
MATLAB/SIMULINK MODULES FOR 
MODELING AND SIMULATION OF POWER 

ELECTRONIC CONVERTERS AND ELECTRIC 
DRIVES 

A thesis submitted in fulfilment of the requirements 
for the degree of 

MASTER OF ENGINEERING (BY RESEARCH) 

to the Graduate School of 

The University of Technology, Sydney 

by 

NARAYANASWAMY. P.R. IYER B.Sc.(Engg), M.Sc.(Engg) 

2006 

1 



Dedicated to 

the Loving memory of my parents 

Late Prof. P.K. Ramanatha Iyer and Late Smt. P.N. Kavery Ammal 

11 



Certificate of Authorship/Originality 

I certify that the work presented in this thesis has not previously been submitted for a 

degree nor has it been submitted as part of requirements for a degree except as fully 

acknowledged within the text. 

I also certify that this thesis has been written by me. Any help that I have received in 

my research work and the preparation of the thesis itself has been acknowledged. In 

addition, I certify that all information sources and literature used are indicated in the 

thesis. 

(P.R. NARA Y ~S\VAJ\llY) 

11l 

Production Note:
Signature removed prior to publication.



ACKNOWLEDGEMENTS 

The author is grateful to Dr. Venkat Ramaswamy, Senior Lecturer , Faculty of 

Engineering, for introducing and encouraging me to take up this research project 

presented in this thesis. I am also sincerely thankful to him for his valuable supervision, 

help and support throughout the course of this project work. 

The author wishes to express his sincere gratitude and appreciation to Dr. Jianguo zhu, 

Professor, Faculty of Engineering, for his supervision and support during the course of 

this project work. 

The author wishes to thank Dr. Peter Watterson, Dr. Quang Ha, Mr. Rob Jarman, Dr. 

Ben Rodanski and Dr. Johnson Agbinya all of the Faculty of Engineering for their 

constructive criticism and valuable suggestions for improvement of my project work. 

The author wishes to thank all the technical staff in the laboratories of the Center for 

Electrical Machines and Power Electronics (CEMPE) for their help and support in doing 

the experimental work. In particular, the author wishes to thank Mr. Bill Holliday, 

Faculty of Engineering, for providing literature on Lybotec Inverter, Mr. Russel 

Nicholson and Mr. Shan for their help in the laboratory of the CEMPE. 

The author also wishes to thank Mr. Hai Wei Lu, Research candidate, Faculty of 

Engineering, for his help in the experimental work on Permanent Magnet Synchronous 

Motor Drive in the laboratory of the CEMPE. 

The author wishes to thank Ms. Rosie Hamilton, Ms. Sharmaine Gewohn, former 

Research Administrators and Ms. Wenshan Guo, Research Administrative Assistant, 

Faculty of Engineering for their valuable help in the conduct of this project work. 

IV 



The author is grateful to University Graduate School for providing me the Research 

Training Scheme (RTS) to support my candidature. 

Lastly I wish to thank m:r wife Mythili, son Ramnath and daughter Rekha for their 

patience and understanding throughout the course of this project work. 

v 



List of Symbols 

LIST OF SYMBOLS 

The following are some of the predominant symbols used. The other symbols are 

explained within the text in the appropriate places. 

c - Capacitor in Farads 

D - Damping constant 

CF - Filter Capacitor in Farads 

E - E.M.F. Source 

f, fsw - Frequency in Hertz 

I, i - Current 

J - Moment of Inertia in kg.m"2. 

L,Ll - Inductance in Henries 

Lm - Mutual Inductance in Henries 
p - Number of Poles 

R - Resistance in Ohms 

SF - Switch Function 

SF BAR - Inverse Switch Function 

T · - Switching Period 

Tern - Electromagnetic torque in Nw-M 

Tmech - Mechanical Load Torque 

V, v - Voltage 

a - Firing angle 

co - Angular frequency in rad per sec 

roe - Angular frequency of the arbitrary reference frame in rad per sec 

cos -Angular frequency of the Stationary or Stator reference frame in rad per sec. 

COr -Angular frequency of the rotor reference frame in rad per sec. 

cp - Phase advance angle 

9 - Angle the reference frame makes with the stator abc axis. 

A. - Flux linkage 
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'I' - Flux Linkage per second 

A.m - Rotor Magnet Constant in volt.sec per elec.rad. 

core - Rotor speed in electrical radians per second 

corm - Rotor speed in Mechanical radians per second 

Suffix: 

d - Direct axis 

q - Quadrature axis 

e - Electrical 

m - Mechanical 

re - Rotor electrical 

c -Arbitrary 

s - Stationary or Stator 

r -Rotor 

a,b,c - Three phase ac A, B, C 

r,y,b - Three Phase ac R, Y, B 

n -Neutral 

L, l -Line 

de -DC Link 
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ACRONYMS 

BJT - Bipolar Junction transistor 

CCM - Continuous Conduction Mode 

CS - Clipped Sinusoid 

DCM - Discontinuous Conduction Mode 

DCTLI - Diode Clamped Three Level Inverter 

FCTLI - Flying Capacitor Three Level Inverter 

FWDBR- Full Wave Diode Bridge Rectifier 

FWCBR - Full Wave Controlled Bridge Rectifier 

GTO - Gate Tum off Thyristor 

HI - Harmonic Injection 

IGBT - Insulated gate Bipolar Transistor 

MOSFET - Metal Oxide Semiconductor Field Effect Transistor 

IM - Induction Motor 

OP.AMP. -Operational Amplifier 

PMSM- Permanent Magnet Synchronous Motor 

PWM - Pulse Width Modulation. 

SCR - Silicon Controlled Rectifier 

SMPS - Switched Mode Power Supply 

THI - Third Harmonic Injection 
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Abstract 

ABSTRACT 

Modelling and simulation of power electronic converters and electric drives play a vital 

role in the academic curriculum and also in the industry. A number of modelling and 

simulation tools are used to study the performance of power electronic converters and 

electric drives. For the analysis and simulation of three phase electric drives, the three 

(abc) axis to two (dq) axis transformation is used [I]. The results in the dq axis is 

transformed to abc axis by suitable inverse transformation. 

Over the past, several analog, hybrid and digital computers were used for simulation of 

converter fed electric drives [2, 13, 29, 30, 33, 34, 35]. In the recent years, a number of 

software packages have been developed to study the performance of power electronic 

converters and converter fed electric drives (3 - 9]. 

SIMULINK developed by Mathworks Inc., USA. is one of the softwares used for 

power electronic converters and electric drive simulation [3, 4, 11]. This software is 

used for modelling the power electronic converters and electric drives discussed in this 

thesis. 

This thesis describes the interactive modelling of power electronic converters such as ac 

to de, de to ac, de to de and ac to ac and ac drives such as the three phase IM and Six 

Step Inverter fed PMSM, using the software SIMULINK. Unless specified otherwise, 

the term "model" in this thesis refers to Sll\'IULINK model. Interactive Library 

Building Blocks are developed using SIMULINK for the above power electronic 

converters. These library models are then used to develop PWM converters. The 

models for well known PWM techniques such as Sine, HI, THI are presented. The 

interactive model for a totally new PWM technique known as Clipped Sinusoid PWM 

(CSPWM) is presented in this thesis. Where possible the results are compared with 

literature references, by theoretically derived formula and also by Electronic Circuit 

Simulation software .. 
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Abstract 
Interactive Circuit Model of a Digital Gate Drive for a Three Phase 180 Degree mode 

two level inverter using four line to one line multiplexer is presented and the results 

compared with well known literatures on power electronics and also by experimental 

verification. 

Interactive system Models for three phase ac Line fed IM drive in all reference frames 

using dqO voltage - current and flux linkage equations in state space are presented and 

simulation results compared with the literature references. This is followed by various 

system models for three phase Pulse Width Modulated Inverter fed IM drive. 

Interactive system models for Six Step Continuous and Discontinuous current mode 

inverter fed PMSM drives are presented and the results are compared experimentally, 

by theoretically derived formula and also with the literature references. 

Interactive system models for Buck Converter Switched Mode Power Supply (SMPS) 

are given and the results compared with the literature references and also by electronic 

circuit simulation. 

Interactive system models for Three phase DCTLI and FCTLI are presented and the 

result compared with literature references and also by theoretical derivations. 

Harmonic analysis of six step continuous current mode two level inverter and three 

phase three level inverter are presented in APPENDIX A. Experimental data and 

MATLAB programs to calculate the parameters of the six step Lybotec inverter fed 

PMSM drive in the laboratories of CEMPE are presented in APPENDIX B. The block 

diagram schematic of the six step Lybotec Inverter in the laboratories of CEMPE is 

provided in APPENDIX C. Some data sheets for selected integrated circuits are 

provided in APPENDIX D. Comparison of the model performance of Power 

Electronic Converters and Electric Drives presented in this thesis made with the 

Electronic Circuit Simulation Software PSIM, MICROCAP8 and the SimPowerSystems 

Block set of SIMULINK is presented in APPENDIX E. The list of publications from 

this thesis is given in APPENDIX F .. 
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Chapter I: Introduction 

CHAPTER 1 

INTRODUCTION 

1.1 Background 

The performance of power electronic converters and converter fed electric drives can be 

studied using mathematical equations which describe the behaviour of the particular 

converter and the drive fed by this converter. For example the voltage, current, flux 

linkage and electromagnetic torque relationship can be expressed in terms of machine 

parameters such as resistance and inductance of stator and rotor, number of poles, 

frequency, speed etc. The simplest mathematical model of the three phase IM is its 

equivalent circuit, obtained by no load and locked rotor test. It is possible to predict the 

performance of the three phase IM, for various loads using this equivalent circuit, even 

without conducting the actual load test in the laboratory. Similarly in the case of 

PMSM, the various mathematical equations describing the behaviour of this machine 

can be used to study the performance of this machine by developing a suitable system 

model. Similarly the power electronic converter supplying power to these electric 

drives can be developed either as a system model which duplicates the performance of 

this converter or as a circuit model using the actual power electronic component. 

To enable mathematical modelling of three phase AC machines, R.H. Park proposed the 

three axis, abc to two axis, dqO transformation, known as generalised machine model 

[I]. This transformation enables the three phase parameters such as voltages, currents 

and flux linkages to be evaluated in the dqO axis and transfer them back to abc axis. 

Such a simple abc to dqO transformation matrix is given in equation 1: 

2 .7C 2 .11: 
cos(B) cos(B - -) cos(B + -) 

f q 3 3 la 2 2.7C 2.11: 
Id = -* sin(B) sin (B - -) sin (0 + -) * lb (J .I) 

lo 
3 3 3 le I I I 

2 2 2 

The inverse transformation matrix to transfer from dqO axis to abc a'<.is is in equation 2. 
1 



Chapter 1: Introduction 

c 0 s () sin() 1 
fa 2.7C 2. 7C f q 
f b = c 0 s (() -) sin (fJ -) 1 * f d ( 1 .2) 

f c 
3 3 

f o 2. 7C 2. 7C 
cos(() + -) sin(() + -) 1 

3 3 

In equations 1.1 and 1.2, the term f represents either a voltage, current or flux linkage. 

8 is the angle between q axis and reference phase A shown in Fig. 1.1. 

Using the above abc to dqO transformation, all types of three phase ac machine analysis 

can be brought under one roof. Over the past decade several computer programs have 

been developed based on above transformations to predict the performance of these 

converter fed three phase ac machines [ 2, 13, 29, 30, 33, 34, 35 ]. A number of 

softwares have been developed recently in the past one decade to study the performance 

of power electronic converters and converter fed electric drives. Some of them are 

SIMULINK[ 3, 4 ], PSIM[ 5 ], CASPOC[ 6] and SIMPLORER[ 7 ], PSPICE[ 8] and 

MICROCAP[ 9 ]. 

q-axis 
cs 

9 

FIG.1.1 

bs 

as-axis 

1.2 Scope of this Project 

This project aims in developing 

library building blocks of 

system models for various 

power electronic converters. 

The various library models of 

converters developed are ac to 

de, de to ac, de to de and ac to 

ac. The three phase ac drive 

models developed are that for 

three phase IM and Six Step Inverter fed PMSM. Open loop and closed loop system 

models for line fed and Pulse Width Modulated inverter fed three phase IM drive have 

been developed. System models for six step continuous and discontinuous conduction 

mode inverter fed PMSM drive have also been developed. The performance obtained 

2 



Chapter I: Introduction 
by simulation of the model with that by experiment is compared for the case of the 

Lybotec six step inverter fed PMSM drive in the CEMPE laboratory. In all other cases 

the performance of the model is compared either with the literature reference or with 

theoretically derived formula along with the literature reference and also by Electronic 

Circuit Simulation software. The models developed in this thesis are system models 

which solves the equations describing the behaviour of the system, whether algebraic or 

differential. A relatively new concept known as "Switching Function Concept" is used 

to simulate the behaviour of the Power Electronic Converters [ 45, 46, 54, 55, 61 ]. 

Although the three Phase IM and PMSM built in Models are available in the 

SimPowerSystems blockset of SIMULINK, these built in models are NOT used here. . -

Original machine models based on their characteristic equations in the dqO-axis 

reference frame are developed using the various blocks in the SIMULINK block set. 

At this stage it will be appropriate mention the difference between the system model and 

that obtained by Electronic Circuit simulation software. While system model solves the 

characteristic equation describing the behaviour of the system, electronic circuit 

simulators use the passive and active semiconductor component parameters, such as for 

example, switch ON and OFF resistance, voltage and current gain values, parasitic or 

stray capacitances between junctions, junction potentials, inherent inductive reactance 

and so on arranged as a sub-circuit ( also called the equivalent circuit of the 

semiconductor 'component or the device ) to solve a given power electronic converter or 

a machine model. 

1.3 Why Use Sll\IULINK ? 

SIMULINK has the following advantages compared to other software packages: 

• Can be used to study the models of electric drives with fixed or time varying 

loads. 

• The performance of developed models of electric drives can be easily verified 

with built in electric drives model in the SimPowerSystems block set. 

• The Harmonic analysis of Power Electronic Devices driving AC machines can 

be easily made with Powergui in SimPowerSystems block set. 

3 



Chapter 1: Introduction 
• Many non-linear phenomenon such as Pulse Width Modulation techniques can 

be easily verified. 

• Many Power electronic circuits can be studied by modelling techniques and can 

be verified by semiconductor components in the SimPowerSystems block set i.e. 

it is possible to develop either system models based on the characteristic 

equations describing the behaviour of the system or electronic circuit models 

utilising the equivalent circuit parameters of the semiconductor component. 

• Facility to study analog and digital gate drives used in Power Electronic 

Circuits. 

• Facility to save data in workspace, which can be later brought to MATLAB 

window for further mathematical processing, editing graphics etc. 

• Facility to develop interactive models with user dialog boxes for power 

electronics and drive systems with which any given power electronic converter 

and drive can be tested by entering the parameters in the dialog boxes without 

actually going into each block of the model to enter the data. This saves time for 

the user and finds applications in virtual power electronics and drives laboratory. 

This is one of the unique features in SIMULINK. 

1.4 Significance of l\1odelling 

The significance of the term modelling is summarised below: 

• Modelling a physical system refers to the analysis and synthesis to arrive at a 

suitable mathematical description encompassing the dynamic characteristics of 

the system in terms of its parameters [ 11] 

• Models are used to predict the performance ofthe given system [11]. 

• Model prediction permits engineers to think of its potential applications, 

practical implementation and to develop various control strategies [11]. 

• Reduces time involved or shortens the overall design process [17, 58]. 

• Saves time and money as compared to procuring, installing and testing the 

system in the laboratory, especially when the system is too bulky [11]. 

• Simulation refers to performing experiments on the model [11]. 

4 



Chapter I: Introduction 
• Computer simulation plays a vital role in the R & D of power electronic devices 

for its high manoeuvrability, low cost and ability to speed up system 

implementation [53]. 

1.5 Simulation tools 

Essential tools formerly and presently used for simulation of electrical system are: 

1. Network Analyser 

2. Analog and Hybrid computers 

3. Digital computers. 

1.6 Thesis novelty 

The thesis work mainly concentrates on modelling selected power electronic converters 

and three phase IM and PMSM drives using SIMULINK. This project novelties are 

given below: 

1) The three phase CSPWM technique is a NEW discovery and such a PWM 

technique hitherto does not appear in the literature references ( paper 2 in 

APPENDIX F ). 

2) Interactive Models as developed in my project work for three phase DCTLI and 

FCTLI are not available in the literature references. 

3) Interactive Model for three phase IM in all reference frames ( stationary, 

synchronous and arbitrary ) with provision to select the frame in a single model 

schematic is not available in the literature references ( Paper 7 in APPENDIX 

F ) .. 

4) Interactive Model for three phase inverter in the discontinuous current mode 

with switching angle advancing facility suitable for analysing PMSM drives are 

not reported in the literature references ( paper 4, 5, 6 and 8 in APPENDIX F ). 

5 



Chapter 1: Introduction 
5) Interactive Models for de to de converters developed in my project work, 

particularly for the boost and buck-boost converter are not available in the 

literature references. 

6) Interactive Models for three phase thyristor ac to ac converters ( ac controllers ) 

are not at all available in the literature references. 

7) Interactive Model for buck converter SMPS especially feedback control part is 

new and different from that existing in the literature references ( paper 3 m 

APPENDIX E ). 

8) Interactive Model for single phase ac to de converter using diodes developed in 

my project work is much different from that existing in the literature references. 

9) Interactive Model for single phase ac to de converter using SCRs developed in 

my project work is not available in the literature references. 

10) Interactive Models for three phase l.M. using dqO-axis flux linkage equations 

and also the flux linkage per second equations in state space are totally new and 

makes use of the advanced features of SIMULINK. Such models hitherto are 

not available in the literature references (Paper 7 in APPENDIX F ). 

1. 7 Thesis outline 

This thesis mainly concentrates on modelling power electronic converters and converter 

fed three phase IM and PMSM drives. Interactive Library models for power electronic 

converters have been developed. The parameters for PMSM drive is obtained by 

experiment in the laboratories of the CEMPE. 

Chapter 1 provides the Introduction. Chapter 2 provides the literature review. The 

literature review for ac to de, de to ac, de to de and ac to ac converters and their 

modelling aspects are provided. This is followed by the literature review for pulse 

width modulated inverters, SMPS, Multilevel inverters. Literature review for modelling 

6 



Chapter 1: Introduction 
of three phase ac line fed IM is provided, followed by that for PWM inverter fed IM 

drive. Literature review for hybrid/digital computer modelling of PMSM drives fed by 

six step continuous and discontinuous current mode inverter is then presented. Chapter 

3 to 6 provides building interactive library models for ac to de, de to ac, de to de and ac 

to ac converters respectively. In the library models for these power electronic 

converters, it is the aim to test and simulate any given power electronic converter by 

entering the parameters of the converter in the appropriate boxes and I or 'pop-up' 

menus, without altering the inner details of the model. This easy to use library model is 

suitable for virtual power electronic laboratory applications. Chapter 7 provides 

interactive models for three phase ac line fed Induction Motor Drive. Chapter 8 gives 

an account of the interactive models for six step continuous and discontinuous current 

mode inverter fed PMSM drive. Chapter 9 provides interactive circuit model for a 

digital gate drive for a three phase 180 degree mode inverter using four line to one line 

multiplexer. Chapter 10 provides the interactive system model for a buck converter 

SMPS. Interactive models for three phase SINE, HI, THI and CS PWM inverter fed 

I.M. Drive are discussed in Chapter 11. Interactive models for three phase DCTLI and 

FCTLI are given in Chapter 12. The conclusions drawn from this thesis work is 

presented in Chapter 13. All these models provided from Chapter 7 to Chapter 12 are 

interactive in the sense the user can enter the data in the appropriate boxes I pop-up-

menus provided without altering the inner details of the model. These models find 

applications in virtual power electronics laboratory. Appendix A provides the 

Harmonic Analysis of Line to Line voltage of Three Phase 180 degree mode inverter 

and also for the three phase three level inverter using MATLAB. Appendix B provides 

the MATLAB program for calculating the Lybotec six step inverter fed PMSM 

parameters from experimental data. Appendix C gives the block diagram layout of 

Lybotec Six Step Inverter. Appendix D gives the data sheet for selected digital 

Integrated Circuits. Appendix E provides the comparison of the model performance of 

Power Electronic Converters and Electric Drives discussed in this thesis with the 

Electronic Circuit Simulation softwares PSIM, MICROCAP and also with the 

SimPowerSystem Block set of SIMULINK. The publications arising from this thesis 

work is given under Appendix F. The literature referred to are given under the list of 

references. 

7 



Chapter 2: Review of Literature 

CHAPTER 2 

REVIEW OF LITERATURE 

2.1 Introduction 

This project mainly concentrates on the interactive modelling of power electronic 

converters and three phase ac drives. SIMULINK has been used for modelling for 

reasons mentioned in the introduction. The purpose of developing models is given in 

section 1.4. Of the various power electronic converters and electric drives, the selected 

models of AC to DC, DC to AC, DC to DC and AC to AC Converters are developed. 

In the modelling of three phase ac drives, models of IM and PMSM are developed. In 

particular the models of single phase diode and SCR bridge rectifiers and three phase 

diode bridge rectifiers were developed under the ac to de converter modelling. The 

models of three phase 180 degree mode and 120 degree mode inverters have been 

developed under the category de to ac converter modelling. Under the de to de to 

converter modelling, models of buck, boost and buck-boost converters have been 

developed. In ac to ac converter modelling, model of back to back connected thyristors 

in series with the three phase ac lines connected to star connected resistive load and 

model of back to back connected thyristors in series with resistive load connected in 

delta to a three phase ac lines are developed. Models of three phase SINE, HI, THI and 

CS PWM inverters have also been developed. Circuit model for digital gate drive for a 

three phase 180 degree mode inverter using four line to one line multiplexer is also 

presented. In addition models for buck converter SMPS and multilevel inverters are 

developed. Under multi level inverter category, models of three phase DCTLI and 

FCTLI are developed. 

In three phase ac drive modelling, models for ac line fed three phase IM followed by 

three phase SINE, HI, THI, and CS pulse width modulated inverter fed IM drive have 

been developed. In addition models of six step continuous current mode and 

discontinuous current mode inverter fed PMSM drive with sinusoidal back e.m.f. have 
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also been developed. The data for PMSM drive model is obtained by experiment on the 

Lybotec six step inverter fed PMSM in the laboratories of CEMPE. 

Many literatures have been referred for the above model development. The detailed 

review of these literature is given below: 

2.2 AC to DC Converter 

In the section on ac to de converter modelling, single phase and three phase full wave 

diode bridge rectifiers and single phase SCR bridge rectifiers are discuss.ed [14-18, 54, 

61]. Reference 54 provides system modelling of single phase and three phase diode 

bridge rectifiers using the concept of switching functions. Switch functions for the 

upper and lower arm diodes are defined and are used to develop the model considering 

other system parameters such as resistance and inductance of the source and the load, 

filter capacitor etc. In reference 61, detailed system modelling of three phase diode 

bridge rectifiers using separate Heavyside functions for arm voltages and phase voltages 

are developed. The abc axis voltages of the three arms are transformed to aJ3 axis and 

the modelling equations are developed for a given source resistance and inductance. 

Separate models are developed for purely resistive load and RL load. The results in aJ3 

axis is then transformed to abc axis. 
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This thesis provides system modelling of single phase FWDBR, FWCBR and three 

phase FWDBR, the general schematic of which is shown in Fig.2.l(A), (B) and (C). 

User interface is provided where data relating to the particular ac to de converter can be 

entered. The models can be copied to various future applications as data entered by the 

user can be changed without changing the inner details of the model. 

2.3 DC to AC Converter 

In de to ac converter modelling mainly system models for three phase inverter is 

discussed [14 - 18, 45 - 46]. Reference 45 and 46 provides modelling of three phase 

180 degree mode inverter, triangle carrier and sine PWM technique using the concept of 

switching functions. Further models for the ac to de boost rectifier, hysteresis current 

controller are given. Further a modelling technique to separate the free wheeling diode 

current and switch current are given. 
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This thesis provides system modelling of three phase 180 degree and 120 degree mode 

inverter, a general schematic of which is shown in Fig.2.2. User interface is provided 

where data relating to the particular de to ac converter can be entered. The models can 

be copied to various future applications as data entered by the user can be changed 

without changing the inner details of the model. 

2.4 DC to DC Converter 

In the section on de to de converter modelling, mainly system models for buck, boost 

and buck-boost converters are discussed [14 -18, 54- 57]. Reference 54 provides a de-

tailed system modelling of Buck converter considering discontinuous conduction mode 

using switching functions. Separate switch functions are defined for the switch and 

diode. References 55 and 56 provide system modelling of quasi resonant converters. 

They have two inductors and two capacitors in their circuits and fall in the category of 

fourth order converters. Model for step down quasi resonant converter with feedback 

controller is also given. Reference 57 provides a non-linear model of the buck 

converter. In this, modelling is done separately for the fully controlled generator, output 

filter and the compensation circuit. Fully controlled generator comprises of the switch, 

diode, gate drive and PWM modulator. The unit delay block from discrete block set is 

used to generate the square pulse (-l)k., where k = 1,2,3,4 etc ........ , with sample time 

Ts set to switching period. Two variable transport delay from continuous block set is 

used, one to shift the square pulse by arbitrary delay and the other to shift the same 

square pulse by an arbitrary delay plus the pulse width of the switching pulse. These 

two resulting signals are exclusively ORed using EXOR gate and this output is 

multiplied by supply voltage Vdc to get the PWM output across diode of the buck 

converter. The output filter is realised by using state space approach using inductor 

current and voltage across capacitor as output and PWM voltage across diode as input. 

The compensation circuit is realised using op.amp, resistor and capacitor models. Bode 

plots for control to output transfer function is given. 

This thesis provides system models for buck, boost and buck-boost converter using 

switching function concept, the general schematic of which is shown in Fig.2.3. User 

interface is provided where data relating to the particular de to de converter can be 
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entered. The models can be copied to various future applications as data entered by the 

user can be changed without changing the inner details of the model. 

2.5 AC to AC Converter 

In the section on models for AC to AC Converters, mainly system models for thyristor 

three phase ac controllers are discussed [14 - 17]. Not much of models for ac to ac 

converter is given in the literature references. 

This thesis provides new and original system models for back to back connected 

thyristors in series with the three phase ac lines connected to star connected resistive 

load and also for the back to back connected thyristors in series with resistive load 

connected in delta to a three phase ac line, the schematic of which is shown in Fig.2.4. 

Switching function concept is used in developing these models. User interface is 

provided where data relating to the particular ac to ac converter can be entered. The 
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models can be copied to various future applications as data entered by the user can be 

changed without changing the inner details of the model. 

2.6 Pulse Width Modulated Inverters 

A number of pulse width modulation technique is available for the voltage control of 

inverters. Some of them are SINE, HI, IBI, TRAPEZOIDAL and DELTA. The SINE 

PWM is the fundamental technique [14 - 18, 47 - 48]. The HI and THI were proposed 

for obtaining higher output line to line voltage with reduced distortion compared to 

SINE PWM [14, 49 - 50]. TRAPEZOIDAL modulation is also used for higher output 

line to line voltage compared to SINE PWM [51-52]. DELTA modulation also known 

as hysteresis modulation produces output voltage equal to the de link voltage of the 

inverter. The DELTA modulation can control the ratio of voltage to frequency which is 

a desirable feature for ac motor control [14]. 

13 



Cha ter 2: Review o Literature 

. . . . . . . . . . . +1.tC . . . . . . . . . . . . . . . . . . . . . . . +\.tt . . . . . . . . . . . . . . . . . . . . . . . . . . l\CC . . . . . . . . . . . . . . . . . 

· · ·Olll4!~ · · · · · · · 
• . . 07A ..•..... 

. ' ·2 S2 •••.. 

. . . . . . . . . ' . ' . . . FIG. 2.S FIGJ~ THREE'PAASESlNEIWltTECHIHOUE' •...........•.•...•....•.••.•.••.•.••....•• 
Nb!E'SlTo·~~l~tlG.21 ................................................ .. 

• • • • • • • • • • • • • • • • • • • . • . • ' •••• ' •••••• '. >.' •••.•••••••••••••••••••••••••••••••••••••••• ' •••• 

This thesis provides interactive model for three phase SINE PWM inverter using the 

concept of switching functions [ 45 - 46]. This principle of three phase SINE PWM is 

illustrated in Fig.2.5. The principle of HI, THI and CS are the same as for SINE PWM, 

except that the three phase SINE modulating signals in Fig.2.5 are replaced by 

corresponding three phase HI, THI and CS modulating signal. Interactive models for 

HI and THI presented in this thesis are totally new and original. The interactive model 

for a totally new Pulse Width Modulation technique known as Clipped Sinusoid (CS) 

PWM is presented in this thesis. 

2.7 Digital Gate Drives for Three Phase Inverters 

The gate drive for three phase inverters are normally using analog op.amp ICs used as 

zero crossing comparators for each of the three phases. The gate drive can be 180 

degree mode or 120 degree mode. Three phase 180 degree mode inverter is used for IM 

drives, while both 180 and 120 degree mode inverter are used for PMSM drives. The 

MC8 simulated drive pattern for a three phase 180 and 120 degree mode inverter are 
14 
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shown in Fig.2.6( A ) and ( B ) respectively. Microprocessors I microcontrollers, DSPs 

and EPROM are also used as gate drives [14 - 18]. A conventional gate drive for a 

three phase 180 degree mode inverter using op.amps is shown in Fig.2.7 (A). 
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This thesis provides the interactive circuit model of a digital gate drive for a three phase 

180 degree mode inverter using four line to one line multiplexer, the general schematic 

16 



Chapter 2: Review of Literature 
of which is shown in Fig.2.7( B ). Experimental waveform of the switching function is 

also given. 

2.8 Switched Mode Power Supplies 

SMPS using buck converter are used to obtain nearly constant output de voltage irresp-

ective of variation in the input de voltage [ 14 - 18]. PSPI CE model for SMPS using 

Quasi Resonant Converter available in the literature reference [56]. A system model of 

SMPS is provided in the literature reference [57]. 
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This thesis provides a new interactive system model for a buck converter SMPS suitable 

for power electronics laboratory applications, a schematic of which is shown in Fig.2.8. 

Switching function concept is used in developing this model [ 54 - 56 ]. 

2.9 Multilevel Inverters 

Multilevel inverters have drawn the attention of the power industry, as they have 

features for reactive power compensation. Increasing the inverter voltage levels without 

the need for higher rating for individual device/component increases the power rating. 

Multilevel inverters produce higher output voltage with low harmonics without the need 

for step up transformers or series connected synchronised switching device. As the 

number of levels of the inverter increases, the harmonic content of the output voltage is 

reduced significantly [ 14, 66 - 71 ]. The two topology for multilevel inverters are 

Diode Clamped and the Flying capacitor topology. Circuit model for three phase 
17 
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DCTLI is provided in the literature [53]. In this the three phase DCTLI is developed 

using GTOs from Universal Bridge in the SimPowerSystems block set. MATLAB 

program is used for the controller. A survey of various multi level inverter topologies 

are presented in the literature references, defining the relation connecting the number of 

levels for the line to ground and line to line voltages [ 67 - 69 ]. A derivation for the 

time duration required for the zero voltage level to reduce the T.H.D. of line to line 

voltage from 31.08 % to 16.86 % is reported in the literature reference [ 70 ]. 
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This thesis provides new and original interactive system models for Three Phase DCTLI 

and FCTLI, a circuit schematic of which is shown in Fig.2.9. 

2.10 Induction l\lotor Drive 

Reference 11 and 24 provides models for three phase ac line fed IM using flux linkage 

equations and also using the dqO equivalent circuit in the stationary reference frame. 

Reference 11 provides models for three phase continuous current mode inverter fed IM 
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drive, models for open loop volts/hertz control and Field oriented control. Reference 

24 provides models for open loop volts/hertz control and indirect vector control of three 

phase IM drives. Reference 25 and 26 provide modelling of three phase IM using dq-

axis voltage - current equations in synchronous frame of reference. Power 

semiconductor switches in the three phase VSI are modelled using dynamic node 

technique in which each switch is a binary resistance of HIGH value in the OFF state 

and LOW value in the ON state. Reference 27 provides model for three phase ac line 

fed IM drive using dqO-axis current equations. The model takes voltage or current as 

input and gives speed and electromagnetic torque as output. Internal resistance of the 

power source is considered. The torque expression and dq-axis flux linkage expressions 

in terms of dq-axis currents are used for modelling torque of the motor. Reference 28 

provides the modelling of three phase ac line start IM using dqO-axis voltage - current 

equations in stationary reference frame. The dqo-axis voltage - current equations in 

stationary frame in terms of machine parameters is brought to the state space form and 

then the model is implemented. Simulation results for two cable resistances of the 

power supply are provided. 

This thesis provides interactive models for three phase ac line fed IM in the open loop 

using dqO voltage - current equations and also using dqO flux linkage equations in state 

space, both cases in all reference frames. This is followed by models for three phase 

SINE, HI, THI and CS PWM inverter fed IM drive. 

2.11 Permanent l\lagnet Synchronous Motor Drives 

PMSM drives are inverter driven. Inverter switching is by rotor position sensing [19 -

21]. Models for three phase PMSM drive which have a sinusoidal back emf is only 

presented. Digital computer models for six step continuous and discontinuous 

conduction mode inverter fed PMSM drives are available in the literature [29- 39, 41 -

44]. Reference 29 provides digital computer model for six step continuous current 

mode inverter fed PMSM drive in the rotor reference frame. Sinusoidal back emf for 

the PMSM is assumed. The phase or switching angle of the inverter voltage can be 

varied relative to the rotor position. Expression for phase advance angle for maximum 

torque of PMSM is derived. Advancing the phase of the stator voltage advances the 
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phase of the fundamental component of the stator current relative to phase voltage. 

Steady state harmonic current and torque calculation is also given. It is shown that the 

average steady state torque is maximised by phase advancing the stator phase voltage 

relative to the rotor position. Reference 30 and 31 provides modelling of a vector 

controlled six step inverter fed PMSM drive with hysteresis current control. Both 

simulated waveform using the digital computer and experimental waveforms are given. 

Reference 32 provides the modelling of six step inverter fed PMSM using state space 

approach to determine the initial conditions. The modelling equations of the PMSM in 

dq-axis rotor frame is first expressed in state space form x_dot = A.x + B.u and solved 

in time domain to obtain the initial conditions of PMSM rotor. Then Runga-Kutta 

method is used to solve the governing differential equations of the PMSM in MATLAB. 

Improved accuracy is possible as initial conditions of the PMSM is considered. In 

reference 33, Electronically Commutated Motor (ECM) also known BLDCM is 

modelled using digital computer. Sinusoidal flux distribution is assumed and the 

modelling solution is carried out for both six step 180 degree mode and 120 degree 

mode inverter fed ECM with switching angle advancing facility. The flow chart for 

executing the modelling equations of ECM using DEC VAX 11/780 digital computer is 

also given. Simulation results are given for varying switching angle advance. In 

reference 34 the digital computer modelling of the six step 120 degree mode inverter fed 

brushless de motor is presented. Sinusoidal back emf is assumed. Six distinct equal 

switching intervals (SI - I to VI) are defined, starting from ( -30 - cp) to ( 330 - cp ), 

where cp is the firing angle or switching angle advance in radians. This value of cp can 

be varied by appropriate switching of the inverter. The stator current in phase b for the 

switching interval SI-II is plotted by simulation for various rotor speed. In reference 35, 

additionally the abc axis voltages when phase b current is zero i.e. for SI - II is 

transformed to dq-axis voltages in rotor frame. This dq-axis voltage is then integrated 

over the SI - II range which is ( 30 - cp ) to ( 90 - cp ) and then divided by rr.13 to get the 

average value of dq-axis voltages. These average values of dq-axis voltages are then 

substituted in the machine model in rotor frame and the average model is developed 

using various gain blocks. In reference 36 to 39, the model of a three phase inverter fed 

BLDCM with sinusoidal flux distribution is developed along an arbitrary axis called y-o 
axis. The sensorless method uses the difference between detected actual state variable 

and the estimated state variable calculated using the motor model in the controller. The 
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results using DSP controller are given which confirms the validity of the proposed 

method. References 40 to 43 discuss modelling of six step 120 degree mode inverter 

fed PMBLDCM with TRAPEZOIDAL back emf. The stator current waveform is 

rectangular. The mutual inductance between stator and rotor is non-sinusoidal. The 

analysis is done in the abc axis. In reference 43, in addition PID controller is used and 

the simulation is developed using MATLAB M file. Reference 44 gives the modelling 

of six step inverter fed PMSM drive with sinusoidal back emf in the closed loop with 

PID controller under transient load torque disturbance. Simulation results using 

SIMULINK are given. 

In this thesis the modelling of six step continuous and discontinuous conduction mode 

inverter fed PMSM drive in the open loop for various switching advance angle are 

given. The parameters for modelling are obtained by experiment on six step Lybotec 

inverter fed PMSM drive in the CEMPE laboratory. 

21 



Chapter 3: Library Models for AC to DC Converters 

CHAPTER3 

LIBRARY MODELS FOR AC TO DC CONVERTERS 

3.1 Introduction 

In this chapter, building library modules for ac to de converters also known as rectifiers 

are presented. Rectifier circuits use either diodes or thyristors ( SCRs). Modem 

rectifiers use BJTs, MOSFETs, IGBTs and GTOs. Here library system models for _ 

single phase FWDBR, FWCBR using SCRs and Three Phase FWDBR are developed. 

Switching function concept is used in developing these models. These library modules 

have pop-up-menu or dialog box where the required data relating to the ac to de 

converter is entered by the user. These system models use Simulink blocks which 

solves the governing equations relating to the relevant ac to de converter. No 

semiconductor circuit component is used in the model. 

3.2 Single Phase Full Wave Diode Bridge Rectifier 

The single phase FWDBR circuit schematic is shown in Fig.3.1 [14 - 18]. The resistive 

R 

L 

E 

FIG.1: SINGLE PHASE DIODE BRIDGE RECTIFIER 

load or RLE load selection using SS I 

is shown for convenience only. 

During the positive half cycle of VS, 

diodes DI and D2 conduct from 0 to 7t 

and during the negative half cycle 

diodes D3 and D4 conduct from 7t to 

2x The essential derivations of the 

output voltage are given below for 

purely resistive load [14]. 
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The output voltage derivations are done below for RLE load [ 14]. 
di 

L d~+R.i0 +E=.J2.Vmsin(wt) (3.5) 

The solution gives the following 
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3.2.1 Library Model for Single Phase FWD BR with Purely Resistive or with RLE 

Load 

The system model for the single phase FWDBR is shown in Fig.3.2. The purely 

resistive or RLE load selection is combined in one model. The various dialog boxes are 

shown in Fig.3.3, where user can enter the appropriate data required. One model can be 

used for different system parameters. In Fig.3.2, the selector switch can be double 

clicked to select either purely resistive load or RLE load option. The value of the Line 

to neutral RMS voltage, frequency, the value of RLE loads used and/or that of purely 

resistive load used are entered in the appropriate dialog boxes in Fig.3.3. These values 

are tabulated in TABLE 3.1 [14]. 

TABLE 3.1 I 
SL.NO. PA&tUIETER VALUE 

1 Line to Neutral MIS Voltage 120 Volts 

2 Supply Frequency 60Hz 

3 RLE Load 2.5 Ohms, 6.5e-3 H, 10 Volts 

4 Purely Resistive Load 25 Ohms 
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Chapter 3: Library Models for AC to DC Converters 

..._.._~( 1 ) 
Out1 

FIG.3.4( A) 

RELAYl 

FIG.3.4( B) 

SF_BAR 

Q:J 
Out3 ~ 

Out2 

0 

FIG.3.4( D) 

1 I .... c , ) 
- Out1 r• I .... c 2 ) 
- Out2 

R_LOAD 

FIG.3.4( F) 

RLE_load_select 

c:::!J-+c 1 ) 
FIG.3.4( C ) Out1 

~(2) 
Ou12 

R_load_select 

~~ 
~~ 

L1_LOAD Out2 

I dc_source J-...c:r:> 
E Out3 

~er) 
R1_LOAD Out.4 

FIG.3.4( .E) 

Out1 

~~ 
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Out4 
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Chapter 3: Library Models for AC to DC Converters 

Lln2 t;.___ .... _l'_n ---..M.--ea-n I ... w 
~ r CC)·~~ 

I I 
- 1n1 I ou15 

~~ :~~ 
ln3 ~ ~C£) 

FIG.3.4( G) ~ .....- Out4 

~[Ym ln1 ~ 
~7 Out1 

ln2 

CQIM~· ~ sM= ~ -x 
ln6 

Out4 

~ 
Out2 

FIG.3.4(H) 

l fil r..__ __ ..., .. 1/s Ide 

x 

In? 

The various subsystem of the above model are shown in Fig.3.4( A) to ( H ). These are 

briefed below. 

The single phase sine wave ac source in Fig.3.4( A ) is from sources block set in the 

Simulink block. The dialog box for this is shown in Fig.3.3. The line to neutral RMS 

voltage in volts and the frequency in Hertz are entered in this dialog box. This line to 

neutral RMS voltage and frequency are internally multiplied by 1.414 and 2x 

respectively. This sine wave output is given to relay! in Fig.3.4( B ). The output of 

relay! is the switch function SF. The inverse switch function SF _BAR is generated 

using a switch from signal routing block set. SF and SF BAR are defined below: 

SF = I 

0 

SF BAR 

Jo r 
Jo r 

0 
1 

Jo r 
Jo r 

( 3. 7) 

0'5.(1)/'5.'JC I 
;r '5. OJ I~ 2 7r 

( 3. 8) 
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Chapter 3: Library Models for AC to DC Converters 
The switch generating SF _BAR has 0 and 1 as its first (u(l)) input and third (u(3)) input 

respectively, while the second (u(2)) input is SF. This switch threshold is 0.5. This 

switch output is u(l) when input u(2) is greater than or equal to threshold value, else 

output is u(3). SF and SF _BAR are given to the input u(2) of the top and bottom switch 

respectively in Fig.3.4( B ). The u(l) input to top switch is the ac supply voltage while 

that for the bottom switch is negative of this supply voltage. The u(3) input to top and 

bottom switches are both zero. The threshold values for top and bottom switches are 

both 0.5. This top and bottom switches operate in the same way as the switch 

generating SF_ BAR. The output of the top and bottom switches are added using the 

sum block. The output of this sum block is the rectified de output voltage Ude. 

Referring to Fig.3.4( B ), the output voltage of the sum block Ude can be expressed as 

follows: 

Ude = [(sF.Vs + SF BAR. (-Vs)] 
= for 0 s wt s " ( 3.9) 

= for 

In equation 3.9, Vs is the sine wave input. 

The type ofload select module shown in Fig.3.4( C) has two constants 1and0 as input 

to the SPDT switch. Double clicking the SPDT switch in Fig.3.2, selects either the 

purely resistive load or the RLE load. 

Fig.3 .4( D ) and ( E ) corresponds to the dialog box for Load resistance data and the 

RLE Load Data respectively, shown in Fig.3.3. 

If SPDT switch is thrown to 0, then purely resistive load R LOAD is selected. 

Referring to Fig.3.4( D), ( F) and ( G ), it is seen that the value of Udc/(R_LOAD) is 

calculated. The set-reset latch enables the bottom display in Fig.3.2. The RMS value of 

load voltage Ude, the mean and RMS value ofload current are displayed. 

If SPDT switch is thrown to 1, then RLE load is selected. Referring to Fig.3.4( E), ( F) 

and ( H ), it is seen that the value of load current Ide is calculated using the equation 
28 



Chapter 3: Library Models for AC to DC Converters 
3.2.5. The set-reset latch enables the top display in Fig.3.2. The RMS and average 

value of load voltage Ude, the mean and RMS value of load current and the average 

power output are displayed. 

3.2.2 Simulation Results 

The simulation of the model for single phase FWDBR using odel5s(Stiff/NDF) solver 

for data given in TABLE 3.1, for purely resistive load and RLE load were conducted. 

The simulation results for purely resistive load is shown in Fig.3.5( A) to ( C) and that 

for RLE load is shown in Fig.3.6( A ) to ( C ).. The meter reading observed are 

tabulated in TABLE 3.2 for both cases. 

TABLE 3.2 

SI.No.~ Type of! Udc(~IS) 
f Load . ,~ Volts 

1 

2 

t i 

(: R only · 
! . ·. . 
~··RLE :. -

120 

120 

U~c(AVG)l I_load(RMS) ~:I~!~a~(AVG}~ P_out 
Volts -.·. < j Amps F Amps. :<:'.:::.' __ : ·~ \Vatts 

'• ~- . . - - ~t 

108 . . <~ 4.799 r4.321-:. _ ,_ 1 466.8 

108 : ' ... ~ 40.3 f· 3-9.21 : . . ·f 4235 
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Chapter 3: Library Models for AC to DC Converters 
3.3 Single Phase Full Wave SCR Bridge 

X1 

X4 

Tl T3 

YJ 

120 VOL TS (RMS) 
t----1. \ 1-, ---t 

vs 
Vs 

X2 

T4 T2 

ALFA= Pll3 RADIANS -

VOUT -iL 

SSl 
S¥.ikh1 

R 
R1 R2 R 

Vdc 25 05 
L 

'<><6f3 :!L 

101 
VS 

FIG. 3.7 

: SINGLE PHASE FULL WAVE SCR BRIDGE RECTIFIER 

The single phase full wave SCR bridge 

rectifier is also known as single phase full 

wave controlled bridge rectifier, 

represented as FWCBR [14 - 18]. This is 

shown in Fig.3.7. Assuming pure resistive 

load, during the positive half cycle of VS, 

thyristors Tl and T2 are fired at an angle a 
and conduct from a to 7t. During the 

negative half cycle of VS, thyristors T3 

and T4 are fired at angle ( n: +a ) and 

conduct from ( 7t +a ) to 2n:. Thus by 

varying the firing angle a, the average voltage across the load can be varied. The 

library system model for this FWCBR is developed combining the purely resistive load 

and RLE load in one model. For RLE load, continuous load current conduction is 

assumed. In this case with RLE load, thyristors Tl and T2 conduct from a to ( n: +a ) 

when fired at an angle a during the positive half cycle of VS and thyristors T3 and T4 

conduct from ( n: +a ) to ( 27t +a ), when fired at an angle ( n: +a ) during the negative 

half cycle of VS. This model can be used for continuous conduction mode only with 

RLE load. 

