverter-B' between (2/8)VDC, (1/8)VDC and zero. The upper three voltage levels 

+(4/8)VDC (Level-L7), +(5/8)VDC (Level-L8) and +(6/8)VDC (Level-L9) are generated by clamping 

the 'Inverter-A' at (6/8)VDC and switching the 'Inverter-B' between (2/8)VDC, (1/8)VDC and zero. 

Switching states of corresponding switches of all four two-level inverters to realize nine-levels 

across the phase-A winding of open-end IM are shown in Table 4.3. Similar logic can also be 

implemented for others phases. Switches correspond to same leg of any two-level inverter 

operate in complementary fashion.  

 

Table 4.2: Nine levels realised in phase-A for combinations of pole voltages of inverter-A         
and inverter-B 

Level 
Pole voltage of 3-level 

Inverter-A (VA2O) 

Pole voltage of 3-level 

Inverter-B (VA4O′) 

Motor phase-A voltage 

level (VA2O -VA4O′) 

L1 0 (2/8)VDC -(2/8)VDC 

L2 0 (1/8)VDC -(1/8)VDC 

L3 0 0 0 

L4 (3/8)VDC (2/8)VDC +(1/8)VDC 

L5 (3/8)VDC (1/8)VDC +(2/8)VDC 

L6 (3/8)VDC 0 +(3/8)VDC 

L7 (6/8)VDC (2/8)VDC +(4/8)VDC 

L8 (6/8)VDC (1/8)VDC +(5/8)VDC 

L9 (6/8)VDC 0 +(6/8)VDC 
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Table 4.3: Switching states of phase-A related switches of all the four inverters for nine-level 
operation 

Level 
Motor Phase-A 

Voltage Level 

Switch (State) 

Inverter-1 

Switch (State) 

Inverter-2 

Switch (State) 

Inverter-3 

Switch (State) 

Inverter-4 

L1 -(2/8)VDC S14 (ON) S24 (ON) S31 (ON) S41 (ON) 

L2 -(1/8)VDC S14 (ON) S24 (ON) S34 (ON) S41 (ON) 

L3 0 S14 (ON) S24 (ON) S34 (ON) S44 (ON) 

L4 +(1/8)VDC S14 (ON) S21 (ON) S31 (ON) S41 (ON) 

L5 +(2/8)VDC S14 (ON) S21 (ON) S34 (ON) S41 (ON) 

L6 +(3/8)VDC S14 (ON) S21 (ON) S34 (ON) S44 (ON) 

L7 +(4/8)VDC S11 (ON) S21 (ON) S31 (ON) S41 (ON) 

L8 +(5/8)VDC S11 (ON) S21 (ON) S34 (ON) S41 (ON) 

L9 +(6/8)VDC S11 (ON) S21 (ON) S34 (ON) S44 (ON) 

 

4.2.3 Analysis of Voltage Space Vectors  
The expression for equivalent voltage space vector Vs can be derived in the same 

manner as of D2L inverter. The equivalent voltage space vector Vs is given by  

 (2 /3) (4 /3) 
2 4 2 4 2 4. .j j

s A A B B C CV V V e V eπ π= + +   (4.1) 

In terms of pole voltage equation (4.1) can be written as:  

 (2 /3) (4 /3) 
2 4 ' 2 4 ' 2 4 '( ) ( ). ( ).j j

s A O A O B O B O C O C OV V V V V e V V eπ π= − + − + −   (4.2) 

The voltage space vector Vs can be resolve in terms of α-β axis components and given 

by:   

 ( ) ( )s s sV V jVα β= +   (4.3) 

Where Vs(α) is the summation of all components of VA2A4, VB2B4 and VC2C4 in the direction 

of α-axis and Vs(β) is the addition of all the components of VB2B4 and VC2C4 along the β-axis.

  

 α α α α= + +( ) 2 4( ) 2 4( ) 2 4( )s A A B B C CV V V V   (4.4) 

 ( ) 2 4( ) 2 4( )s B B C CV V Vβ β β= +   (4.5) 

In matrix form Vs(α) and Vs(β) combined can be written as follows:  

 
2 4

( )

2 4
( )

2 4

1 11 - -
2 2   
3 30 -

2 2
S

A A
s

B B

C C

V
V

V
V

V

α

β

⎡ ⎤ ⎡ ⎤⎢ ⎥⎡ ⎤ ⎢ ⎥⎢ ⎥=⎢ ⎥ ⎢ ⎥⎢ ⎥⎣ ⎦ ⎢ ⎥⎣ ⎦⎢ ⎥⎣ ⎦

  (4.6) 

In terms of pole voltages equation (4.6) can be written as:  
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2 4 '

( )

2 4 '
( )

2 4 '

1 11
2 2   
3 30

2 2

A O A O
s

B O B O
s

C O C O

V V
V

V V
V

V V

α

β

−

−

−

⎡ ⎤ ⎡ ⎤− −⎢ ⎥⎡ ⎤ ⎢ ⎥⎢ ⎥=⎢ ⎥ ⎢ ⎥⎢ ⎥⎣ ⎦ ⎢ ⎥− ⎣ ⎦⎢ ⎥⎣ ⎦

  (4.7) 

 Depending upon the switching state pole voltages can be obtained as described in 

section 4.2.2 and once pole voltages are known Vs can be calculated using equations (4.3)

and (4.7). Each 3-level inverter can generate 64 switching state as they are having two, two-

level inverter in cascade combination and each two-level inverter can generate eight 

switching states hence total of 64 (8 8) different combination of space phasors. Together 

these two three-level 'Inverter-A' and 'Inverter-B', will generate total of 4096 (64 64) space 

phasors distributed over 217 locations as shown in Fig. 4.2. The redundant, switching states 

are used to minimize the switching losses. 

 

Fig. 4.2: Locations of voltage space-phasors for 9-level inverter 
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4.2.4 Effect of common-mode voltage  
In the above discussion it is assumed that the points O and O′ are connected, but in 

actual they are isolated hence there will be voltage difference between these two points, this 

voltage is known as common-mode voltage [184]. The actual phase voltages are given by 

equations (4.8)-(4.10).    

 2 4 2 ' 4 'A A A O OO A OV V V V= + −   (4.8) 

 2 4 2 ' 4 'B B B O OO B OV V V V= + −   (4.9) 

 2 4 2 ' 4 'C C C O OO C OV V V V= + −   (4.10) 

Where VOO’ is the common mode voltage and given by:   

 + + − + +
= 4 ' 4 ' 4 ' 2 2 2

'
( ) ( )

3
A O B O C O A O B O C O

OO
V V V V V VV   (4.11) 

After substituting the expression for phase voltages in equation (4.1), Vs can be 

expressed as follows:   

 

(2 /3)
2 ' 4 ' 2 ' 4 '

(4 /3) 
2 ' 4 '

(2 /3) (4 /3) 
2 4 ' 2 4 ' 2 4 '

(2 /3) (4 /3)
' ' '

( ) ( ).

       ( ).

   ( ) ( ). ( ).

      ( )
   

j
s A O OO A O B O OO B O

j
C O OO C O

j j
A O A O B O B O C O C O

j j
OO OO OO

V V V V V V V e

V V V e

V V V V e V V e

V V e V e

π

π

π π

π π

= + − + + −

+ + −

= − + − + −

+ + +

  (4.12) 

Since for balance system   

(2 /3) (4 /3)
' ' '

j j
OO OO OOV V e V eπ π+ +  ' ' '

1 1 0
2 2OO OO OOV V V= − − =  

Therefore, equation (4.12) reduced to  

 (2 /3) (4 /3) 
2 4 ' 2 4 ' 2 4 '( ) ( ). ( ).j j

s A O A O B O B O C O C OV V V V V e V V eπ π= − + − + −   (4.13) 

This equation is same as that derived in section 4.2.3 assuming that points O and O' 

are connected. Hence the effect of common mode voltage only generation of multiplicity of 

space vectors in different locations, and the system with unconnected points O and O′ will 

generates the same voltage space vectors as generated by Vs. 

4.2.5 Selection of DC Link Voltage Ratio 
In open-end winding configuration the maximum number of voltage levels achievable is 

the product of the voltage levels of the individual inverters. In the proposed topology both 

sides inverters are 3-level so the maximum 9-level we can achieve across the phase 

winding. To achieve the 9-level operation the DC link voltages of 3-level inverters are 

selected in the ration as given in equation (4.14). If DC link voltages of 3-level ‘Inverter-A’ 

and ‘Inverter-B’ are VDC1 and VDC2 then ratio VDC2/VDC1 will be given by  

 2 2

1 2 1

1 3 1 1
( 1) 3(3 1) 3

DC

DC

V n
V n n

− −
= = =

− −
  (4.14) 
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Where n1 and n2 are the number of levels in pole voltages of 'Inverter-A' and 'Inverter-

B' respectively (n1 = n2 = 3).  

The total DC link voltage required to operate conventional two-level inverter fed 

induction motor drive is VDC, therefore  

 1 2DC DC DCV V V+ =   (4.15) 

From equation (4.14) and (4.15) the values of VDC1 and VDC2 are come out to be 3/4VDC 

and 1/4VDC respectively. The DC link voltage of 3-level inverters is equally distributed 

between their respective two-level inverters as shown in Fig. 4.1.  

4.3 Modified SVPWM technique for the proposed nine-level inverter 
The modulation scheme adopted in Chapter-3 to generate PWM pulses for 5-level 

inverter has a drawback that inverter operates either in 3-level or 5-level mode and even 

number of operation like two-level or 4-level was not possible in this scheme. Due to this 

drawback switching losses increase because at lower modulation index inverter operates in 

3-level mode of operation whereas it is suppose to operate in two-level mode. Similarly when 

4-level operation is required inverter operates in 5-level mode hence switching losses 

increase. To overcome this problem a modified space vector pulse width modulation 

(SVPWM) technique is proposed. The proposed scheme started with two-level operation and 

gradually goes up to 9-level operation as the modulation index increases. The proposed 

scheme required eight level shifted triangular carrier pulses (N-1, for N-level inverter) all 

having the same peak-to-peak amplitude Vc equal to VDC/8; in general VDC/N-1. The 

frequency (fc) of triangular carrier wave is selected as 1kHz this parameter decides the 

switching frequency of the inverter. The entire range of operation is divided into nine regions 

R1-R9 by eight level shifted triangular carrier waves C1 - C8. The region below the first 

triangular carrier C1 is define as R1, region between C1 and C2 is R2 similarly region between 

C2 and C3 is called R3, in the same way R4-R8 are define and finally R9 is the region above 

last triangular carrier C8. Regions R1-R9 corresponds to voltage levels L1 to L9 as shown in 

Table 4.2. The magnitude of reference phasor V*
s is calculated from the motor speed 

requirement by using constant V/f control. A factor of 2/3 is used to get the desired 

magnitude of reference phase voltage. The three phase voltages are generated as given by: 

 

*

*

*

( 2 / 3)

( 2 / 3)

a m

b m

c m

V V Sin t

V V Sin t

V V Sin t

ω

ω π

ω π

⎫=
⎪⎪= − ⎬
⎪= + ⎪⎭

  (4.16) 

Now an offset voltage as given in equation (4.17) is added to these phase voltages to 

optimize the THD content in inverter output voltage and increase the utilization of DC link 

voltage. 

 [max( , , ) min( , , )] / 2offset a b c a b cV V V V V V V= − +   (4.17) 
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The new reference wave after addition of offset will be given as: 

 

* *

* *

* *

[max( , , ) min( , , )] / 2

( 2 / 3) [max( , , ) min( , , )] / 2

( 2 / 3) [max( , , ) min( , , )] / 2

a m a b c a b c

b m a b c a b c

c m a b c a b c

V V Sin t V V V V V V

V V Sin t V V V V V V

V V Sin t V V V V V V

ω

ω π

ω π

⎫= − +
⎪⎪= − − + ⎬
⎪= + − + ⎪⎭

  (4.18) 

 In the conventional level shifted SVPWM scheme at lower speed such that * / 2m cV V≤  

the three reference wave are situated at the centre of level shifted carrier set as shown in 

Fig. 4.3 (a). In this case inverter operates in 3-level mode of operation because the reference 

wave at different instants could be in L4 (+VDC/8), L5 (+2VDC/8) or L6 (+3VDC/8) and switching 

occur in both the two-level inverters constituting 3-level 'Inverter-B' (Fig. 4.1). In the proposed 

scheme for this range of speed reference waves are placed at the middle of the lower most 

carrier wave C1 as shown in Fig. 4.3 (b). In this case proposed 9-level inverter operates in 

two-level mode because reference wave resides only in L1 (-2VDC/8) and L2 (-VDC/8) hence 

switching losses are only due to two-level inverter-3. The proposed 9-level inverter operates 

in two-level mode of operation until * 3
16s DCV V≤  and in this range of speed the tip of the 

space vector *
sV  is situated within the innermost hexagon created by space vector locations 

2-3-4-5-6-7 shown in Fig. 4.2. For the next speed range such that */ 2c m cV V V< ≤  the 

reference wave will remain in L4 (+VDC/8), L5 (+2VDC/8) or L6 (+3VDC/8) at different instants in 

case of conventional level shifted SVPWM so the inverter operates in 3-level mode of 

operation.  

In proposed modulation scheme an additional DC bias of magnitude / 2cV  is given to 

the reference waves so that they are placed at the middle of triangular carrier C1 and C2 and 

switching losses correspond to 3-level operation same as the conventional SVPWM scheme. 

In the same way when * 3 / 2c m cV V V< ≤  the reference waves are positioned at the middle of 

three lower most carrier (C1, C2 and C3) in modified SVPWM scheme as shown in Fig. 4.3 

(d). In this case switching losses correspond to 4-level operation as the reference waves lie 

in levels L1-L4 and switching occur in 'Inverter-2', 'Inverter-3' and 'Inverter-4' whereas in 

conventional SVPWM switching take place in all two-level inverters because reference 

waves reside in five levels L3-L7 as depicted in Fig. 4.3 (c). Similarly when reference voltage 

is such that *3 / 2 2c m cV V V< ≤  the reference waves in case of modified SVPWM are placed 

at the middle of four lower most carriers (C1-C4) and operating region is distributed from L1 to 

L5 whereas in conventional SVPWM scheme operating region lies between levels L3-L7 so in 

both the scheme switching losses correspond to 5-level operation. In the same way as the 

inverter operation shifted from 5-level to 6-level and so on up to 9-level a DC voltage of 

magnitude Vc/2 is added to reference wave in each step. The  positions of reference waves  



 

84 

 

.
(a) (b) 

(c) (d) 

(e) (f) 

Fig. 4.3: (a) Reference waves during two-level operation in conventional SVPWM 
       (b) Reference waves during two-level operation in modified SVPWM                   

         (c) Reference waves during 4-level operation in conventional SVPWM 
   (d) Reference waves during 4-level operation in modified SVPWM 

         (e) Reference waves during 6-level operation in conventional SVPWM 
  (f) Reference waves during 6-level operation in modified SVPWM 

 

for 6-level operation in case of conventional and modified SVPWM are shown in Fig. 4.3 

(e) and Fig. 4.3 (f) respectively. It is evident from Fig. 4.3 that for even number level 

operation (2, 4, 6, 8) the switching losses are comparatively less as compared to 

conventional level shifted SVPWM scheme. The higher speed range when *7 / 2c mV V<  

reference waves are placed at the middle of eight carriers (C1-C8) similar to conventional 

level shifted SVPWM scheme as depicted in Fig. 4.4.  To get  clear pictures  to facilitate the 
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Fig. 4.4: Reference waves during 9-level operation in conventional and modified SVPWM 

 

explanation of the proposed SVPWM strategy, it is assumed that the frequency of the 

modulating signals are constant; but in practice the frequency of the reference signal is 

varied by the control scheme employed to control the speed of the motor.   

 The modified modulating signals to implement the proposed scheme are generated 

by adding a progressive DC bias of magnitude 
2

cnV  with respect to the bottom point of lower 

most carrier wave (C1) is added to the reference wave given by equation (4.18), where ‘n’ 

takes the value from 1 to 8 depending upon the region R2 - R9 in which peak of the 

modulating signals lie. So finally the modified modulating signals for three phases are 

expressed as: 

 

* *

* *

* *

[max( , , ) min( , , )] / 2 / 2

( 2 / 3) [max( , , ) min( , , )] / 2 / 2

( 2 / 3) [max( , , ) min( , , )] / 2 / 2

a m a b c a b c c

b m a b c a b c c

c m a b c a b c c

V V Sin t V V V V V V nV

V V Sin t V V V V V V nV

V V Sin t V V V V V V nV

ω

ω π

ω π

⎫= − + +
⎪⎪= − − + + ⎬
⎪= + − + + ⎪⎭

  (4.19) 

 All the three modulating signals are simultaneously compared with eight triangular 

carriers in every sample period and depending upon the instantaneous position of 

modulating signal particular voltage level L1 - L9 is applied across the phase winding of motor. 

The proposed scheme generates equivalent voltage space vector *
sV  as generated by 

conventional space vector modulation. The maximum magnitude of voltage space phasor in 

different level of operation is shown in Table 4.4. The modulation index (m) is define as the 

ratio of the magnitude of the required voltage space phasor ( *
sV ) to the maximum magnitude 

of the voltage space phasor (VDC) as given in equation (4.20). The maximum radius of the 

circle inscribed in the space vector diagram shown in Fig. 4.2 is 3 / 2DCV  hence the limit of 

modulation index (m) for linear modulation is 0.866.  

 = =
* *3 / 2s m

DC DC

V Vm
V V

  (4.20) 

 The advantages of modified level shifted SVPWM over conventional level shifted 

SVPWM can be summarized as follows: 
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• In lower speed range inverter starts with two-level mode and gradually switches in to      

3-level, 4-level, 5-level, 6-level, 7-level, 8-level and 9-level operation as reference 

speed increases.  

• In lower speed range switching occur only in two-level ‘Inverter-3’ hence switching 

losses are reduced as compare to conventional level shifted SVPWM where 

switching occur in  ‘Inverter-3’ and ‘Inverter-4’ both. 

• Less switching occur in the two-level inverter which operates at higher DC link in case 

of modified scheme as compared to conventional scheme for middle speed range.  

 

Table 4.4: Maximum magnitude of reference phasor V*
s in different operating regions    

Modulating Signal 

Lies Between 

Mode of 

Operation 

Maximum Magnitude of 

Reference Phasor V*
s 

Voltage Levels Applied 

Across Phase 

R1 - R2 2-Level ( 3 / 16) DCV  L1 to L2 

R1 - R3 3-Level ( 3 / 8) DCV  L1 to L3 

R1 - R4 4-Level (3 3 / 16) DCV  L1 to L4 

R1 - R5 5-Level ( 3 / 4) DCV  L1 to L5 

R1 - R6 6-Level (5 3 / 16) DCV  L1 to L6 

R1 - R7 7-Level (3 3 / 8) DCV  L1 to L7 

R1 - R8 8-Level (7 3 / 16) DCV  L1 to L8 

R1 - R9 9-Level ( 3 / 2) DCV  L1 to L9 

 

4.4 Mathematical Modelling of Proposed 9-Level Inverter  
 A switching function based mathematical model of the proposed 9-level inverter is 

developed to derive the expression for three-phase voltages of open-end winding induction 

motor. First of all the pole voltages of 'Inverter-A' and 'Inverter-B' are derived in terms their 

respective switching functions then motor phase voltages are derived in terms of pole 

voltages. The following assumptions are made for the mathematical modelling:  

• The DC link voltages available at the input terminals of all two-level inverters are 

ripple free. 

• Switching transients in all two-level inverters are ignored. 

• Switching transition times of the switching devices are considered to be negligible. 
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• The three-phase stator windings of the induction motor are balanced and produce       

sinusoidal magnetic field in the space. 

4.4.1 Mathematical Model of 9-Level Inverter 
The pole voltages of 3-level 'Inverter-A' in terms of switching function SFx (X=a, b, c) 

are given by: 

 

2

2

2

8

8

8

DC
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DC
B O b

DC
C O c

V
V SF

V
V SF

V
V SF

⎫= ⎪
⎪
⎪= ⎬
⎪
⎪

= ⎪
⎭

  (4.21) 

The switching function SFX (X=a, b, c) can take three values 0, 3 and 6 depending 

upon the switching state (1=ON, 0=OFF) of the corresponding two-level inverter switch 

described as follows: 
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  (4.22) 
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  (4.23) 
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  (4.24) 

 Similarly, other 3-level 'Inverter-B' pole voltages (VA4O',VB4O',VC4O') with respect to 

point-O’ in terms of DC link voltages and switching  functions are given by: 
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  (4.25) 

The switching function SFX' (X=a, b, c) can take three discreet values 0, 1 and 2 

depending upon the condition described as follows: 
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2                          when 1 and 1

a

S S
SF S S

S S

= =⎧
⎪= = =⎨
⎪ = =⎩

  (4.26) 
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36 46

' 36 43

33 43

0                          when 1 and 1
1                          when 1 and 1
2                          when 1 and 1

b

S S
SF S S

S S

= =⎧
⎪= = =⎨
⎪ = =⎩

  (4.27) 

 
32 42

' 32 45

35 45

0                          when 1 and 1
1                          when 1 and 1
2                          when 1 and 1

c

S S
SF S S

S S

= =⎧
⎪= = =⎨
⎪ = =⎩

  (4.28) 

The three-phase motor voltages can be derived in terms of pole voltages by using 

equations (4.8)-(4.11) and expressed as:  

 

2 4 2 4 ' 2 4 ' 2 4 '

2 4 2 4 ' 2 4 ' 2 4 '

2 4 2 4 ' 2 4 ' 2 4 '

2 1 1( ) ( ) ( )
3 3 3

1 2 1( ) ( ) ( )
3 3 3
1 1 2( ) ( ) ( )
3 3 3

A A A O A O B O B O C O C O

B B A O A O B O B O C O C O

C C A O A O B O B O C O C O

V V V V V V V

V V V V V V V

V V V V V V V

⎫= − − − − − ⎪
⎪
⎪= − − + − − − ⎬
⎪
⎪

= − − − − + − ⎪⎭

  (4.29) 

Where VA2A4,VB2B4,VC2C4 are the phase voltages of motor phase A, B and C 

respectively. Equation (4.29) can be written in matrix form as:  

 
2 4 2 4 '

2 4 2 4 '

2 4 2 4 '

2 1 1
1 1 2 1
3

1 1 2

A A A O A O

B B B O B O

C C C O C O

V V V
V V V
V V V

− − −⎡ ⎤ ⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥ ⎢ ⎥= − − −⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥ ⎢ ⎥− − −⎣ ⎦ ⎣ ⎦ ⎣ ⎦

  (4.30) 

Now using equations (4.21), (4.25) and (4.30), the motor phase voltages can be 

expressed in terms of switching functions as:   

 
2 4 '

2 4 '

2 4 '

2 1 1
1 2 1

24
1 1 2

A A a a
DC

B B b b

C C c c

V SF SF
V

V SF SF
V SF SF

− − −⎡ ⎤ ⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥ ⎢ ⎥= − − −⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥ ⎢ ⎥− − −⎣ ⎦ ⎣ ⎦ ⎣ ⎦

  (4.31) 

The relationship between orthogonal components qsV  and dsV  of voltage space phasor 

in terms of phase voltages VA2A4, VB2B4, VC2C4 is given by the transformation   

 
2 4

2 4

2 4

1 1/ 2 1/ 2
2 0 3 / 2 3 / 2
3

1/ 2 1/ 2 1/ 2

qs A A

ds B B

os C C

V V
V V
V V

− −⎡ ⎤⎡ ⎤ ⎡ ⎤
⎢ ⎥⎢ ⎥ ⎢ ⎥= −⎢ ⎥⎢ ⎥ ⎢ ⎥
⎢ ⎥⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦⎣ ⎦

  (4.32) 

  These d-q components acts as inputs for the open-end winding induction motor model 

developed in section 2.4.2, to calculate the motor phase currents. The motor phase voltages 

can also be written in terms of line-to-line voltages of ‘Inverter-A’ and ‘Inverter-B’. The line-to-

line voltages of ‘Inverter-A’ are labeled as VA2B2, VB2C2, VC2A2 whereas ‘Inverter-B’ line-to-line 

voltages are labeled as VA4B4, VB4C4, VC4A4. The motor phase voltages VA2A4, VB2B4 and VC2C4 

can be related to line-to-line voltages of individual inverter as:  

 
2 4 2 4 2 2 4 4

2 4 2 4 2 2 4 4

2 4 2 4 2 2 4 4

A A B B A B A B

B B C C B C B C

C C A A C A C A

V V V V
V V V V
V V V V

− = − ⎫
⎪− = − ⎬
⎪− = − ⎭

  (4.33) 
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For balance load 2 4 2 4 2 4 0A A B B C CV V V+ + =  so above equation can be rearranged and 

written as follows:  

 

2 2 2 2 4 4 4 4
2 4

2 2 2 2 4 4 4 4
2 4

2 2 2 2 4 4 4 4
2 4

3 3

3 3

3 3

A B C A A B C A
A A

B C A B B C A B
B B

C A B C C A B C
C C

V V V V
V

V V V V
V

V V V V
V

− − ⎫= − ⎪
⎪

− − ⎪= − ⎬
⎪
⎪− −

= − ⎪
⎭

  (4.34) 

4.5 Simulation Results and Discussion    
The performance of proposed 9-level inverter scheme for open-end winding IM drive is 

evaluated through simulation in MATLAB/Simulink environment. The simulation study is 

carried out in fixed-point simulation mode at a sampling time of 10 µSec. The mathematical 

model of 9-level inverter and open-end winding IM are developed in MATLAB/Simulink 

environment using S-function concept. The induction motor is operated in constant V/f mode 

under no-load condition covering the entire range of linear modulation. The switching 

frequency (fc) is kept constant at 1kHz and DC link voltage (VDC) is taken as 600V for 

simulation analysis. The motor phase-A voltage (VA2A4), phase-A current (iA2A4), their 

harmonic spectrums, inverters pole-A voltages (VA2O, VA4O') and difference of inverters pole-A 

voltages (VA2O - VA4O') are considered as evaluation criteria. The performance of 9-level 

inverter scheme is evaluated under steady-state as well as transient-state conditions and 

results are presented in from Fig. 4.5 to Fig. 4.37.  

The simulation results when inverter is operated in two-level mode of operation are 

presented in Fig. 4.5 through Fig. 4.8. The motor phase-A voltage (VA2A4) and current (iA2A4) 

at modulation index m =0.08 are shown in Fig. 4.5. At this modulation index motor operates 

at fundamental frequency (f*m) of 4Hz and modulating signals are situated within the levels L1 

and L2. The phase-A voltage (VA2A4) and current (iA2A4) waveforms are equivalent to 

conventional two-level inverter. The harmonic spectrum of phase-A voltage and current with 

respect to their fundamental component for the modulation index m =0.08 are shown in Fig. 

4.6 and Fig. 4.7 respectively. It is evident from these spectrums that the dominant harmonic 

component of phase voltage and current occur at the sideband of multiple of 250 (fc/f*m = 

1000/4) i.e. 250th and 500th order. Lower order harmonics responsible for higher losses are 

significantly very low.  
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Fig. 4.5: Motor phase-A, voltage VA2A4 (upper trace) and current iA2A4 (lower trace) of 9-level 

inverter fed open-end IM drive at no load (m=0.08; f*m =4Hz; 2-level mode)  

(a) 

(b) 

Fig. 4.6: (a) Harmonic spectrum of phase-A voltage (VA2A4) at m=0.08; f*m =4Hz           
(b) Zoom view of harmonic spectrum shown in (a) 
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(a) 

(b) 
Fig. 4.7: (a) Harmonic spectrum of phase-A current (iA2A4) at m=0.08; f*m =4Hz            

(b) Zoom view of harmonic spectrum shown in (a) 

 
Fig. 4.8 :Top trace; Inverter-A pole voltage (VA2O), Middle trace; Inverter-B pole voltage 

(VA4O’),  Bottom trace; Difference of Inverter-A and Inverter-B pole voltages (VA2O - VA4O’) at 
m=0.08; f*m =4Hz (2-level mode) 
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The pole-A voltages (VA2O, VA4O’) and difference of these pole voltages (VA2O - VA4O’) are 

shown in Fig. 4.8 for two-level mode of operation. It may be observed from pole voltages 

waveform that 3-level inverter-B operates in two-level mode (2VDC/8 and VDC/8) while the 

inverter-A is clamped at zero voltage level. The difference of pole voltages (VA2O - VA4O’) 

switch between two voltage levels -(2/8)VDC  and -(1/8)VDC which validate the logic of modified 

SVPWM scheme.  

