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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 - EM.F. Source

f, fsw - Frequency in Hertz

Ii - Current

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

L, L1 -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

Tem - Electromagnetic torque in Nw-M
Tmech - Mechanical Load Torque
V,v - Voltage

a - Firing angle

® - Angular frequency in rad per sec

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

s - Angular frequency of the Stationary or Stator reference frame in rad per sec.
ON - Angular frequency of the rotor reference frame in rad per sec.

¢ - Phase advance angle

0 - Angle the reference frame makes with the stator abc axis.
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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 [1]. 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 Mathwerks 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 dc, dc to ac, dc to dc 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 SIMULINK 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 dq0 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. Experimentai 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, MICROCAPS 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 1: 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, dq0 transformation, known as generalised machine model
[1]). This transformation enables the three phase parameters such as voltages, currents
and flux linkages to be evaluated in the dq0 axis and transfer them back to abc axis.

Such a simple abc to dq0 transformation matrix is given in equation 1:

2. 2.®
cos(d) cos(f - —) cos(6 + —)
3 3

/q 2 2. 2. /a

fg|= —*|sin@@) sin@@ - —) sin@@ + —)|* | f (1.1)
3 3 _ 3

5 I I 1 | fe

2 2 ' 2 ]
The inverse transformation matrix to transfer from dq0 axis to abc axis is in equation 2.
1
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P cosf sind 1
a 2.z 2. fq
fb = cos(§ - ——) sin (0 - ) 1| * fd (1.2)
3 3
fe 2.z . 2. So
cos(f + ) sin(@ + ) 1
J

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

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

Using the above abc to dq0 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]J 3, 4 1, PSIM[ 5 ], CASPOC] 6 ] and SIMPLORER( 7 ], PSPICE[ 8 ] and
MICROCAP[ 9 ].

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

dc, dc to ac, dc to dc 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 1: 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 afe NOT used here.
Original machine models based on their characteristic equations in the dq0-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 SIMULINK ?
SIMULINK has the following advantages compared to other software packages:

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

e The performance of developed models of electric drives can be easily verified
with built in electric drivés model in the SimPowerSystems block set.

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

be easily made with Powergui in SimPowerSystems block set.
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e Many non-linear phenomenon such as Pulse Width Modulation techniques can

be easily verified.

e 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.

e Facility to study analog and digital gate drives used in Power Electronic
Circuits.

e Facility to save data in workspace, which can be later brought to MATLAB
window for further mathematical processing, editing graphics etc.

e 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 Modelling
The significance of the term modelling is summarised below:

e 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 ferms of its parameters [11]

e Models are used to predict the performance of the given system [11].

e Model prediction permits engineers to think of its potential applications;
practical implementation and to develop various control strategies [11].

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

e Saves time and money as compared to procuring, installing and testihg the
system in the laboratory, especially when the system is too bulky [11].

e Simulation refers to performing experiments on the model [11].
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e 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 dnives 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).
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5)

6)

7

8)
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Interactive Models for dc to dc converters developed in my project work,

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

literature references.

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

are not at all available in the literature references.

Interactive Model for buck converter SMPS especially feedback control part is
new and different from that existing in the literature references ( paper 3 in

APPENDIX E).

Interactive Model for single phase ac to dc converter using diodes developed in

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

Interactive Model for single phase ac to dc converter using SCRs developed in

my project work is not available in the literature references.

10) Interactive Models for three phase I.M. using dq0-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 ).

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 dc, dc to ac, dc to dc 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
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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 dc, dc to ac, dc to dc 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 / 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
LM. 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 / 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.
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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 dc converter modelling. The
models of three phase 180 degree mode and 120 degree mode inverters have been
developed under the category dc to ac converter modelling. Under the dc to dc 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 dc converter modelling, single phase and three phase full wave
diode bridge rectifiers and singlé phase SCR bridge rectifiers are discussed [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 aff 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 af

axis is then transformed to abc axis.