The essential derivation for output voltage and load current is done below for purely 

resistive load. 

Vd = !_.[JV .sin(w t).d(w t)l = V m .[l + cos(a)] c 1C m 1C a 
(3.10) 

~ / 1C 2 2 j Y [J a sin2a J V = -. JV .sin m t.d(m t) = _!!]_* I - -+ ---
rm s 1C m ..Ji" 1C 211: a 

(3 .11) 

Average power P. = -
1 .[J (v .sin(wt))

2 
.d(wt)l zn · 1CR m a 

(3.12) Input 

= V~ ·[(J-!!....)+ sinlal 
2R 1C 21C 

(3.13) 
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Chapter 3: Library Models for AC to DC Converters 
The essential derivation for output voltage and load current is done below for RLE load. 

V = - J V .sin(w t).d(w t) = m .cos( a) l 1r+a l 2V 
de 'JC m 'JC 

a 
(3. I 4) 

v = rm s 
1 1l" + a . 

J V 2 .sin 2 (w t).d(w t) m 7C a 

v 
= m 
~ 

(3 .1 5) 

di 
L-1:..+R.iL +E=J2.v .sin(wlj for iL 2:0 (3.16) 

dt m 
The solution is 

i L ~ ,Jl; m .sin(wt - 0)-! + I LO + ! -,Jl; m .sin( a - 0) .e(RIL).(a/w - t) (3.17) 

where I LO =I LI is given by 

J2v - sin( a - e; - sin( a - e;.e-(RIL). (;r)/w 

I LO =I Ll = z. (l - e ':OvL). (Klw) ) 
E 
R 

for JL0 2:0 (3.18) 

3.3.1 Library Model for Single Phase FWCBR with Purely Resistive or with RLE 

Load 

The system model for the single phase FWCBR is shown in Fig.3.8. The purely 

resistive or RLE load selection is combined in one model. The various dialog boxes are 

shown in Fig.3.9, where user can enter the appropriate data required. One model can be 

used for different system parameters. In Fig.3.8, the selector switch can be double 

clicked to select either purely resistive load or RLE load option. The value of the Line 

to neutral RMS voltage, frequency, the value of RLE loads used and/or that of purely 

resistive load used are entered in the appropriate dialog boxes in Fig.3.9. These values 

are tabulated in TABLE 3.3 (14]. The various subsystem of the above model are shown 

in Fig.3.10( A) to (I). These are briefed below. 

The blocks in Fig.3.10( A ) along with the mux and Fen block in Fig.3.10( B ) 

generates the single phase sine wave ac input Vs. The dialog box for this is shown in 

Fig.3.9. The line to neutral RMS voltage in volts, the frequency in Hertz and the firing 

angle a are entered in this dialog box. This line to neutral RMS voltage and frequency 
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Chapter 3: Library Models for AC to DC Converters 
VMAX 

I vln_rms*1.414 ~CJ 
Out1 

~0 W Oufl 

(9-+CJ 

~ ALFA Out4 

FIG.3.10( A) 

Swith2 .___ ____ ,~ 
Qi! 

F I"G . 3 • 1 0 ( G ) 

In 2 

In 3 
c 4 >-' .... 
In 4 S"·itch4 

o::::::x> u t 3 

u t 1 

FIGJ.lO(D) 
R LOAD SELECT - -

~ Ott1 

0 
OuQ 

RLE_LOAD_5ELECT 

FIG.3.10( E) 

~CJ 
Out1 

~ Ou12 
R1_LOAD 

FIG .3.10( F) 

~~ 
~~ 
L_LOAD Out2 

ldc_source~~ 
E Out3 
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I n 1 
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0 u t 2 

36 



Chapter 3: Library Models for AC to DC Converters 

Dividel 
ln3 

FIG.3.10( H ) ~ 

Switch6 1-CQ 
0 ut1 

Multiply I 

~+ 
lnS ,___ _ __. 

Switch7 
~ut2 

0 

Divide? 

( 1 ) •x 
ln1 

( 2 ) ... : FIG .3 .1 0 ( I ) 

ln2 ..------... ~!, x rM·••o•y2 

ln6 x 

Multiply3 
CT) 

0 ut2 

TABLE 3.3 I 
SL.NO. PA~fETER VALUE 

1 Line to Neutral Rl\fS Voltage 120 Volts 

2 Supply Frequency 60Hz 

3 RLE Load 0.5 Ohms, 6.5e-3 H, 10 Volts 

4 Purely Resistive Load 25 Ohms 

5 Firing angle a 7t I 3 radians 
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are internally multiplied by 1.414 and 2n: respectively. Another Fcnl block in Fig.3.10( 

B ) generates the delayed sine wave lagging by firing angle a with respect to the input 

sine wave. The delayed or lagging sine wave is given to relay which generates switch 

function SFI. This sine wave input voltage is given to relayl which generates another 

switch function SF2. The switch function SF 1 and SF2 are defined below: 

1 for 

SFJ 0 for 

1 for 

SF2 0 for 

a <mt < (n+a) 

0 

(n+a) <mt <(2n+a) (3.19) 

Smt 
<mt 

Sn 
< 2n (3.20) 

The switch I and 2 has a threshold value of 0.5. The switches operate in the same way 

as explained in section 3.2.1. Referring to the mode of connection of Switchl and 

Switch2 in Fig.3.10( B ), the respective output of Switchl and 2 can be mathematically 

expressed as follows: 

Output of Switch I Out3 SFl.Vs (3.21) 

Output of Switch2 Out6 (1- SFl).(-Vs) (3.22) 

Switchl and 2 output are given to u(l) and u(3) and SF2 is given to u(2) in of switch3, 

in Fig.3 .10( C ). The threshold for switch3 is 0.5 and operate as explained in section 

3.2.1. The output of Switch3 can be expressed mathematically as follows: 

The output of Switch3 can be expressed as follows from equations 3.19., 3.20 and 3.23 

as follows:: 

Qlpt <f 
S.1itd73 Qt] = Vs fer a < CtJ S 7C 

= -Vs fer ( 7r+a ) < o:t S 2rc (3.24) 
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The equation 3.24 represent the output voltage of single phase FWCBR with purely 

resistive load. 

In Fig.3.10( C ), the output of the adder or Sum block can be expressed as follows: 

Qdput Sum Bl<Xk Vs for a <ut <{1C+a) 

-Vs for (1C+a) <ut <(21C+a) (3.25) 

Equation 3.25 represents the output voltage the single phase FWCBR with either RL or 

RLE load in the continuous conduction mode. 

The type of load select module shown in Fig.3.10( D) has two constants 1 and 0 as 

input to the SPDT switch. Double clicking the SPDT switch in Fig.3.8, selects either 

the purely resistive load or the RLE load. 

Fig.3.10( E) and ( F ) corresponds to the dialog box for Load resistance data and the 

RLE Load Data respectively, shown in Fig.3.9. 

If SPDT switch is thrown to 1, then purely resistive load is selected. Referring to 

Fig.3.10( E), ( G) and ( H ), it is seen that the load voltage Vdc across purely resistive 

load appears at the output of Switch4 and switch6, while the value l/(R 1 _LOAD) 

appears at the output of switch7. The multiplier in Fig.3.10( H) calculates the value of 

load current through the purely resistive load. Switch4, 5, 6 and 7 have a threshold 

value of 0.5 and operate in the same principle explained above. 

RLE load is selected by throwing SPDT to 0. Referring to Fig.3.10( F ), ( G) and (I), 

it is seen that Switch4 and Switch5 output Load voltage across RLE load. The Divide2 

block calculates l/(L). The Add block along with Multiply2, Multiply3, Divide2 and 

integrator block solves equation 3.3.7 to find the load current through the RLE load. 

Using the NOT gate in Fig.3.10( G) connected to SPDT switch, the upper indicating 
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meters are enabled for the RLE load and the lower indicating meters are enabled for the 

purely resistive load. 

3.3.2 Simulation Results 

The simulation of the single phase FWCBR model was done using ode15s(stiff/NDF) 

solver, for the data given in TABLE 3.3 , for purely resistive and RLE load. The 

simulation results for purely resistive load is shown in Fig.3.11( A) to ( C) and that for 

RLE load is shown in Fig.3.12( A ) to ( C ).. The meter reading observed are tabulated 

in TABLE 3.4 for both cases. 

TABLE 3.4: FIRING ANGLE a= 1t / 3 RADIANS 

SI.No. i Type - . ofJ Vdc(RM:S) 
' ' -t t Load - I Volts 
hJ, - ~ 

-ydc~AYG~l I_Ioad(RNIS) t l~Io~~(A~~-)~-: P_out 
Volts . _ · · -1 Amps ;Amps .. - - .: \Vatts 

- . - ·~ - . ' \• . - -· ~ _·- .. -: - . -. ' 

1 i: Ronly-· . ~ 107.5 
~- ! F· :f. 2 ~-RLE 'j 119.9 
~ 

81.07 ' < J 4.301 ~ 3.243 - ;- '.: -,-~ 262.9 
54.ll. •. '_---~ 89.86 f,87.77 -_ ., ->~ 4749 
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3.4 Three Phase Full Wave Diode Bridge Rectifier 

The three phase FWDBR schematic is shown in Fig.3.13. It is used for high power app-

Ide 
Dl D3 DS 

ia 
el 

Van DC ib 
Vbn Circuit 

Ven e3 

ic 

1 Vdc 

D4 D6 D2 

FIG. 3.13: THREE PHASE F\VDBR 

lications. The diodes are numbered in conduction sequences and each diode conduct for 

I 20 degrees. The conduction sequence for diodes are: DI - D2, D3 - D2, D3 - D4, D5 

- D4, D5 - D6, DI - D6, DI - D2 and so on, giving six pulses of ripples at the output 

voltage. The pair of diodes which are connected between that pair of lines having the 

highest amount of instantaneous line to line voltage will conduct [ 14 - I 8]. 

The essential derivation for purely resistive load is done below [I4]:. 

Van = vm . s in ( (J) t) 

Vb n = vm . s in ( (J) t 1 2 0) (3.26) 

Ven = vm .sin (w t 2 4 0 ) 

Va b = ~.vm . s 1 n ( (t) t + 3 0 ) 

vb = ~- v . s 1 n ( (J) t 9 0 ) c m ( 3 . 2 7 ) 

Vea = ~- v . s 1 n ( (t) t 2 1 0 ) m 
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The average output voltage Vdc is derived below: 

6 re/2 6 re/6 - . J V m .sin(mt).d(mtj = - . J Ji. V m .cos(mt).d(mt) 
re re/6 re 0 

3.Ji. vm 
1.654.Vm (3.28) 

re 
The RMS output voltage Vrms is derived below: 

6 re/2 2 . 2 - . J V m .sin (mt).d(mt). = 
re re/6 

6 re/6 2 2 -. J 3Vm .cos (mt).d(mt). 
re 0 

(!_ + 
9

·
13] * Vm = 1.6554.Vm 

2 4re 
(3.29) 

If the load resistance is purely resistive, the peak or maximum current through the diode 

is Im= ...J3.Vm IR, where R is the load resistance. The RMS value of the diode current is 

derived below: 

Ir 
re I 6 

J 
0 

I 2 
m 

0.5518.Im 

.cos 2 (w t).d(w t)l 
(3.30) 

The RMS value of the supply current or line current is derived below: 

IS 
7t: I 6 

J 
0 

I 2 m 

0.7804.lm 

.cos 2 (w t).d(w t)l 
( 3 . 3 1 ) 

where in equation 3.4.5 and 3.4.6, Im is the peak value of the three phase line current. 

If Ls is the source inductance in each of the three phases and fis the supply frequency, 

then average reduction in output voltage due to source or commutating inductances is 

given as follows: 
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Vx 6.f.Ls .Ide (3.32) 

where Ide is the load current. 

3.4.1 Library Model for Three Phase FWDBR with Purely Resistive Load 

Before describing the subsystems in detail, the development of the system model for 
Fig.3.14: Definition of the gk function (k = 1,2~, .•• ) three phase FWD BR 1s 

gk 

1 

0 ik 

explained below. 

The system model for three 

phase FWDBR is developed 

based on reference 61. 

Heaviside function gk for k = 

1,2,3 ... is defined in Fig.3.14. 

This Heaviside function 

determines whether the diode is 

conducting or in the blocking 

state [61]. In Fig.3.13, let el, e2 and e3 are the arm voltages and ul, u2 and u3 are the 

phase voltages. The relation connecting them are given below: 

el = gl *Vdc .... (333) ul =fl *Vdc .... (3.36) 
e2 = g2*Vdc .... (3.34) u2 = f2*Vdc .... (3.37) 
e3 = g3*Vdc .... (3.35) u3 = j3*Vdc .... (3.38) 

where functions fl, f2 and f3 are defined below: 

2 g 1 - g2 - g3 (3.39) f 1 = 
3 

f 2 
2g2 - g3 - g 1 (3.40) = 

3 

f 3 
2g3 - g 1 - g2 (3.41) = 

3 
T he d c current i s g iv en below·: 
1 dc = g 1 . i 1 + g 2. i 2 + g 3. i 3 (3.42) 
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If Rr and Lr are the resistance and inductance of each phase of the ac mains, then e I, e2 

and e3 are related as follows: 
d i 

e I R . i + L a + u I (3 .4 3 ) I a I d t 

e 2 = R . i b + L 
d ib 

+ u 2 ( 3 . 4 4 ) I I d t 
d i 

e 3 = R . i + L c + u 3 (3.45) I c I d t 

To simplify modelling and procedure, abc to dq and dq to abc transformation is defined 

as given below: 

c 0 s {} sin{} xi 
x2 
x3 

- cos({} - 2TC/3) sin({} - 2TC/3) * [xxdq l (3 .4 6) 

c 0 s ({} + 2TC/3) sin({} + 2TC/3) 

[xdl = 2 cos(} 
xq 3 sinO 

xl cos(O - 2K 13) cos(O + 2TC 13 )] 
* x2 sin(O - 2n: 13) sin(O + 2K 13) 

x3 
(3.47) 

In equation 3.46 and 3.47, x can be a voltage, current or Heavyside function .. 

The dq axis voltages and load current Ide are defined below: 

1 dc = g d. id + g q. iq (3 .4 8 ) 

Rf. id L f. did + u d (3.49) vd = + 
d t 

v = Rf. iq + L f. di q + u q (3 .5 0) q d t 

The equations from 3.33 to 3.50 are used to develop the system model for the three 

phase FWDBR. 

The system model for the three phase FWDBR is sho\\'n in Fig.3.15. The various user 

dialog box are shown in Fig.3.16. The dialog box for discrete virtual PLL is from 

SimPowerSystems block set. The user can enter the required data in the appropriate 

dialog box. This model is suitable only for purely resistive load. The various 

subsystems are shown in Fig.3.17( A) to (I) which are described below. 
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Fig.3.17( A ) correspond to the dialog box in Fig.3.15, where the line to neutral RMS 

voltage in volts and frequency in Hertz are entered. Fig.3.17( B) generates three phase 

AC using the three input mux and the three Fen blocks. The abc to dqO block shown in 

Fig.3.17( C) is from SirnPowerSystems block set which transforms abc axis voltages to 

dqO axis voltages. The discrete virtual PLL block shown in Fig.3 .17( D ), generating 

frequency f, 2*n*f*t and sine and cosine of 2*x*f*t is also from SimPowerSystems 

block set. Fig.3.17( E) solves the equation for dq axis line currents given by equations 

3.4.1.17 and 3.4.1.18. In Fig.3.17( E ), rs and ls represents the ac line resistance and 

inductance in each phase, corresponding to Rf and Lf in equations 3.4.1.17 and 3.4.1.18. 

Fig.3.17( E) opens up dialog box for source resistance and inductance which is shown 

in Fig.3.16. Fig.3.17( F ) transforms the dq axis line currents back to abc axis line 

currents. Fig.3.17( G) has the abc axis line currents as inputs and generates Heavyside 

function gl, g2 and g3 for the three phase as defined in Fig.3.14 and then using gl, g2 

and g3, the functions fa, fb and fc are generated as defined by equations 3.4.1.7 to 

3.4.1.9 where fl, f2 and f3 correspond to fa, fb and fc. Fig.3.17( H) opens the dialog 

box for Load resistance and Filter data, which is shown in Fig.3.16. In Fig.3.17( H ), 

Load current Ide is calculated using equation 3.4.1.16 using Id and Iq as inputs. This 

value of Ide is used to calculate Idc*R to calculate the load voltage Vdc without filter, 

where R is the load resistance. With capacitor filter CF in parallel to the load resistance, 

V de is calculated by calculating the capacitor filter current Ic as follows: 

Ic = Ide -(Vdc IR 
Vdc = f Ic .dt 

( 3 . 5 1 ) 

Equation 3.51 is solved using the module in Fig.3.17( H ). Further Fig.3.17( H ) is used 

to find ud and uq corresponding to phase voltages ul, u2 and u3. Fig.3.17( I) is used 

to find the three line to line voltages and its inverted value. 

The value of the RMS line to neutral voltage in volts, frequency in Hertz, source 

resistance in Ohms and inductance in Henries, Load resistance in Ohms and filter 

capacitor in farads are entered in the appropriate dialog box in Fig.3.16. These values 

are shown Table 3.4 [ 61 ]. 
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3.4.2 Simulation Results 

The simulation of the three phase FWDBR "as carried out using odel(Euler) Fixed-step 

solver for purely resistive load first by excluding the filter capacitor from the circuit and 

then by including the filter capacitor, for the data shown in Table 3.4 [61]. The 

I TABLE 3.4 

SL.NO 
1 

2 

3 

4 

5 

simulation results of input voltage, output 

voltage, average load current excluding the 

PARAMETERS 
Line to Neutral ~IS Voltage 

Supply Frequency 

Source resistance 

Source Inductance 

Load Resistance 

VALUE 
220 Volts 

50 Hz 

0 Ohms 

le-3 Henries 

23 Ohms 

6 Filter capacitance 0.0011 Farads 

filter capacitor from the circuit is shown in Fig.3 .18( A ) to ( C ). The simulation results 

for the above including the filter capacitor is shown in Fig.3.19( A) to ( C ). The values 

of the average load voltage, average load current observed for both cases by simulation 

are recorded in Table 3.5. The average and RMS value of load voltage by calculation 

using equations 3.28. and 3.29 yields 514.5 and 515 volts respectively. The reduction 

in the output voltage due to source inductance of I milli Henries was calculated using 

equation 3.32. and the net value of the output voltage is found to be 507.9 volts. The 

average load current calculated using the formula comes to 22.37 amps. The respective 

values recorded in Table 3.5 by simulation closely agrees with the theoretically 

calculated values [ 61]. 
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I \4n nrs*1.414 

I 2*pi"*f -1---~~ 
~C) 

Q.rt:3 
Fig. 3.17(A) t 

lin(-M) 

cm(wt) 

lin('At-2pil3) 

lin(-M+2pi/3) 

CD!(wl+2pi/3) 

Fig. 3.17(B) 

2f3•((u(1)"u(<IJ)<(u[2j"u(6]}>(u[3]"u{B])) Vd 

2/3"((u[1 ru[5))+(u{2ru[7J}+(u{3]°1J[91J) 

W= 213 (\t.l•sinwt + \.b•sin{wl-2pi/3) + 'l.t•sin(Wt+2pi/3) 

\q= 213 (\t.l•coswt + \.b•cos(wl-2pi/3) + \t"cos(Wt+2pi/3) 

W=1/3(\t.I +\b +\t) 

Fig.3.17( C ) 

Discrete Virtual PLL 
Pierre Giroux, Gilbert Sybille 

Power System Simulation laboratory 
IREQ, Hydro..Quebc 

Phaae 

Fig.3.17( D ) 

Freq 

wt 

~· 
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Fig.3.17( E) 

COs(wt) 

9in(Wt-2pi/3) 

COs(wt·2pi/3) 

lin(Wt+'2pif3) 

col(wt+2pl/3) 

CD 
Outl 

0 
Out3 

u[1 }"u[~) + u[2J"u[5) + u[3) 

u[1J"u(8~ u[2J"u[9~ u{3) 

Va= w•sinwt + Vq"cos(wt) +Vo 

\lb= Vd"sin{wl-2pi/3) + Vq"cos(wt-2pi/3) +Vo 

Ve= Vd"sin(wt+2pi/3) + Vq"cos(wt+2pil3) +Vo 

Fig.3.17( F) 

Out3 
Q:) 

Fig.3.17( G ) 
Out6 
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Fig.3.17( H) 

1 f(u) 
lnl 

f(u) 

( 1 ) 
f(u) Outl 

Fig.3.17( I) 

TABLE 3.5 
SLNo. RMS Load Average Load Average Load Remarks 

Voltage(Vo/ts) Voltage(V olts) Current( Amps) 
1 511 509.6 22.15 NO Filter Capacitor 

2 508 508 21.68 With Filter capacitor of 0.0011 

Farads 
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3.5 Conclusions 

The library module for the single phase FWDBR based on the equations describing the 

system is presented. User dialog box can be used to modify data depending on the 

problem in hand. One model is suitable for either a purely resistive load or the RLE 

load. The type of load is easily selected using selector switch. Simulation results in 

Fig.3.5 and 3.6 and the values in TABLE 3.2 well agree with the literature reference 

[14]. The library module for the single phase FWCBR based on the equations 

describing the system is presented. User dialog box can be used to modify data 

depending on the problem in hand. One model is suitable for either a purely resistive 

load or the RLE load. The type of load is easily selected using selector switch. 

Simulation results in Fig.3.11 and 3.12 and the calculated values in TABLE 3.3 well 

agree with. the literature reference [14]. A novel method of system modelling three 

phase FWDBR using Heaviside function is presented. The method is closely similar to 

the one discussed in reference 61, except that here abc to dq and dq to abc 

transformation are used instead of abc to aJ3 and aJ3 to abc transformation. The recorded 

values of average and RMS load voltage and load current by simulation closely well 

agree with the corresponding values calculated using the formula. Appendix E provides 

the simulation of the single phase FWDBR, FWCBR and three phase FWDBR for 

selected values, using PSIM7.0 demo version .. 
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CHAPTER 4 

LIBRARY MODELS FOR DC TO AC CONVERTERS 

4.1 Introduction 

In this chapter, building library modules for de to ac converters also known as inverters 

are presented. Inverter circuits use SCRs, BJTs, MOSFETs, IGBTs and GTOs. SCR 

inverters require auxiliary thyristors for forced commutation and their modelling is not 

discussed here. Here library system models for three phase 180 degree mode and 120 

degree mode inverters using semiconductor switches such as BJTs, MOSFETs, IGBTs 

and GTOs are presented. These modes are also known as continuous conduction and 

discontinuous conduction modes. Switching function concept is used in developing 

these models. These library modules have pop-up-menu or dialog box where the 

required data relating to the de to ac converter is entered by the user. These system 

models use Simulink blocks which solves the governing equations relating to the 

relevant ac to de converter. No semiconductor circuit component is used in the model. 

4.2 Three Phase 180 Degree Mode Inverter 

Three Phase Inverter topology is shown in Fig.4.1, where each switch Q 1 to Q6 can be 

semiconductor component such as BJTs, MOSFETs, IGBTs or GTOs. Vdc is the DC 

link voltage. The 180 degree gate drive pattern is used to drive the switch which is 

shown in Fig.2.6( A) [14- 18]. The PSPICE simulation of the three phase 180 degree 

mode 50 Hz inverter is shO\vn in Fig.4.2( A) to ( F ). Fig.4.2(A) to (F) are respectively 

Three phase line to ground voltages, line to line voltages, Line to line voltage and its 

RMS value, Harmonic spectrum of line to line voltage, Line to Neutral voltages, Line to 

Neutral voltage and its RMS value, Harmonic spectrum ofline to neutral voltage. 
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4.2.1 Analysis of Line to Line Voltage 

The analysis of line to line voltage of three phase 180 degree mode inverter is done in 

this section. The line to line voltage Vry is shown in Fig.4.2( C ). The theoretical 

derivation of Line to Line voltage waveform is shown in section 4.2.2. Shifting the axis 

of Fig.4.2(C ) by rr16 makes the function odd i.e. f( -t ) = -f( +t ). The even harmonics 

are zero. The Fourier coefficient bn can be defined as follows: 

b n = !_ * ["J -V de .sin (n. w t).d(w t)l 
7T: n:/6 

_4_·:-:-c-+o s n6n: l for n - 1,3,5,7 ... (4.1) The 

line to line voltage Vry can be expressed by Fourier series as follows: 

oo 4.Vdc ( nir) ( nir) Vry = _ L: . cos - .sin nwt + -
n-1,3,5,7.... nir 6 6 

(4.2) 

The RMS value of Vry is given below: 

vry(rms) 

0.8165.Vdc (4.3) 

The RMS value of the fundamental component ofVry is given below: 

vryl(rms) -

4. Vdc .cos ( ;) 

Fi.ir 
(4.4) 
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The RMS value of line to line voltage for a de link voltage of 200 Volts shown in 

Fig.4.2( C) and the peak value of the fundamental component ofVry shown in 

Fig.4.2(D) well agree with the equations 4.3 and 4.4. 

4.2.2 Analysis of Line to Neutral Voltage 

In the following section, the r.m.s. value and fft of line to neutral voltage of a six step 

180 degree mode inverter is derived. 

For clarity the line to neutral voltage of a three phase 180 degree mode inverter is 

derived by simulation using PSPICE, shown in Fig.4.1. Resistive star connected load is 

used for convenience only, as inductive load may give rise to voltage spikes in the 

waveform. The simulated Line to neutral voltage is shown in fig.4.2(F). The dotted 

line in fig.4.2(F) indicates its r.m.s. value computed by PSPICE. A three phase 50 Hz 

waveform is generated. The waveform can be theoretically derived as follows: 

By taking the ground g as the midpoint of the two de voltage sources, the line to ground 

voltage Vrg, Vyg and Vbg can be easily derived for three phase 180 degree mode gate 

drive, by observation ofFig.4.1. This waveform is described below: 

vrg 

v y g 

vbg 

+ vdc 
2 

v d c 
2 

+ vdc 
2 

v d c 
2 

v d c + 
2 

v d c 
2 

for 

to r 1C s w ts 2 1C ••••••• ( 4 . 5 J 

for 2TC/3SrotS5'1C 13 

for 0SwtS2K 13 and 

f o r 5 1C I 3 s w t s 2 1C ••••••••••• ( 4 . 6 J 

for OSwtS'IC 13 a n d 

for 4IC13 S w t S 2 1C 

for TC/3SrotS41C 13 ......... (4.7) 
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Equations 4.5 to 4.7 well confirm the simulated waveform for three phase Line to 

ground voltage shown in Fig.4.2(A). 

Then we have the following line to line voltage values: 

v = v v ( 4 . 8 ) r y r g y g 

v b = v v b . ( 4 . 9 ) y y g g 

v b r v b g v r g ( 4 I 0 ) 

From equations 4.8 to 4.10, it is possible to derive the three phase line to neutral 

voltages of star connected load, using the following relation: 

-1 V r y Vrn 
Vy n 

Vbn 

1 
1 y· -1 

0 
1 

- 1 
0 * v y b 
1 Vb r 

( 4 . 1 1) 
0 

Such a theoretically derived waveform well agrees with the one shown in fig.4.2(E) and 

(F). 

The waveform derived by using equations 4.5 to 4.11, gives the following coordinates 

forVm: 

(0, +Vdc/3), (pi/3, +Vdc/3), (pi/3, +2Vdc/3), (2pi/3, +2Vdc/3), (2pi/3, +Vdc/3), (pi, 

+Vdc/3), (pi, -Vdc/3), (4pi/3, -Vdc/3), (4pi/3, -2Vdc/3), (5pi/3, -2Vdc/3), (5pi/3, -

Vdc/3), (2pi, -Vdc/3), (2pi, +Vdc/3) and so on. These coordinates well agree with 

Fig.4.2(F). Referring to Fig.4.2(F) and noting the coordinates given above, we have the 

following equation for RMS value of line to neutral voltage. 

1 {v? 7rl3 4~ 27rl3 ~ 7T: } ~(rms) = - * de* J d(wt)+___!}£ * J d(mt)+ de* J d(mt) 
7T: 9 0 9 7rl3 9 27rl3 

(4.12) 

Simplification of equation 4.12 yields the following: 
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V r n ( r m 
~.vdc 

s ) ... (4 .13) 
3 

The Fourier transform of Line to Neutral voltage Vm is derived below: 

Referring to Fig.4.2(F), the axis of symmetry is the origin where f(-t) = -f(+t) and the 

function is odd. Thus Fourier coefficient bn is given by 

- 2 *[7113 v c± . . 2Jz/3 2Jd: . 7r V.x . ] 
bn -- J-.sin(mtJ.lfatJ+ J -.sin(mtJ.lf~+ I -.sin(mtJ.cfatJ 

7r 0 3 7113 3 2Jz/3 3 
(4.14) 

ie b = 21d: *ca; ( rur] 
n 3lln l3 2;:~2;) + 2;:11-m(m)] (4.15) 

Substituting n = 1, 2, 3 etc, we have the following general expression for the fft of line 

to neutral voltage 

2 V de [ . ( ) 1 . ( ) 1 . ( ) l Vrn == * Sin mt +-.Sin 5mt +-.Sin 7mt + ...... ... (4.16) 
7C 5 7 

The RMS value of the fundamental component ofVm is given below: 

vrnl(rm s) 
Fi. v d c 

( 4 . 1 7 ) 
7r 

For a DC link voltage of200 volts, the RMS value given by equation 4.13 and the peak 

fundamental component of Vm given by equation 4.16 well agree with the simulation 

results shown in Fig.4.2(F) and (G). 

4.2.3 Total Harmonic Distortion 

The output voltage of the three phase inverter contains harmonics and hence the 

waveform is distorted. Total Harmonic Distortion is a measure of the closeness 

between a distorted waveform and its fundamental component. Thus THD is the ratio 
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of the RMS value of the distorted waveform and the RMS value of its fundamental 

component. The THD of the voltage waveform is defined below: 

THD 
[ 

V S,R MS 

VS I ,RMS 
)

2 

-1 (4.18) 

The same definition for THD given by equation 4.2.1.18 holds good for currents as 

well. 

Using equations 4.3, 4.4, 4.13, 4.17 and 4.18, the THD of Line to line and Line to 

neutral voltages are calculated below: 

( 2 ] THD of VLL 
2. vdc/3 

= 30.9% (4.19) - 2 2 - l 
6. vdc/71: 

( 2 ] THD of VLN 
2. vdc/9 

=30.9% (4.20) - 2 2 - l 
2. vdchr 

4.2.4 Model for Three Phase 180 Degree l\tode Inverter 

The model of the three phase 180 degree mode inverter is shown in Fig.4.3. The 

various dialog box where user can enter data is given in Fig.4.4. The dialog box mainly 

correspond to entering the frequency of switching the inverter and its DC link voltage. 

The phase advance is entered zero for operation with IM and appropriate value for use 

with PMSM. For PMSM, the frequency of switching the inverter is derived from the 

rotor speed. The details of the various subsystems of Fig.4.3 are shown in Fig.4.5( A ) 

to ( D ). The function of the various subsystems are explained below: 

Fig.4.5(A) is the subsystem for the three phase 180 degree mode inverter gate drive 

parameters. The corresponding dialog box is shown in Fig.4.4. The frequency 

entered is 60 Hz and phase advance is zero. This frequency is internally multiplied by 
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celn1 CJ I 2*pi*f ~( , ) Out1 

Out1 

~ C0 
phi ~( 2) ~ 

Oul2 
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PHASE ln3 Q) SHIFTER Fig.4.S(D) 

Fig.4.S(A) Out3 
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~ Fig.4.S(B) GATE DRIVE 

~ Out1 

ln1~ 
f(u) a 

u(1) >= O 

~ 
f(u) 

b u(1}>= O ln2 f(u) 

u(1) >= O 
c 

Q:J 
Out2 

Out3 

voe Fig.4.S(C) SIX STEP INVERTER· 

Q) 
Oul5 

ln2 

ln3 Oul6 
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2n to get the angular frequency to generate the sine wave and the gate drive for 

inverter .. 

The outputs of Fig.4.S(A) is given to the four input mux in Fig.4.S(B). In Fig.4.S(B), 

the three Fen blocks connected to four input mux generates three phase sine wave at the 

above entered frequency with phase advance added. The three phase sine wave output 

is connected to three Fen blocks which compare the respective input u(l) with zero, 

generate logic 1 if u(l) is greater than or equal to zero, else output logic 0. The output 

of the three Fen blocks are the switch functions a, band c. 

The a, band c output of the three Fen blocks in Fig.4.S(B) are given to u(2) of input of 

the three threshold switches in Fig.4.5( C ). The u(l) and u(3) input to these three 

threshold switches are +Vdc/2 and -Vdc/2 respectively. When the u(2) input to these 

three switches is greater than or equal to the threshold value of 0.5, the output of these 

switches are +Vdc/2, else the outputs are -Vdc/2. Thus the three switches generate the 

three phase line to ground voltages Vrg, Vyg and Vbg respectively. These line to 

ground voltages are subtracted in pairs using subtract block to generate the three phase 

line to line voltages Vry, Vyb and Vbr respectively. Fig.4.S(C) opens up the dialog box 

shown in Fig.4.4.for DC Link voltage. The DC link voltage entered is 200 Volts. 

The three phase line to line voltages Vry, Vyb and Vbr are respectively applied to the 

three input mux shown in Fig.4.S(D). The matrix gain block in Fig.4.S(D) multiplies 

Vry, Vyb and Vbr by the matrix defined in equation 4.2.1.11 to get the line to neutral 

voltages Vm, Vyn and Vbn at the output of the demux block. 

The THD and RMS values of line to line and line to neutral voltages are measured using 

appropriate measurement blocks from SimPowerSystems Block set. The powergui 

from SimpowerSystems block set is used to display the harmonic spectrum of the line to 

neutral and line to line voltages. 

4.2.5 Simulation Results 

The simulation of the three phase 180 degree mode inverter model was conducted using 
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Three Phase 60 Hz 180 Degree Mode Inverter - VLL Waveform . 

200 -UJ 
~ 
0 100 > -
G> c: 0 :.:J - ' -
0 ...... -100 G> - -
c: 

:...... -200 - -. 
0.035 0.04 0.045 0.05 0.055 0.06 0.065 

Time (s) 

Fundamental (60Hz) = 220.5, THO= 27.31% 

=- 200 
cu Fig.4.6(H) ...... c: 
G> 
E 150 m 

"'O c: :::s 
LL 100 -0 
~ 
~ 
a 50 m 
~ 

0 
0 200 400 600 800 1000 

Frequency (Hz) 

Three Phase 60 Hz 180 Degree Mode Inverter -VLL Waveform . 
200 1-------. 

UJ ....... 
-§]. 100 ... 
CD c: 

:.:J o ... 
..s 

CD -100'"" c: 
:.:J -200 ... . 

0.035 

l.e:6 per 
amental. 

0.04 

cycl.e 

. 

. 
0.045 0.05 0.055 

Time (s) 

- 950.972 - 220.5 peak (155.9 r:irus) 
l. Harmonic Di:stortion (THD) - 27. 31% 

0 Hz (DC) o.oo % 
30 Hz o.oo % 
60 Hz Fund 100.00 % 
90 Hz o.oo % 

120 Hz (h2) 0.17 % Fig.4.6(1) 
150 Hz o.oo % 
180 Hz (h3) o.oo % 
210 Hz o.oo % 
240 Hz (h4) 0.17 % 
270 Hz o.oo % 
300 Hz (h5) 20.00 % 
330 Hz 0.00 tc 
360 Hz (h6) o.oo tc 
::iqn ff .. n.nn 'lo: 
420 Hz (h7) 14.29 tc 
450 Hz 0.00 tc 
4Fln 'H'O' t hFI ~ n 1 "? :I. 

-
-

0.06 0.065 

·:: .. , 

...... C=J 
77 



tn 
!!:::!: 
0 > ca 

.J:J :::s 
Cl> :z 
0 -41> c 

:::i 

=-lU -c 
Cl> 
E 
td 

"'O c :::s 
LL -0 
~ e,;. 
OJ co 
:ii: 

tn 
:::!:::! 
0 > ca ,_ -::::J 
Cl> :z 
0 -41> c 

:::i 

Chapter 4: Library Models for DC to AC Converters 
Three Phase 60 Hz 180 Degree Mode Inverter -VLN waveform 
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odel5s( stiff/NDF) solver. The three phase line to ground voltages, Line to Line volt-

ages and the Line to Neutral voltages are shown in Fig.4.6(A) to ( C ) respectively. The 

THO and RMS values of line to line voltage is shown in Fig.4.6(0), (E) and that 

corresponding to Line to Neutral voltages are shown in Fig.4.6(F) and (G) respectively. 

The harmonic spectrum of line to line voltage is shown in Fig.4.6(H), (I) and that 

corresponding to Line to Neutral voltages are shown in Fig.4.6(1) and (K) respectively. 

The results observed for THD and RMS values of line to line voltages and that 

corresponding to Line to Neutral voltages are displayed in the meter in Fig.4.3. These 

simulation results displayed in Fig.4.3.are also tabulated in Table 4.1. The theoreticaly 

TABLE 4.1: Three Phase 180 degree Mode Inverter- simulation results 

TABLE 4.2: Three Phase 180 degree Mode Inverter- calculated values 

calculated values for THD and RMS values of line to line and line to neutral voltages 

using equations 4.3, 4.4, 4.13 and 4.17 are tabulated in TABLE 4.2 [14]. 

4.3 Three Phase 120 Degree Mode Inverter 

The three phase inverter shown in Fig.4.1. can also be driven by 120 degree gate drive. 

This gate drive pattern is shown in Fig.2.6(B) [14- 17]. The PSPICE simulation of the 

three phase 120 degree mode 50 Hz inverter is shown in Fig.4.7( A) to ( F ). Fig.4.7(A) 

to (F) are respectively three phase line to ground voltages, line to line voltages, Line to 

line voltage and its RMS value, Harmonic spectrum of line to line voltage, Line to 

Neutral voltages, Line to Neutral voltage and its RMS value, Harmonic spectrum of line 

to neutral voltage. 
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4.3.1 Analysis of Line to Line Voltage 

The analysis of line to line voltage of three phase 120 degree mode inverter is done in 

this section. The line to line voltage Vry is shown in Fig.4.7( C ). The theoretical 

derivation of Line to Line voltage waveform is shown in section 4.3.2. Shifting the axis 

of Fig.4.7(C) by rc/3 makes the function odd i.e. f( -t) = -f( +t ). The even harmonics 

are zero. The Fourier coefficient bn can be defined as follows: 

4 [n/3 V d n/2 - . J c .sin (nw t).d(w t) + J V de .sin (nw t).d(w t) 
7r 0 2 nn 

f 2
.Vdc * [1 +cos nnl (4.21) n= 1,3 ,5 ,7.... nn 3 

The line to line voltage Vry can be expressed by Fourier series as follows: 
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vry - E l. Vdc * (1 +cos nn) *sin (nwt + nn) (4.22) 
n=l,3,5,7.... n.n 3 3 

The RMS value ofVry is given below: 

V ry(rms) -

2 2 1 n/3 2 2n/3 vd 'Jr vd 
* J vdc .d(wt) + J _c .d(wt) + J _c .d(wt) 

7r: 0 7r:l3 4 2n/3 4 

(4.23) 

The RMS value of the fundamental component ofVry from equation 4.3.1.2 is given 
below 

V r y 1 (rm s) 3 ·(vdc J Fi 7r: 
(4.24) 

The RMS value of line to line voltage for a de link voltage of 200 Volts shown in 

Fig.4. 7( C ) and the peak value of the fundamental component of Vry shown in 

Fig.4.7(D) well agree with the equations 4.3.1.3 and 4.3.1.4. 

4.3.2 Analysis of Line to Neutral Voltage 

In the following section, the r.m.s. value and fft of line to neutral voltage of a six step 

120 degree mode inverter is derived. 

For clarity the line to neutral voltage of a three phase 120 degree mode inverter is 

derived by simulation using PSPICE, shown in Fig.4.1. Resistive star connected load is 

used for convenience only, as inductive load may give rise to voltage spikes in the 

waveform. The simulated Line to neutral voltage is shown in fig.4. 7(F). The dotted 

line in fig.4.7(F) indicates its r.m.s. value computed by PSPICE. A three phase 50 Hz 

waveform is generated. The waveform can be theoretically derived as follows: 
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By taking the ground gas the midpoint of the two de voltage sources, the line to ground 

voltage Vrg, Vyg and Vbg can be easily derived for three phase 120 degree mode gate 

drive, by observation of Fig.4.1. This waveform is described below: 

Vrg = +Vdc/2 for 0 ::S wt:::; 2pi/3 

= 0 for 2pi/3 :::; wt :::; pi 

= -V dc/2 for pi :::; wt :::; Spi/3 

= 0 for 5pi/3 :::; wt :::; 2pi 

Vyg = +Vdc/2 for 2pi/3 :'S wt:::; 4pi/3 

= 0 for 4pi/3 :'S wt:::; 5pi/3 

= -V dc/2 for Spi/3 :::; wt :'S 2pi and 

for 0 :'S wt :'S pi/3 

= 0 for pi/3 :::; wt :::; 2pi/3 

Vbg = + V dc/2 for 4pi/3 :::; wt ::S 2pi 

= 0 for 0 :'S wt :::; pi/3 

.................................. ( 4.25) 

(4.26) 

= -V dc/2 for pi/3 :'S wt :'S pi 

= 0 for pi :::; wt:::; 4pi/3 .................................... (4.27) 

From equations 1, 2 and 3 the line voltages can be expressed as follows: 

Vry = Vrg - Vyg ......................................................... (4.28) 

Vyb = Vyg - Vbg ...................................................... ( 4.29) 

Vbr = Vbg - Vrg ......................................................... ( 4.30) 

The line to neutral voltages Vm, Vyn and Vbn can be derived as follows: 

Vrn 1 
1 0 -1 Vry 

Vyn - - 1 1 0 * vyb ... (4.31) 
3 

vbn 0 -1 1 vbr 
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Chapter 4: Library Models for DC to AC Converters 
The waveform derived using equation 4.3.1.11 looks much the same way as shown in 

V(R,N) in fig.4. 7(F). 

The waveform derived by using equations 4.25 to 4.31, gives the following coordinates 

forVm: 

(0, 0), (0, +Vdc/2), (2pi/3, +Vdc/2), (2pi/3, 0), (pi, 0), (pi, -Vdc/2), (Spi/3, -Vdc/2), 

(Spi/3, 0), (2.pi, 0), (2.pi, +Vdc/2) and so on. 

Referring to Fig.4.7(F) and noting the coordinates given above, we have the following 

equation for RMS value of line to neutral voltage. 

vrn (rm s) -
vdc '16 ... (4.32) 

The Fourier transform of Line to Neutral voltage Vm is derived below: 

Referring to Fig.4. 7(F), shifting the axis of symmetry by 1C/6 from the origin where f(-t) 

= -f(+t) and the function is odd. The even harmonics are zero. Thus Fourier coefficient 

bn is given by 

* 
(re-TC) 

J6 
vdc .sin(nwt).d(wt) 

2 

TC rc/6 2 

_2._v_dc-.cos (-n._rc) 
n.TC 6 

for n 1, 3, 5, 7... (4.33) 

The line to neutral voltage Vm can be expressed by Fourier series as follows: 

oo 2.Vdc (n.'lf:J . ( n.TCJ vrn = E .cos -- .Sill nmt + --
n= 1,3 ,5,7,... n. '1T: . 6 6 

(4.34) 
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The RMS value of the fundamental component ofVm from equation 4.3.1.14 is given 

below 

V r n 1 (rm s) ( 4 . 3 5 ) 

The RMS value of line to neutral voltage for a de link voltage of 200 Volts shown in 

Fig.4.7( F ) and the peak value of the fundamental component of Vm shown in 

Fig.4.7(G) well agree with the equations 4.32 and 4.34. 

4.3.3 Total Harmonic Distortion 

The THD of the voltage wave form is defined by equation 4.18 in section 4.2.3. 

Using equations 4.23, 4.24, 4.32, 4.35, the THD of Line to line and Line to neutral 

voltages are calculated below: 

[ v
2 

12 ) THD of VLL - de 1 =30.9% (4.36) 2 2 -
9. vdc/2.'JT: 

[ 2 ] THD of VLN 
vdc/6 

=30.9% (4.37) - 2 2 - l 
3. Vdc/2.TC 

4.3.4 First l\f ode I for Three Phase 120 Degree l\fode Inverter 

The first model of the three phase 120 degree mode inverter is shown in Fig.4.8. The 

various dialog box where user can enter data is given in Fig.4.9. The dialog box mainly 

correspond to entering the frequency of switching the inverter and its DC link voltage. 

The phase advance is entered zero for operation with IM and appropriate value for use 

with PMSM. For PMSM, the frequency of switching the inverter is derived from the 
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Chapter 4: Library Models for DC to AC Converters 
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Chapter 4: Library Models for DC to AC Converters 
rotor speed. The details of the various subsystems of Fig.4.8 are shown in Fig.4.10( A) 

to ( C ). The function of the various subsystems are explained below: 

Clicking the subsystem corresponding to Fig.4.lO(A), opens up the dialog box for Three 

Phase 120 Degree Mode Inverter gate Drive shown in Fig.4.9. The DC Link voltage 

and frequency of switching the inverter are entered in the appropriate box. The phase 

advance is entered zero in the appropriate box. The frequency is internally multiplied 

by 2n to get the angular switching frequency C.Oreofthe inverter in radians per second. 

The three phase 120 degree mode gate drive cum inverter block is shown in 

Fig.4.1 O(B). The four input to the mux are the arbitrary constant, angular frequency 

core, time and switching angle advance. The three phase sine wave AC with angular 

frequency core with phase advance added is generated using three Fen blocks. Each of 

the three phase AC output are then compared in a Schmitt trigger relay comparator used 

as zero crossing comparators, with output logic 1 when the input crosses zero and goes 

positive and logic 0 when the input crosses zero and goes negative. The a, b, c output of 

the three relays are given to three Fen blocks. The three Fen blocks Fcn6, Fcn7 and 

Fcn8 subtracts the two inputs to their respective mux. The resulting output of these 

three Fen blocks are then multiplied by Vdc/2 using multiplier blocks to generate line to 

ground voltages Vag, Vbg and Veg of the three phase 120 degree mode inverter. The 

three subtract blocks are used to generate the three phase line to line voltages, Vab, Vbe 

and Vea. 