The waveforms for motor phase-A voltage (VA2A4), phase-A current (iA2A4), their 

harmonic spectrums, inverters pole-A voltages (VA2O, VA4O') and difference of inverters pole-A 

voltages (VA2O - VA4O') at modulation index m =0.16 are shown in Fig. 4.9 through Fig. 4.12.  

At this modulation index the modulating signals situated within the regions R1 - R3 and 

inverter operates in 3-level mode of operation. The fundamental frequency (f*m) of the motor 

for this modulation index is 8Hz. The motor phase-A voltage (VA2A4) and current (iA2A4) at 

modulation index m =0.16 shown in Fig. 4.9 are equivalent to 3-level inverter waveforms. The 

THD of phase voltage is reduced to 40.79% from 84.73% as compared to two-level mode of 

operation; and dominant harmonic component occur at the side band of 250th (2fc/f*m = 

2*1000/8) order as shown in Fig. 4.10. The total harmonic distortion (THD) in phase current 

is only 2.51% as shown in Fig. 4.11. 

 
Fig. 4.9: Motor phase-A, voltage VA2A4 (upper trace) and current iA2A4 (lower trace) of 9-level 

inverter fed open-end IM drive at no load (m=0.16; f*m =8Hz; 3-level mode) 

 

 

0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7
-150

-75

0

75

150

V A
2A

4 (V
)

0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7
-3

-1.5

0

1.5

3

Time (s)

i A
2A

4 (A
)



 

93 

 

(a) 

(b) 

Fig. 4.10: (a) Harmonic spectrum of phase-A voltage (VA2A4) at m=0.16; f*m =8Hz             
(b) Zoom view of harmonic spectrum shown in (a) 

 

(a) 

(b) 

Fig. 4.11: (a) Harmonic spectrum of phase-A current (iA2A4) at m=0.16; f*m =8Hz            
(b) Zoom view of harmonic spectrum shown in (a) 
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Fig. 4.12 :Top trace; Inverter-A pole voltage (VA2O), Middle trace; Inverter-B pole voltage 

(VA4O’),  Bottom trace; Difference of Inverter-A and Inverter-B pole voltages (VA2O - VA4O’) at 
m=0.16; f*m =8Hz (3-level mode) 
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Fig. 4.13: Motor phase-A, voltage VA2A4 (upper trace) and current iA2A4 (lower trace) of 9-level 

inverter fed open-end IM drive at no load (m=0.28; f*m =14Hz; 4-level mode) 
 

(a) 

 
(b) 

Fig. 4.14: (a) Harmonic spectrum of phase-A voltage (VA2A4) at m=0.28; f*m =14Hz            
(b) Zoom view of harmonic spectrum shown in (a) 
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(a) 

 
(b) 

Fig. 4.15: (a) Harmonic spectrum of phase-A current (iA2A4) at m=0.28; f*m =14Hz             
(b) Zoom view of harmonic spectrum shown in (a) 

 

Fig. 4.16 :Top trace; Inverter-A pole voltage (VA2O), Middle trace; Inverter-B pole voltage 
(VA4O’),  Bottom trace; Difference of Inverter-A and Inverter-B pole voltages (VA2O - VA4O’) at 

m=0.28; f*m =14Hz (4-level mode) 
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Fig. 4.17 through Fig. 4.20 illustrate the simulation results obtain when inverter is 

operated at modulation index m=0.36. In this case the modulating signals lie in regions R1 - 

R5 and inverter operates in 5-level mode of operation which may be observed in difference of 

pole voltage (VA2O - VA4O’) waveforms shown in Fig. 4.20. The five levels realised in this mode 

are -(2/8)VDC, -(1/8)VDC, 0, +(1/8)VDC and +(2/8)VDC. In this range of operation 3-level 

inverter-A operates in two-level mode whereas inverter-B operates in 3-level which can be 

observed in pole voltage waveforms shown in Fig. 4.20. The phase-A voltage and current are 

shown in Fig. 4.17. The THD of phase voltage (Fig. 4.18) is further reduce to 6.89% whereas 

THD of phase current (Fig. 4.19) is only 0.66% of the fundamental frequency (f*m) which is 

18Hz in this mode of operation. The dominant harmonic component occur at the side band of 

111th (2fc/f*m = 2*1000/18) order. 

Simulation results for 6-level mode of operation are shown in Fig. 4.21 - Fig. 4.24. 

Inverter is operated at modulation index m=0.42 and fundamental frequency (f*m) of 21Hz. In 

this case the modulating signals cover six regions R1 - R6 results 6-level mode of operation. 

The phase-A voltage and current are shown in Fig. 4.21. The harmonic spectrum of phase 

voltage (Fig. 4.22) and current (Fig. 4.23) are further improved and position of occurrence of 

dominant harmonic is approximately at the side band of 96th (2fc/f*m = 2*1000/21) order. It is 

depicted from pole voltages waveforms shown in Fig. 4.24 that 3-level inverter-A still 

operates in two-level mode whereas inverter-B attains all the three levels. The six levels 

realised in this mode are +(2/8)VDC , +(1/8)VDC ,0  and +(3/8)VDC.  

Inverter is operated in 7-level mode of operation at modulation index m=0.52 and 

fundamental frequency (f*m) of 26Hz. The modulating signals vary from region R1 to R7 and 

inverter operates in 7-level mode of operation. Motor phase voltage and current are shown in 

Fig. 4.25. It may be observed in pole voltages  waveforms (Fig. 4.28) that in 7-level operation 

both 3-level inverters operate in 3-level mode and difference of their pole voltage contains 

seven distinct levels as +150, +75, 0, +225 and +300 as depicted in difference of pole 

voltage (VA2O - VA4O’) waveform (Fig. 4.28). As the DC link voltage is 600V therefore these 

voltage levels correspond to +(2/8)VDC, +(1/8)VDC, 0, +(3/8)VDC and +(4/8)VDC. Another 

important observation can be made from pole voltage waveform that switching occur in 

inverter-A only for half of the duration of fundamental cycle and for remaining half cycle it is 

clamped at zero voltage level so effective switching frequency is half of the actual switching 

frequency. This feature can lead to use of low switching frequency rating power 

semiconductor devices in the proposed 9-level inverter scheme. The harmonic spectrum of 

phase voltage is shown in Fig. 4.26. The dominant harmonic component in the spectrum of 

phase voltage occur approximately at the side band of 77th (2fc/f*m = 2*1000/26) order. The 

harmonic spectrum of phase current shown in Fig. 4.27 and it is found that lower order 

harmonics are increased in phase current.  
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Fig. 4.17: Motor phase-A, voltage VA2A4 (upper trace) and current iA2A4 (lower trace) of 9-level 

inverter fed open-end IM drive at no load (m=0.36; f*m =18Hz; 5-level mode)  

(a) 

(b) 

Fig. 4.18: (a) Harmonic spectrum of phase-A voltage (VA2A4) at m=0.36; f*m =18Hz         
(b) Zoom view of harmonic spectrum shown in (a) 
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(a) 

(b) 

Fig. 4.19: (a) Harmonic spectrum of phase-A current (iA2A4) at m=0.36; f*m =18Hz           
(b) Zoom view of harmonic spectrum shown in (a) 

 
Fig. 4.20 :Top trace; Inverter-A pole voltage (VA2O), Middle trace; Inverter-B pole voltage 

(VA4O’),  Bottom trace; Difference of Inverter-A and Inverter-B pole voltages (VA2O - VA4O’) at 
m=0.36; f*m =18Hz (5-level mode) 
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Fig. 4.21: Motor phase-A, voltage VA2A4 (upper trace) and current iA2A4 (lower trace) of 9-level 

inverter fed open-end IM drive at no load (m=0.42; f*m =21Hz; 6-level mode) 

(a) 

(b) 

Fig. 4.22: (a) Harmonic spectrum of phase-A voltage (VA2A4) at m=0.42; f*m =21Hz         
(b) Zoom view of harmonic spectrum shown in (a) 
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(a) 

(b) 

Fig. 4.23: (a) Harmonic spectrum of phase-A current (iA2A4) at m=0.42; f*m =21Hz           
(b) Zoom view of harmonic spectrum shown in (a) 

 
Fig. 4.24 :Top trace; Inverter-A pole voltage (VA2O), Middle trace; Inverter-B pole voltage 

(VA4O’),  Bottom trace; Difference of Inverter-A and Inverter-B pole voltages (VA2O - VA4O’) at 
m=0.42; f*m =21Hz (6-level mode) 
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Fig. 4.25: Motor phase-A, voltage VA2A4 (upper trace) and current iA2A4 (lower trace) of 9-level 

inverter fed open-end IM drive at no load (m=0.52; f*m =26Hz; 7-level mode)  

(a) 

(b) 

Fig. 4.26: (a) Harmonic spectrum of phase-A voltage (VA2A4) at m=0.52; f*m =26Hz         
(b) Zoom view of harmonic spectrum shown in (a) 
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(a) 

(b) 

Fig. 4.27: (a) Harmonic spectrum of phase-A current (iA2A4) at m=0.52; f*m =26Hz           
(b) Zoom view of harmonic spectrum shown in (a) 

 
Fig. 4.28 :Top trace; Inverter-A pole voltage (VA2O), Middle trace; Inverter-B pole voltage 

(VA4O’),  Bottom trace; Difference of Inverter-A and Inverter-B pole voltages (VA2O - VA4O’) at 
m=0.52; f*m =26Hz (7-level mode) 

0 10 20 30 40 50 60 70 80 90 100
0

20

40

60

80

100

Harmonic order

Fundamental (26Hz) = 1.389 , THD= 0.52%

M
ag

 (%
 o

f F
un

da
m

en
ta

l)

0 10 20 30 40 50 60 70 80 90 100
0

1

2

3

4

Harmonic order

M
ag

 (%
 o

f F
un

da
m

en
ta

l)

0.4 0.425 0.45 0.475 0.5 0.525 0.55

0

150

300

450

V A
2O

 (V
)

0.4 0.425 0.45 0.475 0.5 0.525 0.55

0

100

200

V A
4O

' (
V)

0.4 0.425 0.45 0.475 0.5 0.525 0.55

-150

0

150

300

Time (s)

V A
2O

-V
A

4O
' (

V
)



 

104 

 

Fig. 4.29 through Fig. 4.32 illustrate the simulated results obtained when inverter is 

operated at modulation index m=0.64. All the three modulating waves reside in regions R1 - 

R8 at this modulation index so inverter operates as 8-level inverter. The motor operates at 

fundamental frequency f*m=32Hz. The Motor phase voltage and current waveforms shown in 

Fig. 4.29 are further refine and approach towards sinusoidal. Inverter-A pole voltage switch 

between 3-levels 0, 3VDC/8 and 6 VDC/8 (0, 225 and 450) as shown in pole voltage waveform 

(Fig. 4.32). Similarly Inverter-B also operates in 3-level mode (Fig. 4.32 middle trace)  and 

give the pole voltage 0, 75 and 150 correspond to 0, VDC/8 and 2VDC/8 (VDC =600V). The 

difference pole voltages (Fig. 4.32 bottom trace)  contains eight distinct voltage levels as 

+150, +75, 0, +225, +300 and +375 corresponding to the levels +(2/8)VDC, +(1/8)VDC, 0, 

+(3/8)VDC, +(4/8)VDC and +(5/8)VDC. The harmonic spectrum of phase voltage is further 

improved with the THD of 3.21% and dominant harmonic component is shifted towards the 

side band of 63rd (2fc/f*m = 2*1000/32) order as shown in Fig. 4.30. The harmonic spectrum of 

phase current is shown in Fig. 4.31; and it can be seen that at this modulation index lower 

order harmonics of current are increased.    

 Similar types of results are obtained for the modulation index m=0.8 correspond to 9-

level mode of operation. Motor runs at fundamental frequency f*m=40Hz. The range of 

modulating signals vary from region R1 - R9 and nine levels are applied across the motor 

phase winding. The simulated phase voltage and current waveforms are shown in Fig. 4.33. 

Although the pole voltages waveforms (Fig. 4.36) having same voltage levels as they posses 

in the 8-level mode, but their difference (Fig. 4.36 bottom trace) is having one more level, 

which is +450 correspond to voltage level of +(6/8)VDC, so total 9-levels are obtained. It is 

evident in this mode also that inverter-A which operate at higher DC link voltage switched 

only for half of the duration of fundamental cycle hence less switching losses occur in two-

level inverter-1 and inverter-2. The harmonic spectrums of phase voltage and current are 

presented in Fig. 4.34 and Fig. 4.35 respectively.    

The proposed drive system is also investigated against transient state stability by 

sudden changeover from two-level mode of operation to 9-level mode of operation and vice-

versa. Fig. 4.37(a) shows the motor phase-A voltage (VA2A4) and current (iA2A4) during sudden 

change from two-level to 9-level mode of operation. The changeover from lower to higher 

level operation takes place smoothly and drive attains its steady state in 0.457 second. The 

similar observation can also be made from Fig. 4.37(b) which shows the motor phase-A 

voltage (VA2A4) and current (iA2A4) during sudden change in operation from 9-level to two-level 

mode. In this case also changeover takes place very smoothly and drive attains its steady 

state in 0.608 second.   
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Fig. 4.29: Motor phase-A, voltage VA2A4 (upper trace) and current iA2A4 (lower trace) of 9-level 

inverter fed open-end IM drive at no load (m=0.64; f*m =32Hz; 8-level mode )  

(a) 

(b) 

Fig. 4.30: (a) Harmonic spectrum of phase-A voltage (VA2A4) at m=0.64; f*m =32Hz         
(b) Zoom view of harmonic spectrum shown in (a) 
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(a) 

(b) 

Fig. 4.31: (a) Harmonic spectrum of phase-A current (iA2A4) at m=0.64; f*m =32Hz           
(b) Zoom view of harmonic spectrum shown in (a) 

 
Fig. 4.32 :Top trace; Inverter-A pole voltage (VA2O), Middle trace; Inverter-B pole voltage 

(VA4O’),  Bottom trace; Difference of Inverter-A and Inverter-B pole voltages (VA2O - VA4O’) at 
m=0.64; f*m =32Hz (8-level mode) 
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Fig. 4.33: Motor phase-A, voltage VA2A4 (upper trace) and current iA2A4 (lower trace) of 9-level 

inverter fed open-end IM drive at no load (m=0.8; f*m =40Hz; 9-level mode )  

(a) 

(b) 

Fig. 4.34: (a) Harmonic spectrum of phase-A voltage (VA2A4) at m=0.8; f*m =40Hz          
(b) Zoom view of harmonic spectrum shown in (a) 
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(a) 

 
(b) 

Fig. 4.35: (a) Harmonic spectrum of phase-A current (iA2A4) at m=0.8; f*m =40Hz            
(b) Zoom view of harmonic spectrum shown in (a) 

 
Fig. 4.36 :Top trace; Inverter-A pole voltage (VA2O), Middle trace; Inverter-B pole voltage 

(VA4O’),  Bottom trace; Difference of Inverter-A and Inverter-B pole voltages (VA2O - VA4O’) at 
m=0.8; f*m =40Hz (9-level mode) 
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(a) 

 
(b) 

Fig. 4.37: (a) Motor phase-A voltage VA2A4 (upper trace) and current iA2A4 (lower trace) 
waveforms under sudden change in operation from two-level to 9-level at no-load          

(b) Motor phase-A voltage VA2A4 (upper trace) and current iA2A4 (lower trace) waveforms 
under sudden change in operation from 9-level to two-level at no-load 
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Table 4.5 summarized the simulation results obtained at different modulation indices. 

From the analysis of simulation results, it may be concluded that the proposed 9-level 

inverter is capable of rendering a good performance with the modified SVPWM technique. 

 

Table 4.5: Summary of simulation results of 9-level inverter obtained at different modulation 
indices 

Performance 
parameter 

Modulation  index(m) 

0.08 0.16 0.28 0.36 0.42 0.52 0.64 0.8 

Level of operation 2 3 4 5 6 7 8 9 

RMS of phase-A 
voltage (V) 29.76 48.75 81.34 103.4 120.1 148.2 183.3 227.3 

RMS of phase-A 
current (A) 0.591 0.829 0.939 0.964 0.975 0.981 0.982 0.985 

Frequency of phase 
voltage (Hz) 4 8 14 18 21 26 32 40 

THD of phase-A 
voltage in % 84.73 40.79 8.38 6.89 4.22 3.64 3.21 2.64 

Order of dominant 
voltage harmonic 
(amplitude in %) 

500±1 
(37.2) 

250±1 
(18.1) 

142±2 
(9.1) 

111±2 
(3.6) 

95±2 
(4.0) 

77±2 
(4.1) 

63±2 
(1.85) 

45 
(2.1) 

THD of phase-A 
Current in % 4.0 2.51 0.68 0.66 0.52 0.52 0.45 1.02 

Order of dominant 
current harmonic 
(amplitude in %) 

500±1 
(1.82) 

250±1 
(1.19) 

142±2 
(0.9) 

39 
(0.64) 

27 
(0.75) 

13 
(1.18) 

3 
(1.0) 

9 &13 
(1.10) 

Settling time for 
Changeover from 
2-level to 9-level    

in sec. 

0.457 

Settling time for 
Changeover from 
9-level to 2-level    

in sec. 

0.608 

Sampling time 10 µSecond 
 

4.6 Performance Comparison  
The performance of proposed 9-level inverter is compared with 5-level inverter 

presented in Chapter-3, by operating an open-end winding induction motor at no-load under 

different modulation indices and simulation results are tabulated in Table 4.6. It can be 

concluded from the simulation results that proposed 9-level inverter gives better performance 

in terms of voltage and current harmonic spectra as compared to 5-level inverter.  
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Table 4.6: Performance comparison of 9-level inverter with 5-level inverter      

Performance 
parameter Type of inverter Modulation  index(m) 

0.1 0.2 0.4 0.5 0.8 

Level of operation 
9-level inverter 3 4 6 7 9 

5-level inverter 2 3 4 4 5 

RMS of phase-A 
voltage (V) 

9-level inverter 33.23 59.41 114.7 142.8 227.3 

5-level inverter 49.97 66.41 118.8 145.6 229.3 

RMS of phase-A 
current (A) 

9-level inverter 0.676 0.885 0.972 0.983 0.985 

5-level inverter 0.677 0.886 0.977 0.991 0.998 

Frequency of phase 
voltage (Hz) 

9-level inverter 5 10 20 25 40 

5-level inverter 5 10 20 25 40 

THD of phase-A 
voltage in % 

9-level inverter 61.45 32.01 16.28 13.02 2.64 

5-level inverter 132.53 61.5 32.05 24.57 7.85 

Order of dominant 
voltage harmonic 
(amplitude in %) 

9-level inverter 400±1  
(15.81) 

200±1  
(11.24) 

100±1  
(7.16) 

80±1  
(5.29) 

45 
(2.1) 

5-level inverter 400±1  
(71.95) 

200±1  
(15.91) 

100±1  
(11.26) 

80±1  
(7.82) 

50±1 
(7.37) 

THD of phase-A 
current in % 

9-level inverter 3.65 2.70 2.54 2.97 1.02 

5-level inverter 5.70 5.13 4.88 4.62 4.90 

Order of dominant 
current harmonic 
(amplitude in %) 

9-level inverter 400±1  
(0.78) 

200±1  
(0.85) 

100±1  
(0.99) 

80±1  
(0.91) 

9 &13 
(1.10) 

5-level inverter 400±1  
(3.56) 

100±2 
(2.36) 

50±2 
(1.65) 

80±1  
(1.21) 

5 
 (4.70) 

 

4.7 Conclusion    
The 5-level inverter scheme describe in Chapter-3 is modified to achieve 9-level 

inversion operation. This is done by feeding the open-end winding induction motor by 3-level 

inverter from both ends. The DC-link voltage of individual inverter is selected in asymmetrical 

manner to get the maximum number of levels in the output phase voltage. A switching 

function based mathematical model of proposed 9-level inverter is developed and the 

performance is evaluated under different operating conditions. Motor phase voltage, phase 

current, their harmonic spectrums, inverter pole voltages, difference in inverter pole voltages 

and sudden change in modulation index are considered as an evaluation criteria for 

performance evaluation.  

The motor phase voltage waveform becomes more and more smoother as the 

modulation index (reference speed) increases and approaches towards sinusoidal. The THD 
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in motor phase voltage and current is considerably lesser than the one obtained with the 

circuit configuration described in Chapter-3. In the proposed 9-level inverter configuration, in 

the entire range of linear modulation, the inverter with higher DC-link voltage is switched less 

frequently than the inverter with lower DC-link voltage making it suitable for high power 

drives with reduced switching losses. 

A modified level shifted triangular carrier based SVPWM technique also presented in 

this chapter. The proposed PWM scheme is capable of ensuring a smooth changeover from 

the mode of two-level inversion to the 3-level, then 3-level to 4-level, then from 4-level to 5-

level and so on up to 9-level inversion and vice versa. This feature reduced the switching 

losses at lower speed range.  

The proposed topology completely eliminates the requirement of clamping diodes and 

DC-link capacitors which are required in neutral point clamped (NPC) inverter. It also 

eliminates eighty four capacitors of rating VDC/8 which are required in 9-level FC inverter 

topology. Hence one can conclude that the proposed topology requires less number of 

components as compared to conventional topologies. The flow of triplen harmonic current 

through the switches and motor windings is not possible in the proposed scheme due to use 

of four isolated DC supply.  

The requirement of isolated DC sources is further reduced from four to two in the 

topology proposed in next chapter.      
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CHAPTER 5:        HYBRID NINE-LEVEL INVERTER FOR INDUCTION                
MOTOR DRIVE  

[A hybrid 9-level inverter topology for open-end winding induction motor (IM) drive is discussed in this 

chapter. A switching state based mathematical model is developed to realize 9-level inversion 

operation. To validate the mathematical model simulation study is carried out in MATLAB/Simulink 

environment and detailed analytical results are presented. The space vector location and available 

switching redundancy at different locations are discussed. A modified level shifted triangular carrier 

based space vector pulse width modulation (SVPWM) scheme describe in previous chapter is used to 

generate PWM pulses for the switching devices of the proposed inverter. The capacitors balancing 

algorithm and performance of the drive is evaluated during steady state as well as in transient state by 

operating an open-end winding induction motor at no-load in constant V/f mode.]  

5.1 Introduction 
The 9-level inverter topology proposed in Chapter-4 for open-end winding induction 

motor drive requires four isolated DC sources of two different voltage rating. Although this 

topology gives very good performance, but providing four isolated DC sources of two 

different rating is difficult. In order to simplify this, it is proposed to achieve 9-level inversion 

operation using only two isolated DC sources of same voltage rating. The proposed topology 

is realized by feeding one end of the open-end winding IM by 5-level hybrid inverter and the 

other end by conventional two-level inverter. The three phase hybrid 5-level inverter is 

realized by cascading a 3-level flying capacitor (FC) inverter with capacitor fed H-bridge in 

each phase. The capacitors voltages are maintained at desired level for the entire 

modulation range as well as during transient operation by making use of redundant switching 

states available for generating different voltage levels. The proposed topology is capable of 

operating as 5-level inverter at full load in case of failure of H-bridge by simply bypass the 

faulty H-bridge, this feature enhance the reliability drive of system. The proposed inverter 

requires thirty IGBTs whereas the conventional topologies NPC, FC and CHB topology 

based 9-level inverters require forty eight IGBTs. As compared to asymmetrical cascade H-

bridge (ACHB) [49] topology which requires six isolated DC supply of two different voltage 

ratings the proposed topology needs only two isolated DC supplies of same rating. The 

proposed topology requires only six capacitors out of which three are of voltage rating VDC/4 

and three are of voltage rating VDC/8 on the other hand conventional 9-level FC inverter 

requires eighty four capacitors of voltage rating VDC/8. The conventional NPC 9-level inverter 

requires 168 clamping diodes and eight capacitors of voltage rating VDC/8 this requirement is 

completely eliminate in the proposed hybrid 9-level inverter. In the proposed inverter 

semiconductor switching devices which operated at higher DC voltage switch less hence low 

switching frequency rating devices can be used. Both inverters are fed by isolated DC supply 
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so zero sequence currents are inherently prevented because there is no path available to 

flow of these currents.  

5.2 Hybrid 9-Level Inverter Scheme for Induction Motor Drive     
5.2.1 Power Circuit 
 The power circuit of proposed hybrid 9-level inverter scheme for induction motor with 

open-end winding configuration is shown in Fig. 5.1. In this scheme one end of the stator 

winding (A1, B1, C1) is connected to a hybrid five-level inverter-A and the other end (A2, B2, 

C2) is connected to a conventional two-level inverter-B. Both inverters are fed by isolated DC 

sources of magnitude VDC/2, where VDC is the equivalent DC link voltage required to operate 

the conventional two-level inverter fed induction motor drive. The isolated DC sources can be 

implemented using a 12-pulse diode rectifier system. The advantage of using 12-pulse 

rectifier is that harmonic spectrum of the input current is improved. The 3-phase hybrid 5-

level inverter-A is realized by cascading a 3-level FC inverter with capacitor fed H-bridge in 

each phase [185]. The flying capacitors CA1, CB1 and CC1 are kept at the voltage level of VDC/4 

whereas the voltages of CHB capacitors CA2, CB2 and CC2 are maintained at voltage level of 

VDC/8. The 3-level FC inverter can generate three levels 0, VDC/4 and VDC/2 with respect to 

reference point O. The cascade connection of 3-level FC inverter with CHB can produce five 

different levels in pole voltages of inverter-A. For example, phase-A pole voltage of inverter-

A, VA1O can have five distinct voltage levels as 0, VDC/8, VDC/4, 3VDC/8 and VDC/2.  

 

 
Fig. 5.1: Power circuit of hybrid 9-level inverter for induction motor drive 
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Similarly others pole voltages VB1O and VC1O can also have these voltage levels 

depending upon their corresponding switching states. Two-level inverter-B pole voltages 

VA2O', VB2O' and VC2O' can have voltage level of 0 and VDC/2 with respect to its own reference 

point O'. When these two inverters simultaneously feed the power to the open-end winding 

IM, nine distinct levels are generated across the phase winding.   

5.2.1.1 Salient Features of Proposed Inverter Topology  
As compared to 9-level inverter topology proposed in Chapter-4 which requires four 

isolated DC supplies of two different rating, the hybrid 9-level inverter presented in this 

chapter need only two isolated DC supplies of same rating. Another advantage of hybrid 9-

level inverter is that the maximum voltage rating of the IGBT required in hybrid 9-level 

inverter is VDC/2 as compared to the 9-level inverter topology reported in Chapter-4. The 

proposed 9-level inverter topology requires only thirty switches out of which six switches are 

of voltage rating VDC/2, twelve switches are of voltage rating VDC/4 and twelve switches are of 

voltage rating VDC/8, whereas the conventional topologies (NPC, FC, CHB) based nine-level 

inverters require forty eight switches of voltage rating of VDC/8. Although asymmetrical 

cascade H-bridge (ACHB) 9-level inverter uses only twenty four switches, but it requires six 

isolated DC supplies whereas proposed topology needs only two isolated DC supplies. A 

comparison of the proposed topology with the other 9-level inverter topologies, in terms of 

the number of components required, is given in Table 5.1. The proposed topology uses three 

capacitors CA1, CB1 and CC1 of voltage rating VDC/4 and three capacitors CA2, CB2 and CC2 of 

voltage rating VDC/8 whereas conventional 9-level FC inverter requires 84 capacitors of 

voltage rating VDC/8 and 9-level NPC requires eight capacitors of voltage rating VDC/8. The 

proposed topology completely eliminates the requirement of 168 clamping diodes which are 

required in NPC 9-level inverter. The cost, complexity of the control circuit and conduction 

losses are reduced with reduction in number of components hence proposed inverter could 

be a better choice for induction motor drive applications. The operation of proposed 9-level 

inverter is independent of the load power factor at any modulation index.    