5 /S3 fosd  mgnnns . /S‘l jSS / 55 .
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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.2.1(A), (B) and (C).
User interface is provided where data relating to the particular ac to dc 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 dc to ac converter modelling mainly system models for three phase inverter isv
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 dc boost rectifier, hysteresis current
controller are given. Further a modelling technique to separate the free wheeling diode

current and switch current are given.

FIG.2.2 -
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s4 4
A g >
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ef3 3 e
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98]
wn
=g
I
Q.
wJ
3%
e
=

GATE DRIVE CIRCUIT
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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 dc 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.
24 DC to DC Converter

In the section on dc to dc 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 (-1)* , 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 dc to dc converter can be

11
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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 ACto 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 shdwn 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

12
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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, THI, 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 dc 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
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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 normaHy 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

MCS 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 / 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
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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 dc voltage irresp-
ective of variation in the input dc voltage [14 — 18]. PSPICE 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].

— Vs -] Buck CONVERTER Vo -
POTENTIAL
DIVIDER
SS1 _ VERR
ISOLATION o Vv POT
NETWORK COMPARATORIS o I e ron
TROLLER AMPLIFIER |y REF
< VREF
VAVAYAN
TRIANGLE CARRIER
GENERATOR
FIG. 2.8

GENERAL MODEL OF THE BUCK CONVERTER SMPS
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 fof 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 Motor Drive

Reference 11 and 24 provides models for three phase ac line fed IM using flux linkage
equations and also using the dq0 equivalent circuit in the stationary reference frame.

Reference 11 provides models for three phase continuous current mode inverter fed IM

18
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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 dg-
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 dq0-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 dg-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 dq0-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 dqO0 voltage — current equations and also using dq0 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 Magnet 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
dg-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 dc motor is presented. Sinusoidal back emf is assumed. Six distinct equal
switching intervals (SI - I to VI) are defined, starting from (-30 —¢ )to (330-0¢),
where ¢ is the firing angle or switching angle advance in radians. This value of ¢ can
be varied by appropriate switching of the ihverter. The stator current in phiase 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 ie. for SI - II is
transformed to dg-axis voltages in rotor frame. This dg-axis voltage is then integrated
over the SI — Il range which is ( 30 — ¢ ) to ( 90 — ¢ ) and then divided by /3 to get the
average value of dg-axis voltages. These average values of dg-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-9
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. ‘
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CHAPTER 3

LIBRARY MODELS FOR AC TO DC CONVERTERS

3.1 Introduction

In this chapter, building library modules for ac to dc converters also known as rectifiers
are presented. Rectifier circuits use either diodes or thyristors ( SCRs). Modern
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 dc
converter is entered by the user. These system models use Simulink blocks which
solves the governing equations relating to the relevant ac to dc 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
load or RLE load selection using SS1

L —»
VOouT . .
is shown for convenience only.
o1k .l st During the positive half cycle of VS,
- . diodes D1 and D2 conduct from 0 to &
Vs > < . .

é l vo X R and during the negative half cycle

D4 oo D2 % '
VS = 120 V(RMS) L diodes D3 and D4 conduct from 7 to

§0 Hz
2n  The essential derivations of the
E

output voltage are given below for

L purely resistive load [14].
FIG.1: SINGLE PHASE DIODE BRIDGE RECTIFIER '
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;o 2V
VO_avg = ;._.ng sin(w t).d(w t) = ——n”’— (3.1)
IO__avg - V;C (3.2)
Vo +rms = “7{—"7 [sz sin? (0 t).d (o t)]}= Vm,——z (3.3)
- 0
14
T'o vms = _LE?J_ (3-4)

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

di
L d(t) + Ry + E=2.V, sin(wt) (3.5)
The solution gives the following
J2v '
ip =~ |sin(ewr-0)+ 2 sin(@ )e Rt/ L) -% (3.6)