The three line to line voltages Vab, Vbe and Vea are given as input to the mux in 

Fig.4.10( C ). The three demux outputs are the line to neutral voltages Van, Vbn and· 

Ven respectively. The matrix gain block in Fig.4.10( C) multiplies the three line to line 

voltage inputs by a matrix K defined in equation 4.31 to get the three line to neutral 

voltages. 

4.3.5 Simulation Results for First Model 

The simulation of the three phase 120 degree mode inverter was carried out using 
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Chapter 4: Library Models/or DC to AC Converters 
Three Phase 120 Degree Mode Inverter - Line to Line Voltage 
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Three Phase 120 Degree Mode Inverter - Line to Neutral Voltage 
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TABLE 4.3: Three Phase 120 degree Mode Inverter - simulation results for First Model 

TABLE 4.4: Three Phase 120 degree Mode Inverter - calculated values 

odelSs(stiffi'NDF) solver. The DC Link voltage and frequency entered were 200 

volts and 60 Hz respectively. The three phase line to ground voltages, Line to Line 

voltages and the Line to Neutral voltages are shown in Fig.4.1 l(A) to ( C) respectively. 

The RMS and THD values ofline to line voltage are shown in Fig.4.1 l(D), (E) and that 

corresponding to Line to Neutral voltages are shown in Fig.4.ll(F) and (G) 

respectively. The harmonic spectrum of line to line voltage is shown in Fig.4.12(A), 

(B) and that corresponding to Line to Neutral voltages are sho\\tTI in Fig.4.13(A) and (B) 

respectively. The results observed for THD and RMS values of line to line voltages and 

that corresponding to Line to Neutral voltages are displayed in the meter in Fig.4.8. 

These simulation results displayed in Fig.4.8.are also tabulated in TABLE 4.3. The 

theoretically calculated values for THD and RMS values of line to line and line to 

neutral voltages using equations 4.23, 4.32, 4.36 and 4.37 are tabulated in TABLE 4.4 

[14]. 

4.3.6 · Second l\1odel for Three Phase 120 Degree l\1ode Inverter 

The second model of the three phase 120 degree mode inverter is sho\\tTI in Fig.4.14 .. 

The various dialog box where user can enter data is given in Fig.4.15. The dialog box 

mainly correspond to entering the frequency of switching the inverter and its DC link 

voltage. The phase advance is entered zero for operation with IM and appropriate value 

for use with PMSM. For PMSM, the frequency of switching the inverter is derived 
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TABLE 4.5: Three Phase 120 degree Mode Inverter - simulation results for second model 

from the rotor speed. The details of the various subsystems of Fig.4.14 are shown in 

Fig.4.16( A) to ( D ). The function of the various subsystems are explained below: 

Fig.4.16(A) corresponds to the dialog box with the name Three Phase 120 Degree Mode 

Inverter Gate Drive shown in Fig.4.15. The value of 60 is entered in the dialog box 

corresponding to inverter switching frequency and zero corresponding to phase 

advance. This frequency is internally multiplied by 21t to get the angular switching 

frequency of the inverter. 

The three phase 120 degree mode inverter gate drive block is shown in Fig.4.16(B). 

The four input to the mux are the arbitrary constant, angular switching frequency, time 

and the switching angle advance. The three phase sine wave AC with angular frequency 

corresponding to frequency entered, with phase advance added is generated using the 

Fcnl, Fcn2 and Fcn3 blocks. Each of the three phase AC output are then compared in a 

Schmitt trigger relay comparators, relayl, 2 and 3 used as zero crossing comparators. 

The output of relay I, 2 and 3 goes to logic I when the respective input crosses zero and 

goes positive and their output goes to logic 0 when their respective input crosses zero 

and goes negative. 

The inverter block is shown in Fig.4.16( C ). The a, b, c output of relay I, 2 and 3 are 

given in pairs to three Fen blocks using three two input mux. The three Fen blocks 

Fcn4, 5 and 6 subtract the two inputs to their respective mux. Each of the three subtract 

blocks are given to a pair of zero comparison blocks. The Fcn7 block output logic I 

when the input u(l) is greater than zero, else output logic 0. Similarly the Fcn8 block 

output logic I when the input u(l) is less than zero, else output logic 0. The same logic 

holds good for zero comparison block pairs connected to Fcn5 and Fcn6. The output of 

Fcn7 and Fcn8 are given to u(2) input of switch and switch! respectively. The u(l) 
108 



Chapter 4: Library Models for DC to AC Converters 
input for switch and switchl are respectively +Vdc/2 and-Vdc/2 and the u(3) inputs to 

both switches are zeros. Both the switch and switchl output u(l) when u(2) is greater 

than or equal to 0.5, else their output is u(3). The output of switch and switchl are 

connected to add block. The same principle holds good for the switch pairs 

corresponding to Fcn5 and Fcn6 blocks. Thus each of the add blocks generate the line 

to ground voltages, Vrg, Vyg and Vbg respectively. The three phase line to ground 

voltages are subtracted in pairs using the subtract block to generate the three phase line 

to line voltages Vry, Vyb and Vbr. 

The line to line to line to neutral transformation block is shown in Fig.4. l 6(D). The 

three line to line voltages Vry, Vyb and Vbr are given to a matrix gain block using a 

three input mux. The gain matrix K of the matrix gain block is defined by equation 

4.31. The three phase line to neutral voltages Vm, Vyn and Vbn are obtained at the 

output of the demux block. 

Apart from the above RMS and THD blocks from SimPowerSystems block set is used 

to measure the RMS value and THD of line to line and line to ground voltages. Scopes 

are used to display the three phase line to ground, line to line and line to neutral 

voltages. Powergui from SimPowerSystems block set is used for harmonic analysis of 

line to line and line to neutral voltages. 

4.3. 7 Simulation Results for Second 1\.1odel 

The simulation of the second model of the three phase 120 degree mode inverter was 

carried out using odelSs(stiff/NDF) solver. The DC Link voltage and frequency 

entered were 200 volts and 60 Hz respectively. The three phase line to ground 

voltages, Line to Line voltages and the Line to Neutral voltages are shown in 

Fig.4.17(A) to ( C ) respectively. The RMS and THD values of line to line voltage are 

shown in Fig.4.17(D), (E) and that corresponding to Line to Neutral voltages are shown 

in Fig.4. l 7(F) and (G) respectively. The harmonic spectrum of line to line voltage is 

shown in Fig.4.18(A), (B) and that corresponding to Line to Neutral voltages are shown 

in Fig.4.19(A) and (B) respectively. The results observed for THD and RMS values of 

line to line voltages and that corresponding to Line to Neutral voltages are displayed in 
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Chapter 4: Library Models for DC to AC Converters 
the meter in Fig.4.14. These simulation results displayed in Fig.4.14.are also tabulated 

in TABLE 4.5. The theoretically calculated values for THD and RMS values ofline to 

line and line to neutral voltages using equations 4.23, 4.32, 4.36 and 4.37 are tabulated 

in TABLE 4.4 [14]. 

4.4 Conclusions 

The simulation results in Table 4.3 for the first model reveals that the RMS values of 

line to line and line to neutral voltages are close to the theoretically calculated values 

using the formula given in Table 4.4. The simulation result of THD of the line to line 

voltage differs by around 0.6 % and that ofline to neutral voltage differs by around 2.1 

% compared to the theoretically calculated value. Examination of the harmonic 

spectrum of line to line voltage of first model in Fig.4.12(A) and (B) reveals that the 

fifth and seventh harmonic contributions are 20.49 % and 14.19 % respectively, where 

as their theoretical values are 20 % and 14.28 %.. Examination of the harmonic 

spectrum of line to neutral voltage of first model in Fig.4.13(A) and (B) reveals that the 

fifth and seventh harmonic contributions are 19.5 % and 14.57 % respectively, where as 

their theoretical values are 20 % and 14.28 %.. The discrepancy in both cases are 

negligibly small. The simulation results in Table 4.5 for the second model reveals that 

the RMS values of line to line and line to neutral voltages are close to the theoretically 

calculated values using the formula given in Table 4.4. The simulation result of THD of 

the line to line voltage differs by around 0.6 % and that of line to neutral voltage differs 

by around 2.1 % compared to the theoretically calculated value. Examination of the 

harmonic spectrum of line to line voltage of second model in Fig.4. l 8(A) and (B) 

reveals that the fifth and seventh harmonic contributions are 21.75 % and 13.26 % 

respectively, where as their theoretical values are 20 % and 14.28 %.. Examination of 

the harmonic spectrum of line to neutral voltage of second model in Fig.4. I 9(A) and 

(B) reveals that the fifth and seventh harmonic contributions are 23.28 % and 11.59 % 

respectively, where as their theoretical values are 20 % and 14.28 %. The discrepancy 

for line to neutral voltage harmonics is slightly larger for the second model. Appendix 

E provides simulation of the above three phase inverters using the demo version of 

Electronic Circuit Simulation software PSIM 7.0 
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CHAPTER 5 

LIBRARY MODELS FOR DC TO DC CONVERTERS 

5.1 Introduction 

DC to DC converters are used for transforming the de input voltage to de output 

voltage. There are three fundamental topologies for de to de converters such as Buck, 

Boost and Buck-Boost converter. These are second order converters and have a 

semiconductor switch, diode, one inductor, one capacitor and one load resistor. 

Advanced converters known as fourth order converts use two inductors and two 

capacitors apart from the semiconductor switch, diode and load resistor. Fourth order 

converters can be built by cascading any two second order topologies. Additionally 

Cuk, Sepic and Zeta converters fall under the category of fourth order converters. Buck 

converters find applications in Switched Mode Power Supplies and so also is the case 

with Buck-Boost converters. Boost converters are used for power factor improvement 

of ac-dc-ac converters used for ac drives. 

This chapter mainly deals with the system modelling of fundamental topologies of 

second order converters such as Buck, Boost and Buck-Boost. Switching Function 

concept is used for modelling these converters. The developed models are valid as long 

as the inductor current is continuous. 

5.2 Buck Converter Analysis 

The Buck converter topology using BJT switch is shown in Fig.5.1 [14-18]. In fact the 

switch can be any one ofMOSFET, IGBT or GTO. The switch is driven by an external 

PWM drive whose period is T and duty cycle is D. Figs.5.2(A) and (B) shows the 
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02 
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L1 -T L1 -T vsrLJ vsf • . ---+ 

CF RL Vo CF RL Vo 
_j_ _j_ 

(A) (B) 
FIG.5.2 

equivalent circuit of Fig.5.1 when the switch is ON from 0 to DT seconds and OFF 

from DT to T seconds respectively. This analysis assumes CCM, i.e the inductor curr -

ent is continuous or always greater than zero. Noting that the change in inductor current 

during the ON time and OFF time are equal or the average inductor current over one . 

switching cycle is zero, the following equation can be derived. 

(vs -v0 ).v.r (-v0 ).(1-D ).r 
-----+ = 0 (5.1) 

Ll L1 

Vo = D (5.2) 
Vs 

During the switch ON time, inductor current grows linearly and reaches a maximum 

value Iumax and during the switch OFF period, the inductor current decays and reaches a 

minimum value ILlmin· The maximum and minimum inductor current are given below: 

IL 1 max = D. VS (-1- + (I - D). T l 
RL 2L1 

IL 1 . = D. Vs (-1- -_( I_-_D_.;.)_. _T l 
min R 2L 

L I 
(5.3) 
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The critical inductance Ltcrit required to maintain CCM is obtained by equating Iumin to 

zero. This gives the following value for Ltcrit· 

(I -D) 
Llcrit = 

2 
.T.RL (5.4) 

The ratio of ripple voltage to output voltage is given below: 

(5.5) 

where fsw = ( l!f) is the switching frequency in Hertz, L1 is the inductor in Henries and 

CF is the filter capacitor in Farads. 

5.2.1 Model for Buck Converter 

Models for Buck converter are available in the literature references [54 - 57]. 

Switching function concept is used to model the Buck converter [54 - 56]. The library 

model of the Buck converter is shown in Fig.5.3. The various dialog boxes are shown 

in Fig.5.4. The various subsystems of the model are shown in Fig.5.5(A) to (D). The 

development of the modelling equations for Buck converter is explained below: 

Referring to Fig.5.2, the following equations can be derived. 

di (vs-vo) 
_y_= for O<=t<=D.T (5.6) 

dt Li 

diLi = (-vo) 
for D.T<=t<=T (5.7) 

dt Li 

Now for the switch S, switching function SF is defined as follows: 

SF= 1 

= 0 

for 

for 

0 ::; t::; D.T 

D.T::; t::; T ... (5.8) 

Using equation 5.8 in equations 5.6 and 5.7, we have the following: 

diLJ (sF*Vs -Vo) 
---= (5.9) 

dt L 1 
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iLJ * RL 
(5.10) 

The various subsystems are explained below: 

Fig.5.5(A) shows the Pulse Generator Block from Sources block set and the 

corresponding dialog box marked Switch Function Generator is shown in Fig.5.4. In 

this dialog box, the switching period in seconds and the Pulse Width in percentage of 

period are entered. Fig.5.5(B) corresponds to the dialog box marked Buck Converter 

Data in Fig.5.4. In this dialog box, the de input voltage in Volts and the inductor value 

in Henries are entered. In Fig.5.5( C ), the four inputs SF, VS, Vo and Ll are given as 

input to the MUX. The Fen block connected to this mux solves equation 5.9 and the 

integrator block output gives the inductor current. The inductor current output is given 

to the Transfer Fen block in Fig.5.5(D). The dialog box named Resistive Load and 

Capacitive Filter in Fig.5.4 corresponds to Fig.5.S(D). The resistive load in Ohms and 

the capacitor filter in farads are entered in this dialog box. The transfer Fen block in 

Fig.5.5(D) gives the output voltage Vo across the load. This output voltage Vo is 

multiplied by the gain block ( l/rl ) to get the current through the load resistor. 

5.2.2 Simulation Results 

The data relating to the Buck Converter is shown in TABLE 5.1 [14-16]. The 

simulation results of the Buck Converter are shown in Fig.5.6(A) to (D). The output 

voltage is also 

TABLE 5.1-Buck Converter Data 
f~sLNo~~ flnput=-"c·~,,1[Switching1 [Duty_ I! Inductor - l t;Filter0

"-'."~~=';'] f:Lo~1CiResiStor 1 
1- - _--- - 'if Voltage VsHPeriod _T ncyc1e1 l Lt Henriesif Capacitor' HRL Ohms >:_ J . 
f~"W•4•A .. :~.J i.Yolt~-~-~---"l ~ ~~c9nf;fs.,""_J ~JL .. =~J L~:.~~.~,""'~ L<;_F:.~¥11 r:id~ l L .. ~~,._:.,,~~~~~~ 

1 48 25e-6 0.6 97.Se-6 lOOe-6 10 

displayed in Fig.5.3. The simulation results are displayed in Table 5 .. 2 and the 

calculated values in Table 5.3. 
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FIG.5.5(A) 

M CJ 

ln1 

ln4 

Out1 

FIG.5.S(C) 

(u(1}*u(2~u(3))/(u{4)} 

Fen 

I vs I ... C!J 
Out1 

11 1 ... CJ 
FIG.5.S(B) Out2 

1 iLl 

5 ~ 
Out1 

~ rl C) 
ln1 rl*cf.s+1 Out1 

Transfer Fen 

FIG.5.5(D) 
Gain 
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SI.No. Output 

Voltage 

Vo Volts 

1 28. 8 

SI.No. Output 

Voltage 

Vo Volts 

1 28. 8 

Chapter 5: Library Modules for DC to DC Converters 
TABLE 5.2 - SIMULATION RESULTS 

Minimum Maximum Load 

Inductor Inductor Current 

Current Amps Current Amps Amps 

1.5 4.4 2.9 

TABLE 5.3 - CALCULATED VALUES 

Minimum Maximum Load 

Inductor Inductor Current 

Current Amps Current Amps Amps 

1. 403 4. 357 2. 88 

The oscilloscope waveform of switch function, inductor current, output voltage and load 

current are plotted in Fig.5.6{A) to (D) respectively. 

5.3 Boost Converter Analysis 

The Boost converter topology using MOSFET switch is shown in Fig.5.7 [14-18]. In 

fact the switch can be any one of BJT, IGBT or GTO. The switch is driven by an 

external PWM drive whose period is T and duty cycle is D. Fig.5.8(A) and (B) shows 

the equivalent circuit ofFig.5.7 when the switch is ON from 0 to DT seconds and OFF 

from DT to T seconds respectively. This analysis assumes CCM, i.e the inductor curr-

ent is continuous or always greater than zero. Noting that the change in inductor current 

during the ON time and OFF time are equal or the average inductor current over one 

switching cycle is zero, the following equation can be derived. 

(Z )nr f~~:o J.(1-D).r ~o rm; 

Vo 
Vs 

1 ---
(1-.q 

(5.12) 

During the switch ON time, inductor current grows linearly and reaches a maximum 

value ILlmax and during the switch OFF period, the inductor current decays and reaches a 

minimum value Iumin· Neglecting switching losses, input and output power are equal. 
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L1 i 1 

(A) 

I-' M1 
02 

01 

FIG.5.7 

L1 

FIG.5.8 

io 

CF 

(B) 

The inductor current is derived below: 

Vs .IL!= 
v 2 

0 

R L 
(5.13) 

Using equation 5.12 and 5.13, inductor current lu is given below: 

(5.14) 

The maximum and minimum inductor current are derived below: 

Vs Vs.D.T 
I Llmax = 2 + (5.15) 

(1-D) .RL 2.Ll 

(5.16) 1Llmin = ( )2 1-D .RL 

RL Vo 

CF RL Vo 
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Chapter 5: Library Modules for DC to DC Converters 
The critical inductance L1crit required to maintain CCM is obtained by equating ILirnin to 

zero. This gives the following value for L1crit· 

RL.T ( )2 
Llcrit = · l-D .D 

2 
(5.17) 

The ratio of ripple voltage to output voltage is given below: 

AV0 D.T 
(5.18) 

5.3.l Model for Boost Converter 

Models for Buck, Quasi Resonant and Flyback converters are available in the literature 

[54 - 57]. PSPICE Models for de to de converters are reported in the literature [14, 17]. 

This section provides a method for the system modelling of the Boost converter. The 

Boost Converter model is shown in Fig.5.9. The various dialog boxes are shown in 

Fig.5.10. The subsystems of Boost converter model are shown in Fig.5.1 l(A) to (C). 

The development of the model is explained below: 

Referring to Fig.5.8, the following equations can be derived. 

di Vs Li for O<=t<=D.T (5.i9) ----
dt Li 

diLI = (vs-vo) 
for DT<=t<=T (5.20) 

dt LI 

Now define the Switching Function SF and Inverse Switching Function SF _BAR as 

follows: 

SF = 1 for 0 ~ t ~ D. T 

= 0 for D.T ~ t ~ T ... (5.21) 

SF_BAR=O for O~t~D.T 

= 1 for D. T ~ t ~ T (5. 22) 

Equations 5.19 and 5.20 can be written as follows using equations 5.21and5.22: 
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diLI __ (SF+SF_R4R).vs-(SF BAR).vo 
(5.23) 

dt L1 

Integrating equation 5.23, the inductor current iLl is obtained. Referring to Fig.5.8, it is 

seen that only the inductor current during switch OFF period contributes to the load 

voltage. The inductor current during switch ON flows through the short circuit caused 

by the switch. Therefor the load voltage Vo can be expressed as follows: 

(sF_BAR).iLJ·RL 

( R L . CF.s + 1) 

The various subsystems are explained below: 

(5.24) 

Fig.5.ll(A) shows the Pulse Generator Block from Sources block set and the 

corresponding dialog box marked Switch Function Generator is shown in Fig.5.10. In 

this dialog box, the switching period in seconds and the Pulse Width in percentage of 

period are entered. Fig.5 .11 (B) corresponds to the dialog box marked Boost Converter 

Data in Fig.5.10. In this dialog box, the de input voltage in Volts and the inductor value 

Ll in Henries are entered. Fig.5.11( C) shows the Boost converter model. The switch 

function SF is the u(2) input of the threshold switch, while u(l) and u(3) inputs are logic 

0 and 1 respectively. Threshold value for the switch is 0.5. When u(2) is HIGH or 

logic 1, the output SF_ BAR is logic 0 and viceversa. The five input MUX in 

Fig.5.1 l(D) has the inputs VS, SF, SF _BAR, Vo, and LI from u(l) to u(5) respectively. 

The Fen block in Fig.5.11( C) solves the equation 5.23 and the integrator block outputs 

the inductor current iLl. Fig.5.1 l(D) corresponds to the dialog box Resistive load and 

Filter in Fig.5.10. The inductor current iu is given as u(l) input to the thresho_ld switch 

in Fig.5.ll(D). The u(2) and u(3) inputs to this switch are SF_BAR and zero 

respectively. The inductor current output of this threshold switch corresponds to the 

case when the semiconductor switch of the Boost converter is turned OFF. This 

inductor current during switch OFF multiplied by the transfer function ( rl) I ( rl*cf.s + 
1 ) gives the output voltage Vo. The output voltage Vo is multiplied by the gain block 

by the factor I/( rl) to get the load current Io through the load resistor. 
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IM I SF ... CJ 
Out1 

I vs I Vs Ill-CJ 
Out1 

FIG.5.ll(A) 

ln1 

SF_BAR~ 

CD~ 
1 Out2 ~ 

ln5 

ln1 

ln2 

Io ~ 

I 11 ILl ... ~ 
FIG.5.ll(B) 

(u{1)*{u(2~u(l)ru(l)*u(4)~{u(5)) 

Fen 

FIG.5.ll(C) 

rl 
rl*cf.s+1 

Vo CJ 
Out1 

1 il1 
-s Out1 

FIG.5.ll(D) 
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Chapter 5: Library Modules for DC to DC Converters 
5.3.2 Simulation Results 

The data relating to the Boost Converter is shown in TABLE 4 [14-16]. The simulation 

results of the Boost Converter are stown in Fig.5.12(A) to (D). The output 

TABLE 5.4 - Boost Converter Data 
sLNo~' T input, , ' . - ; ;'Switching·': Duty i; Inductor ; .~ Filter "" '" ·-1 rioacf Resistor'~ 

, . Voltage Vs: c Period T : '.Cycle.:; Ll Henries ! Capacitor i ~ RL Ohms 1 
~~.Volts . ~:Seconds. ,; ;J>. ·< _. L. . ..... ~ .. - , : "~IL farads! L .c"··-····----'~--~ .. .J 

1 12 40e-6 0.6 120e-6 90e-6 50 

voltage is displayed in Fig.5.9 .. The simulation results are displayed in Table 5 and the 

calculated values in Table 6. 

TABLE 5.5 - SIMULATION RES UL TS 

SI.No. Output Minimum l\'laximum Load 

Voltage Inductor Inductor Current 

Vo Volts Current Amps Current Amps Amps 

1 30. 01 0.5 3.0 0.6 

TABLE 5.6 - CALCULATED VALVES 

SI.No. Output Minimum Maximum Load 

Voltage Inductor Inductor Current 

Vo Volts Current Amps Current Amps Amps 

1 30 0.3 2.7 0.6 

The oscilloscope waveform of switch function and inverted switch function, inductor 

current, output voltage and load current are plotted in Fig.5.12(A) to (D) respectively. 

5.4 Buck-Boost Converter Analysis 

The Boost converter topology using IGBT switch is shown in Fig.5.13 [14-17]. In fact 

the switch can be any one of BJT, MOSFET or GTO. The switch is driven by an 

external PWM drive whose period is T and duty cycle is D. Fig.5. I 4(A) and (B) shows 

the equivalent circuit of Fig.5.13 when the switch is ON from 0 to DT seconds and OFF 

from DT to T seconds respectively. This analysis assumes CCM, i.e the inductor curr -
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02 

01 

:'~:0R!~E ~~ L 1 CF r RL 1 
.__ ___ D_U_TY __ CY_C_L_E_=_D _____ i_L_1 ________ _., _______ iO~~ 

FIG.5.13 + 
TlRl 

- CF 
.l 
~ ,;u 

il1 il1 

(A) (B) 

FIG.5.14 

ent is continuous or always greater than zero. Noting that the change in inductor current 

during the ON time and OFF time are equal or the average inductor current over one 

switching cycle is zero, the following equations can be derived. 

D 
= 

(1-D) (5.26) 

The polarity of Vo is negative at the top terminal and positive at the bottom terminal. 

Let iin be the current supplied by the source. Neglecting losses, the input and output 

power are equal, giving the following equation. 
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v 2 

0 

R L 
(5.27) 

Referring to Fig.5.14(A) and (B), noting that Im= D.ILl and using equations 5.26 and 

5.27, the following equations can be derived. 

v2 
0 (5.28) 

v8 .D 
ILJ = 2 

(1 - D) .R L 
i.e. 

Al LI= 
Vs .D.T 

Ll 
(5.30) 

(5.29) 

Using equations 5.26, 5.29 and 5.30, the maximum and minimum inductor current can 

be expressed as follows: 

Vs.D Vs.D.T 
1 Llmax = 2 + (5.31) 

(1-D) .RL 2.Ll 

1Llmin = ( )2 1-D .RL 
(5.32) 

The critical inductance Ltcrit required to maintain CCM is obtained by equating ILlmin to 

zero. This gives the following value for Ltcrit· 

(5.33) 

The ratio of ripple voltage to output voltage is given below: 

LIV0 D.T 
---- (5.34) 

129 



Chapter 5: Library Modules for DC to DC Converters 
5.4.1 Model for Buck-Boost Converter 

Models for Buck, Quasi Resonant and Flyback converters are available in the literature 

[54 - 57]. PSPICE Models for de to de converters are reported in the literature [14, 17]. 

This section provides a method for the system modelling of the Buck-Boost converter. 

The Buck-Boost Converter model is shown in Fig.5.15. The various dialog boxes are 

shown in Fig.5.16. The subsystems of Buck-Boost converter model are shown in 

Fig.5.17(A) to (C). The development of the model is explained below: 

Referring to Fig.5.14, the following equations can be derived. 

di Vs LI for O<=t<=D.T (5.35) ----
dt LJ 

di LI (-vo) 
for D.T<=t<=T (5.36) ---

dt LJ 

Now define the Switching Function SF and Inverse Switching Function SF _BAR as 

follows: 

SF= 1 for O<t<D.T 

=O for D.T < t < T ... (5.37) 

SF BAR=O for 0 <t <D.T 

= 1 for D.T < t < T (5.38) 

Equations 5.35 and 5.36 can be written as follows using equations 5.37 and 5.38: 

diLJ = (sF).v8 -(sF_BAR).v0 (5.39) 
dt L1 

Integrating equation 5.39, the inductor current iLl is obtained. Referring to Fig.5.14, it 

is seen that only the inductor current during switch OFF period contributes to the load 

voltage. The inductor current during switch ON flows through the short circuit caused 

by the switch. Therefor the load voltage Vo can be expressed as follows: 
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- (s F _BAR) .i L 1 .R L 

(RL.CF.s+l) 
(5.40) 

The various subsystems are explained below: 

Fig.5. l 7(A) shows the Pulse Generator Block from Sources block set and the 

corresponding dialog box marked Switch Function Generator is shown in Fig.5.16. In 

this dialog box, the switching period in seconds and the Pulse Width in percentage of 

period are entered. Fig.5.17(B) corresponds to generation of SF_BAR. The switch 

function SF is the u(2) input of the threshold switch, while u(l) and u(3) inputs are logic 

0 and I respectively. Threshold value for the switch is 0.5. When u(2) is HIGH or 

logic I, the output SF_BAR is logic 0 and viceversa. Fig.5.17( C) shows the Buck-

Boost converter model data and the corresponding dialog box Buck-Boost converter 

data is shown in Fig.5.16. In this dialog box, the input DC voltage in Volts and the 

inductance value in Henries are entered. Fig.5. l 7(D) shows the Buck-Boost converter 

model. The five input MUX in Fig.5.l 7(D) has the inputs SF, VS, SF _BAR, Vo, and 

LI from u(l) to u(5) respectively. The Fen block in Fig.5.17( D) solves the equation 

5.39 and the integrator block outputs the inductor current iu. Fig.5.17(E) corresponds 

to the dialog box Resistive load and Capacitor Filter in Fig.5.16. The inductor current 

iu is given as u(l) input to the threshold switch in Fig.5.17(E). The u(2) and u(3) inputs 

to this switch are SF _BAR and zero respectively. The inductor current output of this 

threshold switch corresponds to the case when the semiconductor switch of the Buck-

Boost converter is turned OFF. This inductor current during switch OFF multiplied by 

the transfer function ( rl ) I ( rl*cf.s + 1 ) gives the output voltage Vo. The output 

voltage Vo is multiplied by the gain block by the factor 1 /( rl) to get the load current Io 

through the load resistor. 

5.4.2 Simulation Results 

The data relating to the Buck-Boost Converter is shown in TABLE 5.7 [14-16]. The 

output voltage is displayed in Fig.5.15 .. The simulation results are displayed in Table 

5.8 and the calculated values in Table 5.9. 
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Chapter 5: Library Modules for DC to DC Converters 
TABLE 5.7- Buck-Boost Converter Data 

'l •: ~~ --~---•.»-· v,.-:--_-" ------;-------··--:---

SI.No.· . Input ', Switching j Duty •· i, Inductor : Filter .~:Load Resistor 1 
' Voltage Vs:· Period T ~ ·.Cycle : Ll Henries · Capacitor .•··: RL Ohms 

; ,, , .. ~;,Volts.... . ..: ,.Sec()~ds LD . ~ ;· .. -· "'" _ .J ~CV _FaxadsL . .,, .......... -.. · _______ ,_,J 
24 50e-6 0.4 1 OOe-6 400e-6 5 
24 · - -' -- .. ·5oe~6 · ·-: ··- o 6 · :· ~· · 1ooe~6----: ~ -- -4ooe:6 · ~; :· ~ ""~--5 -- --- "-l 

...... - - ______ ;,;_..;._.~----.!. ___ :.~li:t .-;:;." - ., ~----~ .... -~...;...-,_.~--··-··-·~·---'"-=-~--~-~· ·~---..__~ _ _,, ..... .,_, .. ,_, ... _..._..,._ 

TABLE 5. 8- SIMULATION RESULTS 

SI.No. Output Minimum l\1aximum Load Duty 

Voltage Inductor Inductor Current Cycle 

Vo Volts Current Amps Current Amps Amps 

1 -16.05 3.1 7.9 3.21 0.4 

2 -36.29 15.5 22.5 7.26 0.6 

TABLE 5.9 - CALCULATED VALUES 

SI.No. Output Minimum Maximum Load Duty 

Voltage Inductor Inductor Current Cycle 

Vo Volts Current Amps Current Amps Amps 

1 -16 2.933 7.733 3.2 0.4 

2 -36 14.4 21.6 7.2 0.6 

The oscilloscope waveform of switch function and inverted switch function, inductor 

current, output voltage and load current are plotted in Fig.5. l 8(A) to (D) respectively 

· for 0.4 duty cycle and in Fig.5.19(A) to (D) respectively for 0.6 duty cycle. 

5.5 Conclusions 

The system model development for Buck, Boost and Buck-Boost converter using the 

switching Function concept is presented in this chapter. The ode15s(stiff/NDF) solver 

was used for simulation of the three models. The simulation and the theoretical results 

using the formula are separately tabulated. In the case of Boost converter, the minimum 

inductor current deviates a little higher than the calculated value using formula. In all 

other cases the simulation results and the theoretical results calculated using the formula 

almost well agree. The simulation of the above de to de converters using the demo 

version of PSIM 7.0 software is given in Appendix E. --
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CHAPTER 6 

LIBRARY MODELS FOR AC TO AC CONVERTERS 

6.1 Introduction 

The ac to ac converters used to vary the nns value of the load at a constant frequency 

are known as ac voltage controllers or ac regulators. The voltage control is 

accomplished by phase control or on-off control. A single phase ac controller uses a 

pair of SCRs connected back to back or antiparallel between the supply and the load. 

Several configurations for three phase ac controller are available employing three single 

phase ac controllers. This chapter describes the system modelling of two predominant 

three phase ac controller configurations namely three phase ac controller with back to 

back SCRs in series with the ac lines with star connected resistive load with isolated 

neutral and three phase ac controllers in series with delta connected resistive load 

connected to the lines. 

6.2 Analysis of A Fully Controlled Three Phase Three Wire AC Voltage 

Controller With Star Connected Resistive Load and Isolated Neutral 

The three phase three wire AC voltage controller with back to back SCRs and star 

connected resistive load with isolated neutral is shown in Fig.6.1 [14, 16]. By varying 

the firing angle a, the nns voltage across the load can be varied. The firing sequence is 

Tl, T2, T3, T4, TS and T6. This is derived below: 

v AN = ..Ji.v8 .sin (w.t) 

vBN .J2.v8 .sin(w.r-
2
3
7r) (6.1) 

v c N ..Ji. VS . s in ( w . t + 
2 

3
7r ) 
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2Nr595 .. 

'™5595. 

2N~5 .. 

2Wli595 

. FIG .6.1 :· THREE PHASE AC BACK TO BACK CONNECTED THYRISTOR CONTROUER 

c 

In equation 6.1, v AN, VsN and VCN are the three phase instantaneous line to neutral input 

voltages. The three phase instantaneous line to line input voltages are given below: 

vAB ~ "6.vs.sin(ro.t+ :) 

vBC ~ "6.vs.sin(m.1-:) (6.2) 

vcA ~ .J6.Vs.sin[ro.t- 7
6"] 

The nns line to neutral voltage across the star connected resistive load for various range 

of firing angle a are given below [14]: 
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0 
Fer O<a<(f) 

V =V =~.V. I 
0 a(mE} 

0 0 
Rr ro <a<OO 

s 6 

V =V =~.V. I + 
0 a(nn;) s 12 

0 0 
Rr 51) <a<J5J 

V =V =fnv. 5 

0 affen) s 14 

a 

a 
+ :I (63) 

+ (6-'0 
16r 16r 

+ + (6.j 
Jm Im 

For 0 ~a< 60°, immediately before firing of Tl, two thyristors conduct. When Tl is 

fired, three thyristors conduct. When the thyristor current reverses, the particular 

thyristor turns OFF. For 60° ~a< 90°, only two thyristors conduct at any time. For 

90° ~ a < 150° , although two thyristors conduct any time, there are periods when NO 

thyristors are ON. The output voltage becomes zero for a of 150 degrees. 

6.2.1 Modelling of A Fully Controlled Three Phase Three Wire AC Voltage 

Controller With Star Connected ResistiYe Load and Isolated Neutral 

This section describes the modelling of the three phase AC controller shown in Fig.6.1. 

The model for a firing angle a of 7t/6 radians is shown in Fig.6.2. The various dialog 

boxes are shown in Fig.6.3 and the various subsystems in Fig.6.4(A) to (D). The 

various subsystems are explained below: 
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FIG.6.4(A) I vrn_rms*1.414 1-1-·~~~t1 ) I 2*pi*frequency I .. ( 2 ) 
Ou12 

.--~c 3 ) 

I 

._~ 

alfa ... ( 1 ) 

{2*pi/3)+(alfa) 

(4*pi/3)+(alfa) 

Out1 

t--m ... .-( 2 ) 
Out2 

t--m ... .-( 3 ) 

Out3 

"--~~~~~~~~ OuG 
FIG-.6.4(B) 

1-Jfl , c , ) .. .. c ) 
ln1 Out1 

l=t=I L L c ~ .. .. c ) 
ln2 Ou12 

c 3 ) .. l:=IIFI ... c 3 ) 
ln3 Out3 
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Chapter 6: Library Modules for AC to AC Converters 
Fig.6.4(A) corresponds to the dialog box Three Phase AC Data in Fig.6.3. In this dialog 

box, therms line to neutral voltage in Volts and the frequency in Hertz are entered. The 

peak voltage Vm and angular frequency w are internally calculated. Fig.6.4(B} 

corresponds to the dialog box Firing Angle in Fig.6.3. The firing angle a in radians is 

entered in this dialog box. Fig.6.4(B) has three constant blocks which generates a, 

[(27t/3) +a], [(47t/3) +a] for the three phases. Fig.6.4(C) generates the switch function 

SF for the three phases. The Switch Function corresponds to the Firing Pulses for the 

back to back connected thyristors in the three phases. These Switch Functions SF _A, 

SF _B and SF_ C in Fig.6.4( C ) are defined below: 

SF _A = +I for a S wt S ( 1I' + a) 

-I for {1I'+a)sw1s(21I'+a) 

SF B ~ +1 for ( 
2;+ +.-rot s-(5; +a] 

~ -1 for ( 
5
; +a} 5 rot 5 ( 

8
; +a] (6.6) 

SF C ~ + 1 for ( 
4
; + a] s rut 5 ( 

7
; + a] 

~ -1 for ( 
7;+ a) 5 rot 5 (1 ~% + a} 

The dialog box Load Resistance Data in Fig.6.3 corresponds to Fig.6.4(D). The load 

resistance value in Ohms per phase is entered in this dialog box. Fig.6.4(D) 

corresponds to the model of the back to back connected thyristors in the three phases 

and the star connected resistive load. The development of this model in Fig.6.4(D) is 

given below: 

Referring to the top most four input MUX corresponding to Phase A, the inputs u( I) to 

u(4) are respectively peak line to neutral voltage Vm ( .../2.Vs ), supply angular 

frequency w, time t and firing angle a. The Fen block at the top marked VAN generates 

VAN given by equation 6.1. while the bottom Fen block generates an attenuated value of 

v AN lagging by the firing angle a. The two Fen blocks corresponding to Phase B and C 

respectively generates VsN given by equation 6.1 and attenuated YsN lagging by [ ( 2.7t /3 

) + a ], VcN given by equation 6.1 and attenuated VCN lagging by [ ( 4.7t /3 ) + a ]. The 

bottom MUX output of each phase marked SFI_A, SFl_B and SFI_C in Fig.6.4(D) are 
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given as input Inl, In2 and In3 to the three Relays in Fig.6.4( C ). All these three 

Relays output I, when the respective input crosses zero and goes positive and output -1, 

when the respective input crosses zero and goes negative. 

Considering Phase A for clarity, SFI_A is given as u(2) input to threshold switches 

marked Switch and switch2 in Fig.6.4(D). The VAN output of Fen block is given as 

u(l) input to Switch and u(3) input to Switch2. Zero is given to u(3) input of Switch 

and u(l) input to Switch2. The output of Switch is given to u(l) and u(2) input of 

Switch I and its u(3) input is zero. The Switch2 output is given to u(2) and u(3) input of 

Switch3 and its u(l) input is zero. The output of Switch 1 and Switch3 are given as u(l) 

and u(3) input to Switch4 and its u(2) input is SF _A. The Switch, Switchl, Switch2, 

Switch3 and Switch4 all have a threshold value of zero and all these switches output 

corresponds to u(l) when u(2) is greater than or equal to zero, else all these switch 

output corresponds to u(3) input. The threshold switches corresponding to Phase B and 

Phase C operate in the same principle as for Phase A. 

Referring to threshold switches in Phase A shown in Fig.6.4(D) and noting the 

definition of SF _A in equation 6.6, the output of various threshold switches can be 

explained as follows: 

The 'Switch' and Switch2 has the following output given by equation 6.7 and 6.8 

respectively. 

Switch output= +Vmsin(a.t) for aSa.t S(7C+v) 

= 0 for oilrr tinE intends (6i? 

Switch2 output= -Vmsin(a.t) for (7C+v) Sat S (21r+v) 

= 0 for other tinE intends (68) 

Switchl and Switch3 has the following output given by equations 6.9 and 6.10 

respectively: 
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Switch! output= +Vmsin(caj fer a S o:J S 1r 

o for otkr tine intervals (a~ 

Switch3 output= -Vmsin(o:J) fer (1r+o) S o:J S 27r 

= 0 fer otkr tine intervals (6.10) 

Switch4 has the following output given by equation 6.11 below: 

Switch4 output= +Vmsin(at) for a Sat S 7r 

= -Vmsin{at) for {'!C+o) Sat S 21r 

= 0 for other tim'! intervals . (6.11) 

The Switch4 output of Phase A and the corresponding Switch output of Phase B and 

Phase C are connected to a three input MUX as shown in Fig.6.4(D). The three Fen 

blocks calculate the three phase line to line voltage across the star connected resistive 

load using the following formula: 

1 -1 0 VLlN u(l)-u(2) 
vL2L3 = 0 1 -1 * vLlN = u(2)- u(3) (6.12) 
vL3Ll -1 0 1 vL3N u(3)-u(l) 

In equations 6.12, LI, L2, L3 and N corresponds to the terminals as marked in Fig.6.1. 

In Fig.6.4(D) outl, out2 and out3 corresponds to these line to line voltages across the 

star connected load. These three voltages are given to another set of three input MUX 

as shown in Fig.6.4(D). The three Fen blocks connected to this MUX calculates the line 

to neutral voltages across the star connected resistive load using the following formula: 

1 -1 u(l) u(3) 
0 -----

vLln 
3 3 

VL1L2 
3 3 

-1 1 -u(J) u(2) 
vL2n 0 * VL2L3 = --+-- (6.13) 

3 3 3 3 
vL3n -1 1 VL3Ll -u(2) u(3) 

0 --+--
3 3 3 3 

In equation 6.13, n is the load neutral point as shown in Fig.6.1. The line to neutral 

voltage VLtn is multiplied by l/(r_load) to get the load current through each of the 

resistors. 
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6.2.2 Simulation Results 

The simulation of the Fully Controlled three phase AC controller with star connected 

load and with the neutral isolated was carried out using ode15s(stif£/NDF) solver, for 

various firing angle a of 7t /6, 7t /4, 7t /3, 7t /2 and 2.7t /3. The data used for this 

controller is given in Table 6.1 [14]. The simulation results for firing angle a of 7t /6, 7t 

/4, 7t /3, 7t /2 and 2.7t /3 are shown from Fig.6.5 to Fig.6.19. The names of the various 

waveforms are given at the top of each simulation result. The results of RMS line to 

neutral voltage across the load and load current for a firing angle a of 7t /6 are displayed 

in Fig.6.2. The simulation results for various firing angle a are tabulated in Table 6.2. 

The RMS line to neutral voltage across resistive load calculated by using equation 6.3 to 

6.5 and also the RMS load current by calculation are given in Table 6.3. 
TABLE 6.1 - Data for Three Phase Controller with Star connected Resistive Load 

SI.No. Line to Neutral Frequency Firing Angle Per Phase Load 

Voltage in Volts Hertz a radians Resistance in Ohms 

1 120 60 1t 16 10 

5 120 60 21t / 3 10 

TABLE 6.2 - Simulation Results for Three Phase Controller with Star connected Resistive Load 

SI.No. Line to Frequency Firing Per Phase Rl\1S Line to Rl\1S Load 

Neutral Hertz Angle Load Neutral Current in 

Voltage a Resistance Load Amps 

in Volts radians in Ohms Voltage in 

Volts 

1 60 1t / 6 
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TABLE 6.3-Calculated Values for Three Phase Controller with Star connected Resistive Load 

SI.No. Line to Frequency Firing 

Neutral Hertz Angle 

Voltage a 

Per 

L«Jad 

Phase RMS Line. to RMS Load 

Resistance 

Neutral 

Load 

Current in 

Amps 

in Volts radians in Ohms Voltage in 

Volts 

1 120 60 1t 16 10 117.38 11.738 

3 120 60 n/3 10 100.88 10.088 

5 120 60 21t / 3 10 35.22 2.511 
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in Fig.6.2. The values obtained by simulation and that by theoretical calculations using 

equations 6.3 to 6.5 are tabulated in Table 6.2 and Table 6.3 respectively. 

6.3 Analysis of A Fully Controlled Three Phase AC Voltage Controller in Series 

with Resistive Load Connected in Delta 

The three phase three wire AC voltage controller with back to back SCRs in series with 

resistive load connected in delta is shown in Fig.6.20 [14, 16]. By varying the firing 

angle a, the rms current through the load can be varied. The firing sequence is Tl, T2, 

T3, T4, TS and T6. This is derived below: 

v AB .J"i. VS .sin ( w. t) 

v BC Fi.vs .sin ( "'·' -
2
:•) (6.14) 

vcA ~ Fi.vs .sin ( w.t + 
2
:•) 

In equation 6.14, v AB, v8c, VcA are the instantaneous line to line voltages. As the load 

resistance is in series with the back to back connected SCRs forming a delta 

configuration , the RMS phase Voltage Vo can be derived as follows, for any firing 

angle a. 

1 'lC _ _2 • 2 l v0 = -.f 2.v,s.sm (m1).d(w1) 
na 

- Vs) 1 a 
7r 

+ sin(2a)l 
2n 

(6.15) 

The range of firing angle is 0 $ a $ n. In Fig.6.20, iab, ibc and ica are the phase currents 

through the load. Also ia = iab - ica, ib = ibc - iab and ic = ica - ibc are the line currents. 

6.3.1 Modelling of A Fully Controlled Three Phase AC Voltage Controller in 

Series with Resistive Load Connected in Delta 
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A T1 

VAB T4 

B T3 
VCA T6 

VBC 
c T5 

T2 
FIG.6.20: DELTA CONNECTED THREE PHASE AC THYRISTOR CONTROLLER 

This section describes the modelling of the three phase delta connected AC controller 

shown in Fig.6.20. The model for a firing angle a of 21t /3 radians is shown in Fig.6.21. 

The various dialog boxes are shown in Fig.6.22 and the various subsystems in 

Fig.6.23(A) to (D). The various subsystems are explained below: 

Fig.6.23(A) corresponds to the dialog box Three Phase AC Supply Data in Fig.6.22. In 

this dialog box, the rms line to line voltage in Volts and the frequency in Hertz are 

entered. The peak voltage Vm and angular frequency ro are internally calculated. 