The hybrid 9-level inverter proposed in [67] requires six additional switches of voltage 

rating VDC/2 as compared to the proposed 9-level inverter, apart from this the switching 

status of the switches operated at higher DC link voltage (VDC/2) also changes with the 

change in direction of current in every level of operation this led to higher switching losses. In 

the proposed inverter the status of the switches operated at higher DC link voltage (VDC/2) 

does not change with the change in direction of current in any level of operation that results 

the reduced switching losses and improved efficiency. Reliability of the system is an 

important issue of any industrial application. In the proposed configuration if any H-bridge 

fails, the inverter can be still operated as a 5-level inverter in the entire range of modulation   
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Table 5.1: Comparison of nine-level inverter topologies  

Component NPC FC CHB ACHB1 HMLI2 Proposed 
Inverter 

DC source (VDC) 1 1 0 0 0 0 

DC source (3VDC/8) 0 0 0 3 0 0 

DC source (VDC/2) 0 0 0 0 2 2 

DC source (VDC/8) 0 0 12 3 0 0 

IGBT (VDC/8) 48 48 48 12 12 12 

IGBT (VDC/4) 0 0 0 0 12 12 

IGBT (3VDC/8) 0 0 0 12 0 0 

IGBT (VDC/2) 0 0 0 0 12 6 

Clamping diode (VDC/8) 168 0 0 0 0 0 

Capacitor3 (VDC/8) 8 84 0 0 9 9 

Note: 1 ACHB is the asymmetrical cascade H-bridge with voltage source scaled in power of 3 [49] 
2 HMLI is the hybrid multilevel inverter for open-end winding IM [67] 
3 Excluding rectifier capacitors. 
 

even at full load by routing the current through the devices in the complementary path. For 

example, if SA3 or SA4 fails, then current can be routed through SA3' and SA4' by making them 

permanently ON and removing the gating signals to SA3 and SA4 or vice versa. This feature 

makes the inverter more reliable. Though proposed topology uses two isolated DC supply of 

same voltage rating in comparison with the NPC and FC topologies, but at the same time it 

also prevents the flow of triplen harmonic current through the switches and motor windings.    

5.2.2 Generation of Different Levels and Capacitor Voltage Balancing Logic 
The proposed topology is capable of generating eleven voltage levels: -(5/8)VDC,                    

-VDC/2, -(3/8)VDC, -VDC/4, -VDC/8, 0, +VDC/8, +VDC/4, +(3/8)VDC, +VDC/2 and +(5/8)VDC in phase 

voltage as shown in Table 5.2. Since, the voltage levels -(5/8)VDC and (5/8)VDC do not have 

redundant switching states to balance the capacitors voltages hence they are not used in the 

proposed topology. If constant DC sources are used at the place of capacitors then proposed 

topology can be used as 11-level inverter. The switching states to generate nine different 

levels (L1 - L9) in the phase-A voltage VA1A2 along with the effect of these switching states on 

capacitors voltage based on direction of current is shown in Table 5.2. The switches Sxy and 

Sxy’ (x=A, B, C and y=1, 2, 3, 4, 5) operate in complementary fashion. The voltage levels         

-VDC/2, -(3/8)VDC, -VDC/4, -VDC/8, 0, +VDC/8, +VDC/4, +(3/8)VDC and  +VDC/2 correspond to 



 

117 

 

levels L1 to L9. These voltage levels are generated by properly combining the pole voltages of 

five-level inverter-A (VA1O, VB1O, and VC1O) with pole voltages of two-level inverter-B (VA2O’, 

VB2O’, and VC2O’). To realize the first five levels (L1-L5) two-level inverter is clamped at VDC/2 

and for remaining four levels (L6-L9) it is kept at zero as depicted in Table 5.2.  

 

Table 5.2: Switching states to realize nine voltage levels in phase-A and effect on capacitors     

Pole 
Voltage 

VA1O 

Pole 
Voltage 

VA2O' 

Motor 
phase-A 

voltage level 
(VA1O -VA2O′) 

Level Of 
Operation

Direction 
of Current 

iA1A2
#

 

Switching 
State*        

SA1 SA2 SA3 
SA4 SA5 

Effect on 
Capacitor 

CA1 

Effect on 
Capacitor 

CA2 

-VDC/8 VDC/2 -5VDC/8 Not Used + 00101 No Effect Charge 

-VDC/8 VDC/2 -5VDC/8 Not Used - 00101 No Effect Discharge 

0 VDC/2 -VDC/2 L1 + 00001 No Effect No Effect 

0 VDC/2 -VDC/2 L1 + 00111 No Effect No Effect 

0 VDC/2 -VDC/2 L1 - 00001 No Effect No Effect 

0 VDC/2 -VDC/2 L1 - 00111 No Effect No Effect 

VDC/8 VDC/2 -3VDC/8 L2 + 00011 No Effect Discharge 

VDC/8 VDC/2 -3VDC/8 L2 + 01101 Discharge Charge 

VDC/8 VDC/2 -3VDC/8 L2 + 10101 Charge Charge 

VDC/8 VDC/2 -3VDC/8 L2 - 00011 No Effect Charge 

VDC/8 VDC/2 -3VDC/8 L2 - 01101 Charge Discharge 

VDC/8 VDC/2 -3VDC/8 L2 - 10101 Discharge Discharge 

VDC/4 VDC/2 -VDC/4 L3 + 10001 Charge No Effect 

VDC/4 VDC/2 -VDC/4 L3 + 01001 Discharge No Effect 

VDC/4 VDC/2 -VDC/4 L3 + 01111 Discharge No Effect 

VDC/4 VDC/2 -VDC/4 L3 + 10111 Charge No Effect 

VDC/4 VDC/2 -VDC/4 L3 - 10001 Discharge No Effect 

VDC/4 VDC/2 -VDC/4 L3 - 01001 Charge No Effect 

VDC/4 VDC/2 -VDC/4 L3 - 01111 Charge No Effect 

VDC/4 VDC/2 -VDC/4 L3 - 10111 Discharge No Effect 

3VDC/8 VDC/2 -VDC/8 L4 + 01011 Discharge Discharge 

3VDC/8 VDC/2 -VDC/8 L4 + 10011 Charge Discharge 

3VDC/8 VDC/2 -VDC/8 L4 + 11101 No Effect Charge 

3VDC/8 VDC/2 -VDC/8 L4 - 01011 Charge Charge 

3VDC/8 VDC/2 -VDC/8 L4 - 10011 Discharge Charge 

3VDC/8 VDC/2 -VDC/8 L4 - 11101 No Effect Discharge 

VDC/2 VDC/2 0 L5 + 11111 No Effect No Effect 
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Pole 
Voltage 

VA1O 

Pole 
Voltage 

VA2O' 

Motor 
phase-A 

voltage level 
(VA1O -VA2O′) 

Level Of 
Operation

Direction 
of Current 

iA1A2
#

 

Switching 
State*        

SA1 SA2 SA3 
SA4 SA5 

Effect on 
Capacitor 

CA1 

Effect on 
Capacitor 

CA2 

VDC/2 VDC/2 0 L5 + 11001 No Effect No Effect 

VDC/2 VDC/2 0 L5 - 11111 No Effect No Effect 

VDC/2 VDC/2 0 L5 - 11001 No Effect No Effect 

VDC/8 0 +VDC/8 L6 + 00010 No Effect Discharge 

VDC/8 0 +VDC/8 L6 + 01100 Discharge Charge 

VDC/8 0 +VDC/8 L6 + 10100 Charge Charge 

VDC/8 0 +VDC/8 L6 - 00010 No Effect Charge 

VDC/8 0 +VDC/8 L6 - 01100 Charge Discharge 

VDC/8 0 +VDC/8 L6 - 10100 Discharge Discharge 

VDC/4 0 +VDC/4 L7 + 10000 Charge No Effect 

VDC/4 0 +VDC/4 L7 + 01000 Discharge No Effect 

VDC/4 0 +VDC/4 L7 + 01110 Discharge No Effect 

VDC/4 0 +VDC/4 L7 + 10110 Charge No Effect 

VDC/4 0 +VDC/4 L7 - 10000 Discharge No Effect 

VDC/4 0 +VDC/4 L7 - 01000 Charge No Effect 

VDC/4 0 +VDC/4 L7 - 01110 Charge No Effect 

VDC/4 0 +VDC/4 L7 - 10110 Discharge No Effect 

3VDC/8 0 +3VDC/8 L8 + 01010 Discharge Discharge 

3VDC/8 0 +3VDC/8 L8 + 10010 Charge Discharge 

3VDC/8 0 +3VDC/8 L8 + 11100 No Effect Charge 

3VDC/8 0 +3VDC/8 L8 - 01010 Charge Charge 

3VDC/8 0 +3VDC/8 L8 - 10010 Discharge Charge 

3VDC/8 0 +3VDC/8 L8 - 11100 No Effect Discharge 

VDC/2 0 +VDC/2 L9 + 11110 No Effect No Effect 

VDC/2 0 +VDC/2 L9 + 11000 No Effect No Effect 

VDC/2 0 +VDC/2 L9 - 11110 No Effect No Effect 

VDC/2 0 +VDC/2 L9 - 11000 No Effect No Effect 

5VDC/8 0 +5VDC/8 Not used + 11010 No Effect Discharge 

5VDC/8 0 +5VDC/8 Not used - 11010 No Effect Charge 

Note: # Direction of current in motor winding from terminal A1 to A2 is assumed to be positive (+)         
          and from A2 to A1 is negative (-) 

         * Switching state ‘1’ denotes switch is ON and ‘0’ denotes switch is OFF 
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To generate voltage levels of -VDC/2, 0 and VDC/2, there are two redundant states for 

each level, for voltage levels of -(3/8)VDC, -VDC/8, +VDC/8 and (3/8)VDC there are three 

redundant states for each level and to generate -VDC/4 and +VDC/4  there  are  four redundant 

states available for each level. Fig. 5.2 shows two possible circuit configuration to generate 

voltage level of -VDC/2 in phase-A. Since current does not flow through the capacitors CA1 

and CA2 during operation in level L1 (-VDC/2) hence capacitors voltages are unaffected. 
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Fig. 5.2: Methods of generating voltage level -VDC/2 (L1) in phase-A and current path          
(a) For switching state SA1=0, SA2=0, SA3=0, SA4=0, SA5=1                               
(b) For switching state SA1=0, SA2=0, SA3=1, SA4=1, SA5=1  
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 Fig. 5.3: Methods of generating voltage level -3VDC/8 (L2) in phase-A and current path        
(a) For switching state SA1=0, SA2=0, SA3=0, SA4=1, SA5=1                               
(b) For switching state SA1=0, SA2=1, SA3=1, SA4=0, SA5=1                               
(c) For switching state SA1=1, SA2=0, SA3=1, SA4=0, SA5=1 
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Fig. 5.4: Methods of generating voltage level -VDC/4 (L3) in phase-A and current path          

(a) For switching state SA1=1, SA2=0, SA3=0, SA4=0, SA5=1                               
(b) For switching state SA1=0, SA2=1, SA3=0, SA4=0, SA5=1                               
(c) For switching state SA1=0, SA2=1, SA3=1, SA4=1, SA5=1                               
(d) For switching state SA1=1, SA2=0, SA3=1, SA4=1, SA5=1 
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Fig. 5.5: Methods of generating voltage level -VDC/8 (L4) in phase-A and current path         

(a) For switching state SA1=0, SA2=1, SA3=0, SA4=1, SA5=1                               
(b) For switching state SA1=1, SA2=0, SA3=0, SA4=1, SA5=1                               
(c) For switching state SA1=1, SA2=1, SA3=1, SA4=0, SA5=1 
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Fig. 5.6: Methods of generating voltage level 0 (L5) in phase-A and current path              
(a) For switching state SA1=1, SA2=1, SA3=1, SA4=1, SA5=1                               
(b) For switching state SA1=1, SA2=1, SA3=0, SA4=0, SA5=1 

 

Different ways to generate -(3/8)VDC in phase-A using redundant switching states are 

shown in  Fig. 5.3. Since the capacitors come in the path of current and depending upon the 

direction of current they get charge or discharge, hence the capacitors voltage balancing has 

to be ensure using the different switching combination as shown in Table 5.2. Various circuit 

configurations to realize voltage levels -VDC/4 (L3), -VDC/8 (L4), 0 (L5), VDC/8 (L6), VDC/4 (L7), 

3VDC/8 (L8) and VDC/2 (L9) in phase-A are shown in from Fig. 5.5 to Fig. 5.10. It can be 

noticed from these circuit configurations that to generate last four levels (L6 – L9), inverter-A 

uses same switching combination as it uses to generate levels L2 – L5 respectively, whereas 

two-level inverter-B is clamped at zero voltage. The flying capacitors can be either charged 

or discharged in any direction of current by using the redundant switching states in any level 

of operation. FCs voltages can be maintained at desired level by selecting the appropriate 

switching states as shown in Table 5.2 depending upon the direction of current iA1A2 for all 

nine levels of phase-A. Similar logic can also be implemented for other two phases.  

The capacitors voltages are sensed and compared with reference voltage (VDC/4 for 
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CA1, CB1, CC1 and VDC/8 for CA2, CB2, CC2) in every switching period and error is passed 

through hysteresis controller. The hysteresis controller selects the appropriate switching 

combination to minimize the error. The capacitors voltages are balanced quickly because the 

corrective action is taking place in every switching period. The capacitor-voltage balancing 

can be done independent of load power factor at any modulation index. 
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Fig. 5.7: Methods of generating voltage level VDC/8 (L6) in phase-A and current path        
(a) For switching state SA1=0, SA2=0, SA3=0, SA4=1, SA5=0                             
(b) For switching state SA1=0, SA2=1, SA3=1, SA4=0, SA5=0                             
(c) For switching state SA1=1, SA2=0, SA3=1, SA4=0, SA5=0 
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Fig. 5.8: Methods of generating voltage level VDC/4 (L7) in phase-A and current path       
(a) For switching state SA1=1, SA2=0, SA3=0, SA4=0, SA5=0                             
(b) For switching state SA1=0, SA2=1, SA3=0, SA4=0, SA5=0                             
(c) For switching state SA1=0, SA2=1, SA3=1, SA4=1, SA5=0                             
(d) For switching state SA1=1, SA2=0, SA3=1, SA4=1, SA5=0 
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Fig. 5.9: Methods of generating voltage level 3VDC/8 (L8) in phase-A and current path     

(a) For switching state SA1=0, SA2=1, SA3=0, SA4=1, SA5=0                           
(b) For switching state SA1=1, SA2=0, SA3=0, SA4=1, SA5=0                           
(c) For switching state SA1=1, SA2=1, SA3=1, SA4=0, SA5=0 

 

 

 

 



 

127 

 

− = −

=
1 2 ' / 2 0

                / 2
A O A O DC

DC

V V V
V

 
(a) 

− = −

=
1 2 ' / 2 0

                / 2
A O A O DC

DC

V V V
V

 
 (b) 

Fig. 5.10: Methods of generating voltage level VDC/2  (L9) in phase-A and current path    
(a) For switching state SA1=1, SA2=1, SA3=1, SA4=1, SA5=0                            
(b) For switching state SA1=1, SA2=1, SA3=0, SA4=0, SA5=0 

5.2.3 Control Strategy and Capacitor Design 
The block diagram of control logic is shown in Fig. 5.11. A level shifted pulse width 

modulation (LSPWM) technique proposed in section 4.3 of Chapter-4 is used to generate 

PWM pulses for 9-level inverter. The switching frequency is kept constant during the entire 

range of operation and it is selected as 1kHz. The required reference phasor V*
r is calculated 

from the motor speed requirement by using constant V/f control. The three reference phase 

voltages ( *
1 2A AV , *

1 2B BV , *
1 2C CV ) are generated by transferring the orthogonal components of 

reference voltage phasor Vr
* into the three phase quantity and expressed by:   

 

* *
1 2

* *
1 2

* *
1 2

( 2 / 3)

( 2 / 3)

A A m

B B m

C C m

V V Sin t

V V Sin t

V V Sin t

ω

ω π

ω π

⎫=
⎪

= − ⎬
⎪= + ⎭

  (5.1) 

These reference waves are fed to SVPWM generation block which add a DC bias of 

magnitude 
2

cnV  and an offset (Voffset) signal to generate three modulating signals. The three 

modulating signals correspond to phase-A, B and C, generated by SVPWM block are given 

by equation (5.2).  
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Fig. 5.11: Block diagram of control logic   
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     Where, * * * * * *
1 2 1 2 1 2 1 2 1 2 1 2[max( , , ) min( , , )] / 2offset A A B B C C A A B B C CV V V V V V V= − +  and Vc is the 

amplitude of triangular carrier. The value of 'n' changes from 1 to 8 for two-level to nine-level 

operation.   

A hysteresis controller is used to maintain the capacitors voltage at desired level. All six 

capacitors voltages (VCA1, VCA2, VCB1, VCB2, VCC1, VCC2) are sensed and given to the hysteresis 

controller. The hysteresis controller compares the measured voltages with their respective 

reference voltages and generates error signals. If the instantaneous value of capacitor 

voltage is within the acceptable limit then the hysteresis controller generates zero value of 

error which means no action is required. If the value of capacitor voltage exceeds the upper 

boundary of the hysteresis controller, the controller generates the negative error signal and a 

switching combination is to be selected by SVPWM generation block which discharge the 

capacitor. Similarly if the value of capacitor voltage crosses the lower limit of the hysteresis 

controller, the controller generates the positive error signal and a switching combination is to 

be selected by SVPWM which charge the capacitor. The 9-level SVPWM generation block 

simultaneously compared the three modulating signals ( *
aV , *

bV , *
cV ) with eight triangular carrier 

(C1-C8) as shown in Fig. 5.12 and identify the level of operation. The modulating signals for 

the value of modulation index m=0.8 along with eight triangular carriers as shown in Fig. 4.4, 

is redrawn in Fig. 5.12 to facilitate an easy reference. Once the level of operation is identify 
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PWM pulses are generated depending upon respective error signals for capacitors voltages 

(VCA1, VCA2, VCB1, VCB2, VCC1, VCC2) and direction of three phase currents (iA1A2, iB1B2, iC1C2) 

according to the Table 5.2.    

 The ripples in capacitors voltages significantly affect the performance of proposed 9-

level inverter. The capacitors are designed in such a way that ripple in voltage across the 

capacitors would not exceed the allowable limit in one switching cycle at full load current. 

Accordingly, the capacitance (C) is selected by the following equation  

 L sI T
C

V
×

=
∆

  (5.3) 

 Where IL is peak load current, Ts is switching period and ∆V is allowable peak to peak 

ripple in capacitor voltage.  

For the peak load current of 8A and allowable ripples in capacitor voltage of 4V all six 

capacitors are selected of rating 2200 µF. 

 
Fig. 5.12: Modulating signals with eight level shifted triangular carriers 

5.2.4 Analysis of Voltage Space Vectors  
The equation for equivalent voltage space vector Vs can be written as:  

 π π= + +(2 /3) (4 /3) 
1 2 1 2 1 2. .j j

s A A B B C CV V V e V e   (5.4) 

It is shown in Table 5.2 that there are 26 possible combination to generate nine 

different levels in phase-A. Therefore, a total of 17576 (26 × 26 × 26) switching states are 

possible for the proposed three-phase 9-level inverter. These switching combinations are 

distributed over 217 locations as shown in Fig. 5.13. The space-vector diagram for the 

proposed hybrid 9-level inverter consists of eight concentric hexagons. The switching state 

combinations for a space-vector sector of 60º interval (shaded locations in Fig. 5.13) are 

tabulated in Table 5.3. The outermost forty eight locations starting from 170 to 217 have only 

one combination of phases to generate these vectors. The space-vector locations from 128 

to 169 have two combinations, locations from 92 to 127 have locations three combinations, 

locations from 62 to 91 have four combinations, locations from 38 to 61 have five redundant 

states, locations from 20 to 37 have six redundant states and locations from 8 to 19 have 

seven redundant states. The space-vector locations 2, 3, 4, 5, 6  and 7 are located on smallest  
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Fig. 5.13: Locations of voltage space-phasors for 9-level inverter 
 

hexagon have eight redundant states. The zero vector location 1 located at the center of 

polygon has a total number of nine redundant states. The available redundancies at different 

locations can be used in space vector pulse width modulation (SVPWM) to minimize the 

switching losses by reducing inverter switching transition.    
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Table 5.3: Switching states for space-vector sector of 60º interval 

State 
No. Combinations of three phases (a,b,c)# Number of 

combinations 

1 
(0,0,0)(1,1,1)(2,2,2)(3,3,3)(4,4,4) 

(5,5,5)(6,6,6)(7,7,7) 
 (8,8,8) 

9 

2 (1,0,0)(2,1,1)(3,2,2)(4,3,3) 
 (5,4,4)(6,5,5)(7,6,6)(8,7,7) 8 

3 (1,1,0)(2,2,1)(3,3,2)(4,4,3)  
(5,5,4)(6,6,5)(7,7,6)(8,8,7) 8 

8 (2,0,0)(3,1,1)(4,2,2)(5,3,3)  
(6,4,4)(7,5,5)(8,6,6) 7 

9 (2,1,0)(3,2,1)(4,3,2)(5,4,3) 
 (6,5,4)(7,6,5)(8,7,6) 7 

10 (2,2,0)(3,3,1)(4,4,2)(5,5,3)  
(6,6,4)(7,7,5)(8,8,6) 7 

20 (3,0,0)(4,1,1)(5,2,2)(6,3,3)(7,4,4)(8,5,5) 6 
21 (3,1,0)(4,2,1)(5,3,2)(6,4,3)(7,5,4)(8,6,5) 6 
22 (3,2,0)(4,3,1)(5,4,2)(6,5,3)(7,6,4)(8,7,5) 6 
23 (3,3,0)(4,4,1)(5,5,2)(6,6,3)(7,7,4)(8,8,5) 6 

38 (4,0,0)(5,1,1)(6,2,2) 
 (7,3,3)(8,4,4) 5 

39 (4,1,0)(5,2,1)(6,3,2) 
 (7,4,3)(8,5,4) 5 

40 (4,2,0)(5,3,1)(6,4,2) 
 (7,5,3)(8,6,4) 5 

41 (4,3,0)(5,4,1)(6,5,2) 
 (7,6,3)(8,7,4) 5 

42 (4,4,0)(5,5,1)(6,6,2) 
 (7,7,3)(8,8,4) 5 

62 (5,0,0)(6,1,1)(7,2,2)(8,3,3) 4 
63 (5,1,0)(6,2,1)(7,3,2)(8,4,3) 4 
64 (5,2,0)(6,3,1)(7,4,2)(8,5,3) 4 
65 (5,3,0)(6,4,1)(7,5,2)(8,6,3) 4 
66 (5,4,0)(6,5,1)(7,6,2)(8,7,3) 4 
67 (5,5,0)(6,6,1)(7,7,2)(8,8,3) 4 
92 (6,0,0)(7,1,1)(8,2,2) 3 
93 (6,1,0)(7,2,1)(8,3,2) 3 
94 (6,2,0)(7,3,1) (8,4,2) 3 
95 (6,3,0)(7,4,1) (8,5,2) 3 
96 (6,4,0)(7,5,1) (8,6,2) 3 
97 (6,5,0)(7,6,1) (8,7,2) 3 
98 (6,6,0)(7,7,1) (8,8,2) 3 
128 (7,0,0)(8,1,1) 2 
129 (7,1,0)(8,2,1) 2 
130 (7,2,0)(8,3,1) 2 
131 (7,3,0)(8,4,1) 2 
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State 
No. Combinations of three phases (a,b,c)# Number of 

combinations 
132 (7,4,0)(8,5,1) 2 
133 (7,5,0)(8,6,1) 2 
134 (7,6,0)(8,7,1) 2 
135 (7,7,0)(8,8,1) 2 
170 (8,0,0) 1 
171 (8,1,0) 1 
172 (8,2,0) 1 
173 (8,3,0) 1 
174 (8,4,0) 1 
175 (8,5,0) 1 
176 (8,6,0) 1 
177 (8,7,0) 1 
178 (8,8,0) 1 
Note: # a,b,c values 0,1,2,3,4,5,6,7 and 8 correspond to phase voltage levels of -VDC/2, -3VDC/8, 

-VDC/4, -VDC/8, 0, +VDC/8, +VDC/4, +3VDC/8 and +VDC/2. 
 

5.3 Mathematical Modelling of Hybrid 9-Level Inverter  
 A mathematical model of the proposed hybrid 9-level inverter is developed based on 

switching states. The pole voltage VA1O of 5-level 'Inverter-A' in terms of switching states, 

capacitors voltage (VCA1, VCA2) and DC link voltage can be given as:  
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  (5.5) 

Similarly the others pole voltages VB1O and VC1O can be written as:  
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The instantaneous value of capacitor voltage VCXY  (X=A, B, C and Y =1,2) is given by 

equation (5.8).   

 1
CXY CXY

XY

V i dt
C

= ∫   (5.8) 

Where, iCXY is the instantaneous current through the capacitor CXY. 

Similarly, two-level 'Inverter-B' pole voltages (VA2O',VB2O',VC2O') with respect to point-O’ in 

terms of DC link voltages and switching states are given by equation (4.25). 
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  (5.9) 

The three-phase motor voltages can be written in terms of pole as:  
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  (5.10) 

The relationship between orthogonal components Vqs, Vds of voltage space phasor in 

terms of phase voltages VA2A4, VB2B4, VC2C4 is given by the transformation:   
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  (5.11) 

  These d-q components acts as inputs for the open-end winding induction motor model 

developed in section 2.4.2, to calculate the motor phase currents.  

5.4 Simulation Results and Discussion    
The performance of proposed hybrid 9-level inverter scheme for open-end induction 

motor drive is evaluated in MATLAB/Simulink environment. The mathematical model of 

hybrid 9-level inverter is developed in MATLAB/Simulink environment using S-function and 

simulation study is carried out in fixed-point simulation mode at a sampling time of 10 µSec. 

The mathematical model of 1.5kW open-end winding induction motor describe in subsection 

2.4.2 is developed in MATLAB/Simulink and used as load. The switching frequency (fc) is 

kept constant at 1kHz and DC link voltage (VDC) is taken as 600V for simulation analysis. The 

band of allowable ripple in capacitors voltage is selected as ±2 volt means the range of 

capacitor voltage VCA1 varies from 148V to 152V and range of capacitor voltage VCA2 is from 

73V to 77V. The induction motor is operated in constant V/f mode under no-load condition 

covering the entire range of linear modulation. The modulation scheme and values of 

modulation index to obtain different levels of operation; are used same as they are in 



 

134 

 

Chapter-4 to compare the performance of both 9-level inverters. The limit of modulation 

index (m) for linear modulation is 0.866. The motor phase-A voltage (VA1A2), phase-A current 

(iA1A2), their harmonic spectrums, phase-A capacitors voltages (VCA1, VCA2), inverters pole-A 

voltages (VA1O, VA2O') and difference of inverters pole-A voltages (VA1O - VA2O') are considered 

as evaluation criteria. The performance of hybrid 9-level inverter scheme and capacitors 

balancing are evaluated under steady-state as well as under transient-state conditions and 

results are presented in Fig. 5.14 - Fig. 5.56.  

The motor phase-A voltage (VA1A2), current (iA1A2) and capacitors voltages (VCA1, VCA2) 

at modulation index m =0.08 are shown in Fig. 5.14 and Fig. 5.15 respectively. At this 

modulation index motor operates at fundamental frequency (f*m) of 4Hz and capacitors 

voltages are balance at desired level within the allowable ripple of +2 volt. The phase-A 

voltage (VA1A2) and current (iA1A2) waveforms are equivalent to conventional two-level inverter 

(Fig. 5.14). The harmonic spectrum of phase-A voltage and current with respect to their 

fundamental component for the modulation index m =0.08 are shown in Fig. 5.16 and Fig. 

5.17 respectively. It is evident from these spectrums that the dominant harmonic component 

of phase voltage and current occur at the side band of 500 (2fc/f*m = 2*1000/4). Lower order 

harmonics responsible for higher losses are significantly very low. 

The pole-A voltages (VA1O, VA2O’) and difference of these pole voltages (VA1O - VA2O’) are 

shown in Fig. 5.18 for two-level mode of operation. It may be observed from pole voltages 

waveform that 5-level inverter-A operates in two-level mode (0 and VDC/8) while the inverter-

B is clamped at VDC/2 (300V) voltage level. The difference of pole voltages (VA1O - VA2O’) 

switch between two voltage levels -300V and -225V correspond to -VDC /2 and -(3/8)VDC .  
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Fig. 5.14: Motor phase-A, voltage VA1A2 (upper trace) and current iA1A2 (lower trace) of 
hybrid 9-level inverter fed open-end IM drive at no load (m=0.08; f*m =4Hz; 2-level mode) 

 

 
 

Fig. 5.15: Capacitors voltages VCA1 (upper trace) and VCA2 (lower trace) in 2-level mode 
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(a) 

(b) 

Fig. 5.16: (a) Harmonic spectrum of phase-A voltage (VA1A2) at m=0.08; f*m =4Hz          
(b) Zoom view of harmonic spectrum shown in (a) 

 
(a) 

 
(b) 

Fig. 5.17: (a) Harmonic spectrum of phase-A current (iA1A2) at m=0.08; f*m =4Hz            
(b) Zoom view of harmonic spectrum shown in (a) 
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Fig. 5.18: Top trace; Inverter-A pole voltage (VA1O), Middle trace; Inverter-B pole voltage 

(VA2O’),  Bottom trace; Difference of Inverter-A and -B pole voltages (VA1O - VA2O’) at m=0.08; 
f*m =4Hz (2-level mode) 
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 The simulation results for motor phase-A voltage (VA1A2), phase-A current (iA1A2), 

capacitors voltages (VCA1, VCA2), harmonic spectrums of phase-A voltage and current, 

inverters pole-A voltages (VA1O, VA2O') and difference of inverters pole-A voltages (VA1O - 

VA2O') at modulation index m =0.16 are shown in Fig. 5.19-Fig. 5.23. At this modulation index 

the modulating signals situated within the levels L1 - L3 and inverter operates in 3-level mode 

of operation. The fundamental frequency (f*m) of the motor for this modulation index is 8Hz. 