J-ecR.m )/(L.w )
for 0SS (wt-8)s=x and i~ 20

(0]
3.2.1 Library Model for Single Phase FWDBR 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
SL.NO. PARAMETER YVALUE
1 Line to Neutral RMS Voltage 120 Volts
2 Supply Frequency 60 Hz
3 RLE Load 2.5 Ohms, 6.5¢-3 H, 10 Volts
4 Purely Resistive Load 25 Ohms
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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 2=
respectively. This sine wave output is given to relayl in Fig.3.4( B ). The output of
relayl 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 = 1 for 0 £ ot £ =«
(3.7)
0 for T £ ot S 2«
SF _B AR = 0 for 0 fwt<snx (3.8)
1 for T £wts2rm ‘
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The switch generating SF_BAR has 0 and 1 as its first (u(1)) 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(1) 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 dc output voltage Udc.

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

follows:

Uge = [(SF.Vs +  SF_BAR.(-vg))
= VS for 0 s wt £ 17 ( 3.9)
= 'VS for m s wts 2

In equation 3.9, Vs is the sine wave input.

The type of load select module shown in Fig.3.4( C) has two constants 1 and 0 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 Udc, the mean and RMS value of load 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 Idc is calculated using the equation
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3.2.5. The set-reset latch enables the top display in Fig.3.2. The RMS and average

value of load voltage Udc, 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

SL.No. ;Type of Udc(RMS) Udc(AVG)‘ I__load(RMS) I load(AVG) P_out
 Load % Volts Volts - | Amps ] Watts
ERonly g 120 108 _.1 4.799 1 466.8

2 jmm w s 403 ] 4235
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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 T1 and T2 are fired at an angle a
and conduct from a to w. During the

negative half cycle of VS, thyristors T3

33 Single Phase Full Wave SCR Bridge
youT.
L
T1 T3 SS1
HMx R St
120 VOLTS (RHS)
() R
bs/ R R
Vs ‘ vde F| %
M g .
T4 T2 E
J
kil ]
ALFA =PI RADIANS — FIG. 3.7

: SINGLE PHASE FULL WAVE SCR BRIDGE RECTIFIER

and T4 are fired at angle ( ©# +a ) and

conduct from ( « +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 T1 and T2 conduct from a to ( & +a )
when fired at an angle a during the positive half cycle of VS and thyristors T3 and T4
conduct from ( & +a ) to ( 2n +a ), when fired at an angle ( & +o ) 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.

1|7 . V m
= —_— +
¥ ie —. J Vo sin(wt).d(wt) . 1+ cos(a)] (3.10)
a
R 2 .2 _Vm*\/_g_sinZa
Vrms = \/;.iVm sin“wtd(ot)| = N I~7E+ e (3.11)
1% i 2
Average Input power Pin = — £(Vm .sm(a)t)) d(wt) (3.12)
2
v .
- lm .[[z_i]ﬁ"‘z“ (3.13)
2R T 2r
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The essential derivation for output voltage and load current is done below for RLE load.

] |ITta 2V
Vie = = f v, sin(ot).d(wt)| = M _cos(a) (3.14)
T o /4
1 T + a 2 ) . 2 Vm
Vrms = 7['_ _({‘ Vm .Sin (wt).d(wt)| = 7_5—' (3.15)
dz’L
L7+1\’_iL+E=\/5.Vm.sin(wt) for i, >0 (3.16)
The  solution s
\/EV E E ﬁV
P m g E £ m . ol (RL).(a/w-1)
iy sin(wt - 6) R+IL0+R Z sinfa - G)l.e (3.17)
where ILO=1L1 is given by
&Vm - sinfa - @) - sin{a - B).e'(R/L) (®)/e
‘to=L1=7 PRI 2 7 1020 G

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 appropriafe 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 Fcn 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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TABLE 3.3
SL.NO. PARAMETER VALUE
1 Line to Neutral RMS Voltage 120 Volts
2 Supply Frequency 60 Hz
3 RLE Load 0.5 Ohms, 6.5¢-3 H, 10 Volts
4 Purely Resistive Load 25 Ohms
S Firing angle « 7t/ 3 radians
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are internally multiplied by 1.414 and 2x respectively. Another Fenl 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 SF1. This sine wave input voltage is given to relayl which generates another

switch function SF2. The switch function SF1 and SF2 are defined below:
I fr a Swt S<(t+ta)
SFI =l o0 for (m+ta) <ot =S2r+a) (319