Fig.6.23(B) corresponds to the dialog box Firing Pulse Generator in Fig.6.22. The 

firing angle a in radians is entered in this dialog box. Fig.6.23(B) has three constant 

blocks which generates a, [(21t/3) +a], [(41t/3) +a] for the three phases. Fig.6.23(C) 

generates the switch function SF for the three phases. The Switch Function corresponds 
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I vab*1.414 +-1--•~c , ) 
- Out1 

2*pi*f • c 2 ) 
Out2 

~(3) 
Clock Out3 

FIG.6 .. 23(A) 

alfa ... ( 1 ) 
Out1 

l..__(2*-p-i/-3)-+(a-lf-a)_ ...... I ~~~) 
(4*pi/3)+(alfa) 

FIG.6.23(8) 

~ ... c 3) 
Out3 

SF1_A 
c 1 )"-~• 1~m- I 

ln1 
SF1_B 

.. ( 1 ) 
Out1 

( 2 ) 
ln2 

• I-¢= 1--1 -----tl•~c 2 ) 
Out2 

SF1_C 
(3) .-1-=r;r-1 •(3) 

ln3 Out3 
FIG.6.23(C) 
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Chapter 6: Library Modules for AC to AC Converters 
to the Firing Pulses for the back to back connected thyristors in the three phases. These 

Switch Functions SF _A, SF _Band SF _C in Fig.6.23( C) are defined below: 

SF A = + 1 for a S rot S ( rr· + a) 

= -1 for ( 1l' + a) S rot S ( 2rr + a) 

SF B = +I for ( 
2
; +a) s wt s-(5; +a) 

= -1 for ( 
5
; + a) s wt s ( 

8
; + a) (6.16) 

SF C = + 1 for ( 
4
; +a) s wt s ( 

7
; +a) 

[71r: ) [l07r: ) = -1 for 3 +a S mt S 3 +a 

The dialog box Load Resistance in Fig.6.22 corresponds to Fig.6.23(D). The load 

resistance value in Ohms per phase is entered in this dialog box. Fig.6.23(D) 

corresponds to the model of the back to back connected thyristors in the three phases 

and the star connected resistive load. The development of this model in Fig.6.23(D) is 

given below: 

Referring to the top most four input MUX corresponding to Phase A, the inputs u(l) to 

u(4) are respectively peak line to line voltage Vm ( .../2.Vs ), supply angular frequency 

ro, time t and firing angle a. The Fen block at the top marked Fen generates VAs given 

by equation 6.14. while the bottom Fcnl block generates attenuated VAB lagging by the 

firing angle a. The two Fen blocks corresponding to Phase B and C respectively 

generates vac given by equation 6.1 and attenuated Vee lagging by [ ( 2.n 13 ) + a], VcA 

given by equation 6.1 and attenuated VcA lagging by [ ( 4.1t 13 ) + a ]. The bottom 

Function block output i.e. output of Fcnl, Fcn3 and Fcn5 of each phase marked in 

Fig.6.23(D) are given as input Inl, In2 and In3 to the three Relays in Fig.6.23( C ). All 

these three Relays output I, when the respective input crosses zero and goes positive 

and output-I, when the respective input crosses zero and goes negative. 
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Considering Phase A for clarity, SFI_A is given as u(2) input to threshold switches 

marked Switch and switch2 in Fig.6.23(0). The output of Fen block is given as u(l) 

input to Switch and u(3) input to Switch2. Zero is given to u(3) input of Switch and 

u(l) input to Switch2. The output of Switch is given to u(l) and u(2) input of Switch I 

and its u(3) input is zero. The Switch2 output is given to u(2) and u(3) input of Switch3 

and its u(l) input is zero. The output of Switch 1 and Switch3 are given as u(l) and 

u(3) input to Switch4 and its u(2) input is SF _A. The Switch, Switch!, Switch2, 

Switch3 and Switch4 all have a threshold value of zero and all these switches output 

corresponds to u(l) when u(2) is greater than or equal to zero, else all these switches 

output corresponds to u(3) input. The threshold switches corresponding to Phase B and 

Phase C operate in the same principle as for Phase A. 

Referring to threshold switches in Phase A shown in Fig.6.23(0) and noting the 

definition of SF_ A in equation 6.16, the output of various threshold switches can be 

explained as follows: 

The 'Switch' and Switch2 has the following output given by equation 6.17 and 6.18 

respectively. 

Sl1itdi adp.11= +fmsin(at) fer as at s (1r+<Y 

= 0 fer ah!r tirre irtmds (6.J'l) 

Smtch2 adp.11= -fmsin(~ fer (1r+<.9 sat s (2rr+<.9 

= 0 fer alu tirre irtends (6.18) 

Switch! and Switch3 has the following output given by equations 6.19 and 6.20 

respectively: 

&itdzl allpll = +iinsin(aV fer a Sat S 1C 

= O fer alrr tinl! irtends (6.19) 

&itd73 adpt = -iinsin(at) fer (1C +u) Sat S 2lr 

= 0 fer alrr tine irten.ds (6.20) 
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Switch4 has the following output given by equation 6.21 below: 

~ alpl= +JfnSr(~ fa aSoJS7T: 

= -Jm:ir(at) fa (lr+~ Sat S 2Jr 

=0 fa aJu tilre tmnds (621) 

The Switch4 output in Fig.6.23(D) corresponds to the Phase Voltage Vo across the load 

· resistor. This Vo is multiplied by l/(r_load) using gain multiplier blocks to obtain the 

phase currents iab, ibc and ica through the load resistor. These respective phase currents 

are given to a three input MUX. The three Fen blocks performing [u(l)-u(3)], [u(2)-

u( 1)] and [ u(3) - u(2)] output the line currents ia, ib and ic. 

6.3.2 Simulation Results 

The simulation of the Fully Controlled three phase AC controller in series with delta 

connected resistive load was carried out using odel5s(stiffi'NDF) solver, for vari~us 

firing angle a of 7t /6, 7t /4, 7t /3, 7t /2, 2.7t /3 and x . The data used for this controller are 

given in Table 6.4 [14]. The simulation results for firing angle a of x /6, 7t /4, 7t /3, 7t 

12, 2.7t /3 and x are shown from Fig.6.24 to Fig .. 6.29. The names of the various 

waveforms are given at the top of each simulation result. The results of RMS line to line 

voltage across the load and load current for a firing angle a of 27t /3 is displayed in 

Fig.6.21. 
TABLE 6.4 - Data for Three Phase AC Controller with Delta connected Resistive Load 

SI.No. RMS Line to Line .Frequency Firing Angle Per Phase Load 

Supply Voltage in Volts Hertz a radians. Resistance in Ohms 

1 208 60 1t 16 10 

6 208 60 1t 10 
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TABLE 6.5- Simulation Results for Three Phase AC Controller in Series with Delta Connected 

Resistive Load 

SI.No. RMS Line Frequency Firing Per Phase RMS RM:S Load 

1 

3 

5 

6 

to Line Hertz 

Supply 

Voltage in 

Volts 

208 

208 

208 

208 

60 

60 

60 

60 

Angle Load Load Current 

a Resistance Voltage lab in 

radians in Ohms Vo in Amps 

Volts 

1[ 16 10 204.9 20.49 

1[ / 3 10 186.6 18.66 

2 n /3 10 91.84 9.184 

10 0 0 
TABLE 6.6- Calculated Values for Three Phase AC Controller in Series with Delta Connected 

Resistive Load 

SI.No. RMS Line Frequency Firing Per Phase RMS RMS Load 

to Line Hertz Angle Load Load Current 

Supply a Resistance Voltage lab in 

Voltage in radians in Ohms Vo in Amps 

Volts Volts 

1 208 60 1[ 16 10 173.45 17.345 

5 208 60 2 n / 3 10 91.944 9.1944 

6 208 60 10 0 0 

The simulation results for various firing angle a are tabulated in Table 6.5. The 

RMS load voltage Vo obtained by using equation 6.15 for various firing angle a and 

the calculated load current per phase are tabulated in Table 6.6. 

6.4 Conclusions 
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System models for Three Phase AC Controller in series with lines connected to star 

connected resistive load with isolated neutral and also for Three Phase AC Controller in 

series with delta connected resistfve load are developed and their simulation and 

theoretical results are presented. Switching Function concept is used in these model 

development. It is seen from Table 6.2 and 6.3 that as the firing angle a increases the 

percentage error between the theoretical and simulated results for line to neutral voltage 

across the load resistor increases. It is also seen from Table 6.5 and 6.6 that as the firing 

angle a increases, the percentage error between the theoretical and simulated values for 

Phase Voltage across the load decreases. Also Appendix E provides the comparison of 

the simulation results of the above three phase ac controllers using the demo version of 

electronic circuit simulation software PSIM 7.0. 
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CHAPTER 7 

MODELLING OF THREE PHASE INDUCTION MOTOR 

DRIVES 

7.1 Introduction 

The steady state models such as equivalent circuits are useful to study the steady state 

performance of three phase induction motors (IM). This analysis neglects transients 

due to load and stator frequency variations. Such variations in load and stator frequency 

occur for variable speed drives which are converter fed from finite sources. The 

dynamic models of three phase IM consider the effect of variation of supply frequency, 

load torque, voltages and currents. The dynamics of converter fed three phase IM is to 

be evaluated to determine the adequacy of the converter switches and converter for a 

given motor and their interactions to determine the excursions of current and torque in 

the converter and motor. The dynamic model of three phase IM is derived in the dqO 

axis. The abc to dqO transformation is performed using the well known Park's 

transformation [ 1-2, 13 ]. The reference frame can be any one of arbitrary, stationary, 

rotor or synchronous. The voltage, current and flux linkage transformations are carried 

out in a generalised way to any of the above reference frames. The performance 

obtained in dqO axis can be transformed back to abc axis by inverse park's 

transformation. 

This chapter deals with the dynamic modelling of three phase IM using dqO voltage-

current equations in all reference frames. The stationary, synchronous and arbitrary 

reference frames are provided in one model. The desired reference frame can be 

selected and the performance of three phase IM in this reference frame can be observed. 

7.2 Dynamic Model of Three Phase Induction Motor 
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The model of three phase IM is developed in two axis known as dq axis [ 13 ]. A two 

axis model of a three phase IM is shown in Fig. 7 .1. The stator windings are displaced 

Rotor 

· 4 q-axis 
I 

I 

I 

I 

____ vqs 

Fig.7.1: Two axis representation of three phase IM 

Stator 

ids 

+ 

in space by 90 degrees. The rotor winding a is at an angle er from the stator d-axis 

winding. The voltages and currents are marked in Fig.7.1. The angle er is the rotor 

position in electrical radians at any instant of time. With this arrangemen~ the mutual 

inductances between stator and rotor are functions of cos er and sin er and thus are time 

varying. To obtain constant mutual inductance between stator and rotor, the rotor 

windings are aligned along the d-axis and q-axis, as shown in Fig.7.1. The induction 

machine equation referred to stator side is given by equation 7.1. In equation 7.1, the 

following symbols are used: 

Yqs, Yqr - q-axis stator and rotor terminal voltages. 

Vds, Vdr - d-axis stator and rotor terminal voltages. 
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V<JS R8 +sL8 0 s4rz 0 iqs 
v ds' 0 R8 +sL8 0 s4rz ids' - * vqr s4rz -4rz.Or cbt R,. +sL,. -4.or cbt 'qr 
Vtfr- 4rz.Or dJt s4rz Ly.Br dJt ~+sL,. ia-

iqs, iqr - q-axis stator and rotor winding currents. 

Ls, Lr - Stator and Rotor self inductances in Henries per phase. 

Lm - Mutual Inductance between stator and rotor in Henries per phase. 

Rs, Rr - Stator and equivalent rotor resistance in Ohms per phase. 

er_ dot - Rotor an~Jar speed in electrical radians per second ( ~; ) . 
s - Transform operator di dt. 

(7.1) 

7.3 Analysis of Three Phase Induction Motor Using DQ-Axis Voltage- Current 

Equations in Arbitrary Reference Frames 

Reference frames are like observer platforms which simplifies the system equations. It 

is advantageous to derive the system model in any arbitrary reference frame rotating at 

any arbitrary angular speed COc radians per second and then transfer this model to any 

desired reference frame. The relationship between the stationary reference frame 

marked by dq-axis and arbitrary reference frame marked by dcqc -axis . is shown in 

Fig.7.2 [13]. The relationship between the electrical quantities in the stationary dq 

reference frame and the arbitrary dcqc reference frame is given by equation 7.2 below: 

sinOc l * fq~ 
cosBc fc 

ds 

In equation 7 .2, f can be a voltage, current or flux linkage. 

(7.2) 
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q-axis 

Fig.7.2: Stationary and 
Arbitrary Reference Frames 

•C 
I ds 

c 
V ds 

d-axis 

Equation 7 .1 can be written in arbitrary reference frame as in equation 7.3 below: 

c fi vq> Rs+SLs acLs sim ac11n c -<1f:1s Rs+ils -oc1tn sim ze vd a; 
c sim (ac-<4).Im ~+Sly (uc-ar)Lr ~ 

(1.3) 
Vl/" 
c -(uc-ar).Im sim -(uc-ar)Lr ~+Sly ze vd- (}-

The electromagnetic torque Tern of the induction machine is given in equation 7.4 

below: 

T 3 P L (·C .C .C .C ) N em=-.-. m· 1qs· 1dr- 1ds· 1qr w.m 
2 2 . 

(7.4) 

The transformation of voltages, currents and flux linkages from abc to qdO and from 

qdO to abc axis are done using the matrix in equation 1.1 and 1.2, with 0 is replaced by 

8c .. 
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7.3.1 Analysis of Three Phase Induction Motor Using DQ-Axis Voltage - Current 

Equations in Stationary, Synchronous and Rotor Reference Frames 

The model of three phase IM in any other given reference frame can be derived by 

referring to Fig.7.2 and equation 7.3 and 7.4. For stationary or stator reference frame 

the angular frequency roe is set to zero in equation 7.3. Similarly in the transformation 

matrix given by equation 1.1 and 1.2, 0 is set to zero. Similarly for the synchronous and 

rotor reference frames, this value of roe is set to cos and ror respectively in equation 7.3. 

Also in the transformation matrix in equation 1.1 and 1.2, 0 is replaced by es and er 

respectively for the synchronous and rotor reference frames. 

The speed of the stator frame is zero and letting roe= 0 in equation 7.3, the resulting 

model in stator reference frame is given in equation 7.5 below: 

Vqs Rs +sLs 0 sfw 0 
Zqs 

vds 0 Rs +sLs 0 sLm lds 
- * (7.5) 

Vqr sLm -wr.Lm Rr+s4 -wr.Lr lqr 

vdr wr.Lm sfw Wr·4 Rr+s4 
ldr 

The electromagnetic torque Tern of the induction machine is given in equation 7.6 

below: 

The speed of the synchronous frame is ros and letting roe = cos in equation 7.3, the 

resulting model in synchronous reference frame is given in equation 7. 7 below: 

e Rs+sfs ms-ls sl,n Ws-4n ' Vqs' 
e -<ns1s Rs+sLs -<ns1m sl,n ,e 

vd> *ct 
e - (w,s-~).Im R,.+sL,. (w,s-~).r,. 

(7.7) 
v'T sl,n ,e 

-(ms-at) Im -(w,s-~)4' R,. +sL,. 
<T 

e sl,n Vcf ,e er 
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The electromagnetic torque Tern of the induction machine is given in equation 7.8 
below: 

.e .e .e .e 3 p ( ) Tem = 2·-;·Lm. lqs·ldr - lds·lqr Nw.m ('/.8) 

The speed of the rotor frame is ror and letting roe = ror in equation 7.3, the resulting 
model in rotor reference frame is given in equation 7 .9 below: 

r .:r 
vlJS' R8 +sL8 w,..Ls sL,n mr.L,n 

lqs 
r .:r 

vd> -my Ls Rs+sLs -my.4n s1m 'tt (7.9) - * r 
sL,n 0 ~+sL,. 0 Vqr l qr r 0 s1m 0 ~+sL,. VQ-

~ 
The electromagnetic torque Tern of the induction machine is given in equation 7.10 
below: 

3 p ( ) .r .r .r .r 
Tem = -.-.Lm. lqs·ldr - lds·lqr Nw.m 

2 2 
(7.10) 

7.4 Model for Three Phase Induction l\1otor in ALL Reference Frames Using 

DQ Axis Voltage - Current Equations 

The three phase induction motor model in all reference frame using dq-axis voltage 

current equation can be developed from equation 7.3 [IO, 13, 28]. Rearranging equation 

7 .3, equation 7 .11 is obtained as shown below for the arbitrary reference frame roe. 

The model of the Three Phase IM in ALL reference frames using dq-axis voltage -

current equations is shown in Fig.7.3. The model is based on equation 7.11. The 

various dialog boxes used in this model are shown in Fig.7.4. The various subsystems 

are shown in Fig.7.5(A) to (E). The various subsystems are detailed below: 

Fig.7.5(A) corresponds to the dialog box Three Phase AC Input Data in Fig.7.4. In this 

the Line to Neutral voltage maximum value and supply angular frequency in radians per 

199 



Chapter 7: Modelling of Three Phase Induction Motor Drives 

iq; Ls 0 1m K 
id; t 

J -
i<r 0 

0 Ls 0 

1m 0 4 0 A 
icf 0 1m 0 4 ~ 7 ( 

% ocJs 0 oeim 1q; 
-OM; % ~ 0 id; 

* (7.11) 0 (ot-0t)1m ~ (lJl:<lr).lr 1q 
-{ O(:<Jt).lm 0 -{ot-0t)4 ~ icf 

second are entered. The outputs of Fig.7.5(A) are given to Fig.7.5(B): The three Fen 

blocks performing sin(u(l)) generates three phase AC displaced by 2.09 radians (120 

degree). The peak value and angular frequency of this three phase ac corresponds to the 

peak value of line to neutral voltage and angular frequency entered in the dialog box 

Three Phase AC Input data in Fig.7.4. In addition Fig.7.5(B) generates 0c which is 

obtained by multiplying ( ror e1ec*time) and also line to line voltage Vab by subtracting 

Van and Vbn. The outputs Van, Vbn, Ven and 0c are given to the four input mux in 

Fig.7.5( C ). The Fcn7 and Fcn9 blocks connected to this mux solves for Vds and Vqs 

as given by the matrix equation 1.1 in chapter 1, where 8 is replaced by Sc. Vqr and 

V dr referred to stator are zero as the rotor is short circuited. The dialog box Three 

Phase IM Inductance matrix in Fig. 7.4 corresponds to Fig. 7 .5( C ). The stator 

inductance in henries per phase, rotor inductance ref erred to stator in henries per phase 

and mutual inductance between stator and rotor in henries per phase are ented in this 

dialog box. The DSP Constnat2 block and the general Inverse (LU) blocks in fig. 7 .5( C 

) solves the inductance inverse matrix given by K in equation 7 .11, which is given to the 

A input of Matrix multiply block. The six input mux in Fig.7.5( C) with inputs iqs, ids, 

iqr, idr, roe and rore along with the Fcn3, Fcn4, Fcn5 and Fcn6 block solves the matrix 

product A shown equation 7.11. The four input mux in Fig.7.5( C) with inputs Vqs, 

Vds, Vqr and Vdr, the connected subtract block, Matrix multiply block and integrator 

block solves the complete equation 7.11. Fig.7.S(D) corresponds to the dialog box 

Three Phase IM Rotor and Load Inertia Data in Fig.7.4. The rotor inertia, load inertia, 

damping constant, mutual inductance between stator and rotor and the number of poles 

are entered in the relevant boxes in the appropriate units. The two multiplier blocks 
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along with the gain block with multiplier [( 3.P.Lm ) I 4] in Fig.7.S(D) solves rotor 

electromagnetic torque Tern given by equation 7.4. The value of Tern is subtracted 

from external mechanical load torque Tmech using a subtract block. Tmech is 

generated using repeating sequence as shown in Fig.7.3. The output ( Tem-Tmech) is 

given to the Transfer Fen block. The transfer function of the Transfer Fen block given 

by [ I I (( j_l + j_m ).s + d ) ] gives rotor angular mechanical speed romech· This value 

of romech· is multiplied by [P I 2] using gain multiplier block to obtain the rotor angular 

speed roe1ec in electrical radians per second. Also j_l, j_m, d and Pare the rotor inertia, 

load inertia, damping constant and the number of poles respectively. Fig.7.S(E) 

corresponds to the dialog box Reference Frame data in Fig.7.4. The excitation frame 

angular frequency, arbitrary/rotor frame angular frequency, Frame changer constant 

either 0 or I ( 0 for stationary frame and I for excitation frame/synchronous frame with 

switch SI in Fig.7.3 down connected to zero. This frame changer constant has NO 

effect if this switch S! is thrown up connected to I. The switch SI is up connected to I 

for rotor/arbitrary reference frame frequency ) are entered in the relevant box. Referring 

to Fig.7.S(E), the constant block w_c is connected to u(l) input, switch SI is connected 

to u(2) and the constant block w _ e is connected u(3) input of the threshold switch 

marked switch. The threshold value is 0.5. The output of this switch corresponds to 

u(I), if u(2) is greater than or equal to this threshold value, else this output corresponds 

to u(3) input. Thus the required frame can be selected. 

7.4.1 Simulation Results 

The simulation of the three phase IM was carried out in all reference frames using 

SIMULINK6.0 with odeI5s(stiff/NDF) solver. The parameters of the three phase star 

connected squirrel cage IM used for simulation are given in Table 7.I [IO]. The 

simulation was carried out in the following reference frames: 

I. Stationary( Stator) reference frame roe = ros = 0 
2. Synchronous( excitation) reference frame roe= roe = 377 elec.rad per sec. 

3. Rotor reference frame roe = ror = 2IO elec.rad per sec. 

4. Arbitrary reference frame roe = I 00 elec.rad per sec. 
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TABLE 7.1 
SI.No. Three Phase IM Parameters •, ··:Value '·.Unit , 

. , .. ;: .' . -. .- . : ~ . ' .- . :. ~ :_ ~ !· -_ ~ 

1 Rated Power 
. 

. 7.46' .·· .. kW.· 
. 

2 Rated Stator Voltage Vs 220 Volts 

3 Rated supply frequency f . 60 ·.·Hertz 

4 Rated speed Nr 1164 rpm 

5 Number of Poles P ,. 6 . , .. 

6 Stator Resistance Rs 0.294 Wph 

7 Stator Leakage Reactance Xis·• 0.524 Wph~ 
.. · .. ., , .. ., 

8 Rotor Resistance referred to stator Rr' 0.156 Wph 

9 Rotor Leakage reactance referred to stator Xlr' · .· 0.279 .Wph·: 

10 Magnetising reactance or 1\-lutual reactance between 15.457 Wph 

stator and rotor Xm 

11 Rated EM. Torque of Motor .Tern " 
.. 61.2 · : Nw.m . .:·. . .. . _- .. ,-.. .• . - -- ,. 

.. • ' 
12 Moment of Inertia of rotor Jm 0.4 Kg.m2 

13 Moment of Inertia of Load JI 0.4 Kg.mz 

In the simulation on all the above reference frames, the load torque Tmech changes as 

follows: 

T = 30.6 mech 

- 91.8 

- 61.2 

for 

for 

for 

0 < t <]sec 

1 < t < 2sec 

2 < t < 3sec (7.12) 

The simulation results for the rotor electromagnetic torque Tern, rotor speed, stator 

current, rotor current referred to stator and torque-speed curves are· shown for each of 

the above reference frames. Fig. 7 .6(A) to (E) corresponds to stationary reference frame 

for coc = 0, Fig.7.7(A) to (E) for synchronous (excitation) reference frame for coc = 377 

elec.rad per second, Fig.7.8(A) to (E) correspond to rotor reference frame for coc = 210 
elec.rad per second and Fig.7.9(A) to (E) corresponds to arbitrary reference frame for 
coc = 100 elec.rad per second. 
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7.5 Model for Three Phase Induction Motor in ALL Reference Frames Using 

DQO-Axis Flux Linkage Equations in State Space 

The three phase induction motor model in arbitrary reference frame roe. using dqO-axis 

flux linkage equations in state space are developed as shown in equations 7 .13 to 

below [2, 11, 13]. By letting roe the values of 0, roe and core, in equation 7.13 to , the 

flux linkage equations in stationary( stator ), synchronous( excitation ) and rotor 

reference frames can be obtained. 

The stator qdO-axis voltage equation in arbitrary reference frame roe is given in equation 

7.13 below: 

Vqs s We 0 A.qs iqs 

vds = -roe s 0 * 1ds +(rs]* ids (7.13) 

vos 
0 0 s 1os ios 

The rotor qdO-axis voltage equation in arbitrary reference frame roe is given in equation 

7.14 below: 

s 
(7.14) 

, 
v dr = -(roe -roreJ 

0 0 

The stator and rotor qdO-axis flux linkage equation in arbitrary reference frame roe is 

given in equation 7 .15 below: 

~ ~+Id 0 0 4n 0 0 lq; 

A.d 0 ~+In} 0 0 1tn 0 id 

b 0 0 1ts 0 0 0 l(k 

, 0 0 , (1.15) , 1tn 0 0 
A.er (Llr +ltJ icr 
, 0 4n 0 0 , 0 , 

A.<f (Llr +In} id-
, 0 0 0 0 0 , , 

A.(} Lu i(} 
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The e.m. torue equation for Tern is given in equation 7.16 below: 

3 p , ·' , ·' 
Tern= 2·2·0- qrl dr -A drz qr) 

- ; . ~ . (A. d s iq s - Aq s ids ) (7 .1 6) 
3 p L (·' . ·' . ) -2·2· m· 1 dr 1qs- 1 qr 1ds 

Rearranging equations 7 .13 and 7 .14, the state space representation of qdO-axis flux 

linkage equations for the stator and rotor in the arbitrary reference frame roe is given 
below: 

J..q;_d1 
0 0 0 0 0 1p -oc )..dd1 ct 0 0 0 0 0 1t 

Aad1 0 0 0 0 0 0 18 
xrr_th 0 0 0 0 -<ac-areJ 0 )..' rr 
x<fth 

0 0 0 (ac-are) 0 0 )..' 
d-0 0 0 0 0 0 

Xa-d1 )..' 0-

'S 0 0 0 0 0 iq; vq; 

0 'S 0 0 0 0 id vd 

0 0 1S 0 0 0 h 
(1.~ - 0 0 0 Ir 0 0 i' "rr rr 

0 0 0 0 Ir 0 i' d- "<f 
0 0 0 0 0 Ir lo- v'o-

where A.qs_dot is 
dA.qs 

and so on. Now calling the 6Xl flux linkage matrix in 
dt 

equation 7.15 as r, the 6X6 inductance matrix in equation 7.15 as L, the 6Xl current 

matrix as I, the 6X6 matrix containing roe and ror in equation 7 .17 as !!, the 6X6 stator 

and rotor resistance matrix in equation 7.17 as Rand the 6Xl voltage matrix in equation 

7.17 as V, equation 7.15 and 7.17 can be combined as in equation 7.18 below: 

[r_t1ot] [n]*[r] - [R]*[£1]*[r] + [v] (7.JBJ 
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Equation 7.18 is in the state space form 

x d 0 t = ~ ..... _,. ..... 
A.x + B.u. (7.18) 

The model for the three phase IM using the qdO-axis flux linkage equations in state 

space in ALL reference frames is shown in Fig.7.10. The various dialog.boxes are 

shown in Fig.7.11. The various subsystems used are shown in Fig.7.12(A) to ( C ). The 

function of the various subsystems are detailed below: 

Fig.7.12(A) corresponds to the dialog box Three Phase AC Generator and abc to dqO 

axis transform in Fig. 7 .11. The line to neutral voltage maximum value, supply 

frequency in Hertz and the angular frequency of the reference frame in electrical radians 

per second are entered in these relevant box. The abc to dqO transform block and the 

discrete virtual PLL are from SimPowerSystems block set. The virtual PLL generates 

cos 0c and sin 0c and the abc to dqO axis transform block performs the abc to dqO axis 

voltage transformation as per the matrix equation 1.1 in Chapter 1. The dqO axis rotor 

voltages are zero as the rotor is short circuited. Fig.7.12(B) corresponds to the dialog 
224 
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box Three Phase IM Model Data in Fig.7.11. In this dialog box, the values of Lis, Llr', 

Lm, Rs, Rr' and roe relating to stator, rotor and arbitrary frame are entered in the 

appropriate units. In Fig.7.12(B), the eight input mux with dqO-axis stator and rotor 

flux linkages r, reference frame frequency roe and rotor speed ror_etec in electrical radians 

per second along with the six Fen block solves the first term on the R.H.S. of equation 

7.18. The DSP constant block marked L_MATRIX and the general inverse (LU) block 

computes inverse of L matrix. This L'1 Matrix is then multiplied by r matrix using 

Matrix Multiplyl block to obtain the dqO stator and rotor current I matrix. The DSP 

constant block marked RESISTANCE_MATRIX in Fig.7.12(B) generates the R matrix 

containing diagonal elements of stator and rotor resistance referred to stator defined in 

equation 7.17. This R matrix is then multiplied by the I matrix using the Matrix 

Multiply2 block to obtain the second term in equation 7.18. The dqO-axis voltage V 

matrix is available from Fig.7.12(A). These three terms are the summed with 

appropriate signs in the Add block to obtain the derivative of the stator and rotor flux 

linkage vector r _dot matrix. This is then integrated using individual integrator block to 

obtain the dqO-axis stator and rotor flux linkage vector r matrix. Fig.7.12( C ) 

corresponds to the dialog box Rotor Torque and Speed calculator in Fig.7.11. In this the 

mutual inductance Lm, number of poles P, Moment of Inertia of motor and load and the 

Damping constant are entered in the appropriate units. In Fig.7.12( C ), the two 

multiplier blocks, the subtract block and the gain multiplier block with the multiplier 

constant [3*P*Lm I 4] calculates the rotor e.m. torque Tern given by equation 7.16. The 

mechanical load torque Tmech is generated using the repeating sequence block as 

shown in Fig.7.10. The value of Tern and Tmech are subtracted using the Subtract 

block and given to the Transfer Fen block with the transfer function [ 1 / (( Jm +JI ).s + 

D ) ] to obtain the rotor speed in mechanical radians per second, which is then 

multiplied by gain block with the multiplier [ P I 2 ] to obtain the rotor speed in O>r_elec 

electrical radians per second. The dqO to abc transform block in Fig.7.12( C ) 

transforms the dqO-axis stator and rotor current back to abc axis as per the 

transformation matrix defined by equation 1.2 in Chapter I. 

7.5.1 Simulation Results 

The simulation of the flux linkage model of three phase IM in all reference frame was 
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carried out using ode15s (stiff/NDF) solver. The parameters of the three phase star 

connected squirrel cage IM used for simulation are given in Table 1 above [10]. The 

simulation was carried out in the following reference frames: 

1. Stationary( stator ) reference frame coc = cos = 0 

2. Synchronous( excitation ) reference frame roe = COe = 3 77 elec.rad per sec. 

3. Rotor reference frame coc = core = 210 elec.rad per sec. 

4. Arbitrary reference frame roe = 100 elec.rad per sec. 

In the simulation on all the above reference frames, the load torque Tmech was set to 

zero. The simulation results for the rotor electromagnetic torque Tern, rotor speed, 

stator current, rotor current referred to stator and torque-speed curves are shown for 

each of the above reference frames. Fig.7.13(A) to (F) corresponds to stationary 

reference frame for roe = 0, Fig.7.14(A) to (F) for synchronous (excitation) reference 

frame for roe= 377 elec.rad per second, Fig.7.15(A) to (F) correspond to rotor reference 

frame for roe = 210 elec.rad per second and Fig. 7. l 6(A) to (F) corresponds to arbitrary 

reference frame for roe = 100 elec.rad per second. 

7.6 Model for Three Phase Induction Motor in ALL Reference Frames Using 

DQO-Axis Flux Linkage per second and l\1achine Reactance in State Space 

Often three phase IM equations are expressed in terms of flux linkages per second and 

machine reactance instead of flux linkages and machine inductances. The flux linkages 

are related to the base value or rated value of the angular frequency cob as in equation 

7.19 below: 

x~L H (Y pr uit 
(7.~ 

°b 2ef!d«1 

f ICiai :Rt«J ffLJDCY <f tk ncclire . liJfz m 
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The three phase IM equations in arbitrary reference frame roe can be written as shown 
below. 

The stator qdO-axis voltage equation in arbitrary reference frame roe is given in equation 
7.20 below: 

0 
'l'qs iqs 

0 * 'I' ds +[rs}* ids (7.20) 

0 0 

The rotor qdO-axis voltage equation in arbitrary reference frame roe is given in equation 

7.21 below: 

0 
, 
lq-

I 

0 (7.21) 

' 0 0 l (}-

The stator and rotor qdO-axis flux linkage per second equation in arbitrary reference 

frame roe is given in equation 7 .22 below: 

0 0 0 0 

0 0 0 

0 0 0 0 

0 0 0 0 , 
icr 

0 , 
~Ir -+x,,} 0 0 0 

0 0 0 0 0 
, 
io-

The e.m. torue equation for Tern is given in equation 7 .23 below: 
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(7.23) 

The machine equations from 7 .20 to 7 .22 can be expressed in the state space form 

similar to equation 7 .17, where all A. are replaced by 'I' and all roe and (roe - rore ) terms 

are multiplied by ( 1 I rob ). This flux linkage per second and reactance equation in state 
space is given below in equation 7.24. 

0 -(JJ 0 0 0 0 c 
lflqs_dx 

0 0 0 0 0 lflqs (J) 

I/let ch c 
lflet 

'l'Q;_dx 0 0 0 0 0 0 
'1'0; 

* 
"'q-_d:J 0 0 0 0 -( roc-w re) 0 vlq-
vi er d:J (roc-wre) vi er 

0 0 0 0 0 
vlrr d:J vlrr 

0 0 0 0 0 0 

'S 0 0 0 0 0 iqs Vqs 

0 'S 0 0 0 0 ;et Vet 

0 0 rs 0 0 0 .~ VQ; 
- <q, 0 0 0 rr 0 0 i' +a~,* vq- (7.2~ 

rr 
0 0 0 0 rr 0 i'cr lier 
0 0 0 0 0 rr i' (}- vlr 

where 'l'qs_dot is 
dljlqs 

and so on. Now calling the 6Xl flux linkage per second 
dt 

matrix in equation 7.22 as 'I', the 6X6 inductive reactance matrix in equation 7.22 as X, 

the 6X 1 current matrix as I, the 6X6 matrix containing roe, ©re and rob in equation 7 .24 as 

N, the 6X6 stator and rotor resistance matrix as R and the 6Xl voltage matrix in 

equation 7.24 as V, equation 7.22 and 7.24 can be combined as in equation 7.25 below: 
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(psids) *(we lwb) ( psidr') * (wc-wr) I (wb) 
iq~_c 

vqs_c 
Eqs_c Eq(_c 

vq~_c 

( psiqs) *(we /wb) q-axis 

id(_c 

Eds_c Edr'._c 
vd~_c 

vds_c 

d-axis 
l(JTE: wc-ARBITRAR'f REFEREN::E FRALIEAliJJUlARFREQU~Y; 

·o VI b- BA ~A l"3 UlAR FREQUEl(;Y;wr - fmORA 1"31.lA R FRmlJEl'{;Y 
I S 

ml0 '~-
4- xis - 4- xi~ - rr• 

vos var· 

zero sequence . 
FIG.7.17 EQUIVALENT CIRCUIT OF THREE PHASE l.M. 

IN ARBITRARY REFERENCE FRAME 

The equivalent circuit of the three phase IM in the arbitrary reference frame C.Oc using the 

flux linkage ( or the Flux linkage per second ) model is shown in Fig. 7 .17 .. In Fig. 7 .17, 

the following symbols shown in equation 7.26 are used: 
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p s id s - If/ d s 
p s i q s - If/ q s 

s id r 
( 7 . 2 6) 

p - If/ d r 

p s i q r - If/ q r 

Equation 7.25 is in the state space form 

x d 0 t = - -A.x + B.ii. (7. 2 7) 

The model for the three phase IM using the qdO-axis flux linkage per second and 

machine reactance equations in state space in ALL reference frames is shown in 

Fig.7.18. The various dialog boxes are shown in Fig.7.19. The various subsystems 

used are shown in Fig.7.20(A) to ( C ). The function of the various subsystems are 
detailed below: 

Fig.7.20(A) corresponds to the dialog box Three Phase AC Generator and abc to dqO 

axis Transform shown in Fig.7.19. Fig.7.20(A) is the same as Fig.7.12(A) which has 

already been explained in Section 7.5. Fig.7.20(B) corresponds to the dialog box Three 

Phase IM Model Data in Fig.7.19 .. In this dialog box, the values of xis, xlr', xm, Rs, 

Rr' relating to stator and rotor, rated angular frequency of the machine ( or rated supply 

angular frequency) cob, arbitrary frame angular frequency roe are entered in· the 

appropriate units. In Fig.7.20(B), the eight input mux with dqO-axis stator and rotor 

flux linkages per second 'l' multiplied by cob , reference frame frequency roe and rotor 

speed ror elec in electrical radians per second both multiplied by ( 1 I rob ) along with the 

six Fen block solves the first term on the R.H.S. of equation 7.25. The DSP constant 

block marked XL _MA TRIX and the general inverse (LU) block computes inverse of X 

matrix. This X-1 Matrix is then multiplied by 'l' matrix using Matrix Multiplyl block to 

obtain the dqO stator and rotor current I matrix. The DSP constant block marked 

RESISTANCE_MATRIX in Fig.7.12(B) generates the R matrix containing diagonal 

elements of stator and rotor resistance referred to stator defined in equation 7.24. This 

R matrix is then multiplied by the I matrix using the Matrix Multiply2 block to obtain 

the second term in equation 7.25. The dqO-axis voltage V matrix is available from 
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Fig.7.20(A). These three terms are the summed with appropriate signs in the Add block 

to obtain the derivative of the stator and rotor flux linkage per second vector '¥_dot 

matrix. This is then integrated using individual integrator block and then multiplied by 

cob to obtain the dqO-axis stator and rotor flux linkages per second 'P matrix. Fig.7.20( 

C) corresponds to the dialog box for Rotor Torque and Speed calculator in Fig.7.19. In 

this the mutual reactance Xm, number of poles P, Moment of Inertia of motor and load, 

the Damping constant and the rated angular frequency of the machine cob in electrical 

radians per second are entered in the appropriate units. In Fig.7.20( C ), the two 

multiplier blocks, the subtract block and the gain multiplier block with the multiplier 

constant [3*P*Xm I (4.rob)] calculates the rotor e.m. torque Tern given by equation 7.23. 

The mechanical load torque Tmech is generated using the repeating sequence block as 

shown in Fig.7.10. The value of Tern and Tmech are subtracted using the Subtract 

block and given to the Transfer Fen block with the transfer function [I I (( Jm +JI ).s + 
D ) ] to obtain the rotor speed in mechanical radians per second, which is then 

multiplied by gain block with the multiplier [ P I 2 ] to obtain the rotor speed in COr_elec 

electrical radians per second. The dqO to abc transform block in Fig.7.12( C ) 

transforms the dqO-axis stator and rotor current back to abc axis as per the 

transformation matrix defined by equation 1.2 in Chapter 1. 

7.6.1 Simulation Results. 

The simulation of the flux linkage per second and machine reactance model of three 

phase IM in all reference frame was carried out using ode23tb(stifVfR-BDF2) solver. 

The parameters of the three phase star connected squirrel cage IM used for simulation 

are given in Table 1 above [IO]. The simulation was carried out in the following 

reference frames: 

1. Stationary( stator ) reference frame roe = cos = 0 

2. Synchronous( excitation) reference frame roe= roe = 377 elec.rad per sec. 

3. Rotor reference frame roe = rore = 210 elec.rad per sec. 

4. Arbitrary reference frame roe = I 00 elec.rad per sec. 
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FIG.7.20(A) 
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3*P*Lm/ 4 

transformation2 

FIG.7.20(C) 

Out1 

1 
j.s+d 

ln4 

Out2 
Wr_mech 

Wr_elec CD 
Out3 

In the simulation on all the above reference frames, the load torque Tmech was set to 

half the rated e.m. torque of the machine which is 30.6 Nw-meters. The simulation 

results for the rotor electromagnetic torque Tern, rotor speed, stator current, rotor 

current referred to stator and torque-speed curves are shown for each of the above 

reference frames. Fig.7.2l(A) to (F) corresponds to stationary reference frame for roe= 

0, Fig.7.22(A) to (F) for synchronous (excitation) reference frame for coe = 377 elec.rad 

per second, Fig.7.23(A) to (F) correspond to rotor reference frame for roe= 210 elec.rad 

per second and Fig.724(A) to (F) corresponds to arbitrary reference frame for coe = 100 

elec.rad per second. 
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7.7 Conclusions 

The SIMULINK model for the three phase IM was successfully developed and the 

simulation was carried out on all reference frames, using dqO-axis voltage - current 

model, dqO-axis flux linkage model in state space and the dqO-axis flux linkage per 

second and machine reactance in state space. The parameters of the three phase IM 

given in Reference 10 was used all the cases. The simulation results for the dqO-axis 

voltage - current model in all reference frame closely well agree each other and the 

discrepancies are minor. The simulation results for the dqO-axis flux linkage model in 

state space and also for the dqO-axis flux linkage per second and machine reactance 

model in state space in all reference frames well agree. These simulation results were 

compared with the results available in the literature reference 10. It was found that the 

all the simulation results for stator current, rotor current referred to stator, torque-time 

and speed-time curves and the torque-speed curves well agree with the literature 

reference and the discrepancies involved are negligibly small. The models developed 

are interactive in the sense the user can enter any given data of the machine without 

modifying the internal schematics of the model. Appendix E provides the simulation of 

the above three phase IM using the demo version of software PSIM 7 .0 -
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CHAPTER 8 

MODELLING OF SIX STEP INVERTER FED 

PERMANENT MAGNET SYNCHRONOUS MOTOR 

DRIVES 

8.1 Introduction 

Permanent magnet synchronous motors find wide applications in the industry. In 

PMSM the rotor is made of permanent magnets such as Nd.FeB and thus avoids rotor 

field winding. The interior permanent magnet synchronous motor supplied by a six step 

inverter with electronic commutation is used as variable speed drive in pumps and fans 

[19]. Permanent magnet brushless DC motors are used in laser printers and hard disk 

drives [20]. Electronic switching of the six step inverter is controlled by the rotor 

position which is sensed by using either the optical or the Hall effect sensors [20, 2I]. 

Many sensorless techniques for inverter switching such as the back e.m.f. detection, 

indirect flux detection by online reactance measurement (INFORM), Kalman Filtering, 

Phase Current measurement and conduction state of free wheeling diodes have been 

reported in the literature. There are two types of Permanent Magnet Motors viz. the 

Permanent Magnet Synchronous Motor (PMSM) and Permanent Magnet Brushless DC .. 
Motor (BLDCM). The PMSMs have sinusoidal back e.m.f. The six step inverter 

switching used for PMSM drives can be either the continuous current ( 180 degree) 

mode or the discontinuous current ( 120 degree) mode. 

Modelling of PMSM drives fed by six step continuous current and discontinuous 

current mode inverter using various computer programming methods are reported in the 

literature [29 - 42]. Detailed SIMULINK model for PMSM drive fed by six step 

inverter with fixed switching angle is available. in the literature reference [I I]. 

SIMULINK models for PMSM drive fed by six step inverter with a PID controller 

under transient load torque disturbance is reported in the literature, but lacks schematic 

details of PMSM and inverter models [44]. The aim of this chapter is to develop 
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SIMULINK models for PMSM drives supplied by six step continuous and 

discontinuous current mode inverter with switching angle advancing facility and to 

study the performance by simulation and experiment. 

8.2 Modelling of PMSM Drives 

A simple form of the conventional three phase brushless de motor circuit is shown in 

Fig.8.1 [20]. Here optical method of sensing the rotor position is used. The rotor shaft 

is coupled to a revolving shutter and the photo transistors are exposed to light from a 

lamp in sequence. The logic sequencer is arranged in such a way that when the photo 

transistor of certain number is exposed to light, the same transistor number is turned 

ON. The rotor is aligned in such a way that the rotor magnetic field flux makes 90 

degree angle with respect to the magnetic field produced by the stator. A clockwise 

rotor torque is thus produced [20]. 

~ 
r.<:I u z 2 Q5 

INSTRUCTION OF r.<:I 
REVOL VlNG DIRECTION ::::> 3 1 R ., 

O' <>(' 

r.<:I <>(' 
E <>(' 

i:l.l 4 .A u s 5 Q6 
0 6 ...:I 

<>(' <>(' 
<>(' <>(' 

PT6 
-+ 

LIGHT• 

REVOLVINGSHUITER 
PHOTO 1RANSISTORS 

FIG.8.1: THREE PHASE BRUSHLESS DC l\'10TOR 

In deriving the dq-axis model of PMSM drives, the following assumptions are made: 
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1) Back e.m.f. is sinusoidal 2) Equal turns per phase 3) Rotor flux is concentrated 

along d-axis 4) NO flux along the q-axis 5) Core loss is negligible 6) Constant rotor 

flux 7) Rotor reference frame is used to express stator voltage equations and 8) The d-q 

axis stator windings have fixed phase relationship with rotor magnet axis or d-axis. The 

modelling equations of PMSM all in rotor frame are given below [2, 13, 29 - 30]: 

Vqs Rs .iqs + SAqs + Wre .Ads ... (8.1) 

v ds = Rs.ids + sA.ds - Wre .Aqs ... (8.2) 

where v ds and vqs are the dq-axis stator voltages and rore is the angular speed of the 

rotor in electrical radians per second. The dq axis flux linkages are expressed as 

follows: 

s L q l q s ... (8.3) 

Ld + ... (8.4) 

where A. m is the amplitude of the stator flux linkages established by the permanent 

magnet, which is a constant. Using equations 3 and 4 in equations 1 and 2, equation 5 

follows: 

I

Vqs 
Vds 

Rs+sLq 
-roreLq 

roreLd ]* iqs + rore.Am 
Rs +sLd ids 0 ···<8·5> 

in equation 5, Rs, Ld, Lq are the resistance and inductance of the stator in dq axis 

respectively. 

The electromagnetic torque is given by equation 6 below: 

where P is the number of poles. Using equation 3 and 4 in equation 6, equation 7 

follows: 

The rotor e.m. torque Tern and speed are related as follows: 
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- drorm Te m - J d t + D . ro rm + T h ... (8.8) m ec . 

where o:>nn is the rotor speed in mechanical radians per second, J is rotor inertia, D is 

damping and Tm ech is the mechanical load torque. 