The motor phase-A voltage (VA1A2) and current (iA1A2) at modulation index m =0.16 shown in 

Fig. 5.19 are similar to the waveforms achieved for 9-level inverter proposed in Chapter-4. 

The capacitors voltages VCA1 and VCA2 are well balanced as depicted in Fig. 5.20. As 

compared to two-level mode of operation, the THD of phase voltage is reduced to 41.18% 

from 85.83% and dominant harmonic component occur at the side band of 250th (2fc/f*m = 

2*1000/8) order as shown in Fig. 5.21. The distortion in phase current is only 2.77% as 

shown in Fig. 5.22.  

 

Fig. 5.19: Motor phase-A, voltage VA1A2 (upper trace) and current iA1A2 (lower trace) of 
hybrid 9-level inverter fed open-end IM drive at no load (m=0.16; f*m =8Hz; 3-level mode)
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Fig. 5.20: Capacitors voltages VCA1 (upper trace) and VCA2 (lower trace) in 3-level mode 

 

(a) 

(b) 
Fig. 5.21: (a) Harmonic spectrum of phase-A voltage (VA1A2) at m=0.16; f*m =8Hz         

(b) Zoom view of harmonic spectrum shown in (a) 
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(a) 

(b) 

Fig. 5.22: (a) Harmonic spectrum of phase-A current (iA1A2) at m=0.16; f*m =8Hz        
(b) Zoom view of harmonic spectrum shown in (a) 

Fig. 5.23: Top trace; Inverter-A pole voltage (VA1O), Middle trace; Inverter-B pole voltage 
(VA2O’),  Bottom trace; Difference of Inverter-A and -B pole voltages (VA1O - VA2O’) at 

m=0.16; f*m =8Hz (3-level mode) 
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The pole-A voltages (VA1O, VA2O’) and difference of these pole voltages (VA1O - VA2O’) are 

shown in Fig. 5.23 for 3-level mode of operation. It may be observed from the pole voltages 

waveform that 5-level inverter-A operates in 3-level mode and gives the voltage level of 0, 75 

and 150 correspond to 0, VDC/8 and 2VDC/8 while the inverter-B is still clamped at 300V 

(VDC/2). The difference of pole voltages (VA1O - VA2O’) having three distinct voltage levels -

VDC/2, -(3/8)VDC and -(1/8)VDC.  

The simulation results correspond to modulation index m=0.28 and fundamental 

frequency f*m =14Hz are presented in Fig. 5.24-Fig. 5.28. In this range the modulating signals 

cover four levels L1 - L4 and inverter operates in 4-level mode of operation. It can be 

observed in Fig. 5.28 that the difference in pole voltage (VA1O - VA2O’) possess four distinct 

levels -VDC/2, -(3/8)VDC, -(1/4)VDC and -(1/8)VDC. It is also evident from Fig. 5.28 that in 4-

level mode 5-level inverter-A operates in 4-level mode and gives the voltage level of 0, 75, 

150 and 225 (0, VDC/8, VDC/4 and 3VDC/8) while the inverter-B is still clamped at 300V (VDC/2). 

The THD of phase voltage (Fig. 5.26) and current (Fig. 5.27) are 8.52% and 1.16% 

respectively and dominant harmonic component occur approximately at the side band of 

143rd (2fc/f*m = 2*1000/14). The ripple in capacitor voltage VCA1 is little bit increase as 

compared to 3-level mode of operation, but within the allowable limit (Fig. 5.25). The motor 

phase-A voltage (VA1A2) and current (iA1A2) waveforms are shown in Fig. 5.24.   

Fig. 5.24: Motor phase-A, voltage VA1A2 (upper trace) and current iA2A4 (lower trace) of 
hybrid 9-level inverter fed open-end IM drive at no load (m=0.28; f*m=14Hz; 4-level mode)
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Fig. 5.25: Capacitors voltages VCA1 (upper trace) and VCA2 (lower trace) in 4-level mode 

 

(a) 

(b) 

Fig. 5.26: (a) Harmonic spectrum of phase-A voltage (VA1A2) at m=0.28; f*m =14Hz        
(b) Zoom view of harmonic spectrum shown in (a) 

 

0.5 0.55 0.6 0.65 0.7 0.75 0.8
146

147

148

149

150
V C

A
1 (V

)

0.5 0.55 0.6 0.65 0.7 0.75 0.8
71

72

73

74

75

Time (s)

V C
A

2 (V
)

0 15 30 45 60 75 90 105 120 135 150
0

20

40

60

80

100

Harmonic order

Fundamental (14Hz) = 111.6 , THD= 8.52%

M
ag

 (%
 o

f F
un

da
m

en
ta

l)

0 15 30 45 60 75 90 105 120 135 150
0

5

10

15

20

Harmonic order

M
ag

 (%
 o

f F
un

da
m

en
ta

l)



 

143 

 

(a) 

(b) 

Fig. 5.27: (a) Harmonic spectrum of phase-A current (iA1A2) at m=0.28; f*m =14Hz         
(b) Zoom view of harmonic spectrum shown in (a) 
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(VA4O’),  Bottom trace; Difference of Inverter-A and -B pole voltages (VA2O - VA4O’) at m=0.28; 

f*m =14Hz (4-level mode) 
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Fig. 5.29 through Fig. 5.33 illustrate the simulation results obtain when inverter is 

operated at modulation index m=0.36. In this case, inverter operates in 5-level mode and five 

levels realised in this mode are -300, -225, -150, -75 and 0 (-VDC/2, -3VDC /8,   -VDC/4, -VDC/8 

and 0) as shown in difference of pole voltage (VA2O - VA4O’) waveform (Fig. 5.33 lower trace). 

It is depicted in Fig. 5.33 that in this mode, 5-level inverter-A switch between 5-levels 

whereas inverter-B is clamped at VDC/2 (300V). The phase-A voltage, current and capacitors 

voltages (VCA1, VCA2) are shown in Fig. 5.29 and Fig. 5.30 respectively. The THD of phase 

voltage (Fig. 5.31) is reduced to 6.86% whereas THD of phase current (Fig. 5.32) is only 

1.14% of the fundamental component (f*m=18Hz). The dominant harmonic component 

approximately occur at the side band of 111th (2fc/f*m = 2*1000/18) order. 

Similar types of waveforms for 6-level mode of operation at modulation index m=0.42 

are shown in Fig. 5.34 - Fig. 5.38. At this modulation index modulating signals cover levels L1 

- L6 results 6-level mode of operation and motor is operated at fundamental frequency (f*m) of 

21Hz. Motor phase-A voltage and current are shown in Fig. 5.34. The capacitors voltages 

are well balanced (Fig. 5.35). The harmonic spectrum of phase voltage (Fig. 5.36) and 

current (Fig. 5.37) are further improved and position of occurrence of dominant harmonic is 

approximately at the side band of 96th (2fc/f*m = 2*1000/21) order. It is depicted from pole 

voltages waveforms shown in Fig. 5.38 that 5-level inverter-A operates in 5-level mode and 

inverter-B started to operate in two-level mode. The six levels realised in this mode are -300, 

-225, -150, -75, 0 and +75 correspond to -VDC/2, -3VDC /8, -VDC/4, -VDC/8, 0 and +VDC/8. 

Another set of simulation results at modulation index m=0.52 in shown in Fig. 5.39 

through Fig. 5.43 in same order as the previous set of results. Inverter operates in 7-level 

mode at fundamental frequency (f*m) of 26Hz at m=0.52. Motor phase voltage and current 

are shown in Fig. 5.39. The ripple in capacitors voltage (VCA1, VCA2) is less than 1V as shown 

in Fig. 5.40. It may be observed from pole voltages waveforms in Fig. 5.43 that the inverter 

which operates at higher DC link switch less hence low switching frequency rating power 

semiconductor devices can be used for two-level inverter-B. The seven distinct voltage levels 

obtain in this mode are  -300, -225, -150, -75, 0, +75 and +150 correspond to -VDC/2,             

-3VDC /8, -VDC/4, -VDC/8, 0, +VDC/8 and +VDC/4 as depicted in difference of pole voltage (VA1O - 

VA2O’) waveform (Fig. 5.43). The harmonic spectrum of phase voltage and current are shown 

in Fig. 5.41 and Fig. 5.42 respectively. The occurrence of dominant harmonic component in 

the spectrum of phase voltage is in same pattern as in the previous cases and it is found that 

lower order harmonics are increased in phase current.  
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Fig. 5.29: Motor phase-A, voltage VA1A2 (upper trace) and current iA2A2 (lower trace) of    

hybrid 9-level inverter fed open-end IM drive at no load (m=0.36; f*m =18Hz; 5-level  mode)

Fig. 5.30: Capacitors voltages VCA1 (upper trace) and VCA2 (lower trace) in 5-level mode 
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(a) 

(b) 

Fig. 5.31: (a) Harmonic spectrum of phase-A voltage (VA1A2) at m=0.36; f*m =18Hz        
(b) Zoom view of harmonic spectrum shown in (a) 

(a) 

 
(b) 

Fig. 5.32: (a) Harmonic spectrum of phase-A current (iA1A2) at m=0.36; f*m =18Hz         
(b) Zoom view of harmonic spectrum shown in (a) 
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Fig. 5.33 :Top trace; Inverter-A pole voltage (VA1O), Middle trace; Inverter-B pole voltage 

(VA2O’),  Bottom trace; Difference of Inverter-A and -B pole voltages (VA1O - VA2O’) at 
m=0.36; f*m =18Hz (5-level mode) 

 
Fig. 5.34: Motor phase-A, voltage VA1A2 (upper trace) and current iA1A2 (lower trace) of    

hybrid 9-level inverter fed open-end IM drive at no load (m=0.42; f*m =21Hz; 6-level mode)
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Fig. 5.35: Capacitors voltages VCA1 (upper trace) and VCA2 (lower trace) in 6-level mode 

 

(a) 

(b) 

Fig. 5.36: (a) Harmonic spectrum of phase-A voltage (VA1A2) at m=0.42; f*m =21Hz         
(b) Zoom view of harmonic spectrum shown in (a) 
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(a) 

(b) 

Fig. 5.37: (a) Harmonic spectrum of phase-A current (iA1A2) at m=0.42; f*m =21Hz           
(b) Zoom view of harmonic spectrum shown in (a) 

 
Fig. 5.38 :Top trace; Inverter-A pole voltage (VA1O), Middle trace; Inverter-B pole voltage 

(VA2O’),  Bottom trace; Difference of Inverter-A and -B pole voltages (VA1O - VA2O’) at m=0.42; 
f*m =21Hz (6-level mode) 
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Fig. 5.39: Motor phase-A, voltage VA1A2 (upper trace) and current iA1A2 (lower trace) of     

hybrid 9-level inverter fed open-end IM drive at no load (m=0.52; f*m =26Hz; 7-level mode)  
 

 
Fig. 5.40: Capacitors voltages VCA1 (upper trace) and VCA2 (lower trace) in 7-level mode  
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(a) 

 
(b) 

Fig. 5.41: (a) Harmonic spectrum of phase-A voltage (VA1A2) at m=0.52; f*m =26Hz         
(b) Zoom view of harmonic spectrum shown in (a) 

 
(a) 

 
(b) 

Fig. 5.42: (a) Harmonic spectrum of phase-A current (iA1A2) at m=0.52; f*m =26Hz           
(b) Zoom view of harmonic spectrum shown in (a) 
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Fig. 5.43 :Top trace; Inverter-A pole voltage (VA1O), Middle trace; Inverter-B pole voltage 

(VA4O’),  Bottom trace; Difference of Inverter-A and -B pole voltages (VA1O - VA2O’) at 
m=0.52; f*m =26Hz (7-level mode) 

 

Motor phase-A voltage and current for 8-level mode of operation (m=0.64, f*m=32Hz) 

are shown in Fig. 5.44. In 8-level mode (Fig. 5.48) one additional level +225 (+3VDC/8) is 

added in the levels obtain in 7-level mode of operation. Similarly in 9-level mode one more 

level of +300 (+VDC/2) as compare to 8-level operation is observed in the pole voltage 

waveforms shown in Fig. 5.53. The ripple in capacitors voltage (VCA1, VCA2) is less than 1V in 

both the mode. The harmonic spectrum of phase voltage in 8-level mode is found little bit 

distorted and THD is 4.26%. The distortion is due to asymmetric nature of pole voltages of 

two-level inverter-B. As the switching frequency is only 1kHz so some switching pulses are 

missed and inverter-B operates in six-step mode which can be observed in inverter-B pole 

voltage (VA2O’) waveform shown in Fig. 5.48. The harmonic spectrum of phase current for 8-

level mode of operation is shown in Fig. 5.47. In this case, also the lower order harmonics 

are increased. It is evident from pole voltages waveforms that in both the mode inverter-B 

which operates at higher DC link voltage switched very less hence low switching losses 

occur in inverter-B which increased the overall drive efficiency. The Motor phase-A voltage 

and current waveforms obtained in 9-level mode of operation are presented in Fig. 5.49 both 

the waveforms approach towards sinusoidal. The harmonic spectra of phase voltage and 

current in 9-level mode are shown in Fig. 5.51 and Fig. 5.52 respectively. 
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Fig. 5.44: Motor phase-A, voltage VA1A2 (upper trace) and current iA1A2 (lower trace) of 

hybrid 9-level inverter fed open-end IM drive at no load (m=0.64; f*m =32Hz; 8-level mode)

 

Fig. 5.45: Capacitors voltages VCA1 (upper trace) and VCA2 (lower trace) in 8-level mode 
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(a) 

(b) 

Fig. 5.46: (a) Harmonic spectrum of phase-A voltage (VA1A2) at m=0.64; f*m =32Hz        
(b) Zoom view of harmonic spectrum shown in (a) 

(a) 

(b) 

Fig. 5.47: (a) Harmonic spectrum of phase-A current (iA1A2) at m=0.64; f*m =32Hz          
(b) Zoom view of harmonic spectrum shown in (a) 
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Fig. 5.48 :Top trace; Inverter-A pole voltage (VA1O), Middle trace; Inverter-B pole voltage 

(VA2O’),  Bottom trace; Difference of Inverter-A and -B pole voltages (VA1O - VA2O’) at 
m=0.64; f*m =32Hz (8-level mode) 

 

 
Fig. 5.49: Motor phase-A, voltage VA1A2 (upper trace) and current iA1A2 (lower trace) of 

hybrid 9-level inverter fed open-end IM drive at no load (m=0.8; f*m =40Hz; 9-level mode )
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Fig. 5.50: Capacitors voltages VCA1 (upper trace) and VCA2 (lower trace) in 9-level mode 

(a) 

(b) 

Fig. 5.51: (a) Harmonic spectrum of phase-A voltage (VA1A2) at m=0.8; f*m =40Hz          
(b) Zoom view of harmonic spectrum shown in (a) 
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(a) 

(b) 

Fig. 5.52: (a) Harmonic spectrum of phase-A current (iA1A2) at m=0.8; f*m =40Hz            
(b) Zoom view of harmonic spectrum shown in (a) 

 
Fig. 5.53 :Top trace; Inverter-A pole voltage (VA1O), Middle trace; Inverter-B pole voltage 

(VA2O’),  Bottom trace; Difference of Inverter-A and -B pole voltages (VA1O - VA2O’) at m=0.8; 
f*m =40Hz (9-level mode) 
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The performance of proposed hybrid 9-level inverter under transient state is 

investigated by sudden change its operation from two-level to 9-level mode and from 9-level 

to two-level mode by changing the value of modulation index from 0.08 to 0.8 and vice versa. 

Fig. 5.54 shows the motor phase-A voltage (VA1A2), current (iA1A2) and capacitors voltages  

VCA1 and VCA2 during sudden change from two-level to 9-level mode of operation. It can be 

observed from Fig. 5.54 that changeover of inverter operation from two-level to 9-level take 

place instantaneously and drive attains its steady state in 0.537 second. The capacitors 

voltages are well balance during acceleration even though the current is high.  

 

Fig. 5.54: Motor phase-A voltage VA1A2, current iA1A2, capacitors voltages VCA1 and VCA2 
under sudden change in operation from two-level to 9-level at no-load                  
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Fig. 5.55: Motor phase-A voltage VA1A2, current iA1A2, capacitors voltages VCA1 and VCA2 
under sudden change in operation from 9-level to two-level at no-load 

 

 

Fig. 5.55 shows the simulation results pertaining to changeover from 9-level to two-

level operation. In this case also capacitors voltages are well balanced and drive attains its 

steady state in 0.774 second. It is evident from Fig. 5.54 and Fig. 5.55 that the capacitors 

voltages remain balanced even during the transient period which confirms the effectiveness 

of capacitor voltage balancing algorithm. 

The effect of disabling the capacitor voltage balancing algorithm is shown in Fig. 5.56. 
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and for CA2 it is disabled at t=3s and enable at t=4.5s. It can be seen that the phase voltage, 

current and capacitors voltages regained their original values very quickly after enabling the 

capacitor voltage balancing algorithm.  

Simulation results shown in Fig. 5.14 - Fig. 5.55 are summarized in Table 5.4. it can be 
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state using switching state redundancy available in different levels. It is observed capacitors 

voltages are balanced at lower limit of their respective hysteresis band, it is because the 

value of no-load current is very low and it is not capable to overcharge the capacitors.  

 

 

 
Fig. 5.56: Effect of disabling the capacitor voltage balancing algorithm 
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Table 5.4: Summary of simulation results of hybrid 9-level inverter obtained at different 
modulation indices 

Performance 
parameter 

Modulation  index(m) 

0.08 0.16 0.28 0.36 0.42 0.52 0.64 0.8 

Level of operation 2 3 4 5 6 7 8 9 

RMS of phase-A 
voltage (V) 29.91 48.48 81.2 103.4 120.1 148 182.9 227.4 

RMS of phase-A 
current (A) 0.592 0.823 0.937 0.966 0.973 0.983 0.990 0.993 

Frequency of phase 
voltage (Hz) 4 8 14 18 21 26 32 40 

THD of phase-A 
voltage in % 85.83 41.18 8.52 6.86 5.01 3.66 4.26 1.44 

Order of dominant 
voltage harmonic 
(amplitude in %) 

500±1 
(38.4) 

250±1 
(18.2) 

142±2 
(9.2) 

111±2 
(3.64) 

95±2 
(4.1) 

77±2 
(4.2) 

63±2 
(1.88) 

57 
(2.2) 

THD of phase-A 
Current in % 4.06 2.77 1.16 1.14 0.92 0.94 1.01 1.85 

Order of dominant 
current harmonic 
(amplitude in %) 

500±1 
(1.80) 

250±1 
(1.20) 

142±2 
(0.92) 

39 
(0.8) 

27 
(1.0) 

13 
(1.5) 

3 
(1.52) 

13 
(1.45) 

∆VCA1 (V) Less than 1(V) 

∆VCA2 (V) Less than 1(V) 

Settling time for 
changeover from 2-

level to 9-level     
in sec. 

0.537 

Settling time for 
changeover from 9-

level to 2-level     
in sec. 

0.774 

Sampling time 10 µSecond 

 

5.5 Performance Comparison  
The performance of proposed hybrid 9-level is compared with 9-level inverter 

presented in Chapter-4, by operating an open-end winding induction motor under no-load at 

different modulation indices. The simulated results are tabulated in Table 5.5. It is observed 

in Table 5.5 that the performance of hybrid 9-level inverter is almost equivalent to the 9-level 

inverter proposed in Chapter-4 under steady state as well as in transient state.  
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Table 5.5: Performance comparison of hybrid 9-level inverter with 9-level inverter      

Performance 
parameter Type of inverter 

Modulation  index(m) 

0.1 0.2 0.4 0.5 0.8 

Level of operation 

Hybrid 9-level 
invertera 3 4 6 7 9 

9-level inverterb 3 4 6 7 9 

RMS of phase-A 
voltage (V) 

Hybrid 9-level 
invertera 33.37 59.28 114.8 142.6 227.4 

9-level inverterb 33.23 59.41 114.7 142.8 227.3 

RMS of phase-A 
current (A) 

Hybrid 9-level 
invertera 0.675 0.881 0.972 0.981 0.993 

9-level inverterb 0.676 0.885 0.972 0.983 0.985 

Frequency of phase 
voltage (Hz) 

Hybrid 9-level 
invertera 5 10 20 25 40 

9-level inverterb 5 10 20 25 40 

THD of phase-A 
voltage in % 

Hybrid 9-level 
invertera 62.74 32.45 16.33 12.98 1.44 

9-level inverterb 61.45 32.01 16.28 13.02 2.64 

Order of dominant 
voltage harmonic 
(amplitude in %) 

Hybrid 9-level 
invertera 

400±1  
(16.64) 

200±1  
(11.45) 

100±1  
(7.14) 

80±1  
(5.28) 

57 
(2.2) 

9-level inverterb 400±1  
(15.81) 

200±1  
(11.24) 

100±1  
(7.16) 

80±1  
(5.29) 

45 
(2.1) 

THD of phase-A 
current in % 

Hybrid 9-level 
invertera 4.28 2.70 2.68 3.07 1.85 

9-level inverterb 3.65 2.70 2.54 2.97 1.02 

Order of dominant 
current harmonic 
(amplitude in %) 

Hybrid 9-level 
invertera 

400±1  
(0.78) 

200±1  
(0.85) 

100±1  
(0.99) 

80±1  
(0.91) 

13 
(1.45) 

9-level inverterb 400±1  
(0.78) 

200±1  
(0.85) 

100±1  
(0.99) 

80±1  
(0.91) 

9&13 
(1.10) 

Settling time for 
changeover from 2-

level to 9-level       
in sec. 

Hybrid 9-level 
invertera 0.537 

9-level inverterb 0.457 
Settling time for 

changeover from 9-
level to 2-level       

in sec. 

Hybrid 9-level 
invertera 0.762 

9-level inverterb 0.608 
Note:  a Proposed hybrid 9-level inverter  

b9-level inverter proposed in Chapter-4 
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5.6 Conclusion    
In this chapter a hybrid 9-level inverter topology is proposed for open-end winding 

induction motor drive. The proposed topology requires only two isolated DC sources of same 

magnitude as compared to the 9-level inverter topology proposed in Chapter-4 which 

requires four isolated DC sources. The DC source requirement can be further reduce to one 

by feeding both sides inverter by a single source of magnitude VDC/2, but in that case a 

proper switching scheme to be adopted to eliminate the common mode (triplen) voltage in 

the phase winding. The maximum voltage rating of the switching device required in the 

proposed topology is VDC/2 whereas the topology proposed in Chapter-4 requires switching 

device of voltage rating of 3VDC/4.  

A switching state based mathematical model of hybrid 9-level inverter is developed and 

the performance of proposed topology is evaluated for entire range of linear modulation by 

operating a 1.5kW open-end winding induction motor at no-load in MATLAB/Simulink 

environment. Motor phase voltage, phase current, their harmonic spectrums, balancing of 

capacitor voltage, inverter pole voltages, difference in inverter pole voltages and sudden 

change in modulation index are considered as an evaluation criteria for performance 

evaluation. The effectiveness of capacitors balancing algorithm is tested under steady state 

as well as transient state conditions and it is found working satisfactory.     

The motor phase voltage shows a 2-level or a 3-level or a 4-level waveform in the 

lowest speed range, a 5-level or a 6-level or a 7-level waveform in the medium speed range, 

a 8-level or a 9-level waveform in the higher speed range. The motor phase voltage 

waveform approaches towards sinusoidal as the number of levels in the waveform increases. 

The harmonic spectrum of motor phase voltage and current are similar to the harmonic 

spectra which are obtained with 9-level inverter proposed in Chapter-4. In the proposed 

hybrid 9-level inverter switching devices which operate at higher voltage level switch less as 

compared to the switching devices which operate at lower voltage level in the entire range of 

linear modulation, this feature can lead to use of low and switching frequency rating power 

semiconductor devices hence overall cost is reduced.  

To reduce the switching frequency further and increase the number of levels in the 

output voltage using the same number of switching device an eighteen-level inverter is 

proposed in next chapter.    
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CHAPTER 6:                              EIGHTEEN-LEVEL INVERTER FOR INDUCTION                
MOTOR DRIVE  

[An asymmetrical cascade H-bridge based 18-level inverter topology with reduced number of 

semiconductor switches and switching frequency for open-end induction motor drive is proposed in 

this chapter. A switching state based mathematical model is also developed for proposed 18-level 

inverter. Level shifted triangular carrier based space vector pulse width modulation (SVPWM) scheme 

describe in Chapter-4 is used to generate PWM pulses for the switching devices. To validate the 

mathematical model and viability of proposed 18-level inverter extensive simulation study is carried 

out in MATLAB/Simulink environment and simulation results are presented. The performance of 

proposed 18-level inverter fed open-end induction motor drive is evaluated during steady state and 

dynamic speed changing conditions at no-load in constant V/f mode.]  

6.1 Introduction 
The cascade H-bridge [14], [186] and hybrid H-bridge [46], [90] MLI topologies 

significantly increase the number of levels in the output voltage waveforms for the same 

number of power electronics devices therefore, these topologies become one of the most 

attractive approaches. In fact, it become one of the research topics is to increase the level 

number for the H-bridge multilevel topologies, such that the harmonic contents can be 

reduced as much as possible, while keeping low switching frequency and switching losses.  

A hybrid 9-level inverter topology proposed in chapter-5 for open-end winding induction 

motor drive uses thirty IGBTs. In this chapter an eighteen-level inversion operation is realized 

using the same number of IGBTs. The switching frequency is reduced to half as compared to 

the switching frequency used for hybrid 9-level inverter in Chapter-5. The proposed topology 

is realized by feeding one end of the open-end winding induction motor by three-phase 

ACHB 9-level inverter and the other end by conventional three-phase two-level inverter. The 

three-phase ACHB 9-level inverter [49], consists of two single phase H-bridge cells in each 

phase with the DC-link voltage ratio of 1:3. The zero sequence currents are completely 

eliminated in the proposed topology because both sides' inverters are fed by isolated DC 

supplies. The proposed inverter uses less number of components as compared to 

conventional MLI topologies. The proposed topology requires seven isolated DC sources out 

of which six sources are of lower voltage rating; these lower voltage rating isolated sources 

can be easily implemented using photovoltaic power cells [164], [165]. In the proposed 

inverter, semiconductor switching devices which operated at higher DC-link voltage switch 

less hence low switching frequency rating devices can be used. The proposed topology 

produces a voltage space phasor of maximum amplitude of VDC whereas the maximum DC 

link voltage used is (9/13)VDC, this feature further reduces the size of inverter. 
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6.2 18-Level Inverter Scheme for Induction Motor Drive     
6.2.1 Power Circuit 

A schematic power circuit diagram of proposed 18-level inverter fed open-end IM drive 

system is shown in Fig. 6.1. One side terminals A1, B1 and C1 of the open-end winding IM are 

fed by ACHB 9-level inverter-A while the others side terminals A2, B2 and C2 are connected to 

two-level inverter-B. The three-phase ACHB 9-level inverter is realized by connecting two H-

bridges (H-bridge A1 and A2 for phase-A, H-bridge B1 and B2 for phase-B, H-bridge C1 and 

C2 for phase-C) per phase in cascade. The DC-link voltages of H-bridge X1, H-bridge X2      

(X=A, B or C) and two-level inverter-B are kept in ratio of 1:3:9 to achieve 18-level operation. 

The proposed topology requires thirty switches; and seven isolated DC supplies of 

magnitude as shown in Fig. 6.1, where VDC is the equivalent DC-link voltage required to 

operate conventional two-level inverter fed induction motor drive.  
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Fig. 6.1: Power circuit of 18-level inverter for induction motor drive 

The symbols VA1O, VB1O and VC1O denote the pole voltages of ACHB 9-level inverter-A. 

Similarly, the symbols VA2O′, VB2O′ and VC2O′ denote the pole voltages of two-level inverter-B 

with respect to its own reference point O’. Any pole voltage VA1O, VB1O or VC1O of inverter-A 

can have nine-different voltage levels viz. -(4/13)VDC, -(3/13)VDC, -(2/13)VDC, -(1/13)VDC, 0, 

+(1/13)VDC, +(2/13)VDC, +(3/13)VDC and +(4/13)VDC independently. For example, pole voltage 

VA1O becomes -(4/13)VDC if switches SA2, SA3, SA6 and SA7 are ‘ON’, or becomes -(3/13)VDC if 
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switches SA1, SA3, SA6 and SA7 are turned ‘ON’. Similarly two-level inverter pole voltages 

VA2O′, VB2O′ and VC2O′ can have voltage levels of 0 and +(9/13)VDC. The combined effect of 

these two inverters on the motor phase winding is generation of eighteen distinct levels as:      

-VDC, -(12/13)VDC, -(11/13)VDC, -(10/13)VDC, -(9/13)VDC, -(8/13)VDC, -(7/13)VDC, -(6/13)VDC, -(5/13)VDC,           

-(4/13)VDC, -(3/13)VDC, -(2/13)VDC, -(1/13)VDC, 0, +(1/13)VDC, +(2/13)VDC, +(3/13)VDC and +(4/13)VDC.  

Different voltage levels and corresponding switching states to generate eighteen-levels 

across the phase-A winding is shown in Table 6.1. Similar logic can also be developed for 

phase-B and C by simply replacing the switch 'SAX ' by 'SBX ' and 'SCX ' (where X =1 to 10) 

respectively. The switches of same legs operate in complementary fashion to avoid the 

short- circuit of DC-link.  

 

Table 6.1: Switching states to realized eighteen–levels in phase-A  

Level  

of 

operation

Pole  

voltage  

VA1O 

Pole  

voltage VA2O’

Motor phase-

A voltage 

level  

(VA1O -VA2O′)

Switching Statea 

 

SA1SA2SA3SA4SA5SA6SA7SA8SA9SA10

L1 -(4/13)VDC +(9/13)VDC -VDC 0 1 1 0 0 1 1 0 1 0 

L2 -(3/13)VDC +(9/13)VDC -(12/13)VDC 1 0 1 0 0 1 1 0 1 0 

L3 -(2/13)VDC +(9/13)VDC -(11/13)VDC 1 0 0 1 0 1 1 0 1 0 

L4 -(1/13)VDC +(9/13)VDC -(10/13)VDC 0 1 1 0 1 0 1 0 1 0 

L5 0 +(9/13)VDC -(9/13)VDC 1 0 1 0 1 0 1 0 1 0 

L6 +(1/13)VDC +(9/13)VDC -(8/13)VDC 1 0 0 1 1 0 1 0 1 0 

L7 +(2/13)VDC +(9/13)VDC -(7/13)VDC 0 1 1 0 1 0 0 1 1 0 

L8 +(3/13)VDC +(9/13)VDC -(6/13)VDC 1 0 1 0 1 0 0 1 1 0 

L9 +(4/13)VDC +(9/13)VDC -(5/13)VDC 1 0 0 1 1 0 0 1 1 0 

L10 -(4/13)VDC 0 -(4/13)VDC 0 1 1 0 0 1 1 0 0 1 

L11 -(3/13)VDC 0 -(3/13)VDC 1 0 1 0 0 1 1 0 0 1 

L12 -(2/13)VDC 0 -(2/13)VDC 1 0 0 1 0 1 1 0 0 1 

L13 -(1/13)VDC 0 -(1/13)VDC 0 1 1 0 1 0 1 0 0 1 

L14 0 0 0 1 0 1 0 1 0 1 0 0 1 

L15 +(1/13)VDC 0 +(1/13)VDC 1 0 0 1 1 0 1 0 0 1 

L16 +(2/13)VDC 0 +(2/13)VDC 0 1 1 0 1 0 0 1 0 1 

L17 +(3/13)VDC 0 +(3/13)VDC 1 0 1 0 1 0 0 1 0 1 

L18 +(4/13)VDC 0 +(4/13)VDC 1 0 0 1 1 0 0 1 0 1 
    a Switching state '1' denotes switch is 'ON' and '0' denotes switch is 'OFF' 
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6.2.2 Salient Features of Proposed Inverter Topology  
The proposed 18-level inverter uses same number of switches as that of require by 

hybrid 9-level inverter presented in Chapter-5. As the number of levels is quite high so the 

inverter can be operated at lower switching frequency, results the lower switching losses and 

improve overall efficiency. The 18-level NPC and FC use 102 IGBTs of voltage rating VDC/17; 

and CHB uses 108 IGBTs of voltage rating VDC/18 whereas the proposed inverter uses only 

thirty number of IGBTs out of which six are of voltage rating 9VDC/13, twelve are of voltage 

rating 3VDC/13 and remaining twelve IGBTs of voltage rating VDC/13, where VDC  is the 

equivalent DC-link voltage required to operate conventional two-level inverter fed induction 

motor drive. As the cost and complexity of control circuit increases with the increase in 

number of switches therefore proposed inverter offers low cost solution. The proposed 

topology does not require any balancing capacitor whereas 18-level NPC and FC required 17 

and 408 capacitors respectively. The 18-level NPC requires 816 clamping diode this 

requirement is completely eliminated in the proposed topology. Asymmetrical cascade H-

bridge (ACHB) 18-level inverter topology [49] requires nine isolated DC sources out of which 

three are of voltage rating 9VDC/13, three are of voltage rating 3VDC/13 and remaining three 

of voltage rating VDC/13, whereas the proposed topology needs seven isolated DC sources 

out of which three are of voltage rating 3VDC/13, three are of voltage rating VDC/13 and one 

DC source of voltage rating 9VDC/13. Although, ACHB with nine DC sources and 36 switches 

can generate 27-levels, but the requirement of three number of higher rating isolated DC 

sources of 9VDC/13 makes the system bulky and costly hence the proposed 18-level inverter 

could be a better compromise between cost and quality. An interesting feature of the 

proposed inverter is its ability to operate in two-level mode at reduced power level in case 

failure of any H-bridge of ACHB inverter. It can be done by disconnecting the motor terminals 

(A1,B1,C1) from faulty ACHB inverter and connect them in star. Similarly the proposed 

inverter can operate in nine-level mode by disconnecting the motor terminals (A2,B2,C2) from 

two-level inverter and connect them in star in case of fault in two-level inverter. This feature 

increases the reliability of the overall system. An important point can be observed from Table 

6.1 that for the first nine levels (L1-L9) two-level inverter is clamped at 9VDC/13 and for 

remaining nine levels (L10 - L18) it is clamped at zero. Therefore, switching losses are reduced 

because two-level inverter which operates at higher DC link voltage switch less as compared 

to the inverter which operates at lower DC link voltage. The flow of triplen harmonic current 

through motor winding is inherently prevented in the proposed 18-level inverter as the both 

side terminals are fed by isolated DC supplies.     

The comparison of proposed topology with other topologies in terms of number of 

components used is given in Table 6.2.   
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Table 6.2: Comparison of 18-level inverter topologies  

Component NPC FC CHB ACHBa Proposed Inverter

DC source (VDC) 1 1 0 0 0 

DC source (VDC/18) 0 0 27 0 0 

DC source (VDC/13) 0 0 0 3 3 

DC source (3VDC/13) 0 0 12 3 3 

DC source (9VDC/13) 0 0 12 3 1 

IGBT (VDC/18) 0 0 108 0 0 

IGBT (VDC/17) 102 102 0 0 0 

IGBT (VDC/13) 0 0 0 12 12 

IGBT (3VDC/13) 0 0 0 12 12 

IGBT (9VDC/13) 0 0 0 12 6 

Clamping diode (VDC/17) 816 0 0 0 0 

Capacitorb (VDC/17) 17 408 0 0 0 

Note: a ACHB is the asymmetrical cascade H-bridge with voltage source scaled in power of 3 [49] 
b Excluding rectifier capacitors 

6.3 Control Strategy and PWM Generation 
The level shifted pulse width modulation (LSPWM) scheme presented in section 4.3 of 

Chapter-4 for 9-level inverter is extended to generate PWM pulses for proposed 18-level 

inverter. The schematic block diagram of V/f control scheme is shown in Fig. 6.2. The 

switching frequency is kept constant during the entire range of operation and it is selected as 

500Hz. The required reference phasor V*
r is calculated from the motor speed requirement by 

using constant V/f control. The three reference phase voltages ( *
1 2A AV , *

1 2B BV , *
1 2C CV ) are 

generated by transferring the orthogonal components of reference voltage phasor Vr
* into the 

three phase quantity and given by  

 

* *
1 2

* *
1 2

* *
1 2

( 2 / 3)

( 2 / 3)

A A m

B B m

C C m

V V Sin t

V V Sin t

V V Sin t

ω

ω π

ω π

⎫=
⎪

= − ⎬
⎪= + ⎭

  (6.1) 

These reference waves are fed to SVPWM generation block which add a DC bias of 

magnitude 
2

cnV  and an offset (Voffset) signal as discussed in section 4.3 of Chapter-4.  
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Fig. 6.2: Schematic block diagram of V/f control scheme  

The three modulating signals correspond to phase-A, B and C, generated by SVPWM 

block are given by equation  

 

* *

* *

* *

/ 2

( 2 / 3) / 2

( 2 / 3) / 2

a m offset c

b m offset c

c m offset c

V V Sin t V nV

V V Sin t V nV

V V Sin t V nV

ω

ω π

ω π

⎫= + +
⎪⎪= − + + ⎬
⎪= + + + ⎪⎭

  (6.2) 

     Where, * * * * * *
1 2 1 2 1 2 1 2 1 2 1 2[max( , , ) min( , , )] / 2offset A A B B C C A A B B C CV V V V V V V= − +  and Vc is the 

amplitude of triangular carrier. The value of 'n' changes from 1 to 17 for two-level to eighteen-

level operation.   

The adopted LSPWM scheme uses seventeen level shifted triangular carriers (C1-

C17). These seventeen triangular carriers divide the entire range of modulation into eighteen 

different regions R1-R18 as shown in Fig. 6.3. The region below the first triangular carrier C1 

is define as R1, region between C1 and C2 is R2 similarly region between C2 and C3 is called 

R3, in the same way R4-R17 are defined and finally R18 is the region above last triangular 

carrier C17. These eighteen regions R1-R18 correspond to eighteen levels L1-L18 as shown in 

Table 6.3. The 18-level SVPWM generation block simultaneously compared the three 

modulating signals ( *
aV , *

bV , *
cV ) with seventeen triangular carrier (C1-C17) and identify the 

level of operation according to Table 6.3. Once the level of operation is found required 

voltage level is applied across the phase by turning ‘ON’ the switches correspond to that 

level using Table 6.1. One important point can be noticed here that in the adopted PWM 

scheme switching losses are less as compared to conventional LSPWM scheme because for 

lower modulation indices, switching occur only in ACHB inverter which operates at lower DC 

link voltage and two-level inverter is clamped at +9VDC/13, whereas in case of conventional 

LSPWM two-level inverter is also operated in PWM mode hence more switching losses.  

The proposed inverter starts to operate in two-level mode for lower speed range and as 

the speed increases operation is shifted from two-level to 18-level mode including even 

number of levels.  
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Fig. 6.3: Modulating signals with eight level shifted triangular carriers 

 

Table 6.3: Determination of region and phase voltage level from modulating signal 

Level 
Modulating signal 

amplitude 
Region 

Phase voltage 

level 

L1 <C1 R1 -VDC 

L2 >C1 and <C2 R2 -12VDC/13 

L3 >C2 and <C3 R3 -11VDC/13 

L4 >C3 and <C4 R4 -10VDC/13 

L5 >C4 and <C5 R5 -9VDC/13 

L6 >C5 and <C6 R6 -8VDC/13 

L7 >C6 and <C7 R7 -7 VDC/13 

L8 >C7 and <C8 R8 -6 VDC/13 

L9 >C8 and <C9 R9 -5VDC/13 

L10 >C9 and <C10 R10 -4VDC/13 

L11 >C10 and <C11 R11 -3VDC/13 

L12 >C11 and <C12 R12 -2VDC/13 

L13 >C12 and <C13 R13 -VDC/13 

L14 >C13 and <C14 R14 0 

L15 >C14 and <C15 R15 +VDC/13 

L16 >C15 and <C16 R16 +2VDC/13 

L17 >C16 and <C17 R17 +3VDC/13 

L18 >C17 R18 +4VDC/13 

Time (s)

C15

C17
C16

C14
C13

C11
C12

C10
C9
C8

C6
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C3
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6.4 Mathematical Modelling of Proposed 18-Level Inverter  
A mathematical model of the proposed 18-level inverter is developed based on 

switching states. The pole voltage VA1O of 9-level 'Inverter-A' in terms of switching states and 

DC link voltage is given by:   

 
[ ]

1 1 4 2 3 5 8 6 7

1 4 2 3 5 8 6 7

3( ) ( )
13 13

      ( ) 3( )
13

DC DC
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DC
A A A A A A A A

V V
V S S S S S S S S

V
S S S S S S S S

= − + −

= − + −
  (6.3) 

   
Similarly the others pole voltages VB1O and VC1O can be written as  

 
[ ]
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[ ]
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DC
C C C C C C C C
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V S S S S S S S S

V
S S S S S S S S

= − + −

= − + −
  (6.5) 

Similarly, two-level 'Inverter-B' pole voltages (VA2O',VB2O',VC2O') with respect to point-O’ in 

terms of DC link voltages and switching states are given by 

 

2 ' 9

2 ' 9

2 ' 9

9
13

9
13

9
13

DC
A O A

DC
B O B

DC
C O C

V
V S

V
V S

V
V S

⎫= ⎪
⎪
⎪= ⎬
⎪
⎪

= ⎪
⎭

  (6.6) 

The actual phase voltages in terms of pole voltages can be expressed as: 

 
1 2 1 ' 2 '

1 2 1 ' 2 '

1 2 1 ' 2 '

A A A O OO A O

B B B O OO B O

C C C O OO C O

V V V V
V V V V
V V V V

= + − ⎫
⎪= + − ⎬
⎪= + − ⎭

  (6.7) 

Where VOO’ is the common mode voltage and given by   

 
+ + − + +

= 2 ' 2 ' 2 ' 1 1 1
'

( ) ( )
3

A O B O C O A O B O C O
OO

V V V V V VV   (6.8) 

The three-phase motor voltages can be written in terms of pole voltages as:  

 

1 2 1 2 ' 1 2 ' 1 2 '

1 2 1 2 ' 1 2 ' 1 2 '

1 2 1 2 ' 1 2 ' 1 2 '

2 1 1( ) ( ) ( )
3 3 3

1 2 1( ) ( ) ( )
3 3 3
1 1 2( ) ( ) ( )
3 3 3

A A A O A O B O B O C O C O

B B A O A O B O B O C O C O

C C A O A O B O B O C O C O

V V V V V V V

V V V V V V V

V V V V V V V

⎫= − − − − − ⎪
⎪
⎪= − − + − − − ⎬
⎪
⎪

= − − − − + − ⎪⎭

  (6.9) 
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Where VA1A2,VB1B2,VC1C2 are the phase voltages of motor phase A, B and C 

respectively. Equation (6.9) can be written in matrix form as: 

 
1 2 1 2 '

1 2 1 2 '

1 2 1 2 '

2 1 1
1 1 2 1
3

1 1 2

A A A O A O

B B B O B O

C C C O C O

V V V
V V V
V V V

− − −⎡ ⎤ ⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥ ⎢ ⎥= − − −⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥ ⎢ ⎥− − −⎣ ⎦ ⎣ ⎦ ⎣ ⎦

  (6.10) 

After putting the values of pole voltages from equations (6.3) - (4.25), phase voltages 

can be expressed as follows:  
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 (6.11) 

The relationship between orthogonal components Vqs, Vds of voltage space phasor in 

terms of phase voltages VA1A2, VB1B2, VC1C2 is given by the transformation as:  

 
1 2

1 2

1 2

1 1/ 2 1/ 2
2 0 3 / 2 3 / 2
3

1/ 2 1/ 2 1/ 2

qs A A

ds B B

os C C

V V
V V
V V

− −⎡ ⎤⎡ ⎤ ⎡ ⎤
⎢ ⎥⎢ ⎥ ⎢ ⎥= −⎢ ⎥⎢ ⎥ ⎢ ⎥
⎢ ⎥⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦⎣ ⎦

  (6.12) 

  These d-q components acts as inputs for the open-end winding induction motor model 

developed in section 2.4.2, to calculate the motor phase currents.  

6.5 Simulation Results and Discussion    
In order to verify the performance of proposed 18-level inverter scheme for open-end 

induction motor drive, extensive simulation studies are carried out. The mathematical model 

of 18-level inverter developed in section 6.4 is simulated in MATLAB/Simulink environment 

and simulation study is carried out in fixed-point simulation mode at a sampling time of 10 

µSec. The mathematical model of 1.5kW open-end winding induction motor describe in 

subsection 2.4.2 is also developed in MATLAB/Simulink. The switching frequency (fc) is kept 

constant at 500Hz for the entire range of modulation and DC link voltage (VDC) is taken as 

600V for simulation study. The open-end winding IM is operated in constant V/f mode under 

no-load condition covering the entire range of linear modulation. The modulation index (m) is 

defined as the ratio of the magnitude of the required voltage space phasor ( *
rV ) to the 

maximum magnitude of the voltage space phasor (VDC); the maximum value modulation 

index (m) in linear modulation region is 0.866. To cover the entire range of linear modulation 

four values of modulation indices (m) 0.16, 0.36, 0.52 and 0.8 correspond to frequencies (f*m) 

of 8, 18, 26 and 40Hz respectively are selected. The motor phase-A voltage (VA1A2), phase-A 

current (iA1A2), their harmonic spectra, inverters pole-A voltages (VA1O, VA2O') and difference of 

inverters pole-A voltages (VA1O - VA2O') are considered as evaluation criteria. The simulation 

results are presented in Fig. 6.4 - Fig. 6.20 under steady-state as well as for transient-state 

conditions.  
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The waveforms for motor phase-A voltage (VA1A2), phase-A current (iA1A2), their 

harmonic spectrums, inverters pole-A voltages (VA1O, VA2O') and difference of inverters pole-A 

voltages (VA1O - VA2O') at modulation index m =0.16 are shown in Fig. 6.4 through Fig. 6.7. At 

this modulation index the modulating signals situated within the regions R1 - R5 and inverter 

operates in 5-level mode of operation. The fundamental frequency (f*m) of the motor for this 

modulation index is 8Hz. The motor phase-A voltage (VA1A2) and current (iA1A2) at modulation 

index m =0.16 shown in Fig. 6.4 are equivalent to 5-level inverter waveforms. The harmonic 

spectrum of phase-A voltage and current with respect to their fundamental component for the 

modulation index m =0.16 are shown in Fig. 6.5 and Fig. 6.6 respectively. It is evident from 

these spectrums that the THD of phase voltage and current are 12.31% and 1.14% 

respectively and lower order harmonics responsible for higher losses are significantly very 

low. 

The pole-A voltages (VA1O, VA2O') and difference of inverters pole-A voltages (VA1O - 

VA2O') are shown in Fig. 6.7 for 5-level mode of operation. It may be observed from pole 

voltages waveform that 9-level inverter-A operates in 5-level mode and attains the pole 

voltage values correspond to -(4/13)VDC, -(3/13)VDC, -(2/13)VDC, -(1/13)VDC and  0; while the 

two-level inverter-B is clamped at (9/13)VDC. The difference of pole voltages (VA1O - VA2O') 

switch between five voltage levels -VDC, -(12/13)VDC, -(11/13)VDC, -(10/13)VDC and -(9/13)VDC 

which confirm the 5-level mode of operation.  

Fig. 6.8 through Fig. 6.11 illustrate the simulated results obtained when inverter 

operates in 10-level mode of operation. For the value of modulation index m=0.36 the three 

modulating waves reside in regions R1 - R10 so inverter operates in 10-level mode of 

operation. The motor operates at fundamental frequency f*m=18Hz. The motor phase voltage 

and current waveforms shown in Fig. 6.8 are further refine and approach towards sinusoidal. 

It can be observed from pole voltage waveform shown in Fig. 6.11 that ACHB Inverter-A pole 

voltage switch between all 9-levels ±(4/13)VDC, ± (3/13)VDC, ± (2/13)VDC,  ±(1/13)VDC and 

zero; whereas inverter-B operate in two-level mode only for half of the duration of 

fundamental cycle and for remaining half period it is still clamped at (9/13)VDC. The difference 

of pole voltages (Fig. 6.11 bottom trace) contains ten distinct voltage levels corresponding to 

the levels -VDC, -(12/13)VDC, -(11/13)VDC, -(10/13)VDC, -(9/13)VDC, -(8/13)VDC, -(7/13)VDC, -

(6/13)VDC, -(5/13)VDC and -(4/13)VDC. The harmonic spectrums of phase-A voltage and 

current are presented in Fig. 6.9 and Fig. 6.10 respectively. The harmonic spectrum of phase 

voltage is further improved with the THD of 2.79% and the magnitude of dominant harmonic 

component is less than 1.5% (Fig. 6.9 b). The THD of phase current is slightly increased 

from 1.14% (in 5-level mode) to 1.43% (in 10-level mode) due to presence of lower order 

harmonics.  
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Fig. 6.4: Motor phase-A, voltage VA1A2 (upper trace) and current iA2A2 (lower trace) of 18-level 

inverter fed open-end IM drive at no load (m=0.16; f*m =8Hz; 5-level mode) 

 

 
(a) 

 
(b) 

Fig. 6.5: (a) Harmonic spectrum of phase-A voltage (VA1A2) at m=0.16; f*m =8Hz          
(b) Zoom view of harmonic spectrum shown in (a) 
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(a) 

 
(b) 

Fig. 6.6: (a) Harmonic spectrum of phase-A current (iA1A2) at m=0.16; f*m =8Hz            
(b) Zoom view of harmonic spectrum shown in (a) 

 
Fig. 6.7 :Top trace; Inverter-A pole voltage (VA1O), Middle trace; Inverter-B pole voltage 

(VA2O’),  Bottom trace; Difference of Inverter-A and -B pole voltages (VA1O - VA2O’) at m=0.16; 
f*m =8Hz (5-level mode) 
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Fig. 6.8: Motor phase-A, voltage VA1A2 (upper trace) and current iA2A2 (lower trace) of 18-level 

inverter fed open-end IM drive at no load (m=0.36; f*m =18Hz; 10-level mode) 

 
(a) 

 
(b) 

Fig. 6.9: (a) Harmonic spectrum of phase-A voltage (VA1A2) at m=0.36; f*m =18Hz         
(b) Zoom view of harmonic spectrum shown in (a) 
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(a) 

 
(b) 

Fig. 6.10: (a) Harmonic spectrum of phase-A current (iA1A2) at m=0.36; f*m =18Hz          
(b) Zoom view of harmonic spectrum shown in (a) 

 
Fig. 6.11 :Top trace; Inverter-A pole voltage (VA1O), Middle trace; Inverter-B pole voltage 

(VA2O’),  Bottom trace; Difference of Inverter-A and -B pole voltages (VA1O - VA2O’) at m=0.36; 
f*m =18Hz (10-level mode) 
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Similar types of results are obtained for the modulation index m=0.52 correspond to 13-

level mode of operation. The motor is operated at fundamental frequency f*m=26Hz. The 

range of modulating signals varies from region R1-R13 and thirteen levels (L1-L13) are applied 

across the motor phase winding. The simulated phase voltage and current waveforms are 

shown in Fig. 6.12. It is evident from inverter-B pole-A voltage (VA2O’) waveform shown in Fig. 

6.15 (middle trace) that inverter-B which operates at higher DC link voltage change its state 

from (9/13)VDC to zero once in a cycle hence switching losses are reduced. Inverter-A 

operates in 9-level mode and takes all nine voltage levels correspond to ±(4/13)VDC, 

±(3/13)VDC, ±(2/13)VDC, ±(1/13)VDC and zero (upper trace of Fig. 6.15). The thirteen level 

realized for modulation index m=0.52 are -VDC, -(12/13)VDC, -(11/13)VDC, -(10/13)VDC, -(9/13)VDC, 

-(8/13)VDC,  -(7/13)VDC, -(6/13)VDC, -(5/13)VDC, -(4/13)VDC, -(3/13)VDC, -(2/13)VDC and -(1/13)VDC as 

depicted in pole voltage waveform shown in bottom trace of  Fig. 6.15. The THD of phase-A 

voltage (Fig. 6.13) and current (Fig. 6.14) are 2.69% and 1.34% respectively. The magnitude 

of dominant harmonic component of voltage is 1% and current is less than 2%.  

Another set of simulation results at modulation index m=0.8 is shown in Fig. 6.16 

through Fig. 6.19 in same order as the previous set of results. Motor runs at fundamental 

frequency f*m=40Hz. The range of modulating signals varies from region R1-R18 and all 

eighteen levels are applied across the motor phase winding. The simulated waveforms of 

phase-A voltage and current shown in Fig. 6.16 are almost sinusoidal in nature. Although the 

pole voltages waveforms (Fig. 6.19) having the same voltage levels as they posses in  13-

level mode of operation, but their difference (Fig. 6.19 bottom trace) is having eighteen 

voltage levels correspond to -VDC, -(12/13)VDC, -(11/13)VDC, -(10/13)VDC, -(9/13)VDC, -(8/13)VDC,    

-(7/13)VDC, -(6/13)VDC, -(5/13)VDC, -(4/13)VDC, -(3/13)VDC, -(2/13)VDC, -(1/13)VDC, 0, +(1/13)VDC, 

+(2/13)VDC, +(3/13)VDC and +(4/13)VDC. It is evident in this mode also that inverter-B which 

operate at higher DC link voltage switched its state from (9/13)VDC to zero once in a 

fundamental cycle hence less switching losses occur in two-level inverter-B. The harmonic 

spectra of phase voltage and current are presented in Fig. 6.17 and Fig. 6.18 respectively.  

The performance of proposed inverter fed open-end winding IM drive system is also 

investigated during transient state. The inverter operation is suddenly change from 5-level 

mode to 18-level mode by changing the modulation index from 0.16 (5-level mode) to 0.8 

(18-level mode) and vice versa at no-load. Fig. 6.20(a) shows the motor phase-A voltage 

(VA1A2) and current (iA1A2) during sudden change from 5-level to 18-level mode of operation. 

The changeover from lower to higher level mode of operation takes place instantaneously 

and drive attains its steady state within few cycles. Fig. 6.20(b) shows the motor phase-A 

voltage (VA1A2) and current (iA1A2) during sudden change from 18-level to 5-level mode of 

operation. The changeover from higher to lower level mode of operation also takes place 

instantaneously and drive attains its steady state very quickly.  
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Fig. 6.12: Motor phase-A, voltage VA1A2 (upper trace) and current iA2A2 (lower trace) of      
18-level inverter fed open-end IM drive at no load (m=0.52; f*m =26Hz; 13-level mode) 

 
(a) 

 
(b) 

Fig. 6.13: (a) Harmonic spectrum of phase-A voltage (VA1A2) at m=0.52; f*m =26Hz         
(b) Zoom view of harmonic spectrum shown in (a) 
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(a) 

 
(b) 

Fig. 6.14: (a) Harmonic spectrum of phase-A current (iA1A2) at m=0.52; f*m =26Hz          
(b) Zoom view of harmonic spectrum shown in (a) 

 
Fig. 6.15 :Top trace; Inverter-A pole voltage (VA1O), Middle trace; Inverter-B pole voltage 

(VA2O’),  Bottom trace; Difference of Inverter-A and -B pole voltages (VA1O - VA2O’) at m=0.52; 
f*m =26Hz (13-level mode) 
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Fig. 6.16: Motor phase-A, voltage VA1A2 (upper trace) and current iA2A2 (lower trace) of      
18-level inverter fed open-end IM drive at no load (m=0.8; f*m =40Hz; 18-level mode) 

 
(a) 

 
(b) 

Fig. 6.17: (a) Harmonic spectrum of phase-A voltage (VA1A2) at m=0.8; f*m =40Hz         
(b) Zoom view of harmonic spectrum shown in (a) 
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(a) 

 
(b) 

Fig. 6.18: (a) Harmonic spectrum of phase-A current (iA1A2) at m=0.8; f*m =40Hz           
(b) Zoom view of harmonic spectrum shown in (a) 

 
Fig. 6.19 :Top trace; Inverter-A pole voltage (VA1O), Middle trace; Inverter-B pole voltage 

(VA2O’),  Bottom trace; Difference of Inverter-A and -B pole voltages (VA1O - VA2O’) at m=0.8; 
f*m =40Hz (18-level mode) 
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(a) 

 
(b) 

Fig. 6.20: (a) Motor phase-A voltage VA1A2 (upper trace) and current iA1A2 (lower trace) 
waveforms under sudden change in modulation index from 0.16 (5-level mode) to 0.8   

(18-level mode) at no-load                                                     
(b) Motor phase-A voltage VA1A2 (upper trace) and current iA1A2 (lower trace)               

waveforms under sudden change in modulation index from 0.8 (18-level mode) to 0.16     
(5-level mode) to at no-load 
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6.6 Performance Comparison 
The performance of 18-level inverter is compared with hybrid 9-level inverter proposed 

in Chapter-5, in terms of level of operation, THD of phase-A voltage and dominant harmonic 

component of phase-A voltage under different modulation indices and results are tabulated in 

Table 6.4. It can be observed in Table 6.4 that 18-level inverter shows better performance 

over hybrid 9-level inverter throughout the modulation range even though the switching 

frequency of 18-level inverter is half of the switching frequency of hybrid 9-level inverter. The 

simulation results shown in Fig. 6.4 - Fig. 6.20 confirm the viability of proposed 18-level 

inverter scheme for open-end IM drive system.  