8.2.1 Analysis of Six Step Inverter Fed PMSM Drive 

The essential modelling equations of the PMSM with sinusoidal back e.m.f. are given in 

equations 8.1 to 8.8. The phasor diagram of the PMSM is shown in Fig.8.2 [13]. The 
vector 

q-axis 

·r • 
I ds=Ir 

FIG.8.2: PHASOR DIAGRAM OF PMSl\1 

lm d-axis 

Stator 
Reference 
Frame 

control of PMSM is derived from its dynamic model. Considering the currents as 

inputs, the three phase currents are given below in equation 8.9. 

ias = i S .sin ( mret + ~) 

ibs =is .sin ("'re'+ 0 -2;) 

ics = i S .sin ( "'ret + 0 + 
2;) (8.9) 
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Using equation 8.9 in equation 1.1 of chapter 1, with angle 0 replaced by 0re = core.t, the 

stator currents in rotor reference frame are obtained as shown in equation 8.10 below. 

[
iqs I = i . [sin(<>)] 
ids S cos(t5) 

(8.10) 

Using equation 8.10 in equation 8.7, the electromagnetic torque equation is obtained as 
shown in equation 8.11 below. 

3 p [1 ( ) 2 . . . l Tern=-.-.-. Ld-Lq .18.smM+~.18.sin> 
2 2 2 

(8.11) 

For 8 = 7t /2, the equation for Tern is modified as in equation 8.12 below. 

3 p 
Tern= -.-.Am.is Nw.m (8.12) 

2 2 
Thus by maintaining 8, a value of 7t I 2, the e.m. torque Tern can be controlled by 

varying the stator current, as A.m is a constant. 

The PMSM drives are inverter driven and the sensors provide information on the 

position of he poles and the dq-axis. By appropriately switching the six step inverter it 

is possible to change Vqs and Vds and the rotor position. Referring to equation 4.16 in 

Chapter 4, the line to neutral voltage of a PMSM driven by six step 180 degree mode . 

inverter can be expressed as in equation 8.13 below. 

~ --- sm( eev) +- .sm( Bev)+- .sm( eev) + ...... ... (8.13) - 2fd: *[ . 1 . 1 . l . 
1C 5 7 

in equation 13, roe .t = Oev is the switching angle or the phase angle of the applied 
voltage. If switching angle is advanced by 7t /2 radians by appropriately switching the 
inverter switches, then Bev in equation 8.13 can be replaced by ( Oev + n:/2). The 
equation 8.13 can be written as in equation 8.14 below [29]. 

Vas =-* ro;( Bev)+- .en;( 59ev) +- .ro;(7eev) + ...... ... (8.14) 2fd: [ 1 1 l 
1C 5 7 
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In equation 8.13 and 8.14, COe is the angular frequency of switching of the inverter in 

electrical radians per second and is equal to rore, the angular frequency of the rotor in 

electrical radians per second. The dq-axis stator voltages in rotor frame can be 
expressed as in equation 8.15 below. 

vqs - J2. vs .cos (rp) 
V ds - --Ji.VS .sin (<p) 

C 2 ·Vdc 
'\/2.Vs = 

'lT: 

(8. I 5) 

The steady state voltage equations neglecting harmonics can be written as in equation 

8.16 below, by letting s = d/dt = 0 in equation 8.5 

Vqs = Rs 
Vds -Wre-lq Wre-Ld l*llqs]+IWre-Aml Rs Ids 0 ... (8.16) 

Now letting Ld = Lq = Ls and solving equation 8.16, the equation for Iqs can be 
written as in equation 8.17 below. 

The e.m. torque Tern in equation 8.7 can be written as in equation 8.18 below. 

Using equation 8.15 in equation 8.18, the torque expression simplifies as in equation 

8.19 below. 

For maximum e.m. torque Tern differentiating equation 8.19 with respect to <p and 

equating to zero, the equation 8.20 given below is obtained. 
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ffJ ~"'MT~ tan-I( wr;;s) (8.20) 

where <J>MT is the value of cp for maximum e.m. torque. 

In the case of PMSM driven by six step 120 degree mode inverter, the value of"12.Vs in 

equation 8.15 becomes [ "13Vdc / 1t] (equation 4.33 in Chapter 4) and the value of cp for 

maximum torque given by equation 8.20 holds good. The derivation of <j>MT for 

maximum e.m. torque given by equation 8.20 is based on the literature reference [29]. 

8.3 Modelling of Six Step Continuous Current Mode Inverter Fed Pl\.1SM 

Drive 

The gate drive pattern for six step 180 degree mode inverter also known as continuous 

conduction mode inverter is shown in Fig.2.6(A) in Chapter 2. The model of the six 

step continuous current mode inverter fed PMSM drive is shown in Fig.8.3. The 

various dialog boxes are shown in Fig.8.4. The various subsystems are shown in 

Fig.8.5(A) to (I). The various subsystems are explained below: 

Fig.8.5(A) gives phase advancer and gate drive block. The detailed schematic of these 

two blocks are shown in Fig.8.5.l(A) and 8.5.l(B) respectively. The dialog boxes 

Three Phase 180 Degree Mode Inverter Gate Drive data and Three Phase 180 Degree 

Mode Inverter data in Fig.8.4 corresponds to Fig.8.5.l(A) and 8.5.l(B) respectively. In 

Fig.8.5. l(A), an arbitrary constant K, rotor speed COre, time and Phase Advancer are 

given as input to the mux. This mux output is given to Fig.8.5.l(B). In Fig.8.5.l(B), 

the outputs R, G and B ofFcn blocks are three phase sine wave with peak value of 10 

and angular frequency of ©re elec.rad I sec, with phase advance entered in the phase 

shifter block of Fig.8.5.l(A) added. The output a, b and c of Fen blocks are logic I, 

when each of the three phase inputs just cross zero and goes positive and zero when the 

respective input crosses zero and goes negative. The gate drive a, band care given to 

three phase continuous current mode inverter block shown in Fig.8.S(B). Gate drives a, 

band care given to the second input of respective threshold switch blocks, while the 
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PHASE ADVANCER 

PHASE 
SHIFTER 

FIG.8.5(A) 

CD 
Out1 
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FIG.8.5(B): 180 DEGREE MODE INVERTER 

270 



Chapter 8: Modelling of Six Step Inverter Fed PMSM Drives 
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Int 
iqs 

f(u) 
Lamda_qs_r 

In 
ids Lamela ds r 

f(u) 

FIG.8.S(H): TORQUE CALCULATOR 

~+ 
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In2 1 Wr_mech 

1---..-~~~----CJ::) 

·.s+d Wr elec Outl 

(P) I (2) 

FIG.8.5(1): ROTOR SPEED CALCULATOR 

first and third inputs are at +Vdc/2 and -Vdc/2 volts respectively, where Vdc is the de 

link voltage. The outputs of the switches are +Vdc/2 when the respective u(2) input is 

greater than or equal to the threshold value of 0.5, else the outputs are -Vdc/2. The 

output of the three switches are three phase Line to Ground voltages, where ground is 

the midpoint of the two series connected sources +Vdc/2 and -Vdc/2 respectively. 

Using the SUBTRACT blocks the respective three phase line to line voltages are 

derived. The three Line to line voltages are given to VLL to VLN block shown in 

Fig.8.5( C ) and the three Line to Ground voltages are given to ABC to DQ block shown 

in Fig.8.5(D). The VLL to VLN transform block is shown in fig.8.5( C ) .. This block 

transforms Line to Line voltage to Line to Neutral voltage. The matrix gain block 

essentially transforms the three phase line to line voltage input to the mux block to 

corresponding Line to neutral voltages output at the demux block. The transformation 

matrix K in Fig.8.5( C ) is defined below in equation 8.21. 
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1 0 - 1 
- 1 1 0 
0 - 1 1 ... (8.21) 

The ABC to DQ transform block is shown in Fig.8.5( D ). The four inputs to the mux 

are the three phase line to ground voltages from inverter block and the rotor position e re 

in electrical radians. The two Fen blocks generate Vqs and Vds as per the 

transformation matrix given in equation 1.1 in Chapter 1, where 0 is replaced by 0re. 
Fig.8.5(E) performs the dq-axis to abc-axis transformation of the stator currents. The 

three inputs to the mux are iqs, ids and 0re and the three Fen blocks perform dq to abc 

axis transformation of the stator currents as per the transformation matrix defined in 

equation 1.2 in Chapter 1, where 9 is replaced by 0re. The Phase to Neutral voltage 

calculator block is shown in Fig.8.5( F ). Vqs and Vds are the two inputs to the mux 

and the Fen block calculates the phase to neutral voltage as given in equation 8.22 

below: 

2 2 Vqs + vds 
2 

(8.22) 

This is the r.m.s. voltage available across the phase and neutral of PMSM. The PMSM 

block is shown in Fig.8.5( G ). The top mux along with Fen block and integrator solves 

for iqs while the bottom part of mux, Fen block and integrator solves for ids, both 

defined by equation 8.5 above. The torque calculator block is shown in fig.8.5( H ). 

With iqs and ids as inputs to two Fen blocks, equations 8.3 and 8.4 are solved to obtain 

qd axis flux linkages. Equation 8.6 is solved using two multipliers, summer and a gain 

block to obtain electromagnetic torque Tem. The rotor speed calculator block is shown 

in Fig.8.5( I ). The load torque Tmech is applied externally using the repeating 

sequence block shown in Fig.8.3. Equation 8.8 is solved using the sum block and 

transfer function block to obtain rotor speed in mechanical radians per second. This is 

then multiplied by P/2 using gain block to obtain rotor speed rorein electrical radians per 

second. 

8.3.1 Simulation Results 
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The simulation was carried out to verify the phase advance algorithm given by equation 

8.20. The ode23tb(stiff/TR-BDF2) solver was used for simulation. The data relating to 

the six step inverter fed PMSM is shown in TABLE 8.1 [2, 29]. To verify the equation 

8.20, a speed of 80 mechanical radians per second was selected. The simulation of the 

TABLE 8.1 
SI.No. Parameter Value Unit 

1 Number of Phases 3 

2 Rated Voltage Vs per Phase 11.25 Volts 

3 nc Lin.k: Voltage·-·- «-- • ---- 25 volts -_··~ 

4 Stator Resistance per Phase Rs 3.4 Ohms 

5 Stator Inductnace'Jier Phase Ls (Ld,,,; :Lit) 
-- - -··. 

12.1 -~ ffirnf:ffeillies 
6 Number of Poles P 4 

7 Moment oflnertia J ·2x 1oe4 
8 Rotor Magnet Constant J..m o. 0827; y olt.sec per elec.ra~ ] 

. >.~ :c~:. '..o~:«~.o.·c."~-"-_.~-,.,~·~'-'•..;,.-~; .. ,.~·.::. . ....:;.._~,.: ... ~"""'·.,,;...~ . .i...::..._,j~, ... -:........;~:~~L; .. e.c">oc;.;:~J_,r~,£.>~-;.:~~-: ~:.'"_,~,,,_,._.,.,...J:;;,,,--W:Jy_ """'..J.~·..tii~:.,.;,~,_.;_;~~~-~~~~ 

six step continuous current mode inverter fed PMSM was carried out at NO LOAD with 

a Phase advance of 1t /2 radians. The plots of torque-time, speed-time and stator 

currents Fig.8.6(A), (B) and ( C ). The value of <pMT for maximum torque for a rotor 

speed of 80 mech.rad per second was found to be 0.5175 electrical radians, using 

equation 8.20. This phase advance of 0.5175 was added ton 12 in the phase shifter 

block Fig.8.5.l(A) and the plot of torque-time, speed-time and stator currents at NO 

LOAD are shown in Fig.8.7(A), (B) and ( C ). From Fig.8.6(A), (B) and 8.7(A), (B) it 

was found that the e.m.torque of rotor was 0.19 NW-Mand 0.29 NW-M respectively. 

The mechanical load was set to 0.19 Nw-m with a phase advance of 7t /2 electrical 

radians and the plot of stator current, e.m. torque, speed, and torque-speed curve are 

shown in Fig.Fig.8.8(A), (B), ( C) and (D) respectively. The mechanical load was then 

set to 0.29 Nw-m with a phase advance of [n /2+0.5175] electrical radians and the plot 

of e.m. torque, speed, stator current and torque-speed curve are shown in Fig.Fig.8.9(A), 

(B), ( C ) and (D) respectively. It is seen that by advancing the phase by 0.5175 

electrical radians corresponding to <pMT, the e.m. torque of motor has increased by 53 % 

as compared to NO Phase advance i.e. by maintaining the phase advance by 7t /2 

electrical radians [29]. 
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8.4 
Chapter 8: Modelling of Six Step Inverter Fed PMSM Drives 

Modelling of Six Step Discontinuous Current Mode Inverter Fed PMSM 
Drive 

The model of the six step discontinuous current mode inverter fed PMSM drive is 

done by two methods. The gate drive pattern for six step 120 degree mode also known 

as discontinuous current mode inverter is shown in Fig.2.6(B) in Chapter 2. The two 

methods of modelling six step discontinuous current mode inverter are explained below: 

8.4.1 First Model for Six Step Discontinuous Current Mode Inverter Fed P:MSM 
Drive 

The first model of the discontinuous current mode inverter fed PMSM drive is shown in 

Fi.g.8.10. The various dialog boxes are shown in Fig.8.11. The subsystem relating to 

Six Step 120 Degree Mode Inverter and Gate Drive is shown in Fig.8.12(A) and 

Fig.8.12.l(A). The dialog box Three Phase 120 Degree Mode Inverter and Gate Drive 

in Fig.8.11 corresponds to this subsystem. All other subsystems are the same as for Six 

Step 180 Degree Mode Inverter shown in Fig.8.5 ( C ) to (I). The subsystem shown in 

Fig.8.12(A) and Fig.8.12.l(A) are explained below. 

The four input to the mux are the arbitrary constant, rore , time and switching angle 

advance. The three phase sine wave AC with angular frequency rore with phase advance 
. . 

phi added is generated using three Fen blocks, Fen, Fcnl and Fcn2. Each of the three 

phase AC output are then compared in a Schmitt trigger relay comparator used as zero 

crossing comparators, with output logic 1 and 0 respectively during the positive and 

negative half cycle of the input sine wave. The a, b, c output of the three relays are 

Relay, Relayl and Relay2 are given to three Fen blocks, Fcn6, Fcn7 and Fcn8. The 

three Fen blocks Fcn6, Fcn7 and Fcn8 subtract the two inputs to their respective mux. 

The resulting output of these three Fen blocks are then multiplied by Vdc/2 using 

multiplier blocks to generate line to ground voltages Vag, Vbg and Veg of the three 

phase 120 degree mode inverter, where Vdc is the DC link voltage. The three subtract 

blocks are used to generate the three phase line to line voltages. 
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8.4.2 Simulation Results: · 

The simulation was carried out using ode15s(stiff/NDF) solver. The data relating to the 

six step discontinuous current mode Lybotec Inverter fed PMSM drive is shown in 

Table 8.2. The simulation of this Lybotec inverter fed PMSM was carried out for phase 

TABLE 8.2 

advance of 1t 16 and 1t /4 electrical radians. These simulation results are compared with 

the experimentally observed results in the CEMPE laboratory .. The simulation of 

torque, speed, torque-speed and line to neutral voltage of PMSM. are shown in 

Fig.8.13(A) to (E) for a phase advance of 1t 16 radians. The same simulation results for 

a phase advance of 1t /4 radians is shown in Fig.8.14(A) to (E). Also in both cases the 

recorded value of the RM.S. Line to Neutral voltage of the PMSM was found to be 

16.33 volts, which corresponds to Vdc /"'6 volts. This derivation is given in equation 

4.32 in Chapter 4. V de is the DC Link voltage. 

8.4.3 Second Model for Six Step Discontinuous Current Mode Inverter Fed 

PMSMDrive 

The second model of the discontinuous current mode inverter fed PMSM drive is shown 

in Fi.g.8.15. The various dialog boxes are shown in Fig.8.16. The subsystem relating 

to Six Step 120 Degree Mode Inverter and Gate Drive is shown in Fig.8.17. The dialog 

box Three Phase 120 Degree Mode Gate Drive and Inverter in Fig.8.16 corresponds to 

this subsystem. All other subsystems are the same as for Six Step 180 Degree Mode 

Inverter shown in Fig.8.5 ( C ) to (I). The subsystem shown in Fig.8.17 is explained 

below. 
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Chapter 8: Modelling of Six Step Inverter Fed PMSM Drives 

GATE DRIVE Vdc / 2 THREE PHASE 120 DEGREE MODE ltNERTER 

Vrg 

Fcn2 
Out3 

Fens 

FIG. 8.17 
Swltch5 

The four input to the mux are the arbitrary constant, rore , time and switching angle 

advance. The three phase sine wave AC with angular frequency rore with phase advance 

added is generated using three Fen blocks, Fen, Fcnl and Fcn2. Each of the three 

phase AC output are then compared in a Schmitt trigger relay comparator used. as zero 

crossing comparators, with output logic 1 and 0 respectively during the positive and 

negative half cycle of the input sine wave. The a, b, c output of the three relays are 

given to three Fen blocks, Fcn6, Fcn7 and Fcn8 used as subtractors. The three Fen 
blocks subtracts the two inputs to their respective mux. Each of the three subtract 

blocks are given to a pair of Fen blocks used as zero comparison blocks. The zero 

comparison block Fcn3 output logic 1 when the input u(l) is greater than zero, else 
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output logic 0. Similarly the Fcn4 block output logic 1 when u(l) is less than zero, else 

output logic 0. The same logic holds good for zero comparison block pairs Fcn5 - Fcn9 

and Fen 10 - Fen 11. The output of F cn3 and F cn4 blocks are given to the u(2) input of 

two threshold switches marked Switch and Switchl. The u(l) input to Switch and 

Switchl are +Vdc /2 and the u(3) input to Switch and Switchl are zero. Both Switch 

and Switchl output logic 1, when u(2) is greater than or equal to threshold value of 0.5, 

else the output of both these switches are the u(3) inputs. The same principle holds 

good for switch pairs Switch2 - Switch3 and Switch4 - Switch5. The output of 

respective switch pairs are given to SUM block to obtain the three phase line to ground 

voltages Vrg, Vyg and Vbg. These three line to ground voltages are given in pairs to 

SUBTRACT blocks to obtain the three phase line to line voltages Vry, Vyb and Vbr. 

8.4.4 Simulation Results 

The simulation was carried out using odel5s(stiffi'NDF) solver. The data relating to the 

six step discontinuous current mode Lybotec Inverter fed PMSM drive is shown in 

Table 8.2. The simulation of this Lybotec inverter fed PMSM was carried out for phase 

advance of x /6 and x /4 electrical radians. These simulation results are compared with 

the experimentally observed results in the CEMPE laboratory. The simulation of 

torque, speed, torque-speed and line to neutral voltage of PMSM are shown in 

Fig.8.18(A) to (E) for a phase advance of x 16 radians. The same simulation results for 

a phase advance of x /4 radians is shown in Fig.8. l 9{A) to (E). Also in both cases the 

recorded value of the R.M.S. ·Line to Neutral voltage of the PMSM was found to be 

16.33 volts, which corresponds to Vdc /~6 volts. This derivation is given in equation 

4.32 in Chapter 4. Vdc is the DC Link voltage. 
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FIG. 8.18(D): 
Electromagnetic Torque 
Tern in Nw-M versus 
Rotor Speed in 
Mech.Rad/sec. Phase 
advance [(PI/6)] radians. 
Tmech = 0 Nw-M. 

40 70 BO 
XAxis 
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XY Plot 
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FIG. 8.19(D): 
Electromagnetic Torque 
Tern in Nw-M versus 
Rotor Speed in 
Mech.Rad/sec. Phase 
advance [(Pl/4)] radians. 
Tmech = 0 Nw-M. 
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8.5 Experimental Results 

The performance of the Lybotec Six Step Inverter was experimentally verified in the 

CEMPE Laboratories. The experimental connection of the Six step Lybotec Inverter 

fed PMSM is shown in Fig.8.20. The DC Link Voltage was maintained at 40 Volts. 

The mechanical load was zero. The experimental readings observed are tabulated as 

shown in TABLE 8.3. The oscilloscope waveform of the stator phase A current is 

shown in Fig.8.21. The experimental set up is shown in Fig.8.22(A) and (B). 

I TABLE 8.3: EXPERIMENTAL OBSERVATION I 
SI.No. Vdc Volts Ide Vrn or Vs lac Speed Speed mecb. Tmech 

Amps Volts Amps rpm rad per sec. Nw .m 

40 0.044 17.09 0.042 517 54 · o 
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8.6 Conclusions 

The well known unique relationship connecting phase advance to be given to this three 

phase 180 degree mode inverter switching to obtain maximum electromagnetic torque 

given by equation 8.20 for a given rotor speed was successfully verified using 

SIMULINK.. With phase advance <?Mr corresponding to maximum torque, it is seen 

that the rotor torque is approximately 53 % more as compared to NO additional phase 

advance i.e. phase advance maintained at 7r./2 radians. This agree with the literature 

reference [ 29 ]. The simulation of the six step 180 degree mode inverter fed PMSM is 

also compared by simulation using the built in three phase MOSFET inverter and the 

PMSM blocks in the SimPowerSystems block set of SIMULINK and the results are 
given in Appendix E. 

For the three phase 120 degree mode inverter, two models were developed. The 

performance of both the models are identically the same as can be seen from the 

waveforms in Fig.8.13(A) to Fig.8.14(E) and in Fig.8.18(A) to Fig.8.18(E). The 

simulated speed with (pi /4) phase advance closely agree with the experimental speed 

shown in Table 8.3. The peak value of the current in Fig.8.21 is 280 milliamps, while 

that by simulation for a phase advance of pi /4 radians is different from this value. The 

current comparison is difficult as the Lybotec inverter uses op.amp current comparators 

and current limit switches which are NOT incorporated in the above model. More over 

the hysteresis bandwidth, the exact transfer function of the current controller and also 

the exact phase advance given to Lybotec Six Step Inverter are unknown. These factors 

prevent comparison of the stator current waveform by simulation and by experiment. 

The experimentally observed line to neutral voltage of PMSM is almost close to 

Vdc /.../6 Volts. Hence the Lybotec six step inverter must be operating the 120 degree 

mode.· 
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CHAPTER 9 

MODELLING OF A DIGITAL SWITCHING FUNCTION 

GENERATOR FOR A THREE PHASE VOLTAGE 

SOURCE INVERTER 

9.1 Introduction 

The 180 degree mode gate drive pattern for three phase voltage source inverter was 

shown in Fig.2.6(A) and discussed in detail in Chapter 2. Referring to this figure and 

the three phase VSI shown in Fig.2.2, the switch functions a, b and c are the 180 degree 

mode gate drive pattern for switches Sl, S3 and S5. This switch function concept was 

used to model the three phase 180 degree mode voltage source inverter (VSI), discussed 

in section 4.2 in Chapter 4. The gate drive for three phase VSI is developed using 

op.amps, Microprocessors/Microcontrollers, EPROM and so on. In this Chapter, the 

development of a digital switching function generator for a three phase 180 degree 

mode inverter using the Four Line to One Line Multiplexer ( SN74LS 153 ) is presented. 

Experimental verification of this switching function generator and the pattern of the 

waveforms obtained are also given. Electronic circuit model for this switching function 

generator is developed both by using PSPICE and SIMULINK. The results of this 

switching function pattern obtained by simulation and experiment are compared. 

9.2 Digital Switching Function generator Design 

The design of this switching function generator using four line to one line multiplexer 

(SN74LS153) is presented in this section. The block diagram schematic of this digital 

switching function generator is shown in Fig.2. 7(B) in Chapter 2. Referring to 

Fig.2.7(B), the various units are 1) Clock 2) Modulo six counter 3) Four Line to one 

line multiplexer and 4) NOT gates. These are explained below: 
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9.2.1 Clock 

The clock is a square pulse generator compatible with TIL I.Cs, with a peak value of 

+5 volts. This is usually built with crystals along with binary counters to reduce the 

frequency to the required value. For the purpose of experimental verification in the 

laboratory, an IC 555 timer wired as an astable multivibrator was used. The clock 

frequency fc is selected six times the inverter switching frequency. In this experiment 

fc was set to 360 Hertz. A 360 Hertz clock using IC 555 timer is shown in Fig.2. 

VDD . SV 

1 

VDD 

..------'-----. 
vcc 

RST OUT 
DIS. 

THR 
TRI 
CON 

555_VIRTUAL 

GND 

Al 

C2 
lOnF 

FIG. 9.2 

0 

9 

R3 
lOkOhm 

Referring to Fig.9.2, the clock frequency fc is given by the formula given in equation 

9.1 below: 

le = 
1.44 

(R l + 2.R 2. )c J 
(9.1) 

The Values ofRl, R2 and Cl chosen are respectively 3.2 Kilohms, 2.4 Kilohms and 0.5 

micro farads. 

9.2.2 Modulo Six Counter 

The modulo six counter counts up from 0 to 5 in continuous sequence. This is 

developed using D type flip-flops. The truth table for the design of the modulo six cou-

nter to count up from Oto 5 continuously is shown in Table 1. The C digit is the MSB 

and A is the LSB. The control inputs De, Db and Dato the three D flip-flops are shown 
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in Table 9.1. The control inputs to the three D flip-flops are derived using Kamaugh 

maps, shown in Fig.9.2(A), (B) and ( C ). 

I TABLE 9.1: MODULO SIX COUNTER DESIGN USING D FLIP-FLOP 
PRESENT STATE NEXT STATE De Db Da 

c B A c B A """ t-- -ii:i -
0 0 0 0 0 ... ~~ 

~ 1"' 

'°~ ICI~ 

0 0 .... 0 ... ~u 'tJ + -0 ~~ 
Id 

+ + + . + 
0 ... 0 0 ... ... ~~ -~ -.. -<! ~u " 
0 ... .... .... 0 0 ~ ,....; ........ ~~ l~ ~! -· .... 0 0 ... 0 .... ~~ ~~ 

J; n1 
Jo.1~ 

.... 0 .... 0 0 0 

~ 
0 0 0 1 1 1 1 0 

~ 
0 0 0 1 1 1 1 0 

c 
01 11 10 

0 0 0 1 0 ._t 0 1 0 1 0 0 1 

1 1 0 x x t\ 0 0 x x 0 x x 
'-

I I 

I Fig.9.2(A): De Map Fig.9.2(B): Ds Map Fig.9.2(C):, DA Map 

The control inputs to the D flip- control inputs to the D flops C, B and A are given 

below: 

De= A.B + C.A 

(9.2) --DB= A.B.C +B.A 

9.2.3 Four Line to One Line Multiplexer 

The four line to one line mux (SN74153) is used to design the switching function 

generator. The K-maps for developing the switching functions a, band care shown in 

Fig.9.3(A), (B) and ( C) respectively. Referring to Fig.9.3(A), (B) and (C), letting B A 

as the select inputs to the mux, an expression for the external input C can be derived 
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~ 

0 0 0 I I 1 I 0 

~ 
0 0 0 1 I 1 1 0 ~ 

0 0 0 1 1 1 1 0 

0 1 0 0 0 
0 1 1 0 1 0 0 0 1 1 1 1 I x X, 
1 0 0 x x 1 1 0 x x 

Fig.9.3(A): St Map Fig.9.3(8): S3 Map Fig.9.3(C): SS Map 

as shown in Table 2 to realize the switching functions a, band c. In Table 9.2, VGI, 

VG2 and VG3 are the gate drive to switches SI, S3 and SS in Fig.2.2 of Chapter 2, 

which are also the switching functions a, b and c. 

9.3 Various l\1odels for the Digital Switching Function Generator 

The circuit models for the digital switching function generator using the four line to one 

line multiplexer was developed using both PSPICE and SIMULINK. The inverted 

switching functions /a, lb and /c are the respective gate drive for the bottom row of 

switches S4, S6 and S2 in Fig.2.2 of Chapter 2. In the PSPICE model, all these six 

switching functions were observed by simulation. The line to line and the line to neutral 

voltages of the three phase inverter could NOT be observed due to node limitations for 

the demo version of software PSPICE. In SIMULINK, the line to line and line to 

neutral voltages were observed for a three phase voltage source inverter developed 

using the MOSFETs in the SimPowerSystems block set. These are discussed in the 

following sections. 
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9.3.1 PSPICE Model of the Digital Switching Function Generator 

The PSPICE circuit model of the digital switching function generator along with the 

three phase voltage source inverter is shown in Fig.9.4. The clock to generate 360 Hz is 

derived using DigClock in PSPICE. The parameters for the DigClock are set to 

DELAY = Om, ONTIME = 1.385m and OFFTIME = l.385m respectively. The modulo 

six counter to count from 0 to 5 in continuous up sequence is developed using positive 

edge triggered D flip-flops SN7474. The two four line to one line mux are using 

SN74153. The control inputs to the three D flip-flops given by equation 9.2 are derived 

using two input AND (7408) gates, three input AND (7411) gates and the tWo input OR 

(7432) gates. The control input to the A flip-flop is derived from its inverted output. 

The switching functions a, b and c are derived using two dual four line to one line 

multiplexer SN74153, as per the truth table shown in Fig.9.3(A), (B) and ( C ) 

respectively. The outputs B and A of modulo six counter are used as select inputs to 

these two multiplexers. The output C and IC of flip-flop C of modulo six counter along 

with 0 and 1 are given as external inputs to these two multiplexers to realize the 

minterms (switching functions) shown in TABLE 2. 

9.3.2 Simulation Results 

The simulation results for the clock output CLK., Modulo six counter output C, B, A, 

switching functions a, b, c with outputs marked SWFCN_A, SWFCN_B, SWFCN_C 

and the inverted switching functions /a, lb and /c with outputs marked FCN _ABAR, 

FCN_BBAR and FCN_CBAR, using the circuit model of PSPICE is shown in Fig.9.5. 

9.3.3 Model of the Digital Switching Function Generator 

The interactive circuit model of the digital switching function generator and its dialog 

box are shown in Fig.9.6(A) and (B) respectively. The subsystem clock, modulo six 

counter and four line to one line multiplexer are shown in Fig.9.7(A). The subsystem is 

explained below: 
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Chapter 9: Modelling of a Digital Switching Function Generator 
In the dialog box marked Digital Switching Function Generator and Three Phase 

Inverter in Fig.9.6(B), the switching frequency of the inverter is entered as 60 Hz and 

the DC Link voltage is entered as 269.6 volts respectively. Tue clock and D flip-flops 

for modulo six counter are from Sources and Simulink Extras block set. Tue logic 

gates, AND, OR and NOT are from Logic and Bit Operations block set. Tue modulo 

six conter and its control logic are derived as per equation 9.2. The four line to one line 

mux is developed using AND, OR and NOT gates as shown in Fig.9.7(A). The output 

B A of the modulo six counter is used as select inputs and the external inputs to mux 

are C, IC, 0 and I connected as per Table 9.2 to realize the switching functions. The de 

source, Three Phase MOSFET inverter, signal rms and THD are from 

SimPowerSystems block set. 

9.3.4 Simulation Results 

The simulation results of SIMULINK circuit model of the digital switching function 

generator are shown in Fig.9.8(A) to (I). The odel5s(stitli'NDF) solver was used for 

the simulation. Fig.9.8(A) shows the clock and modulo six counter output. Fig.9.8(B) 

and (C) shows the line to line and line to ground voltages of the three phase inverter. 

Fig.9.8(D) and (E) shows the harmonic spectrum of the line to line voltage of the three 

phase inverter. Fig.9.8(F), (G) and (H) respectively shows the RMS value, THD ofline 

to line voltage and the RMS value of the line to ground voltage of the three phase 

inverter. Fig.9.8(1) shows the gate drive pattern or the switching functions and the 

inverted switching functions of the three phase 180 degree mode inverter. 

9.4 Experimental Observation 

The digital switching function generator shown in Fig.2.7(B) in Chapter 2 was 

fabricated in the CEMPE laboratories using the astable multivibrator used as a 360 Hz 

clock generator, modulo six counter, four line to one line multiplexer. The experimental 

set up is shown in Fig.9 .9(A). The clock output and the three switching functions a, b 

and c observed experimentally are shown in the oscilloscope photograph in Fig.9.9(B). 
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9.5 Conclusions 

The complete design of the digital switching function generator using modulo six 

counter and four line to one multiplexer, for a three phase 180 degree mode inverter is 

presented in this Chapter. The design was verified for a three phase 60 Hz 180 degree 

mode inverter by simulation using PSPICE and SIMULINK and also experimentally by 

wiring the components in the breadboard. The PSPICE and SIMULINK simulation 

results show the waveforms for the switching functions a, b and c, the inverted 

switching functions /a, lb and /c and also the waveforms for a, b and c obtained 

experimentally in the CEMPE laboratory confirms the standard gate drive waveforms 

given in the literature references (14-17]. Similarly the line to line, line to ground 

voltage and Harmonic spectrum of line to line voltage obtained by simulation using 

SIMULINK well confirms the literature references (14-17], the Fig.4.2(A) to (D) and 

the equations 4.1 and 4.2 in Chapter 4. From equations 4.1 and 4.2 in Chapter 4, it is 

seen that the third harmonic of line to line voltage of three phase 180 degree mode 

inverter is zero, the fifth and seventh harmonics are respectively 20 % and 14.28 % 

respectively. By observation of the harmonic spectrum of the line to line voltage of the 

above inverter shown in Fig.9.8(D) and (E), it is seen that the third, fifth and seventh 

harmonics confirms the above values obtained by derivation. 
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CHAPTER 10 

MODELLING OF A SWITCHED MODE POWER SUPPLY 

USING BUCK CONVERTER 

10.1 Introduction 

Switched Mode Power Supplies are used for obtaining a regulated de output voltage 

from an unregulated de input voltage. Fig.2.8 in Chapter 2 gives the general block 

diagram of the SMPS using Buck converter. Referring to Fig.2.8, the buck converter 

output Vo is attenuated using a potential divider and the resulting output VPOT is 

subtracted from the reference input VREF using a difference amplifier to get the error 

output VERR. This VERR output is compared with triangle carrier V c in a comparator 

to get the PWM switching pulses to drive the buck converter switch. The PI controller 

in Fig.2.8 is used to reduce the peak value and the number of cycles of oscillations in 

the output voltage Vo. Depending on the value of Vo, the duty cycle of the PWM 

switching pulses so adjusts to maintain the output voltage Vo almost nearly constant 

irrespective of variations in the input de voltage Vs. In this type of SMPS, the buck 

converter is always operated in the CCM. The Switching Function concept is used to 

model the Buck Converter. CUK and SEPIC converters operated in DCM are also used 

forSMPS. 

10.2 Simulation of A Switched Mode Power Supply using PSIM 

The simulation of the S.MPS using Buck Converter was carried out using PSIM [5]. 

The parameters of the SMPS used for simulation is shown in Table l 0.1. The Buck 

converter circuit simulation schematics using PSIM 6.1, without and with PI controller 

are shown in Fig.10.l(A) and (B) respectively. The gain block K with the value -1 

shown in Fig.10.l(A) and (B) is the inverting op amp (a IK resistor between inverting 

pin and PI controller, another 1 K resistor between output and inverting pin and the non-

inverting pin is grounded as shown in Fig. I 0.1 ( C )). This inverting op amp 

configuration is not shown in Fig.10.l(A) and (B) due to node limitation in the demo 
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Chapter 10: Modelling of a Switched Mode Power Supply Using Buck Converter 
. __ . TABLE 10.1 Parameters of the SMPS 

~i~~~1. -.~· J [~~ ~---_ -~~--- :··~~~~~~er~~~~·~-=~~=~-==~~-J [==~~1~~~~J l~=~~it'~] 
Normal Input Voltage Vs 15 Volts 

ff~·~2~~·--·~ r~·- ·--· .. ·~·Normafou ~tp-ut\i oltage'Vo--':'.m~~~~-·1 r·~:=~9-~=='-"1 F' \t olts i 
~~'--"'·""~"~J L.,,. "h'""·~·"'"''"',,_,_,,.,_;.~-~~"-""'"~:..,'-"~'-""'~"--...J l:;:~··=~~--,. ,c:, -,J L,~~ .. ~;..~.J 
· 3 Variation of Input Voltage · 12 to 18 · Volts · 

tr=!~:~.~1 c~~===~-.~y~,f~~~~~~-~~~~;~,.~jt=zc~~- .r~1 r~2!:a 
' 5 Inductance Lt JOOE-6 ·· H 

version of PSIM 6.1. The potential divider output VPOT is ( 8 I 9 ) of the output 

voltage Vo. The reference voltage VREF is 9 volts. The error amplifier generates 

VERR which is ( VREF - VPOT ). The PI controller generates the transfer function [ 

0.1 + ( 6/s) ]. The triangle carrier generator generates triangle carrier signal 

V _CARRIER with a frequency of 100 kHZ. The V _CARRIER output and VERR 

output are compared in an op amp comparator. The output V _DRIVE is the switching 

pulse drive to the buck converter. 

10.2.1 Simulation Results 

The simulation of this buck converter SMPS without and with Pl controller was carried 

out using the demo version of PSIM 6.1. The simulation results without PI controller 

and with PI controller are shown in Fig. I 0.2(A) and (B) respectively. 

10.3 Modelling of the Switched 1\tode Power Supply 

The interactive model of the Switched Mode Power Supply is shown in Fig.10.3. The 

various dialog boxes and help file are shown in Fig. I 0.4(A) and (B). The various 
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v _DRIVE 

OE-6 
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FACULTY OF ENGINEERING 
UNIV. OF TECHNOLOGY SYDNEY 
BOX t2J; LEVB. 21 
BROADWAY; SYDNEY 
118~ AUSTRALIA. 

Fig.10.l(A) BUCK CONVERTER SMPS WITHOUT Pl CONTROLLER 
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OE-6 
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NARAYANASWAMY.PA IYER 
FACULTY OF ENGINEERING 
UNIV. OF TECHNOLOGY SYDNEY 
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Fig.10.1 (B) BUCK CONVERTER SMPS WITH Pl CONTROLLER 
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FIG.10.1( C ): INVERTING OP. MfP. 

339 



340 



341 



w
 
~
 

N
 

Tim
e 

l 
VS

 

SF
 

Bu
ck

 C
on

ve
rte

r 
I 

·B
 

Su
bs

ys
tem

l 

Co
nv

ert
 CO

M
PA

RA
TO

R VE
RR

 
VT

RI 
SS

l 
Pl 

1 
Er

ro
r A

m
pli

fie
r 

Tr
ian

gle
 

Ca
rri

er
 

-
-
-
-

Ge
ne

ra
to

r 

Su
bs

ys
tem

2 

an
d 

PI
 C

on
tro

lle
r 

Su
bs

ys
tem

 

I 
·II 

9.8
37

1] 
OU

lP
UT

VO
LT

AG
EV

O 
VO

Ll
S 

~
 
B

 
bu

ck
sm

ps
_in

pu
t_o

utp
ut 

To
 W

ork
sp

ac
e 

....
---

-·-
... 

1~
8 

FI
G.

10
.3:

 B
UC

K 
CO

NV
ER

TE
R 

SM
PS

 
bu

ck
sm

ps
_c

arr
ler

_e
rro

r_
sr 

To
 W

or
ks

pa
ce

! 

~
 

~
 ~ """' ~ ~ ~ ;:::
 .... ~
 
~
 

~
 

t;,:
i 

~ ...:
 So ftl

 
~
 ~ ~ ~
 

~
 ~ ~ ~ ~
 Sl .... ~
 ~ ~ ~
 

::s ~ ~ ... 



V
J .i::
. 

V
J 

R
 

E
nt

er
 th

e 
Se

rie
s 

In
du

ct
or

 L
 1 

in
 H

en
rie

s,
 L

oa
d 

R
es

is
ta

nc
e 

A
L 

in
 

O
hm

s 
an

d 
th

e 
Fi

lte
r C

ap
ac

ita
nc

e 
CF

 in
 F

ar
ad

s.
 

E
nt

er
 th

e 
In

du
ct

or
 in

 H
en

rie
s 

l3
00

e-
6 

~ ~
 

... 
E

nt
er

 th
e 

Lo
ad

 R
es

is
ta

nc
e 

in
 O

hm
s 

E
nt

er
 th

e 
Fi

lte
r C

ap
ac

ito
r 

in
 F

ar
ad

s 
l2

oo
e-

6 

E
nt

er
 th

e 
P

ot
en

tia
l D

iv
id

er
 C

on
st

an
t R

ef
er

en
ce

 V
ol

ta
ge

 in
 V

ol
ts

, 
Pr

op
or

tio
na

lit
y 

C
on

st
an

t K
p 

an
d 

th
e 

ln
te

gr
an

 C
on

st
an

t K
i o

f P
l 

co
nt

ro
lle

r i
n 

th
e 

ap
pr

op
ria

te
 B

o>
<e

s 
pr

ov
id

ed
. 

E
nt

er
 th

e 
P

ot
en

tia
l D

iv
id

er
 C

on
st

an
t 

~(
9)

 
-

En
te

r t
he

 R
ef

er
en

ce
 V

ol
ta

ge
 in

 V
ol

ts
 

1_9
_ 

E
nt

er
 P
r~

po
rt

io
na

l 
C

on
st

an
t K

p 
of

 P
l 

co
nt

ro
lle

r 

10
.1 

E
nt

er
 th

e 
In

te
gr

al
 C

on
st

an
t K

i o
f P

l C
on

tro
lle

r 

Is 

,C
an

ce
l 

jje
lp

 
t,p

pl
y 

..
!.

I~
 

Tr
ia

ng
le

 C
ar

rie
r G

en
er

at
or

 U
ni

t (
m

as
k)
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
,
 

Th
is

 is
 a

 T
ra

in
gl

e 
C

ar
rie

r 
G

en
er

at
or

 b
y 

in
te

gr
at

io
n 

of
 S

qu
ar

e 
P

ul
se

. 
Th

e 
va

lu
es

 fo
r 

th
is

 is
 d

et
er

m
in

ed
 b

y 
th

e 
S

w
itc

hi
ng

 F
re

qu
en

cy
 o

f t
he

 
SM

PS
. 

Th
e 

va
lu

es
 s

ho
w

n 
he

re
 a

re
 fo

r a
 1

00
 k

H
Z

 
sw

itc
hi

ng
 fr

eq
ue

nc
y.

 
Th

e 
va

lu
es

 fo
r 

ot
he

r 
sw

itc
hi

ng
 fr

eq
ue

nc
ie

s 
ar

e 
th

er
ef

or
 o

bt
ai

ne
d 

by
 tr

ia
l a

nd
 e

rro
r o

nl
y.

 E
nt

er
 th

e 
va

lu
e 

of
 

am
pl

itu
de

 o
f s

qu
ar

e 
pu

ls
e 

ge
ne

ra
tio

r i
n 

V
ol

ts
. 

S
w

itc
hi

ng
 P

er
io

d 
in

 S
ec

on
ds

. k
1.

 k
2 

an
d 

c 
in

 th
e 

ap
pr

op
ria

te
 b

o>
< 

pr
ov

id
ed

. 
Th

e 
fo

llo
w

in
g 

fu
nc

tio
n 

is 
us

ed
 to

 g
en

ra
te

 th
e 

tri
an

gl
e 

pu
ls

e:
 

k1
 "(

k2
"(

u[
1)

 • 
c)

. 
A 

ge
ne

ra
l m

et
ho

d 
fo

r 
ot

he
r s

w
itc

hi
ng

 fr
eq

ue
nc

ie
s 

of
 th

e 
SM

PS
 is

 g
iv

en
 b

el
ow

: 
Le

t a
m

pl
itu

de
 e

nt
er

ed
 b

eV
sq

m
. 

Le
t T

sw
 b

e 
th

e 
sw

itc
hi

ng
 p

er
io

d 
of

 th
e 

SM
PS

. 
Le

t T
on

 ..
 T

of
f •

 T
sw

 /2
. 

Le
t 

k1
 .

. 1
e5

 b
e 

th
e 

ga
in

 
co

ns
ta

nt
 e

nt
er

ed
. 

Th
en

 d
ur

in
g 

O
N

 t
im

e 
of

 s
qu

ar
e 

pu
ls

e.
 tr

ia
ng

le
 w

av
e 

re
ac

he
s 

th
e 

m
a>

<im
um

 v
al

ue
 V

m
(tr

ia
ng

le
) 

as
 g

iv
en

 b
el

ow
: 

Vm
(tr

ia
ng

le
) -

(V
sq

m
 /

2)
"T

 on
"k

1 
• 

(V
sq

m
 /

2
tT

 on
"1

 e
5.

 
D

ur
in

g 
th

e 
O

FF
 ti

m
e 

of
 s

qu
ar

e 
pu

ls
e,

 tr
ai

ng
le

 w
av

e 
re

ac
he

s 
th

e 
m

in
im

um
 v

al
ue

 V
o(

tri
an

gl
e)

 g
iv

en
 b

el
ow

: 
Vo

(tr
ia

ng
le

) •
 (

 -V
sq

m
 /

2 
)"

To
ff 

"k
1 

+V
m

(tr
ia

ng
le

)) 
• 

( -
Vs

qm
 /

2 
n

o
ff

 "1
e5

 +
Vm

(tr
ia

ng
le

)).
 

U
si

ng
 th

e 
ab

ov
e 

fo
rm

ul
a.

 tr
ia

ng
le

 w
av

e 
fo

r 
ot

he
r 

sw
itc

hi
ng

 fr
eq

ue
nc

ie
s 

of
 th

e 
SM

PS
 c

an
 b

e 
ge

ne
ra

te
d.

 
S

E
LE

C
TI

O
N

 O
F 

C
O

N
S

TA
N

TS
 k

1.
 k

2A
N

D
 c

: 
Th

e 
va

lu
e 

of
 k

1 
is 

se
lc

te
d 

co
ns

is
ta

nt
 w

ith
 th

e 
en

te
re

d 
va

lu
es

 o
f V

sq
m

 a
nd

 T
 sw

. 
If 

T 
sw

 is
 a

n 
in

te
ge

r i
n 

m
ic

ro
se

co
nd

s 
th

en
 k

1 
wi

ll b
e 

a 
co

ns
ta

nt
 m

ul
tip

le
 o

f 1
 e5

. 
Th

e 
va

lu
e 

of
 fu

nc
tio

n 
co

ns
ta

nt
 c

 w
ill 

be
 [V

m
(tr

ia
ng

le
) /

2 
). 

Th
e 

va
lu

e 
of

 k
2 

is 
su

ita
bl

y 
ad

ju
st

ed
 to

 g
et

 n
or

m
al

 o
ut

pu
t v

ol
ta

ge
 fo

r 
no

rm
al

 in
pu

t v
ol

ta
ge

 w
ith

ou
t a

ny
 ty

pe
 o

f P
l o

r o
th

er
 c

on
tro

lle
rs

. 
N

O
TE

: 
Th

is
 tr

ia
ng

le
 c

ar
rie

r g
en

er
at

or
 is

 c
on

ne
ct

ed
 to

 th
e 

co
m

pa
ra

to
r 

bl
oc

k.
 I

f 
V

sn
 a

nd
 V

ou
tn

 a
re

 th
e 

no
rm

al
 in

pu
t a

nd
 n

or
m

al
 o

ut
pu

t v
ol

ta
ge

 
re

sp
ec

tiv
el

y.
 th

en
 th

e 
no

rm
al

 d
ut

y 
cy

cl
e 

O
n 

of
 th

e 
bu

ck
 c

on
ve

rte
r i

s 
O

n
• 

V
ou

tn
 I 

Vs
n.

 
Th

en
 s

le
et

 th
e 

co
m

pa
ra

to
r 

op
er

at
or

 a
s 

fo
llo

w
s:

 
If 

D
n 

is 
eq

ua
l t

o 
or

 g
re

at
er

 th
an

 0
.5

. t
he

n 
co

m
pa

ra
to

r 
op

er
at

or
 s

el
ec

te
d 

m
us

t b
e 

gr
ea

te
r 

th
an

 o
r e

qu
al

 to
(>

•)
. 

If 
O

n 
is 

le
ss

 th
an

 0
.5

, t
he

n 
th

e 
co

m
pa

ra
to

r 
op

er
at

or
 s

el
ec

te
d 

m
us

t b
e 

le
ss

 th
an

 o
r 

eq
ua

l t
o(

<
•)

. 
Pr

es
s 

H
el

p 
fo

r 
fu

rth
er

 d
et

ai
ls

. 

E
nt

er
 th

e 
am

pl
itu

de
 in

 V
ol

ts
 

12
Q 

En
te

r 
th

e 
S

w
itc

hi
ng

 P
er

io
d 

in
 S

ec
on

ds
 

jio
e-

6 
_ 

E
nt

er
 th

e 
G

ai
n 

C
on

st
an

t k
1 

l1
e5

 

E
nt

er
 th

e 
Fu

nc
tio

n 
C

on
st

an
ts

 k
2 

11.1
 

E
nt

er
 th

e 
Fu

nc
tio

n 
C

on
st

an
t c

 
12

.5
 

,
-

QK
 

-,
 _

_
_

 ....
.. 

C
an

ce
l 

l:f
el

p 

~
 
~
 

~
 

;...
 = ~ ~
 

B
pp

ly
 

~
 

~
 
~
 ... ~ ~ .. ~ ~ ;:::
 .... ~
 
~
 

~
 ~ .... ~ ;::.
. ~
 ~ ~ ~ ~ 

'ii
i 

5:? ~ ~ ~
 

_=
.I I §:

 
I
~
 
~
 ~ ~
 

::: ~ ;.'.:!
. ~ 



I 

Using Simulink Block Reference \ 

T nangle Carrier Generator and Comparator Unit 1 

OElERMlll.TIOO OF PtlJ< VALLI' Of TR~GLE CAARIER WAVE: To detennme ~e peak me Ii tnallJle Cllrier llill, illlow the ixocetlle gM!n ~elOI! Let Vref 00 the refe111:e wllge, Vpot I 
be the potential dr.ider outpul in the feedback path and Vpeak be the peak value traingle carrier wave. Then follow steps in square brackets. [1 J Calculate Verr = Vref · Vpot. ~I Calculate Ton= On 
t T sw. WT on is greater than or equal to T sw / 2, then follow steps 3 !o 6. ~] Calculate T off= T sw ·Ton. [4] Find T1 =I~ sw fl)· Toff) a. [5] Find slope of Triangle carrier wave m _tn =I Verr) I Tl. 
~I Calculate Vpeak = m _tri t T SW /4. mn is less than T SW a, then follow steps 7 and 8. ~I Find T1 =I~ SW a). Ton ) a. ~I Then follow steps 5 and 6 g~n above. SELECTION OF 
CONSTANTS kl, k2 AAO c: The value of kl is selcted consistant V!ilh the entered values of Vsqm and T sw. n sw is an integer in microseconds then kl Vlill be a constant multiple of 1 e5. The 
value of function constant c Viii! be ~m~riangle) a i The value of k2 is suttably adjusted to get normal oulpul voltage for normal inpul voltage V!ilhoul any type of Pl or other controllers. NOTE: This 
triangle carrier generator is connected to the comparator block. ff Vsn and Vouln are the normal inpul and normal oulpul voltage respect~ly, then !he normal duly cycle On of the buck converter is 
On = Vouln I Vsn. Then sleet the comparator operator as follows: ff On is equal lo or greater than 0.5, !hen comparator operator selected must be grealer lhan or equal to (>=). ff On is less lhan 
0.5, then the comparator operator selected must be less than or equal to ( 

FIG.10.4(B) 

FIG.10.4(B) 
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~r ~ (u(1)*u(2)-u(3)}/(u(4)) 
~ 1; ~ : ._ __ F_c_n_l ___ __. 

in4 FIG.10.S(A) 

f!LQ::::) 
~ _... Out1 

iL r_load Vo 
r _load*c_filter.s+1 Out2 

L1 Subsystem Transfer Fcn1 

FIG.10.5(B) 
(2)0ut3 

Gain1 

VERR 

VERR 

( 2 )Out2 VREF vref 

FIG-.10.S(C) 

k2*(u(1) • u(2)) 

Fcn3 

FIG.10.S(D) 
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subsystems are shown m F1g.10.5(A) to ( D ). A brief description of the various 
subsystems is given below: 

Fig.10.S(A) and (B) shows the model of the Buck converter used in the SMPS. This 

corresponds to the dialog box "Buck Converter Unit" shown in Fig.10.4(A). The 

parameters relating to inductance, load resistance and filter capacitance are entered in 

the dialog box. The Buck converter circuit is shown in Fig.5.1 in Chapter 5. The 

modelling of Buck converter using the switching function concept is already discussed 

in section 5.2.1 of Chapter 5. The same modelling equations from 5.6 to 5.10 of 

Chapter 5 are used for modelling the Buck Converter used in this SMPS. Fig.10.5( C) 

corresponds to the dialog box "Error Amplifier and PI Controller" in Fig.10.4(A). The 

potential divider constant, reference voltage, Proportional constant Kp and Integral 

constant Ki are entered in the appropriate places in this dialog box. The output voltage 

Vo is multiplied by this potential divider constant kpot and compared in the error 

detector with the reference voltage VREF which produces the error output voltage 

VERR. A selector switch SS 1 which directly selects VERR or this VERR through the 

PI Controller. This output from SS 1 is given to comparator block in Fig. I 0.5(D). 

Fig.10.S(D) corresponds to the dialog box "Triangle Carrier Generator Unit" in 

Fig.10.4(A) and the help file shown in Fig.10.4(B). Here triangle carrier pulse is 

generated by integration of the square pulse. The amplitude of this square pulse, the 

switching period of SMPS, the gain constant kl, the two function constants k2 and c are 

entered in the appropriate places in the dialog box. In Fig.10.5(D), the Fcn2 block 

subtract the amplitude Vmax of the square pulse from half its value there by generating 

a square pulse with positive and negative peak of +Vmax /2 and-Vmax /2 respectively 

with a switching period Tsw of the SMPS. This is multiplied by kl using gain2 block, 

then this value is subtracted from a constant c and the result is multiplied by another 

constant k2 using Fcn3 block to get the triangle carrier wave with the switching period 

of the SMPS. The dialog box ''Triangle Carrier Generator Unit" along with the help file 

in Fig.10.4(B) provide the method to find constants kl, k2, c and the peak value of 

triangle carrier wave should the switching frequency of the SMPS be different from that 

of the given value of 100 kHZ .. The triangle carrier pulse output VIRI and the err~r 

output VERR either directly or through the PI controller are compared in the relational 

operator block which is the comparator unit. The convert block converts the logical or 
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FIG.10.7(B) 
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Boolean output of the comparator to unsigned integer output. The comparator and 

convert blocks are shown in Fig.10.3. The selection of the relational operator for the 

comparator is also explained in the dialog box "Triangle Carrier Generator Unit" in 

Fig. I 0.4(A) and also in the help file in Fig. I 0.4(B). The output of the comparator is the 

switch function SF which drives the buck converter semiconductor switch. 

10.3.1 Simulation Results 

The simulation of the buck converter SMPS was conducted without and with PI 

controller using the odel5s (stiffi'NDF) solver with a relative tolerance of le-3. The 

parameters of the SMPS are as shown in Table 10.1. A time varying input DC voltage 

source using look-up table was used in both cases. The simulation results of the input 

voltage, output voltage, triangular carrier, error voltage output VERR, switch function 

SF and the inductor current IL without the PI controller are shown in Fig.10.6(A), (B) 

and ( C ). The same results with PI controller are shown in Fig.10.7(A), (B) and ( C) 

respectively. 

10.4 Conclusions 

The PSIM simulation results shown in Fig.10.2(A) and (B) indicate that the number of 

oscillation cycles and its peak to peak magnitude is reduced with PI controller as 

compared to without the Pl controller. Examination of the simulation results of the 

model in Fig.10.6(A) and in Fig.10.7(A) indicates the following points: 

• Without PI controller the number of initial switching cycles is as high as 11 for 

the first 0.01 seconds. 

• With PI controller, the number of initial switching cycles is reduced from 11 to 7 

for the first 0.01 seconds. 

• The peak to peak voltage output during the initial switching cycle is reduced by 

around 2.4 volts with PI controller as compared to without the PI controller .. 

• Tue duty cycle of SF adjusts to a suitable value to maintain the output voltage 

Vo close to 9 Volts. 
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• The change in output voltage for a given change in input voltage or regulation of 

the SMPS is more with PI controller as compared to without the PI controller. 

• The normal output voltage is close to 9 volts for a normal input voltage of 15 
volts in both cases. 

Depending on the chosen values of the parameters for the buck converter, the number of 

oscillation cycles and their peak values will change in both cases, with and without the 

PI controller. 
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CHAPTER 11 

MODELLING OF A THREE PHASE PULSE WIDTH 

MODULATED INVERTER FED INDUCTION MOTOR 

DRIVE 

11.1 Introduction 

Many industrial applications require voltage control of inverters to maintain constant 

output voltage irrespective of variations in the input de voltage and for constant voltage 

and frequency control requirements. This is achieved by Pulse Width Modulation 

commonly known as PWM technique. For three phase inverters, the commonly used 

PWM techniques are: 1) Sine PWM 2) Third Harmonic Injection PWM 3) Harmonic 

Injection PWM 4) Trapezoidal PWM 5) Delta Modulation and so on. This Chapter 

provides the modeling of the first three types- of the above PWM techniques and in 

addition discusses the model of a newly discovered PWM technique known as Clipped 

Sinusoid PWM. 

11.2 Three Phase Sine PWM Technique 

The sine PWM is the most fundamental and widely used technique for voltage control 

of inverters. The principle of generation of the gating pulse for a three phase SINE 

PWM inverter using op.amps is shown in Fig.11.l{A), using MICROCAP 8. Three 

phase ac modulating signals at the switching frequency fin Hertz of the inverter is 

generated. This three phase modulating signal is compared with triangular carrier wave 

of frequency fc Hertz in a comparator and the resulting pulse width modulated output 

pulse and their respective inverted pulse in each phase is used to drive the 

semiconductor switches in each phase of the three phase inverter. The three phase 50 

Hz ac sine modulating signal, triangular carrier signal of frequency 2 kHZ and the 

resulting gate pulse drive for the three phase inverter are shown in Fig.11.l(B) by 

simulation using MICROCAP 8 .. The three phase inverter frequency output will be 50 
Hz. If Am and Ac are the peak values of the sine modulating signal and that for the 
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. Ch~pter 11: Modelling of A Three Phase PWM Inverter fed LM. Drive 
tnangular earner wave, then the Amplitude Modulation Index M and Frequency 
Modulation index FM are defined as follows: 

M = 

FM = 

Am 

Ac 
le 
Im 

(11.1) 

(11.2) 

The region where 0 < M < = 1 is called the linear region or under modulation region 

and the region where M > 1 is called the overmodulation region. In the linear region the 

maximum value of the fundamental component of the output line to line voltage Vabt can 

be expressed as given below in equation 11.3: 

for M-5,l (11.3) 

where Vdc is the de link input voltage of the three phase inverter. 

In the overmodulation region the maximum value of the nth harmonic component of the 

line to line voltage output of the three phase inverter is given by equation 11.4 below: 

4.J3.vdc 
vabn = 

2.n.'lC 
for M>l (11.4) 

Thus by varying the value of M, the output voltage of the three phase inverter can be 

controlled. 

11.2.1 l\fodelling of Three Phase Sine P\VM Inverter fed J.M. Drive 

The interactive model for the three phase sine PWM inverter fed IM drive is shown in 

Fig.11.2 ( 45-46]. The various dialog boxes are shown in Fig.11.3. The various 

subsystem detailed schematics are shown in Fig.1 l.4(A) to (E). The various subsystems 

are explained below: 

The three subsystems "Switching Function Generator", "Three Phase Sine PWM 

Generator" and "Three Phase VSI" in Fig. l l .4(A) correspond to the dialog box 
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Chapter 11: Modelling of A Three Phase PWM Inverter fed J.M. Drive 

Inl Outl c=) 
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ln2 Out2 ln2 Out2 ~ Out2 Out2 
ln3 Out3 

In3 Out3 ~ Out3 "IHREEPHASESUJEP'WM G~ERA'IOR Out3 
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FIG.11.4(A) 

FIG.11.4(8) 
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FIG. 11.4{F) C>ut6 
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o A Three Phase PWM Inverter fed LM. Drive 
~!] 

~ l ~•C l li l " 
~: 

Using Simulink Block Reference \ 

Three Phase Inverter and Amplitude and Frequency Modulator Unit 
The triangle carrier wave Yiith frequency fc Hertz and amplttude +.10 Volts~ V ~Pl is obtained by integration of the square pulse and multiplying the result by appropriate constants. The values 
shO'Ml in this model are for a carrier frequency of 2 kHl For any other carrier frequency k1, the full!l'Wing procedure may be used: Let vsqm be the amplttude of !he square m and fc 1 lhe 
frequency entered. Then ON time Ton= OFF time Toff = Tc1 a, V!Tiere Tc1 = 1/ k1. Lei c be the integrator constant entered. Then the triangle wave at !he o~p~ of integrator ramps up during the 
ON time to a peak value Vm~riangle) g~n by the full!l'Wing relation: Vm~riangle) = (-mqm 12)'Ton*(1 /c) = (-mqm 12)*~c112)*(1 /c) .... (1) During the OFF time of the square pulse, !he triangle 
wave ramps dO'Ml lo a value Vo~riangle) g~n by the foll!l'Wing relation: Vo~riangle) = ( -vsqm 12)'1' off* (1 /c) + Vm(lriangle) = ( -vsqm Q)*~ c1 Q)*(1 /c) + Vm~riangle) ... (2). Calculate !his 
Vm~riangle). Then Function Constant k1 = [ Vm~riangle) a J. To get lU Volts peak to peak, calculate ~ using the formula ~ = (10 I k1) . NOTE: THE ACTUAf. AM. INDEX WlLL BE THE 
ENTERED PE.AK VAf.UE OF MDOUlATING SINE WAVf. DMDED BY TEN ( vpeak no). THE F.M. INDEX WlLL BE ~ I frn). 

FIG. 11.4(H) 

»1J~rmms»\~PN~l~9§ ~a~ 3:01~ ------
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Chapter 11: Modelling of A Three Phase PWM Inverter fed J.M. Drive 
"Three Phase Inverter and Amplitude and Frequency Modulator Unit" in Fig.11.3 and 
their models are shown in Fig.l l.4(B) to (D). 

In Fig.1 l .4(B) three phase ac with amplitude 1 volt and frequency fm ( 60Hz ) Hertz of 

the sine wave modulating signal is generated using three Fen blocks connected to the 

mux. The three phase ac output of this sine modulating signal is given to three gain 

blocks with gain vpeak in Fig.11.4( C ). The output of these three gain blocks are three 

phase sine wave modulating signal with a peak value of vpeak. The triangle carrier 

wave of frequency fc Hz ( 2 kHz) is generated by integration of the square pulse whose 

amplitude is Vsqm and frequency fc Hz. The Fcn6 block subtracts this square pulse 

from Vsqm /2 generating square wave with positive and negative peaks of +Vsqm /2 

and -Vsqm /2 respectively. This is then integrated multiplied with a constant of 

integration 1 /c to get a triangle carrier wave with a maximum value of +Vm(triangle) /2 

and minimum value of zero. This triangle carrier wave is then subtracted from the 

constant kl to get a triangle carrier wave with a positive and negative peaks of 

+Vm(triangle) /2 and-Vm(triangle) /2 respectively using Fcn7 block. The value of kl 

is +Vm(triangle) /2. The output of Fcn7 block is then multiplied by k2 to get a triangle 

carrier wave with a positive and negative peak of+ 10 Volts and -10 Volts respectively. 

The value of k2 is 10 I kl. The values shown in the dialog box are for generating a 

carrier wave of 2 kHZ frequency. For any other frequency of the carrier wave the 

method shown in Fig. l l .4(H) can be used. The values relating to de link voltage of the 

three phase inverter, modulating signal frequency i.e. inverter frequency, amplitude of 

the modulating signal vpeak, Vsqm, fc, c, kl and k2 are entered in the appropriate box. 

The amplitude modulation index M is the entered value of vpeak /10. This triangle 

carrier wave and the three phase modulating sine wave ac are compared in the three 

relational operator blocks used as comparators. The three comparators output the three 

phase gating pulse a _pwm, b _pwm and c _pwm for the three phase inverter. 

Fig.l l.4(D) shows the model of the three phase inverter. The gating pulse a_pwm, 

b_pwm and c_pwm are given to the u(2) input of three threshold switches. The u(l) 

and u(3) inputs to these three switches are the + V de /2 and -V de /2 inputs. The 

threshold value for these three switches are 0.5 respectively. When the respective u(2) 

input of these three switches goes to logic I, the output is +Vdc /2 and when u(2) is 

logic O, the output is -V de /2. Thus three phase line to ground voltage is generated. 
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Chapter 11: Modelling of A Three Phase PWM Inverter fed LM. Drive 

Fig.11.4(E) correspond to the dialog box "Mechanical Load for Three Phase IM" in 

Fig.11.3. This block is developed using the Repeating Sequence Block. Fig.11.4( F) 

and (G) corresponds to the dialog box ''Three Phase IM Model in Stationary Reference 

Frame" in Fig.11.3. Fig. l l.4(F) is the model for generating abc to dqO axis 

transformation. The three inputs to the mux are the three phase line to ground voltages 

from the three phase inverter shown in Fig. l 1.4(D). The abc to dqO axis transformation 

of these three phase voltages are performed using three Fen blocks as per the 

transformation matrix given by equation 1.1 in Chapter 1, where the value of 8 is set to 

zero. Fig.1 l.4(G) corresponds to the model of three phase IM in the stationary 

reference frame using the dqO-axis flux linkage per second equations and machine 

reactances. The modeling equations used for developing the three phase IM model in 

the stationary reference frame are given below: 

s 
'I' qs 

i'0r = ~b .J { v'0r - i'0r.r'r }.ck ........................... (11.6) 
x Ir 

s - . ,.s + .,s ) 
'l'mq - Xm·\1qs 1 qr 

s . . s .,s ) . (11 7\ 
Ill = X lzd + l d •''' '' •' .. •'' • • • • • • • • • • • / rmd m·'' s r 
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Chapter 11: Modelling of .A Three Phase PWM Inverter fed LM. Drive 

s s 
s = .s + s .s lflqs - lflrrq 

lflqs xfs·1qs lflnq···················'qs = ----
xis 

s s 
s - .s + s .s lfltk-'l'Mf 

lfltk - xls. 1tk 'l'nrJ········ .. ·········'tk = (11.8) 
xis 

,s s i/n -l/f;s = x' i + .,s - qr nq qr Zr· qr lflnq·········· .. ·······1 qr -
x'zr 

- ~ = x' .,s + s .,s - ~ - "':m 
fJF dr Jr·' dr 'l'mi················ .. ·1 dr - ...... (11.9) 

x'lr 

1 1 1 1 
-- - - + - + - ..................... (11.10) 

Xm Xzs x'/r 

s ( lfl~s lflmq-XM.--+ 
xzs 

lfl~d = xM. lflds + "',dr ..................... (11.11) 
( 

s ,s ) 

xis x lr 

The e.m. torque equation of the three phase IM is given below: 

Tem = !_. p .(lfl~s.i;s - 'fl~s·i~s) .... Nm ......... (11.12) 
2 2.rob 

drorm 
J. = Tem + Tmech -Tdamp ..... Nm .......... (11.13) 

dt 

The flux linkage per second equations for qd-axis corresponding to stator and rotor 

given by equations 11.5 and 11.6 are solved using Fen blocks and integrator with 

appropriate inputs connected to MUX. The qd-axis currents for the stator and rotor 

given by equations 11.8 and 11.9 are solved using Fen blocks and the appropriate inputs 

connected to the two input MUX. The zero axis stator and rotor currents given by 

equations 11.5 and 11.6 are solved using the Fen blocks and integrator with appropriate 

inputs connected to the mux. The constant blocks marked xm, xls and xlr with the three 
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. Chapter 11: Modelling of A Three Phase PWM Inverter fed J.M. Drive 
mput mux and FCn block solves for XM given by equation 11.10. The e.m. torque 

equation given by 11.12 is solved using the appropriate inputs to the multiplier blocks, 

Fen block and the two input mux. Finally the dqO to abc axis transformation of the 

stator and rotor currents are performed using three input mux and three Fen blocks as 

per the transformation matrix given by equation 1.2 in Chapter with the value of e set to 

zero. 

11.2.2 Simulation Results 

The simulation results of the Three Phase 60 Hz Sine PWM Inverter fed IM drive using 

ode15s(stiff/NDF) solver are shown in Fig.l 1.5(A) to (E) and in Fig.l 1.6(A) to (E) for 

a.m. indices M of 0.9 and 1.1 respectively, with f.m. index maintained at 33.33 .. The 

simulation results for all the a.m. indices less than and greater than one are tabulated in 

Table 11.1. The DC Link Voltage of the three phase inverter is 286 volts. The value of 

fin and fc are 60 Hz and 2 kHZ respectively. The data for the 20 hp, 220 volts three 

phase, 60 H~ 4 pole star connected cage IM used for simulation are given below [11].: 

rs = 0.1062 ohms/ph, rr' = 0.0764 ohms/ph, xm = 5.834, ohms/ph, xls = 0.2145 

ohms/ph, xlr' = 0.2145 ohms/ph, M.1. of rotor= 2.5 kg-m"2., rated current is 49.68 

amps, rated speed 1748.3 rev/min and rated slip 0.0287. The rated torque is 81.49 nw-

m and the slip at which maximum torque occurs is 0.1758 [11]. These data are shown 

in the dialog boxes in Fig.11.3. 

11.3 Three Phase Third Harmonic Injection PWI\I Technique 

To increase the output line to line voltage and to reduce its third harmonic components 

in a three phase inverter, in comparison with sine PWM inverter, THIPWM technique 

was proposed [49-50]. In THIPWM a 17 % third harmonic component is added to the 

original sine reference waveform. The reference waveform is given below [49-50]: 

y =l.15*[sin(w.t) + (l/6)*sin(3.w.t)] ... (11.14) 

Using the above PWM techniques it is possible to achieve up to 15 % increase in the 

line to line voltage of the inverter without over modulation, pulse dropping and without 
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TABLE 11.1: Lme to Line voltage and stator current of Three Phase Sine PWIVl 
Inverter fed J.M. Drive for an FM Index of 33 33 . . . . 
No. R.M.S. R.M.S. T.H.D.** A.M.ln· Simulation R.M.S.Stator current in 

Stator Line Voltage Of Line to dex Time in Amps for simulation 
Current Vab Line M seconds time shown 
(Amps) (Volts) Voltaae 

Ssec 6sec 7sec 

1 27.78 33.87 7.552 0.025 2sec 

2 29.6 47.9 5.294 0.05 2sec 

3 35.42 67.74 3.679 0.1 2sec 

4 71.95 117.3 1.957 0.3 2sec 71.6 71.6 -
5 114.1 151.4 1.378 0.5 2sec 

6 156.6 179.2 1.033 0.7 2sec 

7 198.7 203.1 o.n93 0.9 2sec 171.5 87.1 28.49 
8 229.8 220.5 0.6103 1.1 2sec - 29.91 -
9 242.4 227.6 0.5462 1.3 2sec 

10 249.7 231.3 0.5071 1.5 2sec 

any material effect on the harmonic content of the line to line wave form, as compared 

to a conventional sine PWM inverter [49-50]. 

The modulating three phase sine wave signals with frequency component fin and 3*fm 

are multiplied by appropriate constants and added to generate the modulating reference 

waveform given by equation 11.14 for the three phases and are compared with a 

triangular carrier wave in a comparator and the resulting pulse width modulated gate 

drive for each phase and their respective inverted gate drive pulse are used to drive the 

upper and lower arms of semiconductor switches in the three phases of the inverter. 

11.3.1 Modelling of Three Phase Third Harmonic Injection PWM Inverter fed 

J.M. Drive 

The interactive model of the three phase THIPWM inverter fed IM drive is shown in 

Fig.11. 7. The various dialog boxes are shown in Fig.11.8. The various subsystems are 
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(!) 

~ 

lvsqm/(2) r 
vrri2 

1 
c.s 

Transfer Fent 

FIG. 11.9 ( C) 

InS 

FIG.11.9(0) 

shown in Fig.11.9(A) to (E). Fig.11.9(A) correspond to the dialog box "Three Phase 

THIPWM Inverter and Triangle Carrier Wave Generator Unit" in Fig.11.8. The various 

subsystems are: Three Phase THIPWM Generator, Triangle Carrier Wave Generator 

and Three Phase VSI. 

The subsystem corresponding to Three Phase THIPWM generator is shown in 

Fig. l l .9(B). In Fig.11.9(8), the modulating sine wave with fundamental fm Hertz and 
third harmonics are added for the three phases as per the equation given by equation 

11.14. The three input mux at the top with input constant blocks 1.15 and 2*pi*fm 

along with the Fen block generate the fundamental component in equation 11.14. The 

three input mux at the bottom with constant block inputs 0.19 and 6*pi*fm along with 

the Fen block generate the third harmonic component of equation 11.14. The Fcn3 

block sums the two values and multiplies by vpeak to generate the modulating signal a 

for the Phase R. For Phase Y modulating signal bis generated in the same way as for 
378 
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Phase R, except that the fundamental component and third harmonic components lags 

by 2*pi/3 and 2*pi radians respectively. For Phase B, the modulating signal c is 

generated as for Phase Y, except that the fundamental and third harmonic component 
leads by 2*pi/3 and 2*pi radians respectively. 

The triangle carrier generator model is shown m Fig.11.9(C). The method of 

development is the same as for three phase sine PWM inverter fed IM drive discussed 

under section 11.2.1. The same help file shown in Fig. l 1.4(H) is applicable to generate 

triangle carrier wave other than 2 kHZ frequency. The Models for Three Phase Inverter, 

abc to dqO axis transform, Three phase IM and the Mechanical Load for Three Phase IM 

are the same as shown in Fig. l 1.4(D), E, F and G. The modeling equations of the three 

phase IM are already explained under section 11.2.1. 

11.3.2 Simulation Results 

The simulation results of the Three Phase 60 Hz THIPWM Inverter fed IM drive using 

ode15s(stiff7NDF) solver are shown in Fig.11.lO(A) to (E) and in Fig.11.ll(A) to (E) 

for a.m. indices M of 0.9 and 1.1 respectively, with f.m. index maintained at 33.33 .. 

The simulation results for all the a.m. indices less than and greater than one are 

tabulated in Table 11.2. The data for the 20 hp, 220 volts, three phase, 60 H~ 4 pole 

star connected cage IM used for simulation are the same as given in section 11.2.2. 

11.4 Three Phase Harmonic Injection P\VM Technique 

The HIPWM is a variation of the THIPWM technique discussed in section 11.3. In 

HIPWM additional harmonics apart from third harmonics are added to the sine 

reference waveform. The modulating reference waveform is given below [ 5 - 6 ] : 

y =l.15* sin(ro.lj + 0.27*sin(3.ro.lj- 0.029*sin(9.ro.t) ... ......................... (11.15) 

The resulting flat-topped waveform allows over modulation. while improving the 

frequency spectra of ac terms and de terms waveforms [50]. The modulating three 

phase sine wave signals with frequency component fin, 3*frn and 9*fm are niultipli~d 
by appropriate constants and added with proper signs to generate the modulating 
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TABLE 11.2: Lme to Lme voltage and stator current of Three Phase THIPWM 
Inverter fed J.M. Drive for an F M Index of 33 33 . . . . 
No. R.M.S. R.M.S. T.H.D.** A.M.ln· Simulation R.M.S.Stator 

Stator Line Voltage Of Line to dex Time in current in Amps 
Current Vab Line M seconJs for simulation 
(Amps) (Volts) Voltaae time shown 

7sec 8 sec 

1 27.82 36.32 7.034 0.025 2sec 

2 31.15 51.36 4.924 0.05 2sec 

3 38.02 72.64 3.411 0.1 2sec 

4 81.83 125.8 1.788 0.3 2sec 

5 130.8 162.4 1.232 0.5 2sec 

6 180.1 192.1 0.8929 0.7 2sec 

7 227.6 217.8 0.6306 0.9 2sec 39.55 ---
8 254.3 232.5 0.4695 1.1 2sec -- 47.6 

9 260.2 233.9 0.4261 1.3 2sec 

10 262.6 234 0.3993 1.5 2sec· 

reference waveform given by equation 11.15 for the three phases and are compared with 

a triangular carrier wave in a comparator and the resulting pulse width modulated gate 

drive for each phase and their respective inverted gate drive pulse are used to drive the 

upper and lower arms of semiconductor switches in the three phases of the inverter. 

11.4.1 Modelling of Three Phase Harmonic Injection PWl\I Inverter fed I.M. 

Drive 

The interactive model of the three phase HIPWM inverter fed IM drive is shown in 

Fig.11.12. The various dialog boxes are shown in Fig.11.13. The various subsystems 

are shown in Fig.11. l 4(A) and (B). The other subsystems corresponding to the dialog 

box "Three Phase IM in Stationary Reference Frame" and Mechanical Load for Three 

Phase IM" are the same as for three phase sine PWM inverter fed IM drive discussed 

under section 11.2.1. Fig.l 1.14(A) correspond to the dialog box "Three Phase HIPWM 
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Chapter 11: Modelling of A Three Phase PWM Inverter fed LM. Drive 
Generator and Inverter Unit" in Fig.11.13. The various subsystems are: Three Phase 

HIPWM Generator, Triangle Carrier and Three Phase Inverter. The models for 

Triangular carrier and three phase inverter are the same as for three phase THIPWM 

inverter fed IM Drive discussed under section 11.3.1. The model for the Three Phase 

HIPWM Generator is explained below: In Fig.l 1.14(B), the modulating sine wave with 

fundamental fm Hertz, third harmonics and ninth harmonics are multiplied by 

appropriate constants and are added with appropriate signs for the three phases as per 

the equation given by equation 11.15. The three input mux at the top with input 

constant blocks 1.15 and 2*pi*fm along with the Fen block generate the fundamental 

component in equation 11.15. The three input mux at the middle with constant block 

inputs 0.27 and 6*pi*fm along with the Fen block generate the third harmonic 

component of equation 11.15. The three input mux at the bottom with constant block 

inputs 0.029 and 18*pi*fm along with the Fen block generate the ninth harmonic 

component of equation 11.15. The Fcn34 block sums the three values and multiplies by 

vpeak to generate the modulating signal a for the Phase R. For Phase Y modulating 

signal b is generated in the same way as for Phase R, except that the fundamental 

component, third harmonic and the ninth harmonic component lags by 2*pi/3, 2*pi and 

6*pi radians respectively. For Phase B, the modulating signal c is generated as for 

Phase Y, except that the fundamental, third harmonic and ninth harmonic component 

leads by 2*pi/3, 2*pi and 6*pi radians respectively. 

All other models are as explained for three phase sine PWM and three Phase THIPWM 

inverter fed IM drive in sections 11.2.1and11.3.1 respectively. 

11.4.2 Simulation Results 

The simulation results of the Three Phase 60 Hz HIPWM Inverter fed IM drive using 

ode15s(stiff/NDF) solver are shown in Fig.1 l.15(A) to (E) and in Fig.1 l.16(A) to (E) 

for a.m. indices M of 0.9 and 1.1 respectively, with f.m. index maintained at 33.33_ .. 

The simulation results for all the a.m. indices less than and greater than one are 

tabulated in Table 11.3. The data for the 20 hp, 220 volts, three phase, 60 Hz, 4 pole 

star connected cage IM used for simulation are the same as given in section 11.2.2. 
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Ch~pt~r 11: ~ode/ling of A Three Phase PWM Inverter fed J.M. Drive 
TABLE 11.3. Lme to Lme voltage and stator current of Three Phase HIPWM 
Inverter fed J.M. Drive for an FM In de f 33 33 . . XO . . 
No. R.M.S. R.M.5. T.H.D.** A.M.ln- Simulation R.M.S.Stator 

Stator Line Voltage Of Line to dex Time in current in Amps 
Current Vab Line M seconds for simulation 
(Amos l (Volts) Voltage time shown 

6 sec 8sec 

1 27.83 36.32 7.034 0.025 2sec 

2 31.2 51.36 4.924 0.05 2sec 

3 38.18 72.64 3.411 0.1 2sec 

4 82.38 125.8 1.788 0.3 2sec 

5 131.8 162.3 1.232 0.5 2sec 

6 181.3 192.0 0.8932 0.7 2sec 

7 229.2 217.7 0.6307 0.9 2sec 47.8 --
8 257.9 233.1 0.4517 1.1 2sec -- 53.87 

9 262.1 234.0 0.4087 1.3 2sec 

10 264.3 234.0 0.379 1.5 2sec · 

11.5 Three Phase Clipped Sinusoid P~1 Technique 

This section describes the discovery of the new PWM technique ~own as Three Phase 

CSPWM technique. This is explained below: 

In this method the modulating three phase ac signal at the inverter switching frequency 

fm Hertz is clipped at desired voltage levels using zener diode clippers with breakdo\vn 

voltages +Vclip and -Vclip placed back to back in series. The resulting three phase ac 

clipped sine wave at the frequency fin Hertz is compared with triangular carrier wave 

using op.amp. comparators in each of the three phases. The resulting PWM gate pulse 

for each of the three phases and _their respective inverted gate pulse drives the respective 

upper and lower semiconductor switches in each of the three phases .. The definition for 
· .. 

A.M. Index and F .M. index are the same as given by equations 11.1 and 11.2. The peak 

397 



Ch~pter 1~: Modelling of A Three Phase PWM Inverter fed J.M. Drive 
value of the chpped sme wave Am is measured at the center of the half cycle i.e. at the 
interval Tm /4 where Tm is the period 1 /fm seconds. 

11.5.1 Modelling of Three Phase Clipped Sinusoid PWM Inverter fed IM Drive 

The interactive model of the three phase CSPWM inverter fed IM drive is shown in 

Fig.11.17. The various dialog boxes are shown in Fig.11.18. The subsystem for the 

dialog box "Three phase sine wave clipper" is shown in Fig.11.19. The other 

subsystems corresponding to the dialog boxes ''Triangle Carrier Generator", "Three 

Phase Voltage Source Inverter", "Three Phase IM in Stationary Reference Frame" and 

"Mechanical Load for Three Phase IM" are the same as for three phase sine PWM 

inverter fed IM drive discussed under section 11.2.1. Fig.11.19 corresponds to the 

dialog box ''Three Phase Sine Wave Clipper'' in Fig.11.18. The model for the Three 

Phase Sine Wave Clipper is explained below: 

Referring to Fig.11.19, the three input mux with Function blocks F cn2, F cn3 and F cn4 

generate the modulating three phase ac with a peak value of 20 volts and frequency fm 

Hertz corresponding to the switching frequency of the inverter. Referring to Fcn2 block 

corresponding to Phase R, Fcn2 output is given to the u(2) and u(3) inputs of Switch3 

and also to u(l) and u(2) inputs of switch4. The constant block with the clip voltage 

value +Vclip is given to the u(l) input of Switch3 and the inverted -Vclip is given to 

the u(3) input of Switch4. The output of Switch3 and Switch4 are given to u{l) and 

u(3) input of switch5. The Fcn2 output is given to the u(2) input of Switch5. Switch3 

and Switch4 have a threshold value of +Vclip and -Vclip respectively. The threshold 

value for switch5 is zero. All these threshold switches output u(l) when the u(2) input 

is greater than or equal to the threshold value, else the output is the u(3) input. Similar 

connections and threshold values apply for switches 6, 7and 8 in Phase Y and Switches 

9, 10 and II in Phase B. 

The triangle carrier generator model generate ~ carrier frequency fc of 2 kHZ. For any 

other carrier frequency fc Hz, the help file. shown in Fig. l 1.4(H) can be used. 

398 



V
J 

\0
 

\0
 

Th
ree

 Ph
ase

 
Sin

e 
Cli

pp
er 

Th
ree

 Ph
ase

 
Vo

ltag
e 

So
urc

e 
Inv

ert
er 

Th
ree

 Ph
ase

 VS
I 

Tri
an

gle
 

Ca
rrie

r 
Ge

ne
rat

or 

TH
RE

E P
HA

SE
 SI

NE
 CL

IPP
ER

 T
RIA

NG
UL

AR
 CA

RR
IER

 GE
NE

RA
 TO

R 

M
ec

ha
nic

al 
Lo

ad
 

for
 

Th
ree

 P
ha

se 
I.M

. 
[t_

rne
ch]

 

Go
to 

Th
ree

 Ph
ase

 IM
 M

od
el 

cl i
 pp

ed
si n

ep
wn

 Ii n
ev

olts
 

To
 W

ork
spa

ce 
11

 
°1 

I 
T .H

.D.
 O

F L
INE

 TO
 LI

NE
 VO

LT
 AG

E 

D
 ,

--
-,

 1 11 cl
ipp

ed
sin

ep
wn

sta
tor

cu
rre

nt 
:
g
r
~
 

To
 W

ork
spa

ce2
 

I [
 

~JI 
0 1 I

 

I sign
al 

nn
s rl

 LINE V
OL

TA
GE

( R
MS

) 

..
_

_
_

_
_

_
_

_
_

_
_

i
 

11
 

° 11 
·I

 •
 STAT

OR
 CU

RR
EN

T (
RM

S 
ll 

. 
111

11 
-

I rm
s 

sig
na

l 
Sc

op
e3

 Co
ntin

uo
us

 

po
v.e

rgu
i 

FIG
.11

.17
: T

HR
EE

 PH
AS

E 6
0 H

Z C
LIP

PE
D S

INU
SO

ID 
PW

M 
INV

ER
TE

R F
ED

 l.M
. D

RIV
E 

g -§ ~
 .... ~
 

~
 .. ~ ~ ;::::
 ..... ~
 
~
 
~
 

~
 

~ ~ ~ ~ ~ ~
 ~ ~
 

~ ::t. ~ ~
 
~
 

~
 ~
 
~
 

::!.
 

~ 



~
 

0 0 

\il
it:

u.
 

li!k
?S.

1 
Tr

iil
rg

lc 
Cc

rri
or

 G
cn

or
:it

or
 (

n~
I<

)
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
.
 

Th
o 

hi
lin

gb
 ::

:er
rb

r w
:i1

ro 
w

lh
 fr

cq
.1c

nc
y 

fo
 H

o1
h: 

.;:i
nd

 iM
t~

 .::1
 p

:::
ek

 o
f 

1 
10

 V
ot

3:
 ~
O 

"T
l -

:.
TI

~ 
vo

lt;
 p

·i:
) is

 g
en

er
at

ed
 by

 l
nt

er
p~

ic
n 

Jf 
tre

 ~
QJ

ar
e 

11
d;e

 
Er

te
f t

"le
 c

rn
pli

lud
e 

01 
the

 
Sq

u:
ire

 w
cv

e 
\'S

Q
rr

. 
fre

:iL
.en

c,1
 o

f :
he

 c
a1

rie
r v

.ia
ve

 fc
 n

H
er

lz
. 
En
te
rt
~e
an
~i
tu
d3
 o

f 
C

l 
E r

te
t h

e 
va

lue
 o

: th
e 

sn
e 

cli
r: 

vo
lla

ge
 in

 V
all

s 
:ir

d 
th

!l 
lr

ec
iu

en
~ 

of 
th

3 
ol

ip
pe

d 
an

• 
\Y

cY
& 

no
du

la
tir

g 
cig

n:
il 

in 
H:

1rl
:?.

 I
I v

ol
p 

c 
:h

e 
va

ue
 e

nl
er

ed
, 

If n
::r 1

 d.1
11 

iru
.J::

:x 
i:.: 

v ..
;li..

1 !
1 J

. 

th:
1 

;q
..i

cr
e p

..i
lte

 v
tq

m
, i

rte
;1

ra
ti:

>r
 o

::>
rc

t:i
rt 

c, 
=u

nd
icn

 o
on

¢t
an

l h
1 

air
d 

m
ul

tp
lo

at
io

n 
1..:

ur1
+ld

11l
 l<

.2 
:1:.

: µ
..

1~
li

vt
:i

rl
t:

Jt
l:

> 
Tt

t:
:~

t:
 1.

.:u1
1+

ldr
1I:

; .
,.

.~
11

, 
w,

 l<.
1 

di
d 
~
2
 y:

::1r
 t:l

dl::
:11

.:c:
11i

1:1
1 

wa
ve

 A
11:

h t
re

q..
ien

cy
 tc

 H
eit

z a
nd

 am
r:h

tud
e 
~L

 V
ol

:s
lo

ea
~ 

to 
Je

ak
 I. 

Pr
es

s 
re

lp
 to

r 
de

ta
ilt

. 
N

O
T[

: 
Tl 

I[
 .A

CT
U.

AL
 A

. "1
. 1

1~
[1

[>
( 

'vV
'IL

 0
[ 

Tl 
IC 

[l
fl

[l
(C

 c
ur

w
.L

U
: 

.... c
lii:

 er
 

TH
E 

M
CD

UL
6T

IN
3 

SI
NE

 W
A\

'E
 D

M
DE

D 
3Y

 T
EN

 ( 
vc

ip
 1·

 0
 ).

 T
H

: =
.t..i

. IN
CE

X 
W

I L
l 3

 E P
c I

 =r
n1.

 P
·e

;s
 H

 3IP
 b

r d
etc

ils
. 

..a
,, 

..a
,, . ..a
,, 

[n
te

r l
he

 \'
ou

e 
of 

lh
c 

Cl
ip 

\'o
to

gc
 L

ev
e 

in 
V

ob
 

11
5 

E n
l.::1

 lh
.:: 

r t:4
ut:

:m
..:_

!I 
ur 

Iii.
:: 

I n
 .. u
ul

d.
ir 

y 
1..:

li,.i
1.1

t:J 
~i

r t
:: 

Nd
V::

:I 
+i1

:r l
dl 

r I ,
 1:

11 l
! 

GJ
 

I 
.Q

K 
'-

-
-
-
--

h-
an

ce
l 

.!je
lJ 

Er
te

· t
he

 ir
tia

l v
al1

e 
an

d 
fin

al 
11c

lua
o o

f t
im

e i
n 
1t

ec
on

d~
 a

nd
 f

ie
 

co
·r

c:
~p
on
di
ig
 h

i6
ol

 0
1c

 f
hd

 vo
l.

Jc
~ 

of
 m

ec
ho

1i
co

l 
oo

d 
i11 

t~
 v1

-n
ete

·s
 in

 tr
e 

:1i
:pr

ip1
ia:

e b
ox

 p
ro

\'id
ed

. 
Pu

t a
 11

i1L
.s 

~i
gn

 ta
 

fhP
. l

n;
d 

lnr
 rr

nf
nr

 n!'
.J 

Ar
.lin

'l 
A

ni
 ,
lu

~ 
~i

on
 fo

r l
hP

. !
'.JP

.OF
'f ~
·i

ru
 

ilO
:im

. 

::n
tcr

 f
ie

 in
ito

l t
in

e 
ir 

3:
:co

nd
> 

jo :n
tc

:r 
~"

IC
 ri

o1
lti

m
ei1

HC
C0

1l
d+

 

12 :n
tt1

 lh
.:: 

ini
lic:

il V
dll

-t:
 u

r h
JdU

 in
 N

lf'·
lll

t:.t
:I:>

 
1-c ::n

lt:
I 
~I

" 
rr1

dl 
... d

U
l:l

 ur
 U

dU
 ir1

 N
w

·11
1::

l1:
11~

 

1-c 

l
~

_.
I 

k'.
:ir

ce
l 

.!:!
.el

p 

co
 

P~·
nmP.

ti=r
~ 

.. 
li

mt
m!

jf
lf

o!
MJ
4l

j@
§f

a¥
i~;

-
4 

!.lJ
iil

 
E '

ll&
r t

h:
i 1

\m
p i

tu
de

 o
f :

he
 S

 q.1
are

 'r
\a

"e
 in

 V
ol

le 

1::0
.4

 
-

E '
lie

r t
h::

: F
 ro

q..
icn

oy
 o

f t
he

 T
 1.:

:1i
'lsl

o C
ilrr

io1
 'y

/ e
ve

 in
 H

 cr
tz 

l_:!
e3

 
C

 itc
r t

h::
; h

1t
eg

re
ta

 C
o1

&
01

t c
 

lc.
00

01
 

E ·
 1l1:1

1 l
h::

: F
U' 

11.
:liu

r 1
 C..