 

Table 6.4: Performance comparisons of 18-level inverter with hybrid 9-level inverter 

Performance 
parameter Type of inverter  

Modulation  index(m) 

0.16 0.36 0.52 0.8 

Level of operation 
18-level invertera 5 10 13 18 

Hybrid 9-level inverterb 3 5 7 9 

RMS of phase-A  
voltage (V) 

18-level invertera 60.02 133.7 192.3 296.4 

Hybrid 9-level inverterb 48.48 103.4 148 227.4 

RMS of phase-A  
current (A) 

18-level invertera 1.086 1.249 1.276 1.281 

Hybrid 9-level inverterb 0.823 0.966 0.983 0.993 

Frequency of phase 
voltage (Hz) 

18-level invertera 8 18 26 40 

Hybrid 9-level inverterb 8 18 26 40 

THD of phase-A 
voltage in % 

18-level invertera 12.31 2.79 2.69 2.16 

Hybrid 9-level inverterb 41.18 6.86 3.66 1.44 

Order of dominant 
voltage harmonic 
(amplitude in %) 

18-level invertera 60 
(4.0) 

57 
(1.5) 

27 
(1.0) 

20 
(0.98) 

Hybrid 9-level inverterb 250±1 
(18.2) 

111±2 
(3.64) 

77±2 
(4.2) 

57 
(2.2) 

THD of phase-A 
current in % 

18-level invertera 1.14 1.43 1.34 2.33 

Hybrid 9-level inverterb 2.77 1.14 0.94 1.85 

Order of dominant 
current harmonic 
(amplitude in %) 

18-level invertera 60 
(0.98) 

2 
(1.2) 

3 
(1.5) 

3 
(2.2) 

Hybrid 9-level inverterb 250±1 
(1.20) 

39 
(0.8) 

13 
(1.5) 

13 
(1.45) 

Note:  a Switching frequency of 18-level inverter is 500Hz  
b Switching frequency of hybrid 9-level inverter is 1kHz   
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6.7 Conclusion    
In this chapter an 18-level inverter topology is proposed for open-end winding induction 

motor drive. The proposed topology is realized using the same numbers of IGBTs as those 

are required by hybrid 9-level inverter presented in Chapter-5. The proposed topology 

produces a voltage space phasor of maximum amplitude of VDC whereas the maximum DC 

link voltage used is (9/13)VDC, this feature further reduces the size of inverter. In the 

proposed 18-level inverter configuration the two-level inverter which operates at higher DC-

link voltage is switched less frequently than the inverter with lower DC-link voltage for the 

entire range of modulation hence  switching losses are reduced. The proposed topology is 

compared with conventional topologies in terms of number of components used and it is 

found that the proposed 18-level inverter completely eliminates 816 clamping diodes and 17 

capacitors which are required in 18-level NPC. It also eliminates 408 balancing capacitors 

which are required in 18-level FC inverter. The proposed topology uses only seven isolated 

DC sources as compared to conventional CHB topology which requires 27 isolated DC 

supplies. However, out of seven isolated DC sources six sources are of lower voltage rating; 

these lower voltage rating isolated sources can be easily implemented using photovoltaic 

power cells.  

 A switching function based mathematical model of the proposed 18-level inverter is 

developed and the performance is evaluated by running a 1.5kW open-end winding induction 

motor at no-load under same operating conditions as that of use to evaluate the performance 

of hybrid 9-level inverter proposed in Chapter-5. Motor phase voltage, phase current, their 

harmonic spectrums, inverter pole voltages, difference in inverter pole voltages and sudden 

change in modulation index are considered as an evaluation criteria for performance 

evaluation. The inverter switching frequency is kept half of the switching frequency of hybrid 

9-level inverter proposed in Chapter-5. The MATLAB/Simulink based simulation studies have 

been carried out and results are presented. From the simulation results, it can be observed 

that the proposed 18-level inverter gives reduced harmonic distortion even at half of the 

switching frequency when compared with hybrid 9-level inverter fed open-end winding IM 

drive.  
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CHAPTER 7:                 SYSTEM DEVELOPMENT AND EXPERIMENTATION   

[This chapter presents the design of system hardware, RT-Lab Meta Controller interfacing and 

experimentation for the prototype models of different topologies of MLIs to validate the simulation 

results presented in previous chapters. The development for laboratory prototype models of 5-Level 

Inverter (topology-1), 9-Level Inverter (topology-2) and Hybrid 9-Level Inverter (topology-3) for open-

end IMD is carried out. RT-Lab real time digital simulator with Spartan-3 board is used for real time 

interface with MATLAB/Simulink environment. A level shifted triangular carrier based space vector 

pulse width modulation (SVPWM) algorithm as describe in previous chapter is implemented on RT-

Lab real time controller to generate gate pulses for the IGBTs of developed prototype inverters. To 

evaluate the performance of the prototype inverters experimentation is carried out. Further, these 

experimental studies are validated with simulation results obtained using the experimental 

parameters.]  

7.1 Introduction 
The multi-level voltage across the phase windings of open-end winding IM can be 

obtained by using different combination of inverter at both ends. In the previous chapters 

extensive simulation study is carried out on D2L inverter, 5-level inverter, 9-level inverter, 

hybrid 9-level inverter and 18-level inverter for induction motor drive. In order to validate the 

simulation results, downscaled prototypes of following topologies are developed in the 

laboratory and experimentation is carried out:  

Topology-1: 5-Level Inverter for open-end IMD 

Topology-2: 9-Level Inverter for open-end IMD 
Topology-3: Hybrid 9-Level Inverter for open-end IMD 
The system hardware of these prototypes is developed in three stages: 

• Implementation of power circuit 

• Implementation of control circuit 

• Measurement of system parameters  

 The power circuit of IMD consists of rectifier system, intermediate DC circuit system 

and inverter system. The DC-link voltages are obtained through uncontrolled diode bridge 

(KBPC3510) and to make it ripple free suitable ratings of DC link capacitors are chosen. The 

inverter circuits of all three topologies are developed using IGBTs (IRG4PH40KD).  

 The control algorithm to generate gate pulses for IGBTs is developed in 

MATLAB/Simulink environment. The RT-Lab is used as a real time HIL (hardware in loop) 

controller to implement control algorithm in real time. The RT-Lab compiler converts the 

MATLAB/Simulink program into a code compatible to Spartan-3 FPGA (field programmable 

gate array) board. The FPGA board generates the control signals for the IGBTs in real time 

which are taken out from digital output port of the RT-Lab. The feedback signals required to 

generate gate pulses are taken into RT-Lab by using analog input port.  
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 The measurement of various system parameters and their conditioning is required to 

generate the pulses for switching devices at desired instants. To measure various 

parameters like voltage, current measuring circuits are developed in the laboratory using 

voltage and current sensors. 

7.2 Hardware Implementation      
The development of different hardware components as required for the operation of the 

hardware prototypes are discussed in this section.  

7.2.1 Power Circuit Implementation 
 The general block diagram of power circuit of above-mentioned topologies is shown 

in Fig. 7.1. It consists of isolation transformer, rectifier, inverter-A and inverter-B. The double 

wound isolation transformer of 1kVA rating having three windings of 230V/115V/115V, 50Hz 

is used to supply AC power to the rectifiers. Isolated DC sources are developed using single 

phase uncontrolled rectifiers diode bridge (KBPC3510) rectifier. A 2200µF capacitor is 

connected across the output terminal of rectifier to make the DC voltage ripple free.  Inverter-

A in case of topology-1 (5-level inverter) and topology-2 (9-level inverter) is a cascade three-

phase 3-level inverter as shown in Fig. 7.2(a), whereas in case of topology-3 (Hybrid 9-level 

inverter) it is three-phase 5-level hybrid inverter whose one leg is shown in Fig. 7.3. Inverter-

B for topology-1 and topology-3 is a conventional two-level inverter whereas for topology-2 it 

is the same as 3-level inverter-A used in this topology. All these inverters are fabricated 

using IGBTs (International Rectifier IRG4PH50KD). Excessive transient voltages can occur, 

if the leakage inductance in the power circuit and snubber is not minimized. With 

conventional bus, longer connections of power circuit can cause more parasitic inductance 

making snubber design more difficult. In order to obtain low bus inductance in the power 

circuit their layout arrangement is optimized, thick aluminum heat sinks are designed to 

ensure proper heat dissipation and snubber circuit is directly mounted on the IGBT terminals.  

   

 
Fig. 7.1: General block diagram of power circuit   

 

 



 

189 

 

The snubber circuit comprises of a parallel combination of a resistor and a capacitor 

connected across a Metal-Oxide Varistor (MOV). The values of resistance and oil 

Impregnated capacitor of snubber circuit are selected as 50E+10%, 6W and KT-22 (1000V 

DC) respectively. The MOV selected for snubber is GE14 V320.     

7.2.1.1 Topology-1: 5-Level Inverter Scheme  
The power circuit of 5-level inverter shown in sub section 3.2.1 is implemented in the 

laboratory using IGBTs. The circuit configuration of Inverter-A and Inverter-B are shown in 

Fig. 7.2(a) and Fig. 7.2(b) respectively. In this configuration two numbers of isolation 

transformers and three single phase rectifier bridges are required to develop three isolated 

DC sources. 

 

 
(a) 

 
(b) 

Fig. 7.2: (a) Power circuit of 3-Level inverter-A; (b) Power circuit of two-level inverter-B 
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7.2.1.2 Topology-2: 9-Level Inverter Scheme 
The 9-level inverter scheme shown in sub section 4.2.1 is developed in the laboratory 

for experimentation using two numbers of 3-level inverter. The power circuit of 3-level 

inverter-A and inverter-B are same as shown in Fig. 7.2 (a); the difference is only in their DC 

link voltages. This topology requires four isolated DC sources so two numbers of isolation 

transformers and four rectifier bridges are used.  

7.2.1.3 Topology-3: Hybrid 9-Level Inverter Scheme 
The hybrid 9-level inverter topology proposed in sub section 5.2.1 is developed in the 

laboratory for hardware validation. A single leg of 5-level Inverter-A is shown in Fig. 7.3, the 

other side inverter-B is same as the two-level inverter used in topology-1 with DC link voltage 

of VDC/2. This topology requires only one isolation transformer and two single phase rectifier 

bridges to develop two isolated DC link. As per design the value of capacitors CA1 and CA2 is 

selected as 2200µF.  

 

 
Fig. 7.3: Power circuit of single leg of hybrid 5-level inverter-A 

7.2.2 Control Circuit Implementation  
The block diagram of developed prototype of open-end winding induction motor drive is 

shown in Fig. 7.4. The gate pulses for IGBTs of inverter-A and inverter-B are generated by 

Opal-RT real time simulator using Spartan-3 FPGA board. In the block diagram only six 

pulses are shown for each inverter, but in actual the number of pulses depend upon the 

configuration of inverters. The control algorithm is developed using MATLAB /Simulink 

software and RT-Events block set of RT-Lab. The RT- Lab Meta controller compile the 

developed algorithm and generate optimized C-code for RT-lab real time digital simulator to 

generate gate pulses for IGBTs in real time simulation mode. The control pulses are available  
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Fig. 7.4: Block diagram of open-end winding induction motor drive 

 

at digital output card of RT-Lab simulator. These pulses are interfaced with the IGBTs driver 

circuits through isolation and dead-band circuits. This ensures the necessary isolation of the 

RT-Lab controller hardware from the power circuit, which is required for its protection. Fig. 

7.4 shows the schematic diagram of interfacing firing pulses from RT-Lab controller to IGBTs 

of inverters. It can be observed that the isolation circuit, dead band circuit and IGBT driver 

circuit is required for interfacing the inverters with RT-Lab digital output card.  

7.2.2.1 Isolation Circuit   
An isolation circuit is used to provide optical isolation between RT-Lab digital output 

card and power circuit of inverter. Fig. 7.5 shows the isolation circuit for four IGBTs. A non-

inverting hex buffer HCF4050BE is used to prevent loading of RT-Lab digital output card. 

Optical isolation is achieved using Toshiba make opto-coupler 6N137 chip.  

7.2.2.2 Dead-Band Circuit 
The IGBTs of same leg operate in complementary and to avoid short-circuit of IGBTs in 

the same leg due to simultaneous conduction a dead-band circuit is used.  The time delay (of 

about 1 µs) between gate pulses of IGBTs of same leg is introduced by R-C circuit  and logic   
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Fig. 7.5: Isolation circuit for four IGBTs 

 
(a) 

 
(b) 

Fig. 7.6: Dead band circuit (a) Circuit diagram; (b) Waveforms at different points 
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gates as shown in Fig. 7.6. The output of the isolation circuit is passed through dead band 

circuit before given to IGBT.   

7.2.2.3 IGBT Driver Circuit 
The IGBT driver circuit is used to amplify the amplitude of gate pulse and provide 

isolation between power circuit and control circuit. The driver circuit has inbuilt features like 

fault protection and protection against the under-voltage lockout. HCPL-316J chip from 

Agilent Technologies is used as an IGBT driver chip. It can drive IGBTs up to 150 A at an 

applied voltage up to 1200 V. The circuit diagram of the IGBT driver circuit is shown in       

Fig. 7.7. During normal operation, Vout signal (Pin no. 11) of the HCPL-316J is controlled by 

either by VLN+ (Pin no. 1) or VLN- (Pin no. 2), with the IGBT collector-to-emitter voltage 

being monitored at DSAT (Pin no. 14). The FAULT and RESET are active low signals hence 

during normal operation FAULT output and RESET input should be held high. When the 

voltage on the DSAT pin (Pin no. 14) exceeds 7V, while IGBT is on, VOUT (Pin no. 11) is slowly 

brought low in order to “softly” turn-off the IGBT and prevent large induced voltages. Also, an 

internal feedback channel is activated which brings FAULT output (Pin no. 6) low for the 

purpose of notifying the RT-Lab controller of the fault condition. The FAULT output 

remains low until 

 
Fig. 7.7: IGBT driver circuit 
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RESET is brought low. An LED indication is provided in each driver circuit to indicate the 

occurrence of a fault, thus prompting a corrective action, either manually or through RT-Lab 

controller. The HCPL-316J Under Voltage Lockout (UVLO) feature is designed to prevent the 

application of insufficient gate voltage to IGBT by forcing the HCPL-316J output low during 

power-up. IGBTs typically require gate voltages of 15V to achieve their rated VCE(ON) voltage. 

At gate voltages below 12V typically, their on-voltage increases dramatically, especially at 

higher currents. At very low gate voltages (below 10V), the IGBT may operate in the linear 

region and quickly overheat. The UVLO feature causes the output to be clamped whenever 

insufficient operating supply voltage is applied. 

7.2.3 Measurement of System Parameter 
For accurate and reliable operation of the system, measurement of various system 

parameters and their conditioning is required. The measurement system must fulfil the 

following requirements: 

• Galvanic isolation between power and control circuit 

• High accuracy with ease of installation and operation 

• Linearity and fast response 

With the availability of Hall-effect current sensors and isolation amplifiers, these 

requirements are fulfilled to a large extent. In order to implement the control algorithm and 

monitoring purpose inverters pole voltages, phase voltages, capacitors voltages (Topology-3) 

and phase currents are sensed.  

7.2.3.1 Measurement of Voltage  
The voltages are normally sensed using isolation amplifiers and among them, AD202 is 

a general purpose, two-port, transformer-coupled isolation amplifier that can be used for 

measuring both ac and dc voltages. It offers bipolar ±5V output range, an adjustable gain 

range from 1 V/V to 100 V/V, ±0.025% maximum nonlinearity, 130dB of CMR and lower 

power consumption. The other main features of the AD202 isolation amplifier are: 

• Small physical size 

• High accuracy 

• Low power consumption 

• Wide bandwidth 

• Excellent common-mode performance 

This voltage sensor can sense voltages in the range of ±1 kV (peak) and it requires a 

nominal supply voltage range of ±12V to ±15V. Fig. 7.8 shows the circuit diagram for the 

voltage sensing scheme, which uses AD202 isolation amplifier. The voltage (ac or dc) to be 

sensed is applied between the terminals 1 and 2 (across a voltage divider comprising of 100 

kΩ and 1 kΩ)  and the voltage input to the sensor is available at the pins 1 and 2 of AD202  
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Fig. 7.8: AC/DC voltage sensing circuit 

 

via a resistance of 2.2 kΩ. The isolated sensed voltage is available at the output terminal 19 

of AD202. The output of voltage sensor is scaled properly to meet the requirement of the 

control circuit and is fed to the RT-Lab analog input card for further processing. 

7.2.3.2 Measurement of Current  
The motor phase currents are sensed using the PCB-mounted Hall-effect current 

sensors (TELCON HTP25). The HTP25 is a closed loop Hall-effect current transformer 

suitable for measuring currents up to 25A. This device provides an output current into an 

external load resistance. These current sensors provide the galvanic isolation between the 

high voltage power circuit and the low voltage control circuit and require a nominal supply 

voltage of the range ±12V to ±15V. It has a transformation ratio of 1000:1 and thus its output 

is scaled properly to obtain the desired value of measurement. The circuit diagram of the 

current sensing scheme is shown in Fig. 7.9.  

 
Fig. 7.9: Hall-effect sensor based AC current sensing circuit 
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7.2.4 System Software 
Historically, control software was developed using assembly language. In recent years, 

industry began to adopt MATLAB/Simulink and Real-Time Workshop (RTW) platform based 

method, which provides a more systematic way to develop control software. RT-Lab, from 

Opal-RT Technologies, is used as real-time hardware-in-loop controller to generate gate 

pulses for IGBTs in real-time. It is a complete real-time control system based on Intel™ 2.6 

GHz processor running at RedHat Linux operating system. The offline control algorithm 

developed in MATLAB/Simulink platform converted and transported to the Spartan-3 FPGA 

board of RT-Lab using Opal-RT’s compiler RT-Lab version 10.6. This saves the time and 

effort twice as there is no need to manually convert the Simulink model into another 

language such as C and one need not to be concerned about a real-time program frame and 

I/O function calls, or about implementing and downloading the code onto the RT-Lab. The 

process is notably very efficient when applied to input/output because RT-Lab provides a set 

of simulink block that automatically configure common I/O functions like analog inputs 

(feedback signals) and time-stamped digital outputs, with a resolution of 10 nanoseconds. 

The generated digital output signals are taken out from digital output card and fed to various 

IGBTs driver circuits via isolation and dead-band circuits. Fig. 7.10 shows the schematic 

diagram of RT-Lab board interfaced with the host computer and the real-world plant 

(Inverter-A and B). The sensed signals from the real-world are fed to the analog input card to 

use these signals for controlling or monitoring purpose. 

 

 

 
Fig. 7.10: Interfacing of RT-Lab with MATLAB and real-world plant (Inverter-A and B)  

7.3 Experimental Validation  
The prototype models of following MLI topologies are developed in the laboratory and 

experimentation is carried out:  

Topology-1: 5-Level Inverter for open-end IMD 

Topology-2: 9-Level Inverter for open-end IMD 
Topology-3: Hybrid 9-Level Inverter for open-end IMD 
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In simulation studies of these topologies the total DC link voltage (VDC) of 600V was 

selected, but due to the practical constraints total DC-link voltage of 200V is used. An open-

end winding induction motor of 1.5kW, 415V, 50Hz, 4pole is used as load and operated at 

no-load with constant V/f control. As the experimentation is carried out at reduced voltage, 

for validating the experimental results, the simulation study at reduced voltage is also carried 

out. The complete system hardware consists of power circuit and control circuit and its 

schematic diagram is shown in Fig. 7.4. Experimental results for each prototype are obtained 

on Agilent DSO1014A oscilloscope and presented in the next sub-sections. 

7.3.1 Experimental Validation of 5-level Inverter  
The performance of 5-level inverter scheme discussed in Chapter-3 is evaluated 

experimentally for 1.5kW, 415V, 50Hz, 4pole open-end winding induction motor operated in 

constant V/f mode under no-load condition covering the entire range of linear modulation. 

The control algorithm describe in section-3.3 is developed on RT-Lab real-time simulator and 

firing pulses for IGBTs are generated using Spartan-3 FPGA board. The three isolated DC 

link are implemented using single phase rectifier bridges and a 2200µF capacitor is 

connected at the output of rectifier. The switching frequency (fc) is kept constant at 1kHz and 

DC link voltage is taken as 200V for experimentation. The motor used for experimentation 

having the same parameters as the simulated motor model (Appendix-A). The motor phase-

A voltage (VA2A3), phase-A current (iA2A3), their harmonic spectrums, inverters pole-A voltages 

(VA2O, VA3O') and difference of inverters pole-A voltages (VA2O - VA3O') are considered as 

evaluation parameters. To cover the entire range of linear modulation four values of 

modulation indices (m) 0.2, 0.4, 0.6 and 0.8 correspond to frequencies (f*m) of 10, 20, 30, 

and 40Hz respectively are selected. The performance of 5-level inverter scheme is 

experimentally evaluated under steady-state as well as transient-state conditions and results 

are presented. In order to validate the experimental results, simulation results under same 

operating conditions are also given.  

 The experimentally obtained motor phase-A voltage (VA2A3), current (iA2A3) and pole 

voltages (VA2O, VA3O’) waveforms of individual inverters at modulation index m=0.2 are shown 

in Fig. 7.11(a) and Fig. 7.11(b) respectively. At this modulation index motor operates at 

fundamental frequency (f*m) of 10Hz. The simulated waveforms of motor phase-A voltage 

(VA2A3), current (iA2A3) and pole voltages (VA2O, VA3O’) of individual inverters at same operating 

conditions are presented in Fig. 7.13(a) and Fig. 7.13(b) respectively. It may be seen that the 

experimental results (Fig. 7.11) are in agreement with the simulation results (Fig. 7.13). In 

both cases (Experimental and Simulation) phase-A voltage (VA2A3) and current (iA2A3) 

waveforms are equivalent to the conventional two-level inverter voltage and current 

waveforms. The normalized harmonic spectrum of phase-A voltage VA2A3 (Fig. 7.11a), and 

current iA2A3 (Fig. 7.11b) obtained using FFT, are presented in Fig. 7.12(a) and Fig. 7.12(b) 
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respectively. It can be observed from Fig. 7.12 that the dominant harmonic components of 

phase voltage and current occur at the side band of multiple of 100 (fc/f*m =2*1000/10) i.e. at 

100th, 200th order. It can be observed from pole voltages waveform that 3-level inverter-A 

operates in two-level mode (0 and 100V) only for half of the duration of fundamental cycle 

and for remaining half cycle it is clamped at voltage level of 100V (VDC/2) so effective 

switching frequency is half of the actual switching frequency.  

Another set of experimental and simulation results when modulation index m =0.4 and 

fundamental frequency f*m=20Hz are shown in Fig. 7.14 - Fig. 7.16. The experimental results 

for motor phase-A voltage (VA2A3) and current (iA2A3) are presented in Fig. 7.14(a) and 

simulation results are shown in Fig. 7.16(a). The experimentally obtained pole voltages (VA2O, 

VA3O') and difference of inverters pole-A voltages (VA2O - VA3O') are depicted in Fig. 7.14(b). 

The simulated waveforms of pole voltages and their difference are shown in Fig. 7.16(b). The 

pole voltages waveforms are similar to the pole voltages waveforms obtained in previous 

case. The normalized harmonic spectrum of phase-A voltage (Fig. 7.14a) is shown in Fig. 

7.15(a) and THD is found 31.87% with dominant harmonic component at side band of 100th 

(2fc/f*m = 2*1000/20) order. Normalized harmonic spectrum of phase-A current is presented 

in Fig. 7.15(b) and THD is found 3.57%. It can be noticed that the experimental results 

obtained in this case also similar to simulation results. The experimental harmonic spectra 

are obtained by saving the actual motor phase voltage and current in to the workspace of 

MATLAB using analog input card of RT-Lab and then analyzed using FFT in MATLAB.  
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Fig. 7.13: (a) Motor phase-A, voltage VA2A3 (upper trace) and current iA2A3 (lower trace) of 5-
level inverter fed open-end IM drive at no load                                        

(b) Top trace; 3-level inverter-A pole voltage (VA2O), Middle trace; Difference of 3-level 
inverter-A and two-level inverter-B pole voltages (VA2O - VA3O’),  Bottom trace; Two-level 

inverter-B pole voltage (VA3O’)                                                     
(Simulation result: m=0.2; f*m =10Hz) 
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(b) 

Fig. 7.16: (a) Motor phase-A, voltage VA2A3 (upper trace) and current iA2A3 (lower trace) of     
5-level inverter fed open-end IM drive at no load                                      

(b) Top trace; 3-level inverter-A pole voltage (VA2O), Middle trace; Difference of 3-level   
inverter-A and two-level inverter-B pole voltages (VA2O - VA3O’),  Bottom trace; Two-level 

inverter-B pole voltage (VA3O’)                                                    
(Simulation result: m=0.4; f*m =20Hz) 
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Fig. 7.17 through Fig. 7.19 present the experimental and simulation results obtained 

when motor is operated at modulation index m =0.6 and fundamental frequency f*m=30Hz.    

Fig. 7.17(a) shows the experimental waveforms of phase-A voltage VA2A3 (upper trace) and 

current iA2A3 (lower trace). The simulated motor phase voltage and current is shown in Fig. 

7.19(a). The experimentally obtained inverter-A and inverter-B pole voltages (VA2O, VA3O’), are 

presented in Fig. 7.17(b). The middle trace of Fig. 7.17(b) shows the difference of 3-level 

inverter-A and two-level inverter-B pole voltages (VA2O - VA3O’). The simulated waveforms of   

VA2O, VA3O’ and their difference is shown in Fig. 7.19(b). It can be noted from pole voltages 

waveforms (Fig. 7.17b, Fig. 7.19b) that 3-level inverter-A operates in three level mode of 

operation and takes the values 0, 100 and 150 correspond to 0, VDC/2 and 3VDC/4 only for 

half of the duration of fundamental cycle and for remaining half cycle it is clamped at zero 

voltage so effectively it is operated in PWM mode only for half of the duration of fundamental 

cycle hence switching losses are reduced. The normalized harmonic spectrums of 

experimentally obtained phase-A voltage and current are shown in Fig. 7.18(a) and Fig. 

7.18(b) respectively. It can be observed from harmonic spectrum of phase voltage that THD 

is reduced to 8.05% and dominant harmonic component occur at side band of 67th (2fc/f*m = 

2*1000/30) order. It is depicted in harmonic spectrum (Fig. 7.18b) of phase current that the 

lower order harmonics are increased, but the THD is only 1.10%.  

Similar experimental and simulation results correspond to the case when motor is 

operated at modulation index m =0.8 with fundamental frequency f*m=40Hz are presented in 

Fig. 7.20 through Fig. 7.22. Motor phase-A voltage VA2A3 (Fig. 7.20a; experimental, Fig. 7.22a 

simulated) become more refine and total harmonic distortion (Fig. 7.21a) is 7.11% of the 

fundamental. The distortion in motor phase current is increased due to presence of lower 

order 3rd and 5th harmonics (Fig. 7.21b) and THD is 5.71%. The pole voltages waveforms 

(Fig. 7.20b; experimental, Fig. 7.22b simulated) have the same level as in the previous case.  