11 
:.:l

:tr
 l 

I<. 1
 

119
 

E ·
 1l1:1

1 l
h:

: t
A u

lli,
Jll

.:e
1li

ur 
1 C

..11
 ~l

:1
r 

l 1
,2 

IC
.52

GJ
 

I 
QK

 
'-
~
 

!;.:
:1n

o::
:I 

Th
ee

 =>
ha

;e 
VJ

lta
oe

 S
ou

c3
 ln

ve
·te

r f
ma

s<
.)-

-
-
.
,
,
-
-
-
-
-

E "
lte

r t
h3

 D
C 

Lil
i<.

 './
 olt

ao
3 

n 
'./ o

lt:.
 T

he
 fr

3c
ue

nc
y 

ol 
the

 in
ve

rte
r 

ic 
frn

 H
ert

:: 
.,,.

.hi
ch

 ii
 th

e 
fr:

1c
ue

n::
:y 

o:
 th

e 
rro

du
la

tn
g 

cl
ip

pe
d 

cn
e 

\f\l
d\"

t: :
.:iy

rld
l. 

P<
:ra

m
ete

r(
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

[n
be

r t
h:

 D
C 

Li
nk

 V
ol

t:i
se

 in
 V

ol
h 

l2
s~

 

.c
~r

:P
.I

 
~r

ri
i,

J 

T
he

e 
=>

h.;
:ie

olM
 M

od
el 

nS
t.:

:1
to

n.
::1

·y
Rc

fc
rc

nc
oF

·.::1
mo

 l
m:

::
i~

1k
)-
-
-
-
-
-
-
-
-
.
 

E1
tcr

 th
::: 

St
ilt

or
 =

lc3
Dt

iln
oo

 e
nd

 L
oil

k,:
:ig

o R
~e

ot
.:

:l
no

o,
 R

ot
or

 =
lc3

Dt
iln

oo
 .:

nd
 L

oil
l<.

.::i
go

 
Ae

ac
1a

nc
' 1

ef
er

ed
 ID

 3
 t:1

tor
, Iv

 u1
ua

l 1
ea

c:a
nc

e 
Je

tVo
1e

en
 S

ta
:o1

 a
'ld

 R
 0:

01 
cil

 p
e·

 
oh

as
e 

va
lue

. N
un

be
t o

f P
ele

> 
an

:I 
ca

nb
ine

d 
M

or
re

nt
 o

fln
3r

lia
 o

l F
ol

or
 a

"lc
 L

oa
d 

in 
t~

e 
ap

p1
op

ria
te 

un
l i

n 
fie

 l:
ox

 i:
ro

vi
de

d.
 

P;
=r

~P
.t

P.
r~
-
-
-
-
-
-
-
-
-
-
-
-
-
-
,
-
-
:
-
:
:
=
=
=
=
=
=
=
=
=
=
=
-
--

i 

En
ler

 tr
e 

St
ab

r R
:1

t:i
cta

no
e 

i1 
Oh

m
e 

pe
r P

h:
ic

e 

10
.:2

6:
" 

.. 
En

ler
 tr

e 
Ro

to
r =

lec
io

tan
oe

 re
fer

r:1
c 

to 
St

at
er

 i1
 O

hm
e 

pe
r P

h:
ic

e 
10

.07
64

 
En

ter
 tr

o 
S 

t.::l
t:>

r L
c.;

:i{
eg

c 
R

oo
ck

nc
o 

in 
Oh

m
3 

p:
::r 

Ph
oo

c 

1~
:i1

.15
 

" 
n 

-

C1
1te

r t
l·e

 n o
tor

 _
c:o

ko
;1c

: r
 eo

ct
o i

ce
 re

:e1
re

d 
:o

 0
 lo

to
r i

n 
Oh

m
$ 

p:
r r

h&
c:

 
10

.21
45

 
Er1

1ti1
 ll

t:M
..i

lu
d 

Rt
::
1L
lc
:r
11
.:
t:
l.
J.
::
lw
t:
~:
m 
~
l
d
u
 d

r1J
 R

Ll
u 

i11
Ol

11
1s

1J
t: 

Pl
id
~:

:: 

1s
.O

J4
 

En
ter

 tl"
e 

Nu
m

be
r o

f P
Jle

s 
14

 En
ter

 tl"
e 

A 
ate

d A
 "l!;

;U
l:ir

 F
re

qu
en

c}
 c

i t
"le

 M
 a:

l"i
n'

 R
ad

ian
s p

er
 ;e

:c
nd

 
l2

·1.1
i·:

>c
 

En
ter

 tl"
e c

or
rb

ine
d 

'1'1
.1. 

of
 A

ot
Jr

 a
nd

 L
o
~
 n

 K
g·

n •
 2 

12
.5

 

I 
.Q

K 
I 

~c
:r

11
.:

t:
I 

!:!
.tiµ

 
a
µ
µ
~
 

~
 

~
 
~
 ... """"
' 

""""
' .. ~ ~ ;::::
: .... ~
 
~
 

~
 

~
 

~ ~ ~ a ~ ~ ~ ~
 

~ ::t. ~ ~
 

~
 

~
 

~
 
~
 

::! •
 

~ 



~
 

0 -

I v
c
li
p

 

c 

I 2
0

 
I 

I 
C

o
n

s
 ta

n
 

\2
"'

p
l ..

 fm
 l 

• 
C

c
s
;t

a
n

t3
 I 

..,. 
C

lo
c
k
 

I I 
• 

' 
~
 

- -
_.., 

f(
u

) 
I 

-
I 

-
F

c
n

2
 

- - -
-

I 
f(

u
) 

I 
-

I 
I 

- -
F

c
n

3
 

- - -
f(

u
) 

t-
F

c
n

4
 

=1
G

.1
1.

19
 

-
I 

-
I 

-
I 

- - -
S

w
lt

c
h

3
 

-
I 

-
S

w
lt

c
h

4
 

-
-

- -
I 

I 
-

I 

- - S
w

lt
c
h

6
 

- - -
I 

-
I 

-
-

- S
w

it
c
h

7
 

-
-

-
I 

-
I 

-
I 

- - S
w

lt
c
h

9
 

- - -
I 

-
I 

-
-

- S
w

it
c
h

1
0

 

I I 

-
S

w
lt

c
h

5
 

c 
2 

O
u

t2
 

- -
·"'-

-
- -

I 
. 
-, 

- - S
w

lt
c
h

8
 

( 
4 

~
 

~
 
-

O
u

t4
 

- -
·"

-
- -

I 

- -
-

S
w

it
c
h

1
1

 
~
 

( 
b 

,, 
-

O
u

t5
 

- - - -
l-:s

4 
~
(
 

1 
: 

c.
, 

-
~
 

O
u

 - - -
f 

- J-
:~l

 
:-

( 
~
 

: 
0

1
 - - - - 1-:

sG 
( 

6 
J O

u
t6

 
..... 

g {;
 ~ ,,,,,.
 

,,,,,.
 .. ~ ~ ::::: ~·
 

~
 • ~ ~ ~ ~
 

~ ~ "'O
 ~ ~ ~ ~ ... ~ ~ ~ ~
 

~
 .. .... ~ 



Chapter 11: Modelling of A Three Phase PWM Inverter fed LM. Drive 
11.5.2 Simulation Results 

The simulation results of the Three Phase 60 Hz CSPWM Inverter fed IM drive using 

odelSs(stiff/NDF) solver are shown in Fig.l l.20(A) to (E) and in Fig.1 l.21(A) to (E) 

for a.m. indices M of 0.9 and 1.1 respectively, with F.M. index maintained at 33.33 .. 

The simulation results for all the a.m. indices less than and greater than one are 

tabulated in Table 11.4. The data for the 20 hp, 220 volts, three phase, 60 Hz, 4 pole 

star connected cage IM used for simulation are the same as given in section 11.2.2. 

11.6 Comparison of the Total Harmonic Distortion of Line to Line Voltage of 

Three Phase Inverter by Various P\~1 Techniques 

Tables 11. l to 11.4 gives the magnitude of line to line voltage and the T.H.D. of Line to 

Line Voltage of Three Phase Inverter by SINE, THI, HI and CS PWM techniques. A 

Graph of the plots of Line to Line Voltage magnitude and its T.H.D. by the above PWM 

techniques are shown in Fig.11.22 and Fig.11.23 respectively. 
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TABLE 11.4: Line to Line voltage and stator current of Three Phase CSPWM 
Inverter fed I.M. Drive for an F.M. Index of 33.33. 
No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 
I 

R.M.S. R.M.S. T.H.D.** A.M.ln- Simulation R.M.S.Stator 
Stator Line Voltage Of Line to dex Time in current in Amps 

Current Vab Line M seconds for simulation 

w 
C) 
<( 

(Amps) (Volts) Voltage time shown 
6 sec 8 sec 

27.71 37.26 6.509 0.025 2sec 

31.04 52.69 4.549 0.05 2sec 

39.57 74.47 3.143 0.1 2sec 

90.85 129.0 1.621 0.3 2 sec 

144.9 166.5 1.102 0.5 2sec 

197.3 197.1 0.7801 0.7 2 sec 

243.0 223.4 0.539 0.9 2sec ... 52.67 

259.2 233.9 0.4392 1.1 2sec 53.1 .... 

259.4 233.9 0.4379 1.3 2 sec 

259.3 233.9 0.4397 1.5 2sec 

COMPARISON OF LINE TO LINE VOLTAGE FOR VARIOUS PWM TECHNIQUES 
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COMPARISON OF LINE TO LINE VOLTAGE T.H.D. BY VARIOUS METHODS 
8.--~~~~~~~-.--~~~~~~~-.-~~~~~~~-
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11. 7 Conclusions 

The models for three phase SINE, THI, HI and CS PWM techniques have been 

successfully developed and the simulations results are presented. It is seen from 

Fig.1 l .5(D) and (E) that for an a.m. index of 0.9, the three phase SINE PWM inverter 

has a peak value of 222.9 volts for the fundamental which agrees with the formula given 

by equation 11.3. Also comparing the fifth and seventh harmonic contributions of the 

line to line voltage of the plain three phase 180 degree mode inverter shown in 

Fig.4.6(I) in Chapter 4, with that of the same harmonic contributions of the three phase 

SINE, THI, HI and CS PWM Inverter for a.m. index of 0.9 and 1.1 shown in 

Fig.11.5(E), 11.6(E), 11.1 O(E), 11.11 (E), 11.15(E), 1l.l6(E), 1 l .20(E) and 11.21 (E) 

reveals that these harmonics are well suppressed in the later category of PWM inverters. 

Thus by modelling and simulation technique, it is confirmed that the higher order 

harmonics in the line to line voltage are well suppressed in the three phase PWM 

inverters as compared to three phase 180 degree mode plain inverter. Fig.11.22 and 

11.23 also shows that the three phase CSPWM technique which is newly discovered is 

better than three phase SINE, HI and THI PWM techniques from the point of view of 

the magnitude and T.H.D. of the line to line voltage of the three phase inverter. 
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Chapter 12: Modelling of Three Phase Three Level Inverters 

CHAPTER12 

MODELLING OF THREE PHASE THREE LEVEL 

INVERTERS 

12.1 Introduction 

Multilevel inverters were proposed to obtain higher output voltages without the use of 

step up transformer closely following a sinusoidal waveform. Additionally the 

harmonic content in the output voltage waveform is greatly reduced in comparison with 

conventional two level inverters [ 66-71 ]. Hence they find wide applications in 

STATCOMs, ASDs etc. This chapter describes the modelling of three phase Diode 

Clamped Three Level Inverter ( DCTLI ) and the three phase Flying Capacitor Three 

Level Inverter (FCTLI). The highest number of levels obtainable with Diode Clamped and 

Flying Capacitor Multi Level Inverters are limited by factors such as the number and voltage 

ratings of the clamping diodes and that of capacitors respectively. In general if m is the number 

of voltage levels in the phase to ground voltage of the three phase multilevel inverter, then the 

number of voltage levels in the line to line voltage will be ( 2.m - I ) and the number of 

switching pulses will be 6*( m - I ) [ 67 - 69 ]. Thus for a three phase three level inverter, the 

number of voltage levels for the line to line voltage will be five and the number of gate pulses 

required ( i.e. semiconductor switches ) will be twelve. 

12.2 Three Phase Diode Clamped Three Level Inverter 

The circuit schematic of the three phase 50 Hz DCTLI is shown in Fig.12.l(A) using 
I 

MICROCAP7 software. There are four switches per phase, two at the top leg and two at the 

bottom leg. Two diodes in series are connected in between the top and bottom switches. The . 

two capacitors at the input act as potential divider. The DC input voltage is V de volts. 

The simulation results for the three phase line to ground and line to line voltages are 

shown in Fig.12.l(B). As can be seen from Fig.12.l(B), the line to ground voltage has 

three voltage levels and line to line voltage has five voltage levels. ~ 
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Chapter 11: Modelling of Three Phase Three Level Inverters 

12.2.1 Modelling of Three Phase Diode Clamped Three Level Inverter 

The model of the three phase DCTLI is shown in Fig.12.2. The dialog boxes are shown 

in Fig.12.3. The various subsystems are shown in Fig.12.4(A) and (B). A brief 
description of the various subsystems are given below: 

Fig. I2.4(A) corresponds to the dialog box ''Three Phase DCTLI Gate Drive" shown in 

Fig.I2.3. The switching frequency of the inverter in Hertz is entered in the box 

provided. The output of gate drives marked out2, out6, out9 and out12 in Fig.12.4(A) 

corresponds to the switches QI, Q2, Q3 and Q4 in Fig.12.l(A). Similarly the outputs of 

gate drives marked outl, out5, out8 and outlO corresponds to switches QS, Q6, Q7 and 

Q8 and the gate drive outputs marked out3, out4, out7, outll corresponds to switches 

Q9, QIO, QI I and Ql2 in Fig.12.l(A). The switching table for the switches QI, Q2, 

Q3 and Q4 in Phase R is shown in TABLE 12.1. The same table can be used for 

switches in Phases Y and B by replacing QI, Q2, Q3 and Q4 by Q5, Q6, Q7, Q8 and 

also by Q9, QIO, Qll and Ql2. The point of start of the appropriate phases may be 

noted from the remarks column of Table 12.1. If d is the time delay between any two 

neighbouring consecutive states in Table 12.l, then this delay dis n 16 radians. Table 

12.1 is implemented as shown in Fig.12.4(A) using Pulse generator block. The ampli-

Table 12.1 

Qt Ql QJ Q4 Vrg REI\IARKS 
1 1 0 0 +Vdc/2 R Phase start 
1 1 0 0 +Vdc/2 
1 1 0 0 +Vdc/2 
0 1 1 0 0 
0 1 1 0 0 B Phase Start 
0 1 1 0 0 
0 0 1 1 -Vdd2 
0 0 1 1 -Vdd2 

0 0 1 1 -Vdc/2 Y Phase Start 

0 1 1 0 0 

0 1 1 0 0 
0 1 1 0 0 
1 1 0 0 +Vdc/2 R Phase Start 

For next cycle 
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C;hapter 12: Modelling of Three Phase Three Level Inverters 
tude of all the pulses m the pulse generator block is set to 1 and the period is set to 

[1 I fsw], where fsw is the switching frequency of the inverter. The phase delay for 

each of the switches in Phase R, Y and Bare tabulated in Table 12.2. Switch names are 

in Fig.12.l(A). 

TABLE 12.2 

SI.No. Switch Phase Switch Phase Switch Phase 
Phase R Delay PhaseY Delay PhaseB Delay 

Seconds Seconds Seconds 
1 Ql 0 QS 4/(12.fsw) Q9 8/(12.fsw) 

2 Q2 9/(12.fsw) Q6 1/(12.fsw) QlO 5/(12.fsw) 

3 Q3 3/(12.fsw) Q7 7/(12.fsw) Qll 11/(12.fsw) 

4 Q4 6/(12.fsw) Q8 10/(12.fsw) Q12 2/(12.fsw) 

Fig.12.4(B) corresponds to the dialog box "Three Phase DCTLI Unit" in Fig.12.3. Here 

the de link voltage is entered in volts in the box provided. The model of the 

semiconductor switches shown in Fig.12.l(A) is implemented using threshold switches 

and summing blocks as shown in Fig.12.4(B). The switches QI, Q2, Q3 and Q4 in 

Phase R is implemented as per Table 12.1, according to the following modelling 

statement: 
If (gate pulse for Ql is HIGH AND Q2 is HIGH) then 

Output Vrg = + V dc/2 

Else if(gate pulse for Q2 is HIGH AND Q3 is HIGH) then 

Output Vrg = 0 

Else if (gate pulse for Q3 is HIGH· AND Q4 is HIGH) then 

Output Vrg = -V dc/2 

End if 

Similar modelling statements holds good for switches in Phase Y and B. The AND gate 

is implemented using threshold switch as shown in Fig.12.4( C ). Jn Fig.12.4(C), the 

u(l) and u(2) are the inputs A and B with either Logic 0 or 1 value. The u(3) input is 

the ground or logic O. The threshold value of the switch is 0.5. When u(2) is greater 

than or equal to threshold value, the out put correspond to u(l) input, else the output is 

the u(3) input. Thus Fig.12.4( C) implements the AND gate. This AND gate principle 
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Chapter 12: Modelling of Three Phase Three Level Inverters 
is used in Fig.12.4( B ). Referring to threshold switches from top to bottom on the 

extreme left of Fig. l 2.4(B), The top switch performs AND operation of the gate pulse 

for Q 1 and Q2, the middle switch performs AND operation of the gate pulse for Q2 and 

Q3 and the bottom switch performs AND operation of the gate pulse for Q3 and Q4. 

The top, middle and bottom switch outputs on the extreme left are given to u(2) inputs 

of the second column of the top, middle and bottom switches. The u(l) inputs of the 

top, middle and bottom switches in the second column are +Vdc/2, zero and -Vdc/2 

respectively, while their u(3) inputs are all zeros. All these switches have a threshold 

value of 0.5 and output u(l) when u(2) input is greater than or equal to threshold value, 

else the output is the u(3) input and performs the modelling statement given above. The · 

switches for Phase Y and B are developed in the same way. . 

12.2.2 Simulation Results 

The simulation results of the line to line voltage, line to ground voltage, RMS value of 

line to line and line to ground voltage and their T.H.D. are shown in Fig.12.5(A) for a 

three phase 60 Hz DCTLI using ode15s(stiff/NDF) solver. The DC link voltage is 381 

volts. The harmonic spectrum of line to line voltage is shown in Fig.12.5(B) and (C) 

respectively. 

12.3 Three Phase Flying Capacitor Three Level Inverter 

The circuit schematic of the three phase 50 Hz FCTLI is shown in Fig.12.6(A) using 

MICROCAP7 software. There are four switches per phase, two at the top leg and two 

at the bottom leg. The capacitor connecting the switches in each of the three phases is 

called the flying capacitor. The two capacitors at the input act as potential divider. The 

DC input voltage is Vdc volts. The simulation results for the three phase line to ground 

and line to line voltages are shown in Fig.12.6(B). As can be seen from Fig.12.6(B), the 

line to ground voltage has three voltage levels and line to line voltage has _five voltage 

levels and there are twelve gate pulses i.e. semiconductor switches. 
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Chapter 12: Modelling of Three Phase Three Level Inverters 

12.3.1 Modelling of Three Phase Flying Capacitor Three Level Inverter 

The model of the three phase FCTLI is shown in Fig.12. 7. The dialog boxes are shown 

in Fig.12.8. The subsystem is shown in Fig.12.9. A brief description of the subsystem 
is given below: 

Fig.12.9 corresponds to the dialog box "Three Phase FCTLI and Gate Drive Unit" 

shown in Fig.12.8. The DC Link voltage in volts and the switching frequency of the 

inverter in Hertz are entered in the boxes provided. The output of gate drives marked 

from Ql to Ql2 in Fig.12.9 corresponds to the switches QI to Q12 in Fig.12.6(A). 

The switching table for the switches QI, Q2, Q3 and Q4 in Phase R is shown in TABLE 

12.3. The same table can be used for switches in Phase Y and B by replacing QI to Q4 

by QS to Q8 and Q9 to Q12 in the respective order. The point of start of the appropriate 

phases may be noted from the remarks column of Table 12.3. If d is the time delay 

· between any two neighbouring consecutive states in Table I2.3, then this delay d is 

n 16 radians. Table 12.3 is implemented as shown in Fig.12.9 using Pulse generator 

blocks, marked Gate Pulse Generator in Fig.12.9. The amplitude of all the pulses in all 

the pulse generator blocks is set to I and the period is set to [I I fsw], wherefsw is the 

switching frequency of the inverter. The phase delay for each of the switches in Phase 

R, Y and B are tabulated in Table I2.4. Switch names are in Fig. I2.6(A). 

TABLE 12.3 

Q3 Q4 Vrg .. REI\IARKS Ql .. Q2 ' 1 1 0 0 +Vdc/2 R Phase start 
1 1 0 0 +Vdc/2 
1 1 0 0 +Vdc/2 
1 0 1 0 0 
1 0 1 0 0 B Phase Start 
1 0 1 0 0 
0 0 1 1 -Vdc12 
0 0 1 1 - Vdc/2 
0 0 1 1 - Vdc/2 Y Phase Start 
1 0 1 0 0 
1 0 1 0 0 .. ·• 

1 0 1 0 0 
1 1 0 0 +Vdc/2 R Phase Start 

For next cvcle 
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Chapter 12: Modelling of Three Phase Three Level Inverters 
TABLE 12.4 

SI.No. Switch Phase Switch Phase Switch Phase 
Phase R Delay Phase Y Delay Phase B Delay 

Seconds Seconds Seconds 
1 QI 9/(12.fsw) QS 1/(12.fsw) Q9 5/(12.fsw) 

2 Q2 0 Q6 4/(12.fsw) QIO 8/(12.fsw) 

3 QJ 3/(12.fsw) Q7 7/(12.fsw) Qll 11/(12.fsw) 

4 Q4 6/(12.fsw) Q8 10/(12.fsw) Q12 2/(12.fsw) 

Three phase FCTLI switches are implemented using threshold switches and summing 

Fen blocks, as shown in Fig.12.9. The switches QI to Q4 in Phase R is implemented 

as per Table I2.3, according to the following modelling statement: 

If(gate pulse for QI is HIGH AND Q2 is HIGH) then 

Output Vrg = + V dc/2 

Else if (gate pulse for QI is IDGH AND Q3 is HIGH) then 

Output Vrg = 0 

Else if (gate pulse for Q3 is IDGH AND Q4 is IDGH) then 

Output Vrg = -V dc/2 

End if 

Similar modelling statements holds good for switches in Phase Y and B. The AND gate 

is implemented using threshold switch as shown in Fig.I2.4( C ), which is already 

explained in section 12.2.1. This AND gate principle is used for the three phase FCTLI 

switches in Fig.12.9. Referring to threshold switches from top to bottom on the extreme 

left of the position marked "Three Phase FCTLI Switches" in Fig.12.9, the top switch 

performs AND operation of the gate pulse for QI and Q2, the middle switch performs 

AND operation of the gate pulse for Q 1 and Q3 and the bottom switch performs AND 

operation of the gate pulse for Q3 and Q4. The top, middle and bottom switch outputs 

on the extreme left are given to u(2) inputs of the second column of the top, middle and . 

bottom switches. The u(I) inputs of the top, middle and bottom switches in the second 

column are +Vdc/2, zero and -Vdc/2 respectively, while their u(3) inputs are all zeros. 

All these switches have a threshold value of 0.5 and output u(l) when u(2) input is 
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Chapter 12: Modelling of Three Phase Three Level Inverters 
greater than or equal to the threshold value, else the output is the u(3) input and 

performs the modelling statement given above. The switches for Phase Y and B are 
developed in the same way. . 

12.3.2 Simulation Results 

The simulation results of the line to line voltage, line to ground voltage, RMS value of 

line to line and line to ground voltage and their T.H.D. are shown in Fig.12.lO(A) for a 

three phase 60 Hz FCTLI using ode15s(stiff/NDF) solver. The DC link voltage is 381 

volts. The harmonic spectrum of line to line voltage is shown in Fig.12.lO(B) and (C) 

respectively. 

12.4 R.M.S. Value and Harmonic Analysis of the Line to Line Voltage of Three 

Phase Three Level Inverter 

The line to ground voltage of the three phase three level inverter is defined below: 

Vik 
Vig=+- for O~ax~Tr/2 

2 

- 0 for 11"12 ~ cd ~ 1T: 

and for 311"12 ~ oX ~ 21': 

Vd: 
1T: ~ cd 5:,. 311"12 (121) = -- for 

2 

Vd: 
J}g =+-

2 
for 21113 5:,. oX ~ 710'6 

= 0 for w6 ~cd ~210'3 

and ··for 710'6 ~ oX ~](hr 16 

Vd: 
for J(W6 ~ oX ~ 1310'6 (12.2) = 

2· 
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Subtracting equation 12.1 from equation 12.2, the equation for Vry can be defined as 
follows: 

Vry =+Vdc for 0 < wt < 1Cl6 

Vdc 
=+- for 1Cl6 < wt < rc/2 

2 

and for 101Cl6 < wt < 2n: 

=O for 1Cl2 < wt < 21Cl3 

and for 31Cl2<wt<101Cl6 

Vdc. 
--- for 21Cl3 < wt < 1C 

2 

and for 71Cl6 < wt < 31Cl2 

=-Vdc for 1C < wt < 71Cl6 (12.3) 

The line to line voltage harmonics is derived below using Fourier series. Considering 

one half cycle of line voltage Vry in Fig.12. lO(B) or ( C) and using the equation 12.3, 

with an axis of symmetry where f (-t ) = -f (t), the Fourier expression for the nth 

harmonic line to line voltage Vryn is derived below: 

2 511112 7;r/12 . 
Von= - * [ f (Vcb' 2).sin(nmlj.d(mlj+ f · Vocsin(nmlj.d(mt) 

'JC ;r/12 . ·. 511112 
ll;r/12 

+ J (Vcb' 2).sin(nmt).d(mt)] (12.4) 
7;r/J2 

Simplifying equation 12.4, the following: 

2Vct:.cn{n.n/6) . 
V1J11 * [ C££,(1Cnl 4) - ex:£,( 31Cnl 4)] (125) 

1Cn 

.. 

The r.m.s. value of line to line voltage Vry is derived below: 
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I1I3 
2 

x I 2 5.rt I 6 
[Vry (rms)] = 1 * [ J ( Vdc I 4 ).d(ro.t) + J ( Vdc2 ).d(ro.t) + J ( Vdc2 / 4 ).d(ro.t)] 

0 x/3 x/2 

1/2 

1t ... ( 12.6) 

Vry (rms) = Vdc 
Volts ............................................................. (12.7). 

Similarly referring to the line to ground voltage in Fig.12.IO(A) and using equation 12.1 and 

noting that each transitions from one level to next are equally spaced at intervals of rr / 2 

radians, the r.m.s value of Line to Ground voltage Vrg, is given by the equation: 

Vrg(rms) = 

[ 

1t 2.1t ~1 /2 
l * [ J ( Vdc2 I 4) .d(ro.t) + J( Vdc2 I 4 ). d(ro.t) 
2.11 1t 12 3.1t / 2 

Vrg(rms)= Vdc 
Volts ................................................ ...... ( 12.8) 

Thus for a de link voltage of 381 volts, the values ofVry(rms) and Vrg(rms) works out 

to 220 volts and 134.7 volts respectively. 

Using the equation 4.18 in section 4.2.3 of chapter 4, the T.H.D. of line to line voltage 

of three phase three level inverter can be expressed as follows: 

2 

T.HD. of Vry 
(vcr;fi) 

1 = 2 ( "3. Virln) 
= 30.9°fe (12.9) 

12.5 Conclusions 

The models for three phase DCTLI and FCTLI have been successfully developed. In 

these two models the time intervals for the three voltage levels are equal. By reducing 

the time duration for the zero voltage level to a lower value compared to the other two 
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voltage levels, it is possible to reduce the T.H.D. of line to line voltage and improve its 

harmonic spectrum still further [ 70 ]. The T.H.D. of line to line voltage for the above 

conventional three phase three level inverter with equal time duration for all the three 

voltage levels is 31.08 % [ 70 ]. The T.H.D. of line to line voltage by simulation for the 

above DCTLI is found to be around 29.5% and that for the FCTLI is found to be 30% 

respectively, whereas the calculated value is 30.9%. However there is a reduction in the 

individual harmonic contributions to the line to line voltage for the various higher order 

such as seventh, as compared to the plain three phase 180 degree mode inverter shown 

in Fig.4.6(1) in Chapter 4. The R.M.S. line to line voltage displayed in Fig.12.3, 

Fig.12.S(A) for the DCTLI and in Fig.12.8, Fig.12.IO(A) for the FCTLI well agree with 

the formula given by equation 12.7. It is also seen from Fig.12.l(A) and Fig.12.6(A) 

that the voltage stress across individual semiconductor switch is reduced for a given DC 

link voltage, as compared to the plain three phase two level inverter. Appendix_ E 

provides the comparison of the simulation of the above three phase DCTLI and FCTLI 

using the demo version of the electronic circuit simulation software MICROCAP 8. 
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CHAPTER13 

CONCLUSIONS 

Chapter 13: Conclusions 

This thesis presents interactive models for power electronic converters and electric 

drives. Major fundamental topology for power electronic converters are covered. 

Similarly predominant AC drives such as three phase l.M. and PMSM models in the 

open loop are covered. The concept of switching function is used to develop the models 

for power electronic converters. These models for power electronic converter systems, 

solve the differential equations describing the behaviour of the system. The power 

electronic converter models developed by softwares such as PSIM, MICROCAP and the 

S impowerSystems block set of SIMULINK solve the equivalent circuit of the converter 

model using the sub-circuit parameters of the semiconductor component or the device 

used in this model. For three phase LM. and PMSM their dqO-axis voltage-current 

relationship is used. to develop the model. In addition, for the three phase 1.M. the dqO-

axis flux linkage equations and also the flux linkage per second equations are also used 

for developing the model. 

The user can enter the data relating to the particular power electronic converter or 

electric drive in the boxes provided for the purpose. The user can follow the 

instructions given in the dialog boxes for entering the data in the appropriate units in the 

relevant boxes provided. The user need not go into each block of the model to enter the 

data. Thus the user saves much time in testing the given power electronic or electric 

drive system. Additionally help files are also provided for SMPS and three phase .PWM 

inverter fed I.M. drive models with which the user can modify the model for any given 

switching frequency of the SMPS and for any given triangle carrier frequency: for the 

three phase PWM inverter. Thus only one model is sufficient to test any given power 

electronic and electric drive system. Thus this type of interactive models find 

applications in virtual power electronics and drives laboratories. 
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Add1t10nally harmonic analysis of the three phase two level and three level inverters are 

made with MATLAB and presented in APPENDIX A. The experimental data and 

calculations using MATLAB for the Lybotec six step inverter fed PMSM is presented in 

APPENDIX B. The Lybotec six step inverter block diagram layout is presented in 

APPENDIX C. APPENDIX D provides the pin layout of Digital Integrated Circuits 

used for the digital switching function generator discussed in Chapter 9. The model 

performance of selected power electronic converters, three phase IM and six step 

inverter fed PMSM drive discussed in this thesis are compared by simulation with 

electronic circuit simulation softwares. These are presented in APPENDIX E. 

APPENDIX F provides the literature references cited. 

13.1 Work Presented in this Thesis: 

The work presented in this thesis is summarized below: 

I. Provides interactive models for single phase full wave diode bridge rectifier, 

single phase full wave SCR bridge rectifier, three phase full wave diode 
bridge rectifier. 

2. Interactive models for three phase 180 degree mode and 120 degree mode 

inverters are presented. . The model performance is supplemented . by 

simulation using software PSPICE. 

3. Interactive models for the basic topology of the de to de converters such as the 

Buck, Boost and Buck-Boost converters in the continuous conduction mode 

are presented. 

4. Totally new and original interactive models for three phase ac to ac converters 

such as the three phase back to back connected thyristors in series with the 

lines and connected to star connected resistive load, three phase back to back 

connected thyristors in series with resistive load connected in delta to the lines 

are presented. 

5. Interactive models for three phase I.M .. to study the stator and rotor currents 

and torque transients by direct online starting using dqO-axis voltage-current 

equations, dqO-axis flux linkage equations in state space, dqO-axis flux 

linkage per second equations in state space are provided. 
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6. New and Original interactive models for PMSM drives fed by six step 

continuous current mode and discontinuous current mode inverter are 

presented. The model performance for the later type is also supplemented by 

actual experiments in the laboratory. 

7. A novel interactive circuit model for the digital switching function generator 

suitable for the three phase 180 degree mode two level inverter is presented. 

The model performance is supplemented by actual experimental investigation 

in the laboratory and also by using the software PSPICE. 

8. Interactive model for SMPS is provided. The model performance is 

supplemented by simulation using the software PSIM. 

9. Interactive models for three phase SINE, THI and ID PWM inverter fed 1.M. 

drive is presented. A newly discovered interactive model for the three phase 

CS PWM inverter fed l.M. drive is also given. The superiority of the three 

phase CS PWM inverter from the point of view of T.H.D. of line to line 

voltage compared to three phase SINE, THI and HI PWM inverters is 

established. 
10. Interactive models for three phase DCTLI and FCTLI are presented. The 

model performance is supplemented by simulation using · the software 

MICROCAP. 
11. The model performance of selected power electronic converters such as single 

phase FWDBR, FWCBR, three phase FWDBR, six step continuous and 

discontinuous current mode inverters, buck. boost, buck-boost· converters, 

three phase ac controllers in series with the lines with star connected resistive 

load and in series with resistive load connected in delta to the lines, three 

phase IM directly connected to the ac lines presented in this thesis are 

compared by simulation using the demo version of PSIM 7.0. The model 

performance of six step continuous current mode inverter fed PMSM drive 

presented in this thesis is also compared by simulation using the built in three 

phase MOSFET inverter and PMSM block in the SirnPowerSystems block set · 

of SIMULINK. The three phase DCTLI and FCTLI model performance 

presented in this thesis are compared by simulation using the demo version of 

MICROCAP 8 software .. 
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13.2 Scope for Further Future Work: 

The further future work possible in the area of modelling of power electronic converters 

and electric drives is discussed below: 

1. Modelling of three phase Diode Clamped and Flying Capacitor Three Level and 

Higher Level Inverters with improved harmonic spectrum and lower T.H.D. for 

line to line voltage as compared to conventional three phase two level inverters. 

2. Modelling of second order and fourth order DC to DC converters such as CUK, 

SEPIC and ZETA, ULTRA LIFT LUO, QUADRATIC BOOST etc. in the 

Discontinuous Conduction Mode and their applications for load Power Factor 

Correction in Power Systems. 

3. Modelling of Vector controlled three phase 1.M. drives. 

4. Modelling of Vector, Direct Torque and Hysteresis Current controlled Six Step 

Inverter fed PMSM and BLDCM Drives. 

Modelling studies on the above four categories supplemented either or both by 

hardware experiments in the laboratory and also by using electronic and electric drive 

circuit simulation software packages can be made. 
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Appendix A:Harmonic Spectrum of Line to Line Voltage of Three Phase Inverters 

APPENDIX A 

HARMONIC SPECTRUM OF THE LINE TO LINE 

VOLTAGE OF THREE PHASE INVERTERS USING 

MATLAB 

The harmonic spectrum of the line to line voltage of three phase I 80 degree mode two 

level inverter is analysed below using MATLAB. 

The equation 4.1 in Chapter 4 is modified as follows to develop the MATLAB program: 

2 [57I:/6 J bn =-* I -Vac·sin(ncot).dmt 
1T: 7I:/6 

2.Vdc [ (5nH) (mr)J = * cos -- - cos -
Hn 6 6 

for all n~l (A.I) 

The MATLAB source code for the harmonic spectrum of line to line voltage of three 

phase 180 degree mode two level inverter is given below: 

%Harmonic spectrum of line to line voltage of three phase two level 

% 180 degree mode inverter 

%v_dc is the de link voltage in per unit 
%%Narayanaswamy.P.R.lyer, Faculty of Engineering, UTS, NSW 

v_dc =I; 
%VNI is the Fourier spectrum of line to line voltage 

for N = 1:36; 

m=N; 

x(m)=m; 
VNl{m) = (2*v_dc/(pi*m))*{cos(5*pi*~6)- cos(pi*m/6)); 
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end; 

bar( abs(VN 1 ),0.125),grid;; 

xlabel('Hannonic order n'); 

ylabel('Harmonic Spectrum of line to line voltage Vn'); 

title('Hannonic Spectrum of Line to Line Voltage of Three Phase Two Level Inverter'); 

%calculation ofT.H.D. ofline to line voltage 

%VN1_1peak is the peak value of fundamental component ofVNl. 

VNl_lpeak = (-2*v_dc/(pi))*(cos(5*pi/6) - cos(pi/6)); 

VNl_lrms = VNI_lpeak/(sqrt(2)); 

% VLL _ rms is the nns value of the line to line voltage 

VLL_rms = ((sqrt(2))*v_dc)/(sqrt(3)); 

thd_percent = abs(sqrt((VLL_rms)"2 - (VNl_lrrns)"2)*100/VNl_lrrns); 

The results are given below: 

>> fftofph3twolevelinv 

>> VNI_lpeak 

VNl_lpeak= 

1.1027 

>> VNl lrrns 

VNI_lrms = 

0.7797 

>>VLL_rms 

VLL_rms= 

0.8165 
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>> thd_percent 

thd _percent = 

31.0842 

The plot of the harmonic spectrum of the Line to Line voltage of three phase 180 degree 

mode inverter is shown in Fig.A.I. 
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The harmonic spectrum of the line to line voltage of three phase three level inverter is 

analysed below using MATLAB. 

The equation 12,5 and 12.7 in Chapter 12 are used to develop the MATLAB program. 

The MATLAB source code for the harmonic spectrum of line to line voltage of three 

phase three level inverter is given below: 
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%Fourier spectrum ofline to line voltage of three phase three level 
%inverter 

%v _de is De link voltage in per unit. 

%vn 1 is the Harmonic Spectrum of Line to Line voltage. 

%%Narayanaswamy.P.R.Iyer, Faculty of Engineering, UTS, NSW. 
v de= 1· - ' 
k = 2/pi; 

forN= 1:36; 

m=N; 

x(m) =m; 

vnl(m) = ((k*v_dc*cos(pi*m/6))/(m))*(cos(pi*m/4)- cos(3*pi*m/4)); 
end; 

bar(abs(vnl),0.125),grid; 

xlabel('Harmonic Order n'); 

ylabel('Harmonic Line to Line Voltage Vnl per unit'); 

title('Harmonic Spectrum of Line to Line Voltage of Three Phase Three Level Inverter'); 

%vnl_lpeak is the fundamental component ofvnl 

vnl_lpeak = ((k*v _dc*cos(pi/6)))*(cos(pi/4) - cos(3*pi/4)); 

%to calculate t.h.d. ofline to line voltage 

vnl_rms = vnl_lpeak/(sqrt(2)); 

vll_rms = v_dc/(sqrt(3)); 

thd_percent = sqrt((vll_rms"2)- (vnl_rms"2))*100/vnl_rms; 

The results are given below: 

>> ffiofph3threelevelinv 

>> vnl_lpeak 

vnl_lpeak= 

0.7797 

>> vnl_rms 
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vnl rms = 

0.5513 

>> vll rms 

vll rms = 

0.5774 

> > thd _percent 

thd _percent = 

31.0842 

The plot of the harmonic spectrum of the Line to Line voltage of three phase three level 

inverter is shown in Fig.A.2. 
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From Fig.A. I and A.2 it is clear that the amplitude of the fundamental component of the 

three phase three level inverter is reduced as compared to three phase 180 degree mode 

two level inverter, for a given de link voltage. The amplitudes of the seventh and 

eleventh harmonics are reduced for the three phase three level inverter as compared to 

the three phase 180 degree mode inverter. 
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APPENDIX B 

PARAMETER MEASUREMENT OF L YBOTEC SIX STEP 

INVERTER FED PMSM DRIVE 

The parameters such as stator resistance Rs, stator leakage inductance Lls, mutual 

inductance between stator and rotor Lm, rotor magnet constant A.m, Moment of Inertia 

and damping constant of the rotor were measured for the 18 volts, 4 poles, surface 

magnet PMSM in the laboratory. These are given below: 

ACCURATE ROTOR INERTIA AND DAMPING CONSTANT 

MEASURE1\1ENT FOR PMSl\1 DRIVE 

The experimental set up for accurate measurement of rotor inertia and damping constant 

is shown in Fig.B.l. Here instead of tachometer for rotor speed measurement, storage 

oscilloscope is used which displays the period of the back e.m.f. of the PMSM, from 

which the speed of the rotor in electrical and mechanical radians per second is 

calculated. 

+ 
VARI-
ABLE 
D.C. 
VOL-
TAGE 

FIG. B.1 

--~R 

THREE 
PHASE y 

llP. 5lfillA 
STORAGE 
osmLOSCOPE 

IN~~ i----4-+------. 

TER 
B 

BACK E.M.F. SENSOR 
CUY GA TE PULSE 
GENERATOR 

Note: Current controller block diagram is 
not shown for clarity. 

P~iSY ROTOR DMIPIHG AND INERTIA WSUREMEKT -EXPERIMENTAL SET UP 

Tue de link voltage is initially set to 40 volts. The machine is run on NO LOAD. The 

initial reading of v de, Ide, C.R.0. back e.m.f. period( i.e. initial rotor speed ) are noted. 

The de input to inverter is switched OFF. The time to fall to various rotor speeds are 
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noted using a stop watch and by observing the corresponding period of back e.m.f. 

The time to fall to JUST ZERO speed is also noted. These are shown in the MATLAB 

program which is used to calculate the results displayed as shown below. 

The experimental set up for damping constant measurement is the same as shown in 

Fig.B.1. The PMSM is run on NO LOAD. With de link voltage of 40 volts, the 

readings ofVdc, Ide C.R.O. back e.m.f. period are all shown in the MATLAB program 

below. A graph of Power input to inverter versus square of rotor speed in mech.radians 

per second is drawn using the MATLAB program given below. This graph is shown in 

Fig.B.2 .. The X and Y coordinates are taken from this graph at various intervals and 

slopes are calculated and the average is found out which gives the damping constant D. 

The results are displayed at the end of the MATLAB program. 

%%Lybotech PMSM Experiment for refined measurement of mechanical data. 

%%Rotor speed measuremnt using tachometer eliminated by using C.R.O. 

%%back e.m.£ period measurement. 

%%Program Author: Narayanaswamy. P.R. Iyer; Faculty of Engg.; U.T.S.; NSW 

%%NO LOAD test data is used. 

%%Number of poles P for PMSM is four. 

P=4; 

Vdc = [15 20 25 30 35 40]; 

Ide= [0.042 0.039 0.039 0.039 0.040 0.044]; 

Vm= [6.2 8.5 10.66 12.7 14.95 17.09]; 

lac= [0.040 0.042 0.042 0.041 0.040 0.042]; 

CRO_bemf_period = [160e-3 116e-3 93e-3 77e-3 66e-3 58e-3]; 

%%tacho_speed_rpm= [189 258 325 389 451 517]; 

%%measurement of damping constant D 
%%wr_mech is rotor angular speed in mech.radians per second 

%%N_rpm is the rotor speed in r.p.m. 

%%P _in is power input to inverter. 

for I= 1:6 
wr _mech(I) = ( 1/( CRO _ bemf _period(I)) )*2 *pi *2 * l/(P); 

N rpm(I) = (60*wr_mech(I))/(2*pi); 
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wr _ mech _square(I) = ( wr _mech(l)*wr _ mech(I)); 

P _in(I) = (Vdc(I)*Idc(I)); 

end 

plot(wr_mech_square,P _in,'k-'); 

%%damping constant D is measured from slope. 

%%coordinates measured from plot of P _in versus wr_mech_square 

%%the coordinates of the above plots are x_val and y_val 

x_val = [2934 2266 1665 1141 733.5 385.5]; 

y_val = [1.76 1.4 1.17 0.975 0.78 0.63]; 

for J = 1:6 

damping_constantl(J) = (y_val(l)-y_val(2))/(x_val(l)- x_val(2)); 

damping_constant2(J) = (y_val(2)-y_val(3))/(x_val(2)- x_val(3)); 

damping_constant3(J) = (y_val(3)-y_val(4))/(x_val(3)- x_val(4)); 

damping_constant4(J) = (y_val(4)-y_val(5))/(x_val(4)- x_val(5)); 

damping_constant5(J) = (y_val(5)-y_val(6))/(x_val(5)- x_val(6)); 

end 

damping_ D = [damping_ constant! (1) damping_ constant2(1) damping_ constant3(1) 

damping_ constant4(1) damping_ constant5(1 )]; 

damping_ constant_D = mean( damping_ D); 

%%Rotor inertia }_approx neglecting damping constant D 

dc_input_volts = [40 40 40 40]; 

dc_input_amps = [0.043 0.041 0.042 0.043]; 

bemf_period_init = [58e-3 58e-3 58e-3 58e-3]; 

%%final rotor speed in all cases are zero. 

wr_mech_final = [O 0 0 O]; 

time= [13.62 13.60 13.91 13.53]; 

for I= 1:4 
wr_mech_init(I) = (l/(bemf_period_init(l)))*2*pi*2/(P); 

wr_mech_ratechange(I) = (wr_mech_init(I) -wr_mech_final(l))/(time(I)); 

t_em(I) = (dc_input_ volts(I)*dc_input_amps(l))/(wr_mech_init(I)); 

J_approx(I) = (t_em(l))/(wr_mech_ratechange(I)); 

end 
MI_rotor_approx = [J_approx(l) J_approx(2) J_approx(3) J_approx(4)]; 
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J_approx_avg = mean(MI_rotor_approx); 

%%Rotor inertia considering damping constant D 

for J = 1:4 

wr_mech_init(J) = (l/(bemf_period_init(J)))*2*pi*2/(P); 

wr_mech_ratechange(J) = (wr_mech_init(J) - wr_mech_final(J))/(time(J)); 

t_em(J) = (dc_input_ volts(J)*dc_input_amps(J))/(wr_mech_init(J)); 

J_true(J) = (t_em(J))/(wr_mech_ratechange(J)) -

(damping_constant_D*wr_mech_init(J))/(wr_mech_ratechange(J)); 

end 

MI_rotor_true = [J_true(l) J_true(2) J_true(3) J_true(4)]; 

J_true_avg = mean(MI_rotor_true); 

%%another set of readings are tabulated below to calculate rotor inertia 

%%considering damping constant D 

cro_bemf_period_init = [58e-3 58e-3 58e-3 58e-3]; 

cro_bemf_period_final = [75e-3 77.5e-3 9le-3 IOOe-3]; 

delta_time = [5.36 5.59 7.78 8.56]; 

power_in = [40*0.044 40*0.044 40*0.044 40*0.044]; 

forK= 1:4 
speed_ mech _rad_ init(K) = (1/( cro _ bemf_period _init(K.)))*2 *pi*2/(P); 

speed_mech_rad_final(K) = (l/(cro_bemf_period_final(K.)))*2*pi*2/(P); 

speed _ratechnage(K) = (speed_ mech_ rad _init(K) -

speed_ mech _rad_ final(K) )/(delta_ time(K) ); 
J _actual_ vall (K) = (power _in(K)/( speed_ mech _rad _init(K)* speed_ ratechnage(K))) 

- (damping_ constant_ D*speed _ mech _rad_init(K))/(speed _ ratechnage(K)); 

J _actual_ val2(K) = 

( (damping_ constant_D )*(speed _mech _rad_ init(K)) )/(speed _ratechnage(K) ); . 

end 
rotor_inertia_Jl = [J_actual_vall(l) J_actual_val1(2) J_actual_vall(3) 

J _actual_ vall( 4)]; 
rotor inertia_J2 = [J_actual_val2(1) J_actual_va12(2) J_actual_val2(3) 

J _actual_ val2( 4)]; 

J_actuall_avg = mean(rotor_inertia_Jl); 

J_actual2_avg = mean(rotor_inertia_J2); 
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The results are printed below: 

> > pmsm _ mechdata _revised! 

>>damping_ constant_ D 

damping_ constant_ D = 

4.4066e-004 

> > J _ actuall _avg 

J_actuall_avg = 

0.0035 

> > J _ actual2 _avg 

J _ actual2 _avg = 

0.0097 

The values used are D = 4.4066e-4 Nw.m.sec. per mech.rad and M.I. ofrotor J = 0.0035 

kg.m"2. The plot of Power input versus square of rotor mechanical angular speed used 

for calculating damping constant D of rotor is shown in Fig.B.2. 

1 .6 

1 .6 

~ 
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ii: 
:::J a.. c: -= 1.2 

~ 

O.B 

0 

Plot of Power Input Pin versus Square of Rotor angular speed In Mech.Rad/sec 

Narayanaswamy. P .R Iyer 
Faculty of Engineering 
University of Technology Sydney 
Box 123; Level 24 
Broadway; Sydney; NSW-2007 
AUSTRALIA. 

FIG. B.2 
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Square of rotor angular speed In mech.rad/sec 

X: 2934 
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Appendix B: Parameter Measurement of Lybotec Six Step Inverter fed PMSM Drive 

MEASUREMENT OF ELECTRICAL PARAMETERS OF PMSM DRIVE 

The connection diagram for the measurement of stator resistance, stator leakage 

inductance and stator mutual inductance between phases are shown below in Fig.B.3(a), 

+ R 
L 

~ R 
I~ L VAPJ. VAPJ. 

~ R 
ABlf ABlf VAPJ. 

DC ~lhAC ABlf 
~lhAC N (B) 

(A) FIG. B.3 N (C) 

: RECTPJCAl PAPJ.llETERJIEASlffilOO fOR PUSY 

(b) and (c) respectively. The experimental set up for rotor magnet constant is shown in 
Fig.B.1 above. The data is given in the MATLAB program below. The results are 

shown at the end of the MATLAB program below: 

%%measurement of electrical parameters ofLybotech PMSM 

%%Narayanaswamy.P.R.Iyer, Faculty of Engineering, UTS, NSW. 

%%surface magnet PMSM with Lmd = Lmq = Lm 

%%data for stator resistance measurement. 

dc_input_volts = [l 2 3 4 5]; 

dc_input_current = [0.107 0.214 0.326 0.431 0.535]; 

%%data for stator leakage inductance measurement.Supply frequency 50 Hz 

ac_input_ volts= [I 2 3 4 5]; 
ac_input_current = [0.051 0.105 0.160 0.214 0.269]; 

%%data for mutual inductance measurement. Supply frequency 50 Hz 

rms_im = [0.054 0.114 0.163 0.222 0.282]; 
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Appendix B: Parameter Measurement of Lybotec Six Step Inverter fed PMSM Drive 
rms_mutual_voltage_vyn = [0.122 0.253 0.36 0.49 0.625]; 

%%stator resistance is rs per phase in Ohms. 

%%let Lis be the self or leakage inductance in Henries per phase 

%%let Lm be mutaul inductance between phases. 

%%let Ls= Lis+ Lm be total self inductance 

for I= 1:5 

rs(I) = (de _input_ volts(I))/( dc _input_ current(I)); 

zs(I) = (ac_input_ volts(I))/(ac_input_current(I)); 

xls{I) = sqrt(zs(I)*zs(I) - rs(I)*rs(I)); 

Lls(I) = (xls(I))/(314); 

xm(I) = (rms _mutual_ voltage_ vyn(l))/(rms_im(I)); 

Lm(I) = (xm(l))/(314); 

Ls(I) = (Lls(I) + Lm(I)); 

end 

res_stator = [rs(l) rs(2) rs(3) rs(4) rs(5)]; 

ind_stator = [Ls(l) Ls(2) Ls(3) Ls(4) Ls(5)]; 

Rs_stator = mean(res_stator); 

Ls_stator = mean(ind_stator); 

%%measurement of rotor magnet constant lamda_m voltsec/elec.rad 

%%period is measured from c.r.o. and r.m.s.line to neutral voltage of PMSM 

%%from D.M.M. 

period= [70.5e-3 79.5e-3 82e-3 92e-3 105.5e-3 119e-3 125.Se-3 131.Se-3]; 

pmsm_rms_phase_voltage = [12.58 11.16 10.38 9.74 7.86 7.34 6.23 6.07]; 

for N = 1:8 

omega _r _ elec _rad(N) = (2 *pi)/(period(N)); 

lamda _m(N) = (pmsm _rms _phase_ voltage(N))/( omega_ r_ elec _rad(N)); 

end 

rotor_magnet_constant = [lamda_m(l) lamda_m(2) lamda_m(3) lamda_m(4) 

lamda_m(S) lamda_m(6) lamda_m(7) lamda_m(8)]; 

lamda_m_avg = mean(rotor_magnet_constant); 

The results are printed below: 
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Appendix B: Parameter Measurement of Lybotec Six Step Inverter fed PMSM Drive 
>> pmsm_elec_data2 

>> lamda_m_avg 

lamda_m_avg = 

0.1354 

>>Rs stator 

Rs stator= 

9.3041 

>>Ls stator 

Ls stator= 

0.0596 

The Stator Resistance Rs and self inductance Ls per phase are 9.3041 Ohms and 59.6 

milli Henries respectively. Rotor ~agnet constant A.mis 0.1354 Volt.sec per elec.rad'. 

The actual values for the electrical and mechanical parameters used for simulation are 

also tabulated in TABLE 8.2 in Chapter 8. 
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Appendix C: Block Diagram of Six Step Lyhotec Inverter 

APPENDIXC 

BLOCK DIAGRAM OF SIX STEP LYBOTEC INVERTER 

The block diagram of the Lybotec Six Step Inverter used for the PMSM Drive in 
Chapter 8 is given in Fig.C. l below: 
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Appendix D: Data Sheet for Digital Integrated Circuits 

APPENDIXD 

DATA SHEET FOR DIGITAL INTEGRATED CIRCUITS 

The data sheets for the digital ICs used in fabricating the digital switching function 

generator discussed in Chapter 9 are given below: 

• Package Options Include Plastic "SmaU 
Outline .. Packages, Ceramic Chip Ceniers 
and Flat Packages. end Plastic end Ceramic 
DIPs 

• Dependable Tex .. lnstrumenta Qualty end 
Reliability 

description 

These devices contain four independent 2-input 
AND gat-. 
The SN5408, SN54l.S08, and SN54S08 ara 
characterized for operation ovar the full military 
temperature range of -55°C to 125°C. Tha 
SN7408. SN74LS08 and SN74S08 ara 
characterized for operation from 0° to 70 °C. 

FUNCTION TABLE I--) 

INPUTS OUTPUT 

A B y 

H H H 

L x L 
x L L 

logic aymbolf 

1A • f3) 1V 
19 

2A lei 2Y 
29 
3A 
38 

4A -113) 

t This symbol la In eccordance with ANSlllEEE Std 91·1984 -
IEC PubHc<otlon el 7-12. 

Pin numt>ers ,.nown - for D • .J. N. - W ..--. 

SNS408,SNS4LS08,SN54S08 
SN7408,SN74LSO~SN74S08 

QUADRUPLE 2-INPUT POSITIVE-AND GATES 
SOLS033-0ECEMBER 1983-REVlSED MARCH 1908 

SN5408. SN54LS08. SN54508 ••• .J OR W PACKAGE 
SN7408 ••• .J OR N PACKAGE 

SN74'.S08. SN74S08 ••• D • .I OR N PACKAGE 
ITOPVIEWl 

Vee 
4B 
4A 
4Y 
3B 
3A 

GND 3Y -,,.. __ ..... 
SN641.S08, SN54S08 ••• FK PACKAGE 

{TOPVIEW> 

1Y 
NC 
2A 
NC 
28 

... 
~:!~~~ 

>au>< 
C"fZZftft 

Cl 

NC-No lnNrM connection 

logic diagram (positive loglcl 

18 

4A 
NC 
4Y 
NC 
3B 

:==o-zv 
3A~3Y 39-.{__/- -· 

:==o-4V 
Y•A·B or Y•A+ii 

CopyfighlO 1968. TexaslnslNn-*b,_pc:w_ 

~TEXAS 
INSTRUMENTS 

POST Off1CE BOX 8SS303 • 0AUAS. lEXAS 152&5 
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Appendix D: Data Sheet for Digital Integrated Circuits 
SN54LS11, SN54S11, 
SN74LS11, SN74S11 

TRIPLE 3-INPUT POSITIVE-AND GATES 
SOLS131-APRIL 1985-REVTSEDMARCH 1988 

• Package Options Include Plastic "SmaU 
Outline" Packages, Ceramic Chip Carriers 
and Flat Packages, and Plastic and Ceramic 
DI Pa 

• Dependable Texas Instruments Quality and 
RellabRity 

description 

These devices contain three independent 3-input 
AND gates. 

The SN54LS11 and SN54S11 are characterized 
for operation over the full military temperature 
range of -55°Cto 125°C. The SN74LS11 and 
SN74S11 are characterized for operation from 
0°C to 70°C. 

FUNCTION TABLE (each gate) 

INPUTS OUTPUT 

A B c y 

H H H H 
L x x L 
x L x L 
x x L L 

logic symbolt 

SN54LS11, SN74St 1 ••• J OR W PACKAGE 
SN74LSt1, SN74St1 , • , DORN PACKAGE 

(TOP VIEW) 

1A Vee 
18 1C 
2A 1V 
2B 3C 
2C 38 
rr 3A 

GND 7 3Y 

SN54lS11, SN54S11 ••• FK PACKAGE 
(TOP \ltEW1 

2A 
NC 
2B 
NC 
2C 

0 
~ ~~~~ 

NC-No Internal connection 

1Y 
NC 
3C 
NC 
38 

logic diagram (positive logic) 
1A 
18 

1C 

28 
2C 

161 2y 

(S) 3Y 

1Thil aymbo1 is In eccordance with ANSIJLEEE Std. 91-1984 and 
IEC Publication 617·12. 

Pin numbers shown ere fOJ D. J, N, and W pack119es. 

~TEXAS 
INSTRUMENTS 

POST OFflCE BOX 65SJl3 • DAl.lAS, TEXAS 75265 

1A=o--18 1Y 
1C 

i!===r-\_ 2Y 
2C~ 
3A :-=:-r-'\__ 
~~3Y 

Y • A•B•C or 

v .. A+B+C 
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SDL5100 

Package Options Include Plude "SmaU 
Outlne·· Packages, Ceramic Chip tamers 
and Flat P11ckegei11. and Plattlc and Ceramic 
DIP1 '

. 
• Oapendable Texas Instruments Qua&tv and 

Rell ability 

dMCription 
Tnese devices contain four independent 2-input 
OR gates. 
The SN5432, SN64LS32 and Slll64S32 are 
characterized for operation over the full military 
range of -55°C to 125°C. The SN7432, 
SN74LS32 and SN74S32 are characterized for 
operation from 0°C to 70°C. 

INPUTS 

A a 

logic symbolt 

1A 
18 

2A 

28 

3A 
38 1101 

4A 
48 113) 

H x 
x H 
l l 

OllTPVT 
y 

H 

If 
l 

l8t 3V 

t Thi" syn.bet 1s w. xco<d,)flCc wnh ANSl:IEEE Std 91·1 984 and 
ICC Publication 617·12. 

Pin numhllrs. ~'"'" ~,._, fl)I' D. J. Ill. i;ir W ~~·-~· 

SN5432, SN54LS32, SN54S32, 
Sll7432, SN74LS32, SN74S32 

QUADRUPLE 2-INPUT POSITIVE-OR GATES. 
DECEMBER 1983-~IS~O MAA~ 1988 

SN5432. SNS4LS32. 511154$32 ••• J OR W PACKAGE 
SN7432 •• , N PACKAGE 

SN74lS32. SN74S32 ••• D OR N PACKAGE 
fTOP VIEWI 

1A Vee 
lB 48 
1V l 4A. 
2A 4V 
28 36 
2Y 

GNO 7 

SN54LS32. SN64S32 ••• FK PACKAGE 
tTOI' VIEW! 

NC 
2A 
NC 
28 

logic diagram 

0 
~~~:i'~ 

4A 
NC 
4Y 
NC 
38 

- ::~~-iir::;"=~~~~~-1Y 

:=-D---ZY 
[)>--3Y 3A 

39 

4A D-4Y 
positive logic 

TEXAS~ 
INSTRUMENTS 

POST OFFICE 90• 6$501!. OALLAS. •txAS 7m5 
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• Timlng From Microseconds to Hours 
• Astable or Monostable Operation 
• Adjustable Duty Cycle 
• TTL-Compatible Output Can Sink or Source 

UpTo200 mA 

description/ordering information 

These devices are precision timing circuits 
capable of producing accurate time delays or 
oscillation. In the tim~elay or monostable mode 
of operation, the timed interval is controlled by a 
single external resistor and capacitor network. In 
the astable mode of operation, the frequency and 
duty cycle can be controlled independently with 
two external resistors and a single external 
capacitor. 

NESSS, SA555, SE555 
PRECISION TIMERS 

SLFS022E- SEPTEMBER 1973- REVISED MARCH 2004 

NE555 ••• D, P, PS, OR PW PACKAGE 
SA555 ••• D OR P PACKAGE 

SE555 ••• D. JG, OR P PACKAGE 
[TOP\llEW) 

TRIG 2 7 DISCH GNDDs Vee 
OUT 3 6 THRES 

RESET 4 5 CONT 

SE555 ••• FK PACKAGE 
(TOPVIEW) 
0 0 ozooo 

ZC>Z>Z 

NC 4 3 2 

TRIG 5 17 
NC 6 16 

OUT 7 15 
NC 8 14 

9 10 11 12 13 

01-01-0 zwzzz 
(J) 0 
~ 0 

NC - No illemat connection 

NC 
DISCH 
NC 
TH RES 
NC 

The threshold and trigger levels nonnally are 
two-thirds and one-third, respectively, of Vee. 
These levels can be altered by use of the 
control-voltage terminal. When the trigger input 
falls below the trigger level. the flip-flop is set and 
the output goes high. H the trigger input is above 
the trigger level and the threshold input ls above 
the threshold level, the flip-flop is reset and 
the output is low. The reset {RESET) input can override all other inputs and can be used to initiate a new timing 
cycle. When RESET goes low, the flip-flop is reset and the output goes low. When the output is low, a 
low-impedance path is provided between discharge (DISCH) and ground. 
The output circuit is capable of sinking or sourcing current up to 200 mA. Operation Is specified for supplies of 
5 V to 15 V. Wrth a 5-V supply. output levels are compatible with m Inputs. 

A Please be aware that an important notice concerning availability, standard warranty, and use in crtUcal appllcattons of .&. Texas Instruments semleonductor products and disdaimerS thereto appears at the end of 1hls data slleel 

PllOOUC11)ll DilTA -.- 11, - • ol tdiltdN -,,....,. __ • .,..i-.,., ... -.,r--• 
~---.--......... --~ ...... .......... - ~TEXAS 

INSTRUMENTS 
POST OFl'ICE BOX 6553IXI • 0ALLAS. TEXAS 15265 

457 



Appendix D: Data Sheet for Digital Integrated Circuits 

SN5474, SN54LS74A, SN54S74 
SN7474. SN74LS74A, SN74S74 

DUAL D· TYPE POSITIVE-EDGE-TRIGGERED FLIP-FLOPS WITH PRESET AND CLEAR 

• Package Options Include Plastic "SmaQ 
Outline" Packages. Ceramic Chip Carriers 
and Flat Packages, and Plastic and Ceramic 
DIPS 

• Dependable Texas Instruments Quality and 
Re&ab41ity 

description 
These devices contain two independent [).type 
p05itlve-edge-triggered flip-flops. A low level at the 
pteset or clear inputs sets or resets the outputs 
regardless of 1he levels of the other inputs. When preset 
and dear are inactive (high!, data at the 0 input meeting 
the setup time requirements are transferred to tfle 
outputs on the positive-going edge of the cloct pulse. 
Oock triggering occurs at a voltage level and is not 
directly related to the rise lime of the clock pulse. 
Following the hold time inteMll. data at the 0 input may 
be changed without affecting the levels at the outputs. 

The SN54' family is characterized for operation over the 
full military temperature range of -55"C to 125°C. 
The SN74' family is characteriled for operation from 
0 "C to 70 "C. 

FUNCTION T ASLE 

INPUTS OUTPUTS 

PRE CLR CLI( D Q Q 

L H )( x H L 
H L )( x L H 

L L x x Ht Ht 

H H t H H L 

H H ' L L H 

H H L x ClQ. ~ 

t Thi output Jevef1 in ttlit configuration are not guaranteed 
co m"C th• mif'imum 1..,tlft in VoH if th• lowt. at prftet 
end c.._ ., • ...., v 1L m111:imum. furthermore, this con-
fttur•tlon ts nonnlll> .. ; tNll is, it wiA not -list when 
.tth• pt~ or cl•• returna lo in i....aive (t>;;hl 1 .. 11. 

logic symbol i 

ISi tO 

*This symbol is in ec:cordance with ANStnEEE Sl4 91-1984 
end IEC Puti&ution 617· 12. 

Pin l'luf'nbetS lhOWA - fof 0, J, N. 9nd W p.ck1ges. 

SOlS119-DECEMBER 1983-REVISEO MARa-t 1988 

SN5474 ••• J PACKAGE 
SNS4lS74A. SN54S74 ••• J OR W PACKAGE 

SN7474 ••• N PACKAGE 
SN74LS74A. SN74S74 ••• 0 ORN PACKAGE 

CTOPVIEWl 

SN5474 ••• W PACKAGE 
(TOPVIEWI 

1CLK 1 

10 
1cr::R 
vcc 

2CLR 
20 

2CLK 7 

1PRE 
10 

SN54lS74A. SN54S74 ••• FtC PACKAGE 
(TOPVIEWI 

NC • No lrrternll con.-tlon 

logic diagram (positive logicl 

20 
NC 
2ClK 
NC 
2.PRE 

Copyright 0 1988, Texas lnsln.mriS lncorpolaled 
PIOOOCOOI DA.TA in- is - as II...,._...._ ,,.._ ................. - .... - .. r-s--· ... .....,.-... ,.-.,---tr--_.,., .. ,.._ ~TEXAS 

INsrRUMENTS 
POST OfF1CE BOX 6."5303 • 0AUAs. TEXAS 75165 
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I $0lS055 
SN54153, SN54LS153, SN54S153 
SN74153, SN74LS153, SM74S153 

DUAL 4-UNE TO 1·LINE DATA SElECTORS/MULTrPLEXERS 
~!l,i!!ER 1972 -11£V1SEO MAAtH 1998 

• ~rmits Multiplexing from N lines to 1 line 
• Parfornu Parallal-to-Sarial Convenion SJl54153, SN54U163, SN64S1&3 ••• J DR W PACKAGE 

SN14163 ••• N PACKAGE 

• Strobe (Enable) Line Provided for Cascadina 
IN lines ton lines) " 

• Hi4i·Fan-Out. Low·lmperlance, Totem-Pole 
Outputs 

TYPICAi. A'll!llAGI TYPICAL 
PROPAGATION DELAY TIMES POWER 

FROM fllOll F110M OISSIJtA TION 
DATA STROBE SEUCr 

·153 14nf 17 ns 22"' 180r11W 
i.5153 14 ns 19 ns 22 ~· 31mW 
-··~ a,,. =i.:1 rtll i~rii 2.1SmW OJ:l.Ji 

dMcriptlon 

~ ol t/,_ monoiiihil;. daia Hiectoraimuitipiexn 
com3ns lnlleners and driV8IS to 111pp1y fully com-
plemantsy, on-chip, binary deeoding dala eeiection to 
the AMH)R gai.. Sep.ate srrob9 inpu111 an: p!O'lidsd 
for uch of the IWo fOCJr-Gne sections. 

FUNCTION TASLE 

SiU:CT 
INPUTS DATAI~ STROSE 

B A co C1 C2 CJ G 
l( x x x x x 11 
L I. I. x x x L 
L L H )( x x L 
L H x L lC x L 
L H x H x x L 
H L x x L x L 
H L x x H x l 
H H lC x x L L 
H H l( x x .. L 

Select tnpu'lf A~ f.l ~ CG"'"'9" ,9 ~~ ~tiO!"S. 
tf & llljin ·-~ L. IOW -. x - ilffl9'<a•C 

OUTPUT 

v 
L 
L 
H 
L 
H 
L 
H 
L 
H 

SN74LS153. ~745153 ••• DORN PACKAG£ 

1G" 
B 

1C3 

{T(IP VIEW} 

Vee 
2Ci 
A 
2C3 
2C2 
2C1 
2CO 

SN54l8153, ~!!4S153 ••• Fl PACKAGE 
(fOP VIEW) 

le:> rJ &~ co ..... z > ... 

A 
2C3 
NC 
2C2 

14 ,r., 
910111213 ·)--,..., ,.., 

obsolute maximum ratings over operating free-a .. tam ....... u.-.. · · ___,_ range lunlen otherwise notedl 

I ........................... 7V c .... ~1·· V"'~-=. Vee 1se: P..':tc 1 • • • • • • • • • • • • .. • • • · • • · • • • • • • s s v 
.,.........,.,., I V'tlll • • .... • - "• • • • • • • • • • .... • • • • • • "' .......... • • • • Input voltage• '153, '5153 .... • • • .. · .. ·" • · · .. • · · · 7 v 

• 'LS153 .................................................... ~·:_·55;~~~·;2G°C 
Operating free-air temperature range: SN54' • • • • · • • • • • • • • • • • • • • • • • • • · • • • • • • • • • • 

0
oc to 1o•c 

SN74 • • .................... . 
· · • · · · • · • · · · • • · • · · -65°C to 150°C 

Si0rilge teniperaiu1,; ranga • • • · • • • • • • • • • • • • • • ' • • ·' '• • • '' '· ' • • ' ' • ·' '· • · • • ·' • • • 

NOTE 1: VolLlge value• •• witll ,...,_" to network g•ound tarminal. 

-T- .Iii 
IEXAS "' 

INSTRUMENTS 
"OST Off CE IOX !~SOI 2 • CUI.AS. TiXAS J~H5 
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APPENDIXE 

COMPARISON OF MODEL PERFORMANCE WITH 

ELECTRONIC CIRCUIT SIMULATION SOFTWARES 

The comparison of the model performance of the power electronic converters and 

electric drives presented in this thesis is made here with an Electronic and Electric Drive 

Circuit Simulation software PSIM [5]. The PSIM 7.0 demo version is used for this 

comparison. The model comparison is made for selected ac to de, de to ac, de to de, ac 

to ac and three phase IM using PSIM 7 .0 demo version. For Six Step Inverter fed 

PMSM only, model comparison is made using the three phase MOSFET inverter and 

PMSM module in the SimPowerSystem Block set of SIMULINK. Similarly for three 

phase three level inverters, model comparison is made with MICROCAP 8 software. 

These are due to node and component limitations in the demo version of PSIM 7 .0 

AC to DC Converters: 

The single phase FWD BR discussed in Section 3.2 of Chapter 3 is verified using PSIM 

7.0 demo version. The RLE load with parameters shown in Table 3.1 section 3.2.l is 

used for simulation. The PSIM simulation diagram is shown in Fig.E. l. The simulation 

results are shown in Fig.E.2. 

vs 
L---+--·-1.v i---.. 

60 
169.68 

-
FIG.E.1: SINGLE PHASE FULL WAVE DIODE BRIDGE RECTIFIER 
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As can be seen from the display of Fig.E.2, it is seen that the rms value of load current 

is 40.3262 amperes. The results agree with Table 3.2 and Fig.3.6 (A), (B) and ( C ) of 

section 3.2.2. 

The single phase Full wave SCR Bridge using PSIM 7 .0 is shown in Fig.E.3 for an RLE 

load, as given in Table 3.3 of section 3.3.1. The simulation results are shown in 

v 

C9 

ILOAD 

10 

= 
FIG.E.3: SINGLE PHASE FULL WAVE SCR BRIDGE 
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30.00 
Tmie(ms) 

40.00 

l 
Fig.E.4.for a firing angle a of 7t /3 radians. The displayed val~e of r.m.s. de output 

voltage is 117.083 volts, which closely agree with the value in Table 3.4 of Section 

3.3.2. The wave forms in Fig.E.4 agree with the Fig.3.12(A), (B) and ( C) of Section 

3.3.2. 

The three phase FWDBR simulation using PSIM 7.0 demo version is shown in Fig.E.5. 

The data for a purely resistive load, shown in Table 3.4 of section 3.4.2 are used. The 

simulation results are shown in Fig.E.6. The average load current displayed is 23.4782. 

RN 
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1E-3 

. 1E-3 
1E-3 

PH3SIM-+----. 
331 
50 

ILOAD • 

\...--!------. > OAD 

FIG. E.5: THREE PHASE FULL WAVE DIODE BRIDGE RECTIFIER 
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-' 
amperes, which closely agree with the corresponding value shown in Table 3.5 of 

Section 3.4.2. The simulation results in Fig.E.6 also agree with one shown in Fig.3.19 

(A), (B) and ( C) of Section 3.4.2. 

DC to AC Converters: 

The models of Six Step 180 Degree Mode and 120 degree Mode inverters shown in 

Section 4.2.4, Section 4.3.4 and section 4.3.6 of Chapter 4 are compared by simulation 

using PSIM 7 .0 demo version. 

C9 
0 180 

+100 ~ 

+ 100 1a,:Jp6Y 

FIG. E. 7: SIX STEP 180 DEGREE MODE INVERTER 

463 



Appendix E: Comparison of Model Pet:formance 
VAB 

20000 ··························1···················----····················i··········--..... -
10000 ----

0.0 
.10000 iflG.E.8:.SIX.S 
.. 200.00 ............................. . 

\'BC 

I 

~oor.=======::=======;=;====~~===:r:::::;:===:;::==:::::::-:::::::=:::;:;:::::i 
I f I f I I 

HDOO ···········'· · ························'····· ·••••••••••••· ·····'························ ··'··········· ··············'··············· .•••••••••• 
I : : I : : 

0.0 ·••••••••··•·• •••••••••••··· •••••••••••••• ·••••••·•••••• .............. . 
. 10000 ··························j·········· ·············· -~··························;· ·············· ·t········i··················· ······f ······ ··················· 
-~.00 .......................... , ...•...... 1...---' 

~.00 
10000 

0.0 
-10000 

VCA 
... ,. ........................ ___ .,.. 

I I 
••• J ..................................... 1 ................. . . . 

' . ....................... ., .................. . 

~ooL:.::.::::.::.::::=::::i::====~::.:.'.:.::::::::::.:::::~======.::::.!.:::==~==~::.:::::::::::::=l 
VA 

lOOJXl i:::==;;;;;;:: .. :-;.,.= .... ::: ... =: ... = ... ::: .... ;:=====:;..r: .. = .... ::: ... =: ... ~,.--=···=···i=:i==;=;=--=····=···=····=···=···~··F-=-=-=-===r=i 
fllJIJ ••·~···••••••••••••••• ••••••••l,I """""""""""" ••••••••••••>,J••••••'"• """'"""""I"""'"'"••••: .... ;)II ••••••••••••••••••••• I , 

1 I J I OJ ................................ ···;················ ............. ~ ....... u......... . .................. ;······· ............... t ........... ! .... .. 
. so.oo ····················· ···~················· ········~············ ············~········ ········t········:··· 

-10000 1..................... ' ........ ; ... ·-······ ' ........ l .•...... : .. . 

10000 
5000 

0.0 
.SOJXI 

-100.00 

\ll 

0.0 

G:~·=.:•::•:::::~t: ·•~::-•:~:::~:::-:~·~:~:::=.•::: :~f ~:~:~~•~: r:•:=.·1:·=.:=.•=.:~ 
1000 :o.oo 3000 411.00 I 

n.(llS) I 
I 

--~--·----- -·~~ - -------------- ------- . --- ~- --- --· --~-" 

C9 
0 "120 

~ 

FIG.E.9: SIX STEP 120 DEGREE MODE INVERTER 

. .................... ... 

464 



Appendix E: Comparison of Model Performance 

VBC 

YCA 
Bmr:=:;:;;;;;;;===:::::::=:==::::::::::::::=::::::::::::::='.'"".':':':'.------r-~....-~~~---.-~_:_~~ 
100.00 

O.B 
-100.00 
-B.ID ·························-~·· 

\'B 

........................................ .:. ...................................... ~ .................................... ~ .............. 1 ...................... ! .............................. J 
.......................... t ......................... ..:...................... .. ....... l........... .. ................. :..... . .......... J 

~ : : t : t :::::: .................. :::r:::::::::::::::::::::::: -~---H.......... ::::::::::::I:::::::::::r:: .............. !H" :::::::::::::] 

OJI 10.00 

13l.~ 

Fig.E.7 and E.9 shows the PSIM schematics for the Six Step 180 degree mode and the 

120 degree mode inverter. The simulation results for the six step 180 degree mode 

inverter is shown in Fig.E.8 and that for the 120 degree mode inverter is shown in 

Fig.E.10. The r.m.s. value of the line to line voltage for the former is 155.729 Volts and 
that for the later is 138.438 Volts. The results agree with Table 4.1 of section 4.2.5 for 

the former and Table 4.3 of section 4.3.5.for the later. The simulation results in Fig.E.8 

well agree with Fig.4.6(A) and (B) for three phase 180 degree mode inverter the results 

in Fig.E.10 agree with Fig.4.1 l(A) and (B) of Chapter 4. 
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DC to DC Converters: 
Appendix E: Comparison of Model Performance 

The model for the Buck converter shown in Section 5.2.l of Chapter 5 is compared with 
that by using PSIM7 .0 demo version as shown in Fig.E.11. 
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The data is from Table 5.1 of Section 5.2.2. The simulation results for Vout, ILl, Io 

and the displayed output voltage of28.8001 Volts in Fig.E.12 well agree with the Table 
5.2 and Fig.5.6(A) to (D) in Section 5.2.2. 

The model for the Boost converter shown in Section 5.3.1 of Chapter 5 is compared 

with that by using PSIM7.0 demo version as shown in Fig.E.13. The data are from 
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Table 5.4 of Section 5.3.2. The simulation results for Vout, ILI, Io and the displayed 

output voltage of 29.9574 Volts in Fig.E.14 well agree with the Table 5.5 and 
Fig.5.12(A) to (D) in Section 5.3.2. 

The model for the Buck-Boost converter shown in Section 5.4.l of Chapter 5 is com-

pared with that by using PSIM7 .0 demo version as shown in Fig.E.15 and Fig.E.17. 
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for a duty cycle of 0.4 and 0.6 respectively. 

The data is from Table 5.7 of Section 5.4.2. The simulation results for Vout, ILl, Io 

and the displayed output voltage of -16.0931 Volts for a duty cycle of 0.4 and -36.5049 

Volts for a duty cycle of 0.6 in Fig.E.16 and Fig.E.18 well agree with the Table 5 .8, 

Fig.5.18(A) to (D) and Fig.5.19(A) to (D) in Section 5.4.2. 

AC to AC Converters: 

The three phase ac controller with back to back thyristors in series with the ac lines 

connected to star connected resistive load with isolated neutral is verified using PSIM 

7.0 demo version. The PSIM schematic is shown in Fig.E.19 for a firing angle of 30 

degrees. 

The data for this three phase ac controller shown in Fig.E.19 are taken from Table 6.1 in 

Section 6.2.2 of Chapter 6. The simulation results of Fig.E.19 for a firing angle of 30 

degrees is shown in Fig.E.20, which agrees with Fig.6.5 in Section 6.2.2 .. The r.m.s. 

line to neutral voltage displayed in Fig.E.20 is 113.399 Volts which closely agrees with 

the value in Table 6.2 of Section 6.2.2. 
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FIG.E.19: THREE PHASE AC CONTROLLER IN SERIES WITH THE LINES 
WITH STAR CONNECTED RESISTIVE LOAD 
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The three phase ac controller with back to back thyristors in series with resistors in delta 

connected to the ac lines is verified using PSIM 7 .0 demo version. The PSIM schematic 

is shown in Fig.E.21 for a firing angle of30 degrees. 
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FIG_E.21: THREE PHASE AC CONTROLLER IN SERIES WITH 
RESISTIVE LOAD IN DEL TA 
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The data for this three phase ac controller shown in Fig.E.21 are taken from Table 6.4 in 

Section 6.3.2 of Chapter 6. The simulation results of Fig.E.21 for a firing angle of 30 

degrees is shown in Fig.E.22, which agrees with the corresponding waveforms shown in 

Fig.6.24(A), (B) and ( C ) in Section 6.3.2. The r.m.s. phase current displayed in 
Fig.E.22 is 18.4728 Amperes which almost agrees with the value in Table 6.5 of Section 

6.3.2. 

Three Phase J.M.: 

The starting current and torque transients of the three phase IM when directly 

connected to three phase AC lines are studied using PSIM7 .0 demo version. The 

reference frame is internal to PSIM7 .0. The data used for the three phase cage IM is 

from Table 7 .1 in Section 7.4.1 of Chapter 7. The PSIM schematics with the three 

472 



220· 
:60: 

: PH3~SINE: 
.. - ........ . . . . . . . . . . . . . . . . . . . . . . . . . 

Appendix E: Comparison of Model Performance 
....... . . . . . . . . . . ....... . 

. .. . . . . . . . . . . . . . . .......... . 

i:f:: 
. . . . . . . . . . . . . . ............ . . .. . . . . . . . . - .. 

: >rfV1i:ci-i: : : : : 
: : : : :o::::::::::: 

... - ...... - ...... . 

. . . . .. . . . . . . . . - . . ................ . 
· · · · · · · · · · · · · · NR · · · · · · · · · · · · · · · · · · · . ..................................... . 

. . . . . . . . . . . .................. 

. .................................. . 

: u:: ,,p=tt.!J¢11=fj.,,•J1e+1+kt..<~::::,:iJ 
· . Parameters I Other lno I Color I 
: FIG.E23: THREE PHASE SINE WAVEAC LINE:FED INDUCTION.MOTOR 

............................. 
.......................... 
. . . . .. . . . . . . . . . . . . . . . . . . . . ......................... 

. I Help I . . . . . . . . . . . . . . . . . . .. . . 
...................... 
. . . . . . . . . . . . . . .. . . . . . . . . . . 

Display 
Name j1M1 r 

. . ... . . . . . . . . . . . . . . . . . . . . . . 

........... - . - ........... . ....... - ... - ............... . 
Rs (stator) Jo.294 r> ............................. ............................ 
Ls (stator] Jo.00139 - . :r 

.............................. 

...................... 
Ar (rotor] lo.156 r ............................... 

....................... 
Lr (rotor) j7.4£-4 .: r:· ................ 

.................. 
Lrn (rnagnetR:ing} lo.041 .·r, . . . . . . . . . . . . .. . . 

No. d Poles P . I& C: ................ 
. .............. . 

Moment of Inertia lo.a . .-, 
Torque flag 11 ---·--·-- .... - ............. . 
Master/Slave Flag 11 

:=:=========~- ........ . . . . . . . . . . . . . . .. . . . . . 

300.00 
200.00 
108.00 

0.0 
-100.00 
-200.00 
-300.00 

1!10.00 

100.00 

IAS ms ICS 

IG:E:24:iHREEPHASE~INEWAVEACLIN!:J=~.~q~()~!!l_?T_()~~: : . ... ....... . . .. ·;:filIOROQEANDROi.ORSPa;D.WAVEf.ORMS .. 

···-·····!········-·+··········--·······-·-·······1··-·-········-···-···-····-··· 

·····--······-·· ··········-··-~-···········:::::::::::::::::1:::::::::::::::::t:::::::::;::::::::::::::::::::::::::::::1:::::::::::::::::::::::::::::: 

473 



Appendix E: Comparison of Model Performance 
phase IM parameter values entered is shown in Fig.E.23. The starting stator current and 

e.m.torque transients when directly connected to the three phase ac lines are shown in 

Fig.E.24, for zero external mechanical load. The peak starting stator current of 200 

Amps in Fig.E.24 agrees with the simulation results shown in Fig.7.l3(D), 7.14(D), 

7.15(D) and 7.16(D) in Section 7.5.1. The speed almost reaches close to 1200 r.p.m. in 

Fig.E.24 which agrees with Fig.7.l3(B), 7.14(B), 7.15(B) and 7.16(B) in Section 7.5.1. 

The e.m. torque curve in Fig.E.24 agrees only approximately with the simulation results 

shown in Fig.7.l3(A), 7.14(A), 7.15(A) and 7.16(A). in section 7.5.1. 

Six Step Inverter fed PMSM Drive: 

The six step inverter fed PMSM drive was studied by using the built in model of three 

phase MOSFET inverter and PMSM in the SimPowerSystems block set of SIMULINK. 

The is because of the node and component limitations in the demo version of PSIM7.0. 

The six step 180 degree mode inverter fed PMSM drive discussed in Section 8.3 of 

Chapter 8 is used for simulation study using SimPowerSystems block set of 

SIMULINK. The data for the three phase PMSM is given in Table 8.1 of Section 

8.3.1. 

The simulation diagram using the SimPowerSystems block set of SIMULINK is shown 

in Fig.E.25(A). The PMSM parameters used are shown in Fig.E.25(B). The three 

A 
FIG.E.25: SIX STEP 180 DEGREE MODE INVERTER FED PMSM DRIVE 
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phase 180 degree mode inverter is developed in the same way discussed in Section 8.3 

of Chapter 8. In Fig.E.25(B), the Fen, Fcnl and Fc2 block generates three phase with a 

peak value of 10, angular frequency rore of the rotor with the phase advance phi entered 

in the block marked PHI, added. Two Relays are connected to each Fen block. The 

relay connected to Fen block at the top output logic 1 during the positive half cycle of 

the input sine wave and logic 0 during the negative half cycle. Similarly the bottom 

relay output logic 1 during the negative half cycle of the input sine wave and logic 0 

during the positive half cycle. The same principle holds good for the pair of relays 

connected to Fen blocks marked Fcnl and Fcn2. The six gate pulses are given to the 

gate input of three phase MOSFET inverter through a six input MUX block. The three 

phase MOSFET block, PMSM block, Measurement block are from the 

SimPowerSystems block set of SIMULINK. 

The simulation was carried out using the ode23tb(stiff/TR-BDF2) solver. The phase 

advance was made pi/2 radians. The mechanical load was set to 0.19 NW-METERS. 

The simulation results are shown in Fig.E.26( A ), (B), ( C ) and (D) respectively. 

Fig.E.26 ( A ) indicates a maximum rotor speed of around 65 mech.rad per second. 

Fig.E.26(B) is the e.m.torque-speed curve. Fig.E.26( C) indicates a mechanical load 
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of 0.19 Nw-meters. Fig.E.26(D) is the Line to line voltage Vab in Volts. The 

e.m.torque waveform in Fig.E.26( A) almost well agree with Fig.8.8(B) in Section 

8.3.1. Rotor speed-time curve in Fig.E.26(A) and e.m.torque-speed curve m 

Fig.E.26(B) don't agree well with Fig.8.8( C ) and (D) of Section 8.3.1. 

Three Phase Three Level Inverters: 

The three phase DCTLI and FCTLI discussed in Sections 12.2.1and12.3.1 of Chapter 

12 are used to study by simulation using MICROCAP 8, instead of PSIM7.0, due to the 

node and component limitations in the demo version of PSIM 7.0. 

The three phase DCTLI discussed in Section 12.2.1 of Chapter 12 is used for simulation 

study using MICROCAP 8. The three phase DCTLI schematic using MICROCAP 8 is 

shown in Fig.E.27. The DC Link voltage is 381 Volts . 

~~Q9 

~:'5 Q10 

. DEFINE voe 190.5 

.DEFINE C1 0.1 

.DEFINE VGSA PULSE(8 5 Old Old Old 51d 201d) 

.DEFINE VGSB PULSE(O 5 151d Old Old 151d 201d) 

.DEFINE VGSC PULSE(O 5 51d Old Old 151d 201d) 

.DEFINE VGSD PULSE( 0 5 101d Old Old 51d 201d) 

.DEFINE VOSE PULSE(O 5 6.6671d Old Old 51d 20M) 

.DEFINE VGSF PULSE( 0 5 1.6671d Old Old 151d 201d) 

.DEFINE VGSG PULSE( 0 5 11.667M Old Old 15M 20M) 

.DEFINE VGSH PULSE(O 5 16.667M OM Old 5M 201d) 

.DEFINE VGSI PULSE(O 5 13.3331d Old Old 51d 201d) 

.DEFINE VGSJ PULSE( 0 5 8.3331d OM OM 151d 201d) 

.DEFINE VGSK PULSE( 0 5 18.33Jld Old OM 151d 201d) 

.DEFINE VGSL PULSE(O 5 3.3331d Old Old 51d 20M) 

.ldODEL D1N4m D (IS:5.95862N N:1.91266 BV:500 RS:589.4981d TT:1.12599N 
CJ0:1.33941 P VJ:8.66264 M:300 M RL:3.14968G) 

.MODEL mm NPN (IS:10.017F BF:506.H2 NF:979.99M VAF:100 IKF:696.241 M 
ISE:0.241303 F N E:1.05779 BR:154.978M IKR:999.407 I SC:6.94996P RE:668.817 M 
CJE:42.4239P VJE:7001d MJE:H2.887M CJC:36.6437P VJC:700M MJC:558.066M 
TF:484.887P XTF:500.001 M VTF:10 ITF:9.88166M TR:2.26629U) 

FIG.E.27: THREE PHASE DCTLI 
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v(Y,B) M 
T (Secs) 

72.000m 
Right 

-185.547 
120.000m 

96.000m 
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120.000m 

120.000m 
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·1.546K 
1.000 

~~~·~~~ 
· O.OOOm 24.000m 48.000m 72.000m 96.000m 120.000m 

v(B,R)M 
T (Secs) 

left 
0.000 
0.000 

Right 
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left Right Delta Slope 
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T (Secs) 91.469m 120.000m 28.531m 1.000 

The simulation results are shown in Fig.E.28 for the three phase DCTLI. The r.m.s. 

value of the line to line voltage Vry indicated in Fig.E.28 is 208 Volts, where as the 

corresponding value indicated by simulation of the model in Fig.12.5(A) in Section 

12.2.2, is 220 Volts .. 

The three phase FCTLI discussed in Section 12.3.1 of Chapter 12 is used for simulation 

study using MICROCAP 8. The three phase FCTLI schematic using MICROCAP 8 is 

shown in Fig.E.29. The DC Link voltage is 381 Volts. 

The simulation results are shown in Fig.E.30 for the three phase FCTLI. The r.m.s. 

value of the line to line voltage Vry indicated in Fig.E.30 is 205.57 Volts, where as the 

corresponding value indicated by simulation of the model in Fig.12.lO{A) in Section 

12.3.2, is 220 Volts .. 
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FIG.E.29: THREE PHASE FCTLI 
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Conclusions: 

The simulation results for single phase FWDBR, FWCBR, three phase FWDBR, three 

phase 180 degree and 120 degree mode inverters, Buck, Boost and Buck-Boost 

converters, three phase ac controllers, with star connected resistive load and series 

connected resistive load in delta, using PSIM 7.0 demo version well agree with the 

corresponding system model simulation using SIMULINK.. In the case of three phase 

IM simulation using PSIM 7 .0 demo version, the torque-time curve only approximately 

agree with that of the model simulation using SIMULINK. Six step inverter fed PMSM 

simulation was done using the SimPowerSystems block set of SIMULINK. Compared 

to the corresponding model simulation using SIMUL~ errors are observed for speed-

time and e.m. torque-speed curve simulation results. This may be due to errors or 

bugs in the PMSM built in model in the SimPowerSystems block set of 

SIMULINK. Three phase DCTLI and FCTLI simulation using MICROCAP 8 shows 

errors of 5.45 % and 6.8% for the r.m.s. line to line voltage, compared to the 

corresponding value by model simulation using SIMULINK. 

By observing the induction motor model simulation using PSIM 7.0 demo version, it is 

seen that the model simulation was carried out with fixed mechanical load only using 

the equivalent circuit of the induction motor. No provision for time varying load is 

available in PSIM 7 .0 demo version. More over reference frame is fixed by default and 

can't be varied. Also for all the above power electronic converters the default sub-

circuit parameters of the semiconductor component and the circuit configuration are 

used for obtaining the simulation results. No mathematical equations describing the 

system are solved by PSIM or by MICROCAP softwares. 

------------·-------------------------
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APPENDIXF 
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