The proposed drive system is also investigated against transient state stability by 

sudden change its operation from two-level to 5-level operation and vice versa. Fig. 7.23(a) 

and Fig. 7.23(b) show the experimentally obtained phase-A voltage VA2A3 and current iA2A3 

during sudden change in operation from two-level to 5-level and from 5-level to two-level 

respectively. The simulated waveforms during transient operation under same operating 

conditions are presented in Fig. 7.24. It can be observed from Fig. 7.23 and Fig. 7.24 that 

changeover from lower to higher or from higher to lower level of operation take place very 

smoothly and drive achieve its steady state within few cycles.  
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(a) 

 

 
(b) 

Fig. 7.19: (a) Motor phase-A, voltage VA2A3 (upper trace) and current iA2A3 (lower trace) of     
5-level inverter fed open-end IM drive at no load                                      

(b) Top trace; 3-level inverter-A pole voltage (VA2O), Middle trace; Difference of 3-level 
inverter-A and two-level inverter-B pole voltages (VA2O - VA3O’),  Bottom trace; Two-level 

inverter-B pole voltage (VA3O’)                                                     
(Simulation result: m=0.6; f*m =30Hz) 
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(a) 

 

 
(b) 

Fig. 7.22: (a) Motor phase-A, voltage VA2A3 (upper trace) and current iA2A3 (lower trace) of     
5-level inverter fed open-end IM drive at no load                                      

(b) Top trace; 3-level inverter-A pole voltage (VA2O), Middle trace; Difference of 3-level 
inverter-A and two-level inverter-B pole voltages (VA2O - VA3O’),  Bottom trace; Two-level 

inverter-B pole voltage (VA3O’)                                                    
(Simulation result: m=0.8; f*m =40Hz) 
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(a) 

 
 

 
(b) 

Fig. 7.24: (a) Motor phase-A voltage VA2A3 (upper trace) and current iA2A3 (lower trace) 
waveforms under sudden change in operation from two-level to 5-level at no-load                      

(b) Motor phase-A voltage VA2A3 (upper trace) and current iA2A3 (lower trace) waveforms 
under sudden change in operation from 5-level to two-level at no-load                             

(Simulation result) 
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The comparison of experimental and downscaled simulation results obtained at 

different values of modulation index is given in Table 7.1. It can be observed from Table 7.1 

that the experimental results are in good agreement with the simulation results under all 

operating conditions in steady state as well as in transient state.  

Table 7.1: Comparison of experimental and downscaled simulation results of 5-level inverter  

Performance parameter 
Modulation  index(m) 

0.2 0.4 0.6 0.8 

Level of operation 
Experimental 3 3 5 5 

Simulation 3 3 5 5 

RMS of phase-A 
voltage (V) 

Experimental 21.9 39.63 58.04 76.44 

Simulation 22.2 39.65 58.03 76.46 

RMS of phase-A 
current (A) 

Experimental 0.302 0.305 0.354 0.392 

Simulation 0.306 0.306 0.353 0.397 

Frequency of phase 
voltage (Hz) 

Experimental 10 20 30 40 

Simulation 10 20 30 40 

THD of phase-A 
voltage in % 

Experimental 60.79 31.87 8.05 7.11 

Simulation 61.58 32.65 9.58 7.80 

Order of dominant 
voltage harmonic 
(amplitude in pu) 

Experimental 200±1 
 (0.160)

100±1  
(0.115) 

66±1  
(0.075) 

50±1 
 (0.057) 

Simulation 200±1  
(0.162)

100±1  
(0.117) 

66±1  
(0.077) 

50±1 
 (0.074) 

THD of phase-A 
Current in % 

Experimental 3.57 3.47 1.10 5.71 

Simulation 5.15 4.68 1.82 5.82 

Order of dominant 
current harmonic 
(amplitude in pu) 

Experimental 100±2 
(0.016)

50±2  
(0.013) 

17 
(0.013) 

3 
(0.04) 

Simulation 100±2 
(0.026)

50±2  
(0.017) 

17 
(0.015) 

5 
(0.048) 

Settling time for 
2-level to 5-level      

in sec 

Experimental 0.2 

Simulation 0.275 
Settling time for 
5-level to 2-level      

in sec 

Experimental 0.72 

Simulation 0.875 

Sampling time 
Experimental 

50 µSecond 
Simulation 

 

7.3.2 Experimental Validation of 9-level Inverter  
The performance of 9-level inverter topology proposed in Chapter-4 is investigated 

experimentally by operating a 1.5kW, 415V, 50Hz, 4pole open-end winding induction motor 

in constant V/f mode under no-load condition covering the entire range of linear modulation. 
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The gating signals for IGBTs are generated using Spartan-3 FPGA board of Opal RT-Lab 

real time digital simulator. The SVPWM algorithm proposed in section-4.3 is developed in 

MATLAB and converted in to C-code using RT-Lab Meta Controller (version 10.5) to 

configure the FPGA board. The four isolated DC link are implemented using single phase 

rectifier bridges and a 2200µF capacitor is connected at the output of rectifier. The switching 

frequency (fc) is kept constant at 1kHz and DC link voltage is taken as 200V for 

experimentation. The motor used for experimentation having the same parameters as the 

simulated motor model (Appendix-A). The motor phase-A voltage (VA2A4), phase-A current 

(iA2A4), their harmonic spectrums, inverters pole-A voltages (VA2O, VA4O') and difference of 

inverters pole-A voltages (VA2O - VA4O') are considered as evaluation criteria.  

The motor is run at modulation indices (m) of 0.16, 0.28, 0.36, 0.42, 0.52 and 0.8 

correspond to fundamental frequencies (f*m) of 8, 14, 18, 21, 26 and 40Hz respectively. The 

proposed 9-level inverter operates in 3-level, 4-level, 5-level, 6-level, 7-level and 9-level 

inversion mode correspond to these modulation indices. The performance of develop 

prototype of 9-level inverter scheme is experimentally investigated under steady-state as well 

as transient-state conditions and results are shown. As the experimentation is carried out at 

reduced voltage, for validating the experimental results, the simulation study at reduced DC 

link voltage is also carried out under same operating conditions and results are presented.  

The experimental results obtained for motor phase-A voltage (VA2A4), current (iA2A4), 

pole-A voltages of individual inverters (VA2O, VA4O') and their difference (VA2O - VA4O') at 

modulation index m =0.16 are presented in Fig. 7.25. At this modulation index inverter 

operates in 3-level mode of operation and fundamental frequency (f*m) of the motor phase 

voltage is 8Hz. The motor phase-A voltage (VA2A4) and current (iA2A4) obtained in simulation 

(Fig. 7.27a) under same operating condition are similar to the experimentally obtained phase 

voltage and current waveforms (Fig. 7.25b). The normalized harmonic spectrum of 

experimentally obtained phase voltage and current are shown in Fig. 7.26(a) and Fig. 7.26(b) 

respectively. The THD of phase voltage is 40.65% with the occurrence of dominant harmonic 

component at the side band of 250th (2fc/f*m = 2*1000/8) order whereas THD of phase current 

is only 1.66% as shown in Fig. 7.26. The experimental results for pole-A voltages (VA2O, 

VA4O’) and their difference (VA2O - VA4O’) are shown in Fig. 7.25(b). These waveforms are 

similar to the waveforms obtained in simulation (Fig. 7.27b) for 3-level mode of operation. It 

can be seen in pole voltages waveform that 3-level inverter-B operates in 3-level mode and 

take the values 0, 25 and 50 correspond to 0, VDC/8 and 2VDC/8 while the inverter-A is still 

clamped at zero voltage level. The difference of pole voltages (VA2O - VA4O’) having three 

distinct voltage levels -(2/8)VDC, -(1/8)VDC and zero confirming the correctness of modified 

SVPWM algorithm.  
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(a) 

 
(b) 

 
Fig. 7.26: Normalized harmonic spectrum of phase-A (a) Voltage VA2A4 (b) Current iA2A4 

(Experimental result: m=0.16; f*m =8Hz; 3-level mode) 
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(a) 

 
(b) 

Fig. 7.27: (a) Motor phase-A, voltage VA2A4 (upper trace) and current iA2A4 (lower trace) of     
9-level inverter fed open-end IM drive                                               

(b) Top trace; 3-level inverter-A pole voltage (VA2O), Middle trace; Difference of 3-level 
inverter-A and inverter-B pole voltages (VA2O - VA4O’),  Bottom trace; 3-level inverter-B pole 

voltage (VA4O’)                                                                
(Simulation result: m=0.16; f*m =8Hz; 3-level mode) 
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(a) 

 
(b) 

Fig. 7.30: (a) Motor phase-A, voltage VA2A4 (upper trace) and current iA2A4 (lower trace) of     
9-level inverter fed open-end IM drive at no load                                      

(b) Top trace; 3-level inverter-A pole voltage (VA2O), Middle trace; Difference of 3-level 
inverter-A and inverter-B pole voltages (VA2O - VA4O’),  Bottom trace; 3-level inverter-B pole 

voltage (VA4O’)                                                                 
(Simulation result: m=0.28; f*m =14Hz; 4-level mode) 
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The waveforms given in Fig. 7.31 and Fig. 7.32 depict the performance under 5-level 

operation of the prototype inverter, at modulation index m=0.36 and fundamental frequency 

(f*m) of 18Hz. The experimentally obtained motor phase-A voltage (VA2A4) and current (iA2A4) 

are presented in Fig. 7.31(a). The simulated phase voltage and current are shown in Fig. 

7.33(a). The experimental results are in conformity of simulation results. The normalized 

harmonic spectrum of actual phase-A voltage and current are presented in Fig. 7.32(a) and 

Fig. 7.32(b) respectively. The experimental results for pole-A voltage of individual inverters 

(VA2O, VA4O’) and difference of pole voltages (VA2O - VA4O’) are depicted in Fig. 7.31(b) and 

simulated results are presented in Fig. 7.33(b). It  can be observed in difference of pole 

voltage (VA2O - VA4O’) waveform (middle trace of Fig. 7.31b and Fig. 7.33b) that  the five levels 

realised in this mode are +50, +25 and 0 correspond to +(2/8)VDC, +(1/8)VDC and 0. In this 

range of operation 3-level inverter-A operates in two-level mode whereas inverter-B operates 

in 3-level which can be observed in experimental (Fig. 7.31b) and simulated (Fig. 7.33b) pole 

voltage waveforms. The THD of phase voltage is 5.58% and dominant harmonic component 

occur approximately at the side band of 111th (2fc/f*m = 2*1000/18) order. The THD of phase 

current (Fig. 7.32b) is only 0.47%.  

Another set of experimental and simulation result obtained when motor is operated at 

modulation index m=0.42 and fundamental frequency (f*m) of 21Hz are shown in Fig. 7.34 - 

Fig. 7.36. The 9-level inverter operates in 6-level inversion mode at this modulation index.  

Experimentally obtained motor phase-A voltage and current are shown in Fig. 7.34(a) and 

individual inverters pole-A voltage and their difference are shown in Fig. 7.34(b). Fig. 7.36 (a) 

shows the simulated motor phase-A voltage and current waveforms. The pole voltages and 

difference in pole voltages obtained in simulation are presented in Fig. 7.36(b). It can be 

observed from pole voltages waveforms (Fig. 7.34b and Fig. 7.36b) that 3-level inverter-A 

still operates in two-level mode whereas inverter-B attains all three levels. The difference of 

pole voltage (VA2O - VA4O’) waveforms (middle trace of Fig. 7.34b and Fig. 7.36b) posses six 

distinct levels which are +50, +25 ,0 and +75 correspond to +(2/8)VDC, +(1/8)VDC, 0 and 

+(3/8)VDC. The normalized harmonic spectrum of experimentally obtained phase voltage is 

shown in Fig. 7.35(a). The total harmonic distortion (THD) in the harmonic spectrum of phase 

voltage is found 3.58% and position of occurrence of dominant harmonic is approximately at 

the side band of 96th (2fc/f*m = 2*1000/21) order. Normalized harmonic spectrum of phase 

current (lower trace of Fig. 7.34a) is presented in Fig. 7.35(b). THD of phase current iA2A4 is 

very less 0.34% and lower order harmonics are also present.  

It may be seen that the actual phase voltage, current and pole voltages waveforms 

obtained experimentally (Fig. 7.34) are in agreement with the one obtained by simulation 

(Fig. 7.36) in 6-level inversion mode as well.  
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(a) 

 
(b) 

Fig. 7.33: (a) Motor phase-A, voltage VA2A4 (upper trace) and current iA2A4 (lower trace) of     
9-level inverter fed open-end IM drive at no load                                      

(b) Top trace; 3-level inverter-A pole voltage (VA2O), Middle trace; Difference of 3-level 
inverter-A and inverter-B pole voltages (VA2O - VA4O’),  Bottom trace; 3-level inverter-B pole 

voltage (VA4O’)                                                                 
(Simulation result: m=0.36; f*m =18Hz; 5-level mode) 
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(a) 

 
(b) 

Fig. 7.36: (a) Motor phase-A, voltage VA2A4 (upper trace) and current iA2A4 (lower trace) of     
9-level inverter fed open-end IM drive at no load                                      

(b) Top trace; 3-level inverter-A pole voltage (VA2O), Middle trace; Difference of 3-level 
inverter-A and inverter-B pole voltages (VA2O - VA4O’),  Bottom trace; 3-level inverter-B pole 

voltage (VA4O’)                                                                 
(Simulation result: m=0.42; f*m =21Hz; 6-level mode) 

1.2 1.24 1.28 1.32 1.36 1.4
-80

-40

0

40

80

V A
2A

4 (V
)

1.2 1.24 1.28 1.32 1.36 1.4
-1.5

-0.75

0

0.75

1.5

Time (s)

i A
2A

4 (A
)

0.6 0.64 0.68 0.72 0.76 0.8
0

25

50

75

V A
2O

 (V
)

0.6 0.64 0.68 0.72 0.76 0.8

-50

0

50

100

V A
2O

-V
A

4O
' (

V
)

0.6 0.64 0.68 0.72 0.76 0.8

0

25

50

Time (s)

V A
4O

' (
V

)



 

222 

 

To investigate the performance of inverter under 7-level mode of operation motor is 

operated at modulation index m=0.52 and fundamental frequency (f*m) of 26Hz. Motor 

phase-A voltage and current are shown in Fig. 7.37(a) (experimental) and Fig. 7.39(a) 

(simulation). It can be observed in pole voltages waveforms presented in Fig. 7.37(b) 

(experimental) and Fig. 7.39(b) (simulated) that in 7-level operation both 3-level inverters 

operate in 3-level mode and difference of their pole voltage contains seven distinct levels as 

+50, +25, 0, +75 and +100 as depicted in difference of pole voltage (VA2O - VA4O’) waveform 

(middle trace of Fig. 7.37b and Fig. 7.39b). As the DC link voltage is 200V therefore these 

voltage levels correspond to +(2/8)VDC, +(1/8)VDC, 0, +(3/8)VDC and +(4/8)VDC. Another 

important observation can be made from pole voltage waveform that switching occur in 

inverter-A only for half of the duration of fundamental cycle and for remaining half cycle it is 

clamped at zero voltage level so effective switching frequency is half of the actual switching 

frequency. The normalized harmonic spectrum of experimentally obtained phase voltage is 

depicted in Fig. 7.38(a). The dominant harmonic component in the spectrum of phase 

voltage approximately occur at the side band of 77th (2fc/f*m = 2*1000/26) order and THD is 

3.20%. The normalized harmonic spectrum of phase current (lower trace of Fig. 7.37a) 

shown in Fig. 7.38(b) and it is found that lower order harmonics are increased in phase 

current.  

Fig. 7.40 through Fig. 7.42 illustrates the performance of inverter under 9-level mode of 

operation at modulation index m=0.8.  In this mode the modulating signals cover the entire 

regions so 9-level inversion operation is achieved. The fundamental frequency of applied 

voltage across the motor terminal is 40Hz. Simulated phase voltage and current waveforms 

(Fig. 7.42a) are similar to the one obtained by experimentation (Fig. 7.40a) in this case as 

well. The Motor phase voltage waveform is further improved and approach towards 

sinusoidal. Inverter-A pole voltage switch between 3-levels 0, 75 and 150 correspond to 0, 

3VDC/8 and 6 VDC/8 as shown in pole voltage waveforms (Fig. 7.40b; experimental, Fig. 

7.42b; simulated). Similarly Inverter-B also operates in 3-level mode (bottom trace of Fig. 

7.40b; experimental and Fig. 7.42b; simulated) and give the pole voltage 0, 25 and 50 

correspond to 0, VDC/8 and 2VDC/8. The difference of pole voltages (middle trace of Fig. 

7.40b; experimental and Fig. 7.42b; simulated)  contains nine distinct voltage levels as +50, 

+25, 0, +75, +100, +125 and +150 corresponding to the levels +(2/8)VDC, +(1/8)VDC, 0, 

+(3/8)VDC, +(4/8)VDC, +(5/8)VDC and +(6/8)VDC. The normalized harmonic spectrum of phase 

voltage and current (upper and lower trace of Fig. 7.40) are shown in Fig. 7.41(a) and Fig. 

7.41(b) respectively. The lower order harmonics are increased in harmonic spectrum of 

phase current. The experimental and simulation results are almost matching to each other in 

9-level inversion mode also.    
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(a) 

 
(b) 

Fig. 7.39: (a) Motor phase-A, voltage VA2A4 (upper trace) and current iA2A4 (lower trace) of     
9-level inverter fed open-end IM drive at no load                                      

(b) Top trace; 3-level inverter-A pole voltage (VA2O), Middle trace; Difference of 3-level 
inverter-A and inverter-B pole voltages (VA2O - VA4O’),  Bottom trace; 3-level inverter-B pole 

voltage (VA4O’)                                                                 
(Simulation result: m=0.52; f*m =26Hz; 7-level mode) 
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(a) 

 
(b) 

Fig. 7.42: (a) Motor phase-A, voltage VA2A4 (upper trace) and current iA2A4 (lower trace) of 9-
level inverter fed open-end IM drive at no load                                        

(b) Top trace; 3-level inverter-A pole voltage (VA2O), Middle trace; Difference of 3-level 
inverter-A and inverter-B pole voltages (VA2O - VA4O’),  Bottom trace; 3-level inverter-B pole 

voltage (VA4O’)   
(Simulation result: m=0.8; f*m =40Hz; 9-level mode) 
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(a) 

 
(b) 

Fig. 7.44: (a) Motor phase-A voltage VA2A4 (upper trace) and current iA2A4 (lower trace) 
waveforms under sudden change in operation from 3-level to 9-level at no-load            

(b) Motor phase-A voltage VA2A4 (upper trace) and current iA2A4 (lower trace) waveforms 
under sudden change in operation from 9-level to 3-level at no-load 
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Table 7.2: Comparison of experimental and downscaled simulation results of proposed         
9-level inverter    

Performance parameter 
Modulation  index(m) 

0.16 0.28 0.36 0.42 0.52 0.8 

Level of operation 
Experimental 3 4 5 6 7 9 

Simulation 3 4 5 6 7 9 

RMS of phase-A 
voltage (V) 

Experimental 16.25 27.02 34.33 38.01 49.53 74.34 

Simulation 16.95 27.11 34.43 40.01 49.41 75.73 

RMS of phase-A 
current (A) 

Experimental 0.345 0.381 0.385 0.383 0.380 0.358 

Simulation 0.345 0.385 0.39 0.391 0.397 0.399 

Frequency of phase 
voltage (Hz) 

Experimental 8 14 18 21 26 40 

Simulation 8 14 18 21 26 40 

THD of phase-A 
voltage in % 

Experimental 40.65 6.10 5.58 3.58 3.20 2.27 

Simulation 40.79 8.40 7.02 4.62 3.88 2.88 

Order of dominant 
voltage harmonic 
(amplitude in pu) 

Experimental 250±1 
(0.2) 

142±2
(0.083)

111±2
(0.038)

95±2 
(0.045) 

77±2 
(0.046) 

45 
(0.02)

Simulation 250±1 
(0.22) 

142±2
(0.091)

111±2
(0.042)

95±2 
(0.046) 

77±2 
(0.051) 

45 
(0.025)

THD of phase-A 
Current in % 

Experimental 1.66 0.31 0.47 0.34 0.24 1.03 

Simulation 2.51 0.78 0.72 0.59 0.47 1.10 

Order of dominant 
current harmonic 
(amplitude in pu) 

Experimental 250±1 
(0.008)

142±2
(0.005)

39 
(0.005)

27 
(0.006) 

13 
(0.012) 

13 
(0.015)

Simulation 250±1 
(0.023)

142±2
(0.019)

39 
(0.007)

27 
(0.008) 

13 
(0.015) 

9 &13
(0.019)

Settling time for 
3-level to 9-level      

in sec 

Experimental 0.3 

Simulation 0.48 
Settling time for 
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7.3.3 Experimental Validation of Hybrid 9-level Inverter  
The developed prototype of hybrid 9-level inverter topology proposed in Chapter-5 has 

been tested on 1.5kW, 415V, 50Hz, 4pole open-end winding induction motor drive with 

constant V/f  control scheme under no-load condition. The switching frequency (fc) is kept 

constant at 1kHz and DC link voltage (VDC) is taken as 200V for experimentation. Two 

isolated DC link of magnitude 100V (VDC/2) for individual inverters are implemented using 

single phase diode bridge (KBPC3510) rectifier and a 2200µF capacitor is connected at the 

output of rectifier. The motor used for experimentation having the same parameters as the 

simulated motor model (Appendix-A). The control strategy describe in sub-section 5.2.3 is 

implemented on RT-Lab Meta Controller. All the capacitors voltages and currents are sensed 

and send to RT-Lab Meta Controller via analog input card. The hysteresis band is selected 

as +2V means the range of capacitor voltage VCA1 varies from 48V to 52V and range of 

capacitor voltage VCA2 is from 23V to 27V. The switching signals for IGBTs are generated 

using Spartan-3 FPGA board of Opal RT-Lab real time digital simulator. The motor is run at 

different modulation indices and the value of modulation indices is selected same as the 

value selected in previous section, to compare the performance of both 9-level inverters. The 

motor phase-A voltage (VA1A2), phase-A current (iA1A2), their harmonic spectrums, phase-A 

capacitors voltages (VCA1, VCA2), inverters pole-A voltages (VA1O, VA2O') and difference of 

inverters pole-A voltages (VA1O - VA2O') are considered as evaluation criteria. The 

performance of developed prototype of hybrid 9-level inverter scheme is experimentally 

investigated under steady-state as well as transient-state conditions. As the experimentation 

is carried out at reduced voltage, for validating the experimental results, the simulation study 

at reduced DC link voltage is also carried out under same operating conditions and results 

are presented.  

Fig. 7.45(a) shows the experimentally obtained phase-A voltage (trace-1), current 

(trace-2), ripple in capacitors voltages VCA1 and VCA2 (trace-3 and 4) pertaining to 3-level 

mode of operation, at m =0.16 and f*m=8Hz. The simulated waveforms are given in Fig. 

7.47(a) and Fig. 7.47(b). The capacitors voltages are well balanced and peak to peak ripple 

is less than 1V.  The experimentally obtained pole voltages waveforms shown in Fig. 7.45(b) 

are exactly same as the simulated pole voltages waveforms shown in Fig. 7.48. It can be 

seen in pole voltages waveform that 5-level inverter-A operates in 3-level mode and gives 

the voltage level of 0, 25 and 50 correspond to 0, VDC/8 and 2VDC/8 while the inverter-B is 

clamped at 100V (VDC/2). The difference of pole voltages (VA1O - VA2O’) having three distinct 

voltage levels -100, -75 and -25 confirm the 3-level mode of operation. Normalized harmonic 

spectrum of phase voltage (trace-1 of Fig. 7.45a) and current (trace-2 of Fig. 7.45a) are 

shown in Fig. 7.46(a) and Fig. 7.46(b) respectively. The THD of phase voltage is 42.42% and 

dominant harmonic component occur at the side band of 250th (2fc/f*m = 2*1000/8) order.  
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(a) 

 
(b) 

Fig. 7.47: (a) Motor phase-A, voltage VA1A2 (upper trace) and current iA2A4 (lower trace)         
(b) Capacitors voltages VCA1 (upper trace) and VCA2 (lower trace)                                       

(Simulation result: m=0.16; f*m =8Hz; 3-level mode)   
 

0.8 0.9 1 1.1 1.2 1.3
-50

-25

0

25

50
V A

1A
2 (V

)

0.8 0.9 1 1.1 1.2 1.3
-1.5

-0.75

0

0.75

1.5

Time (s)

i A
1A

2 (A
)

0.8 0.9 1 1.1 1.2 1.3
46

47

48

49

50

V C
A

1 (V
)

0.8 0.9 1 1.1 1.2 1.3
21

22

23

24

25

Time (s)

V C
A

2 (V
)



 

233 

 

Fig. 7.48: Top trace; 5-level inverter-A pole voltage (VA1O), Middle trace; Difference of 
inverter-A and inverter-B pole voltages (VA1O - VA2O’), Bottom trace; 2-level inverter-B 

pole voltage (VA2O’)                                                        
(Simulation result: m=0.16; f*m =8Hz; 3-level mode)  

 

 Another set of experimental and simulation result obtained when motor is operated at 

modulation index m=0.28 and fundamental frequency (f*m) of 14Hz.  At this modulation index 

inverter operates in 4-level inversion mode of operation. The experimentally obtained 

waveforms of phase-A voltage (VA1A2), current (iA1A2), ripple in capacitors voltages VCA1 and 

VCA2 are shown in Fig. 7.49(a). The waveforms are in the same order as they were in 

previous set of results. The simulated waveforms are shown in Fig. 7.51 and Fig. 7.52. It can 

be observed from pole voltages waveforms that difference of pole voltage (VA1O - VA2O’) 

possess four distinct levels -100, -75, -50 and -25 correspond to -VDC/2, -(3/8)VDC, -(1/4)VDC 

and -(1/8)VDC. It is also evident from pole voltages waveforms that in 4-level inversion mode 

5-level inverter-A operates in 4-level mode and gives the voltage level of 0, 75, 150 and 225 

(0, VDC/8, VDC/4 and 3VDC/8) while the inverter-B is still clamped at 300V (VDC/2). The THD of 

experimentally obtained phase voltage and current are 12.35% and 2.19% as depicted in 

their normalized harmonic spectrum shown in Fig. 7.50. The dominant harmonic component 

of phase voltage approximately occur at the side band of 143rd (2fc/f*m = 2*1000/14). The 

capacitors voltages VCA1 and VCA2 are well balanced and peak to peak ripple in capacitor 

voltage is less then 1V (Fig. 7.49a and Fig. 7.51b).    
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(a) 

 
(b) 

Fig. 7.51: (a) Motor phase-A, voltage VA1A2 (upper trace) and current iA2A4 (lower trace)         
(b) Capacitors voltages VCA1 (upper trace) and VCA2 (lower trace)                                      

(Simulation result: m=0.28; f*m =14Hz; 4-level mode) 
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Fig. 7.52: Top trace; 5-level inverter-A pole voltage (VA1O), Middle trace; Difference of 
inverter-A and inverter-B pole voltages (VA1O - VA2O’), Bottom trace; 2-level inverter-B 

pole voltage (VA2O’)                                                        
(Simulation result: m=0.28; f*m =14Hz; 4-level mode) 

 

The performance of the developed prototype inverter under 5-level mode of operation 

at modulation index of 0.36 is shown in Fig. 7.53 and Fig. 7.54. The fundamental frequency 

of inverter output voltage is 18Hz. The simulation results under same operating condition are 

shown in Fig. 7.55 and Fig. 7.56. The simulation and experimenter results are almost 

matching to each other. The capacitor voltages are effectively balanced with peak to peak 

ripple is less than 1V (Fig. 7.53a; experimental and Fig. 7.55b; simulated). It can be observed 

from pole voltages waveform (Fig. 7.53b; experimental and Fig. 7.56; simulated) that 5-level 

inverter-A operates in 5-level mode and pole voltage VA1O attains five distinct voltage levels 

whereas two-level inverter-B clamped at 100V (VDC/2). The five levels realised in difference 

of pole voltages (VA1O - VA2O’) are -100, -75, -50, -25 and 0 as shown in middle trace of Fig. 

7.53(b) (experimental) and Fig. 7.56 (simulated). The normalized harmonic spectrum of 

motor phase voltage and current (trace-1 and trace-2 of Fig. 7.53a) are analyzed using FFT 

and presented in Fig. 7.54(a) and Fig. 7.54(b) respectively. It can be observed in the 

spectrum of phase voltage that lower order harmonics are absent. The THD of phase voltage 

is found 7.12% and dominant harmonic component occur at the side band of 111th (2fc/f*m = 

2*1000/18) order whereas THD of phase current is 2.11% with the presence of lower order 

harmonics.   

1 1.04 1.08 1.12 1.16 1.2
0

40

80

120
V A

1O
 (V

)

1 1.04 1.08 1.12 1.16 1.2
0

40

80

120

Time (s)

V A
2O

' (
V

)

1 1.04 1.08 1.12 1.16 1.2
-120

-80

-40

0

V A
1O

 - 
V A

2O
' (

V
)



F
1

(b
50V

F

M
ag

ni
tu

de
M

it
d

 

 

Fig. 7.53: (a
A/div;  phas

b) Top trace 
V/div; Differe

Fig. 7.54: No

0
0

0.03

0.06

0.09

0.12

0.15

g

0
0

0.01

0.02

0.03

0.04

0.05

M
ag

ni
tu

de

(a) 
 

a) Trace-1: Y
se-A curren

Trace-4
 Y-axis: 50

ence of inve
axis: 1

(Experim

ormalized h
(Experim

12 24

12 2

55.6

Y-axis= 35V
nt iA1A2, Trac
: Y-axis=2V
V/div; 5-lev
erter-A and 
00V/div; 2-

mental resu

armonic sp
mental resu

4 36

24 36

6ms 

237

V/div; Motor
ce-3: Y-axis
V/div; Ripple
vel inverter-A

inverter-B p
-level inverte
ult: m=0.36; 

 
 

(a)

(b)
 

ectrum of p
ult: m=0.36; 

48
Harmo

Fun

48
Harmo

Fun

r phase-A v
=2V/div; Ri

e in capacito
A pole volta
pole voltage
er-B pole vo
f*m =18Hz; 

phase-A (a) 
f*m =18Hz; 

60 72
onic order

damental Fr

60 72
onic order

ndamental Fr

oltage VA1A2
pple in capa
or voltage V
age (VA1O), M
es (VA1O - V
oltage (VA2O
5-level mo

Voltage VA
5-level mo

84

requency =1

84

requency =1

(b) 

2, Trace-2: Y
acitor voltag

VCA2                   
Middle trace

VA2O’), Bottom
O’)               
de) 

A1A2 (b) Curr
de) 

96 10

8Hz , THD=

96 10

8Hz , THD=

Y-axis= 
ge VCA1, 
                            
e Y-axis: 
m trace Y-
                  

 

 

rent iA1A2 

8 120

 7.12%

8 120

 2.11%

   

  



 

238 

 

 
(a) 

 
(b) 

Fig. 7.55: (a) Motor phase-A, voltage VA1A2 (upper trace) and current iA2A4 (lower trace)                 
(b) Capacitors voltages VCA1 (upper trace) and VCA2 (lower trace)                                          

(Simulation result: m=0.36; f*m =18Hz; 5-level mode)   
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Fig. 7.56: Top trace; 5-level inverter-A pole voltage (VA1O), Middle trace; Difference of 

inverter-A and inverter-B pole voltages (VA1O - VA2O’), Bottom trace; 2-level inverter-B pole 
voltage (VA2O’)                                                               

(Simulation result: m=0.36; f*m =18Hz; 5-level mode)   
 

 

Fig. 7.57 through Fig. 7.60 illustrates the performance of inverter under 6-level mode of 

operation at modulation index m=0.42 (fundamental frequency f*m=21). In this case also the 

experimentally obtained waveforms of phase-A voltage (trace-1), current (trace-2), ripple in 

capacitors voltages VCA1 and VCA2 (trace-3 and 4) shown in Fig. 7.57(a) are similar to the one 

obtained by simulation waveforms as shown in Fig. 7.59 and Fig. 7.60. It can be observed 

from experimental (Fig. 7.57b) and simulated (Fig. 7.60) pole voltage waveforms that 

inverter-A pole voltage (VA1O) having five distinct voltage levels as 0, 25, 50, 75 and 100 

correspond to 0, VDC/8, VDC/4, 3VDC/8 and VDC/2 whereas two-level inverter-B started to 

operate in two-level mode only for half of the duration of fundamental cycle and for remaining 

half cycle it is still clamped at 100V (VDC/2). The six levels realised in this mode are -100, -75, 

-50, -25, 0 and +25 correspond to -VDC/2, -3VDC /8, -VDC/4, -VDC/8, 0 and +VDC/8 as depicted 

in difference of pole voltage waveform (middle trace of Fig. 7.57b; experimental and Fig. 

7.60; simulated). The normalized harmonic spectrum of experimentally obtained phase 

voltage and current are further improved and position of occurrence of dominant harmonic 

component of phase voltage is at the side band of 96th (2fc/f*m = 2*1000/21) order. The THD 

of phase voltage (Fig. 7.58a) and current (Fig. 7.58b) are found 5.30% and 2.74% 

respectively.     
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(a) 

 
(b) 

Fig. 7.59: (a) Motor phase-A, voltage VA1A2 (upper trace) and current iA2A4 (lower trace)                 
(b) Capacitors voltages VCA1 (upper trace) and VCA2 (lower trace)                                       

(Simulation result: m=0.42; f*m =21Hz; 6-level mode)   
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Fig. 7.60: Top trace; 5-level inverter-A pole voltage (VA1O), Middle trace; Difference of 
inverter-A and inverter-B pole voltages (VA1O - VA2O’), Bottom trace; 2-level inverter-B pole 

voltage (VA2O’) (Simulation result: m=0.42; f*m =21Hz; 6-level mode)   
 

The waveforms given in Fig. 7.61 and Fig. 7.62 depict the performance under 7-level 

mode of operation of the prototype inverter, at modulation index m=0.52 and fundamental 

frequency (f*m) of 26Hz. The waveforms are in same order as the previous set of results. The 

simulated phase voltage and current are shown in Fig. 7.63(a). The capacitors voltages 

(VCA1, VCA2) and pole voltages (VA1O, VA2O’) obtained in simulation are presented in Fig. 

7.63(b) and Fig. 7.64 respectively. It may be observed from pole voltages waveforms (Fig. 

7.61b; experimental and Fig. 7.64; simulated) that the inverter which operates at higher DC 

link voltage switch less hence low switching frequency rating power semiconductor devices 

can be used for two-level inverter-B. The seven distinct voltage levels obtain in this mode are  

-100, -75, -50, -25, 0, +25 and +50 correspond to -VDC/2, -3VDC /8, -VDC/4, -VDC/8, 0, +VDC/8 

and +VDC/4 as depicted in difference of pole voltage (VA1O - VA2O’) waveform (middle trace of 

Fig. 7.61b; experimental and Fig. 7.64; simulated). The capacitors voltages VCA1 and VCA2 

(trace-3, 4 of Fig. 7.61a; experimental and Fig. 7.63b; simulated) are maintained at desired 

level (50V for CA1 and 25V for CA2) with the allowable ripple of +2V. The normalized harmonic 

spectrum of phase voltage and current are shown in Fig. 7.62(a) and Fig. 7.62(b) 

respectively. The occurrence of dominant harmonic component in the spectrum of phase 

voltage is in same pattern as in the previous cases and it is found that lower order harmonics 

are increased in phase current. The experimentally obtained results are in good agreement 

with the results obtained in simulation in this case also.           
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(a) 

 
(b) 

Fig. 7.63: (a) Motor phase-A, voltage VA1A2 (upper trace) and current iA2A4 (lower trace)                 
(b) Capacitors voltages VCA1 (upper trace) and VCA2 (lower trace)                                         

(Simulation result: m=0.52; f*m =26Hz; 7-level mode)    
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Fig. 7.64: Top trace; 5-level inverter-A pole voltage (VA1O), Middle trace; Difference of 
inverter-A and inverter-B pole voltages (VA1O - VA2O’), Bottom trace; 2-level inverter-B 

pole voltage (VA2O’)                                                        
(Simulation result: m=0.52; f*m =26Hz; 7-level mode)   

To investigate the performance of inverter under 9-level mode of operation inverter is 

operated at modulation index m=0.8. At this modulation index motor operates at fundamental 

frequency (f*m) of 40Hz. Experimentally obtained waveforms of phase-A voltage (trace-1), 

current (trace-2) and ripple in capacitors voltages VCA1 and VCA2 (trace-3 and 4) are 

presented in Fig. 7.65(a). The simulation results under same operating conditions are shown 

in Fig. 7.67 and Fig. 7.68 in same order as the previous set of results. It can be noticed in 

simulated (Fig. 7.68) as well as in actual (Fig. 7.65b) pole voltages waveforms that the 

difference of pole voltage (VA1O - VA2O’) contains nine distinct voltage levels as -100, -75, -50, 

-25, 0, +25, +50, +75 and +100 correspond to -VDC/2, -3VDC /8, -VDC/4, -VDC/8, 0, +VDC/8, 

+VDC/4 , +3VDC/8  and +VDC/2 hence confirm the 9-level mode of operation. The two-level 

inverter which operates at higher voltage level switch less as compared to the switching 

devices which operate at lower voltage level results reduced switching losses. The ripple in 

capacitors voltages (VCA1, VCA2) is less than 1V in both cases; simulated (Fig. 7.67b) as well 

as experimental (Fig. 7.65a). This validates the capacitor balancing algorithm. The 

normalized harmonic spectrum of phase voltage waveform is further improved and THD is 

only 2.81% (Fig. 7.66a). However, lower order harmonic as well as THD of phase current is 

little bit increased as depicted in Fig. 7.66(b). Experimental and simulation results are almost 

matching to each other.   
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(a) 

 
(b) 

Fig. 7.67: (a) Motor phase-A, voltage VA1A2 (upper trace) and current iA2A4 (lower trace)                 
(b) Capacitors voltages VCA1 (upper trace) and VCA2 (lower trace)                                         

(Simulation result m=0.8; f*m =40Hz; 9-level mode)  
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Fig. 7.68: Top trace; 5-level inverter-A pole voltage (VA1O), Middle trace; Difference of 
inverter-A and inverter-B pole voltages (VA1O - VA2O’), Bottom trace; 2-level inverter-B 

pole voltage (VA2O’)                                                        
(Simulation result m=0.8; f*m =40Hz; 9-level mode) 

 
The performance of developed prototype hybrid 9-level inverter is also investigated 

against transient state stability by sudden change its operation from 3-level to 9-level mode 

and from 9-level to 3-level mode of operation by changing the value of modulation index from 

0.16 to 0.8 and vice versa. Fig. 7.69(a) shows the experimentally obtained waveforms of  

motor phase-A voltage (VA1A2), current (iA1A2) and ripple in capacitors voltages  VCA1 and VCA2 

during sudden change from 3-level to 9-level mode of operation. The simulated waveforms 

correspond to changeover from 3-level to 9-level mode are shown in Fig. 7.70. It can be 

observed in simulated and actual waveforms that changeover of inverter operation from 3-

level to 9-level take place instantaneously and drive attains its steady state within few cycles. 

The capacitors voltages are well balance during acceleration even though the current is quite 

high. The experimental and simulation results pertaining to changeover from 9-level to 3-

level mode of operation are shown in Fig. 7.69(b) and Fig. 7.71. It can be observed in this 

case also capacitors voltages are well balanced and drive attains its steady state very 

quickly. It is evident from Fig. 7.69 to Fig. 7.71 that the capacitors voltages remain balanced 

even during the transient period which confirms the effectiveness of capacitor voltage 

balancing algorithm.  
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Fig. 7.71: Motor phase-A voltage VA1A2, current iA1A2, capacitors voltages VCA1 and VCA2 
under sudden change in operation from 9-level to 3-level at no-load                    

(Simulation result) 
 

The effect of disabling the capacitor voltage balancing algorithm is shown in Fig. 7.72. 

In simulation the capacitor balancing logic is disabled at time t=1s for capacitor CA1 and 

enable at t=3s and for CA2 it is disabled at t=3s and enable at t=4.5s and results are shown in 

Fig. 7.72(b). To obtain experimental results the capacitor balancing logic is disabled at T1 for 

capacitor CA1 and enable at T2 and for CA2 it is disabled at T2 and enable at T3. It can be 

observed from experimental and simulation results shown in Fig. 7.72 (a) and (b) that the 

phase voltage, current and capacitors voltages regained their original values very quickly 

after enabling the capacitor voltage balancing algorithm. Some spikes are observed in phase 

voltage and current due to sudden unbalance in capacitors voltages.  The results prove the 

effectiveness of capacitor voltage balancing logic.  

Table 7.3 summarised the experimental and downscaled simulation results shown in 

Fig. 7.45 - Fig. 7.71. The experimental and simulation results discussed so far establish the 

fact that in the proposed hybrid 9-level inverter, it is possible to achieve the balancing of 

capacitors voltages in the entire range of liner modulation as well as during transient 

period using switching state redundancy available in different levels. It is observed 

voltages are balanced at lower limit of their respective hysteresis band because the value of   
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no-load current is very low and it is not capable to overcharge the capacitors. The 

experimental results verify the performance of the proposed nine-level inverter topology. 

 

 
(a) 

(b) 
 

Fig. 7.72: Effect of disabling the capacitor voltage balancing algorithm on phase voltage 
and current (a) Experimental results ; Trace-1: Y-axis= 150V/div; Motor phase-A voltage 

VA1A2 , Trace-2: Y-axis= 1A/div;  phase-A current iA1A2, Trace-3: Y-axis=100V/div;  
Capacitor voltage VCA1, Trace-4: Y-axis=100V/div; Capacitor voltage VCA2                       

(b) Simulation results  
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Table 7.3: Comparison of experimental and downscaled simulation results of proposed 
hybrid 9-level inverter  

Performance parameter 
Modulation  index(m) 

0.16 0.28 0.36 0.42 0.52 0.8 

Level of operation 
Experimental 3 4 5 6 7 9 

Simulation 3 4 5 6 7 9 

RMS of phase-A 
voltage (V) 

Experimental 15.22 26.72 34.28 37.72 48.59 74.2 

Simulation 15.88 26.97 34.62 40.02 49.23 75.78 

RMS of phase-A 
current (A) 

Experimental 0.34 0.335 0.365 0.335 0.360 0.348 

Simulation 0.34 0.341 0.339 0.338 0.342 0.323 

Frequency of phase 
voltage (Hz) 

Experimental 8 14 18 21 26 40 

Simulation 8 14 18 21 26 40 

THD of phase-A 
voltage in % 

Experimental 42.42 12.35 7.12 5.30 3.85 2.81 

Simulation 41.4 12.82 7.45 6.01 4.22 2.92 

Order of dominant 
voltage harmonic 
(amplitude in pu) 

Experimental 250±1
(0.2) 

142±2
(0.089)

111 
(0.06) 

95±2 
(0.058)

77±2 
(0.042) 

57 
(0.02) 

Simulation 250±1
(0.24) 

142±2
(0.097)

111±2
(0.067)

95±2 
(0.061)

77±2 
(0.054) 

57 
(0.031)

THD of phase-A 
Current in % 

Experimental 2.15 2.19 2.11 2.74 1.85 3.24 

Simulation 2.64 2.32 2.52 2.81 2.4 3.72 

Order of dominant 
current harmonic 
(amplitude in pu) 

Experimental 250±1
(0.008)

142±2
(0.007)

49 
(0.005)

95±2 
 (0.008) 

13 
(0.013) 

13 
(0.014)

Simulation 250±1
(0.015)

142±2
(0.022)

39 
(0.017)

27 
(0.028)

13 
(0.032) 

13 
(0.019)

∆VCA1 (V) 
Experimental 0.8 0.8 0.6 0.6 0.4 0.4 

Simulation 0.4 0.4 0.3 0.2 0.15 0.1 

∆VCA2 (V) 
Experimental 0.6 0.4 0.8 0.4 0.6 0.4 

Simulation 0.1 0.1 0.1 0.1 0.1 0.1 
Settling time for 
3-level to 9-level      

in sec 

Experimental 0.32 

Simulation 0.29 
Settling time for 
9-level to 3-level      

in sec 

Experimental 1.2 

Simulation 0.75 

Sampling time 
Experimental 

50 µSecond 
Simulation 
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7.4 Conclusion    
In this chapter, the development of system hardware for prototype model of 5-Level 

Inverter, 9-Level Inverter and hybrid 9-Level Inverter for open-end IMD is presented. IGBTs 

are used as switching devices for implementation of prototype inverter. RT-Lab, from Opal-

RT Technologies, is used as real-time hardware-in-loop controller to generate gate pulses for 

IGBTs in real-time. The different hardware components as required for the proper operation 

of experimental setups such as driver circuit, isolation and dead-band circuits, voltage and 

current sensor circuits designed, developed and interfaced with RT-Lab real time controller.  

The performance of 5-level inverter (topology-1) based on level shifted triangular 

carrier SVPWM is evaluated experimentally for constant V/f controlled open-end winding IMD 

in the entire range of modulation. The drive operation is found satisfactory under steady state 

as well as transient conditions. The transition of drive operation from two-level to 5-level and 

from 5-level to two-level take place instantaneously and drive achieves its steady state within 

few cycles. Further, the simulation study is carried out under experimental operating 

conditions to validate the experimental results. It is found that simulation and experimental 

results are almost matching to each other.  

 In order to verify the simulation studies of the proposed 9-level inverter (topology-2), a 

prototype model of the inverter is developed in the laboratory and experimentation is carried 

out at reduced voltage. As the experimentation is carried out at reduced voltage, for 

validating the experimental results, the simulation study at reduced voltage is also carried 

out. Simulation results are found in good agreement with experimental results. The proposed 

modified level shifted triangular carrier based SVPWM scheme smoothly change the mode of 

operation from 3-level to 4-level, then from 4-level to 5-level and so on up to 9-level with 

increase in modulation index. This feature reduced the switching losses at lower speed 

range. Stability in voltage levels of the proposed inverter is also examined during sudden 

change its operation from 3-level to 9-level and from 9-level to 3-level and it is observed that 

drive attains its steady state very quickly. The motor phase voltage waveform becomes more 

and more refine as the modulation index increased and approaches towards sinusoidal. The 

THD in motor phase voltage and current is considerably lesser than the one obtained in 5-

level inverter configuration. 

The viability of hybrid 9-level inverter topology (topology-3) is examined by running a 

1.5kW open-end winding induction motor at no-load in constant V/f control mode using 

developed prototype of inverter. The waveforms of motor phase voltage, phase current, 

capacitor voltage, inverter pole voltages, difference in inverter pole voltages are found almost 

the same as they were found in simulation studies. The operation of prototype inverter is 

found satisfactory in the entire range of linear modulation. The working of capacitors 

balancing algorithm is tested and verified under steady state as well as transient state 
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conditions. The capacitors voltages are found well balanced with peak to peak ripple is less 

than 1V under all operating conditions. The motor phase voltage shows a 3-level or a 4-level 

waveform for lower values of modulation index, a 5-level or a 6-level or a 7-level waveform 

for medium values of modulation index and 9-level waveform for higher value. The motor 

phase voltage waveform approaches towards sinusoidal as the number of level in the 

waveform increases. The harmonic spectrum of motor phase voltage and current are almost 

similar to the harmonic spectrums which are obtained with previous configuration of 9-level 

inverter (topology-2). Further, to validate the experimental results simulation study is carried 

out again at reduced voltage and it is found simulation and experimental results are almost 

matching each other except small practical discrepancies.  

The experimental and simulation results confirm the practical implementation of all the 

three topologies.  
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CHAPTER 8:     CONCLUSION AND FUTURE SCOPE OF RESEARCH 

 [The main conclusions of the presented work and possible research in future are summarized in this 

chapter.] 

8.1 Conclusion 
This thesis presents the research carried out to improve the performance of multilevel 

inverter (MLI) for induction motor drive with simplified modelling, control and implementation. 

Conventional three-phase induction motors used in electric drives are either delta or star 

connected and the motor has three terminals which are fed using a two-level VSI. In open-

end winding induction motor, this delta or star connection is opened and the motor now has 

six terminals. This motor is then fed from both the ends either with 2-level inverters or 3-level 

inverters or with a combination of the 2-level and 3-level inverters. Open-end winding 

induction motor drive configurations offer certain advantages in terms of increased voltage 

capability, common-mode voltage and current suppression. The multilevel inverter topologies 

proposed in the thesis uses dual inverter fed open-end winding configuration for the induction 

motor drive. The major conclusions derived from this research work are summarised as 

follows: 

• An open-end induction motor fed by dual two-level (D2L) inverter investigated in Chapter-

2, gives the performance equivalent to a single 3-level inverter fed conventional induction 

motor drive. In D2L inverter scheme, requirement of clamping diodes which are required 

in neutral point clamped (NPC) inverter is completely eliminated. In D2L inverter scheme 

the voltage rating of DC supply and switches are reduced to half as compared to voltage 

rating of DC supply and switches used in cascade H-bridge (CHB) inverter, this feature 

reduces the size and cost of the drive. In comparison to flying capacitor (FC) MLI 

topology the D2L inverter scheme does not requires any flying capacitors. 

• A 5-level inversion operation is achieved by using 3-level inverter and conventional         

2-level inverter for open-end winding induction motor drive in Chapter-3. The presented 

configuration generates 512 voltage space vectors distributed over 61 locations. The      

2-level inverter is the basic building block of 5-level inverter scheme, the modular 

approach of the inverter makes its implementation simple and reliable. This structure 

does not require any clamping diodes and there is no issue of voltage unbalancing. When 

compared with the series connected H-bridge, it uses three isolated DC sources and 18 

switching devices whereas CHB topology needs six isolated DC sources and 24 

switching devices. It is observed in simulation results that the adopted 5-level inverter 

scheme generates the phase voltage profile similar to conventional 5-level inverter. In 

simulation results it is also found that the voltage and current harmonic spectra of the 
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presented 5-level inverter fed open-end winding induction motor drive are improved in 

comparison to dual two level (D2L) inverter fed open-end winding induction motor drive.  

• A 2-level inverter based topology for high resolution voltage space phasor generation for 

an open-end winding induction motor drive is proposed in Chapter-4. The open-end 

winding induction motor is fed from both ends by two 3-level inverters with asymmetrical 

DC-links. The 3-level inverter is realized by connecting two 2-level inverters in cascade. 

The proposed topology generates voltage space phasor equivalent to a conventional 9-

level inverter. The proposed configuration generates 4096 voltage space phasors 

distributed over 217 locations. The currents of the triplen harmonic order are inherently 

prevented in this scheme due to use of isolated DC supply. In the proposed 9-level 

inverter configuration the inverter with higher DC-link voltage is switched less frequently 

than the inverter with lower DC-link voltage making it suitable for high power drives with 

reduced switching losses. The proposed topology completely eliminates the requirement 

of 168 clamping diodes and 8 DC-link capacitors which are require in neutral point 

clamped (NPC) inverter. It also eliminates 84 capacitors of rating VDC/8 which are 

required in 9-level FC inverter topology. This circuit configuration requires 4 isolated DC-

power supplies instead of 12 isolated power supplies compared to the CHB topology. 

• A modified level shifted triangular carrier based SVPWM technique proposed in Chapter-

4, ensures smooth changeover from the mode of 2-level inversion to the 3-level, then 3-

level to 4-level, then from 4-level to 5-level and so on up to 9-level inversion and vice 

versa. This feature reduces the switching losses at lower speed range. 

• In Chapter-5, an another power circuit is proposed to realize 9-level inversion operation 

using only two isolated DC sources of magnitude VDC/2 and 30 switching devices. The 

proposed topology is realized by feeding one end of the open-end winding induction 

motor by 5-level hybrid inverter and the other end by conventional two-level inverter. The 

three phase hybrid 5-level inverter is realized by cascading a 3-level flying capacitor (FC) 

inverter with capacitor fed H-bridge in each phase. A total of 17576 switching 

combinations are possible in proposed configuration. The proposed hybrid 9-level 

inverter topology can be operated by a single source of magnitude VDC/2 by adopting an 

appropriate switching scheme to eliminate the common mode voltage in the phase 

winding. In the proposed circuit, the maximum voltage rating of the switching devices is 

reduced from 3VDC/4 to VDC/2 as compared to the 9-level inverter topology presented in 

Chapter-4. A switching state based mathematical model of hybrid 9-level inverter is 

developed and the performance of proposed topology is evaluated for entire range of 

linear modulation by operating a 1.5kW open-end winding induction motor model at no-

load in MATLAB/Simulink environment. The capacitors voltage balancing is effectively 

achieved in steady state as well as in transient state conditions.  The simulated motor 
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phase voltage shows a 2-level or a 3-level or a 4-level waveform in the lowest speed 

range, a 5-level or a 6-level or a 7-level waveform in the medium speed range, a 8-level 

or a 9-level waveform in the higher speed range. The harmonic spectra of motor phase 

voltage and current are similar to the harmonic spectrums which are obtained with 9-level 

inverter proposed in Chapter-4. In the proposed hybrid 9-level inverter, switching devices 

which operate at higher voltage level switch less as compared to the switching devices 

which operate at lower voltage level in the entire range of modulation, this feature can 

lead to use of low switching frequency rated power semiconductor devices; in addition to 

that the number of components used by hybrid 9-level inverter is quite less as compared 

to conventional 9-level inverter topologies hence overall cost is reduced.  

• An 18-level inverter circuit for open-end winding induction motor drive is proposed in 

Chapter-6. The proposed circuit uses same number of switching devices as that of used 

by hybrid 9-level inverter presented in Chapter-5. The maximum amplitude of voltage 

space phasor generated is VDC whereas the maximum DC link voltage used is (9/13)VDC, 

this feature further reduces the size of inverter. The proposed 18-level inverter completely 

eliminates 816 clamping diodes and 17 capacitors which are required in 18-level NPC. It 

also eliminates 408 balancing capacitors which are required in 18-level FC inverter. The 

proposed topology uses seven isolated DC sources as compared to conventional CHB 

topology which requires 27 isolated DC supplies. The performance of proposed inverter 

is examined using MATLAB/Simulink simulation. In simulation results it is found that 

proposed 18-level inverter gives reduced harmonic distortion even at half of the switching 

frequency when compared with hybrid 9-level inverter fed open-end winding IM drive.  

• In this thesis extensive simulation study is carried out on D2L inverter, 5-level inverter, 9-

level inverter, hybrid 9-level inverter and 18-level inverter for open-end induction motor 

drive. In order to validate the simulations results, downscaled prototypes of 5-level 

inverter, 9-level inverter and hybrid 9-level inverter are developed in the laboratory and 

experimentation is carried out. RT-Lab from Opal-RT Technologies is used as real-time 

hardware-in-loop controller to generate gate pulses for IGBTs in real-time. The different 

hardware components required for the proper operation of experimental setups such as 

driver circuit, isolation and dead-band circuits, voltage and current sensor circuits 

designed, developed and interfaced with RT-Lab real time controller. Further, to validate 

the experimental results simulation study is carried out again at reduced voltage and it is 

found that experimental results are in good agreement with the simulation results and 

confirm the practical implementation of all the three topologies. 
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8.2 Future Scope of Research 

All initial objectives for the thesis work have been fulfilled successfully. It is clear that 

this study is only the first step of future research works but it is presumed to be an important 

basis. In the future works, the acquired knowledge will be the most powerful tool to reach 

greater results and to continue making progress. In light of the work accomplished in this 

thesis, following aspects are identified for future research work:   

1. The proposed schemes can be further explored for induction motors with open-end 

windings with a higher number of phases like 5-phase or 6-phase motors. In such 

cases, the inverters would have lower DC-link voltage requirements.  

2. The proposed hybrid 9-level inverter can be operated using single DC link of 

magnitude VDC/2. In this case, there will be triplen harmonic content in the phase 

voltages which cause a high triplen harmonic current to flow through the motor 

phases and power semiconductor devices. An effort can be made to design a 

harmonic filter or to develop a modulation scheme that should avoid the switching 

of those vectors which generates triplen harmonics.  

3. The performance of proposed MLIs in overmodulation region can be explored 

further.  

4. As the number of levels increases in MLI, device count and possibility of failure in 

power semiconductor devices rises exponentially. Hence, fault tolerant operation of 

MLI needs to be explored for reliable operation of MLI.  

5. Effort can be made to modify SVPWM scheme to incorporate switching state 

redundancy to reduce switching losses.   
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Fig. P.3: Host PC with Opal-RT and DSO 

 
 

 
Fig. P.4: Isolation and Dead Band Circuit 

 
 



 

264 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

265 

 

 
 

 
Fig. P.5: Current Sensing Circuit 

 
 

 
Fig. P.6: Voltage Sensing Circuit 
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APPENDIX – A 

 

Open-end Winding Induction Motor Rating and Parameters 
 

Rated power: 1.5 kW 

Rated Voltage:  415 V (+/- 10 %) 3-Ø star connection 

Rated Current:  3.3A 

Nominal Speed:  1415 rpm 

Pole pairs:   2 

Rated frequency:   50 Hz (+/- 5 %) 

Nominal efficiency:   79.0 % 

Stator resistance:   6.325 Ω 

Rotor resistance:   3.476 Ω 

Magnetizing inductance:   0.363 H 

Stator leakage inductance:   0.0203 H 

Rotor leakage inductance:   0.0203 H 

Moment of inertia:   0.0033 kg-m2 
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APPENDIX – B 

In this appendix, the screenshots of the controller of a 9-level Inverter developed using 

RT-Lab in HIL and MATLAB/Simulink are shown. 

 

 

 
Fig. B.1: First screen of controller block 

 

 

 

 
Fig. B.2: PWM pulse generation in MATLAB/Simulink 
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Fig. B.3: SVPWM control logic implementation in MATLAB/Simulink
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Fig. B.4: Generation of PWM pulses using RT-Events in real-time mode 
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