. for 0 Sowt =rw
SF2 = 0 for 7w Sowt S2m (320

The switchl 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  Switchl Ow3 = SFLVg (3.2])

Output  of ~ Switch2 Out6 = (1-SFD.(Vy) (3.22)

Switchl and 2 output are given to u(1) 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:
Ot o Swick3 ol = S2(SF1vg)+(1-52).(1-51) (%) 6B

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

as follows::

Qe o
Swd3 Qi = Vo fr a <o Sx

=-I{S, for ( mta ) Lfa s2r (G3H)
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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:

OQqut  Sum Bk = Vg for a<a<(+o)

Ty for @rd<a<@ritg (29

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 1/(R1_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 (1),
it is seen that Switch4 and SwitchS output Load voltage across RLE load. The Divide2
block calculates 1/(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 odel5s(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=n/3 RADIANS

SLNo. ; Type = of; Vdc(RMS) ;- Vde(AVG); I load(RMS) ; I_load(AVG) ] P_out
Z:% Load % Volts zvolts \ Amps P Watts
’E:;'Ron.ly’v - : 107.5 8107 e 4.301 262.9

2 mm msy s (s e
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34 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-

D1 D3 D5 Ide
ia ZX ZX
Van el DC
ib e2 Circui

Vbn » ircuit
Yen > | e3

ic —

JAN JAN ZE Vde
D4 Y D6 D2 v

FIG. 3.13: THREE PHASE FWDBR

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

120 degrees. The conduction sequence for diodes are: D1 — D2, D3 — D2, D3 — D4, D5

— D4, D5 - D6, DI — D6, D1 — 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 — 18].

The essential derivation for purely resistive load is done below [14]:.

Van

Vbn

= V .sin (@ t)

m
= Vymp sin(ew t - 1220)
= Vi -sin(o t - 240)

= '\/3.Vm .sin (@ t + 3 0)
= ~3 .V, .sin(wo t - 90)

= ~3 .V, .sin(w t - 210)

(3.26)

(3.27)
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The average output voltage Vdc is derived below:

6 m/2 6 7/6

Vo =—. | Vysin@t).dty=—. [ 3.7, cos(@t).d(wt)
T /6 x 0
ENENS

= 1.654.V,,  (3.28)
T

The RMS output voltage Vrms is derived below:

6 /2 6 /6
Vo = \/—. [ 72 sin? @o.dwy). = \/-—. [ 3772 cos? (wy).d(wy).
0

T 7w/6 T
3 943
= — * Vm = [.6554. Vi (3.29)
2 47

If the load resistance is purely resistive, the peak or maximum current through the diode
is Im= V3.V / R, where R is the load resistance. The RMS value of the diode current is

derived below:

4 Tt/6 2 2
I,, cos (wt).d(wt)

2z 0
= 0.5518.1,, (3.30)

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

8 Tt /6

Ig = . f I,f, .cosz(cu t).d (o t)
2 0
= 0.7804.1,, (3.31)

where in equation 3.4.5 and 3.4.6, 1 is the peak value of the three phase line current.

If Ls is the source inductance in each of the three phases and f is the supply frequency,
then average reduction in output voltage due to source or commutating inductances is

given as follows:
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V x = 6.f.LS.Idc (3 .3 2)

where Idc 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 = 1,2,3,...) three phase FWDBR is

gk explained below.

The system model for three
phase FWDBR is developed

based on reference 61.

A 4

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 = fl1*Vdc .... (3.36)
e2 = g2*Vdc .... (3.34) u2 = f2*vdc .... (3.37)
e3 = g3*Vdc .... (3.35) u3 = f3*Vdc .... (3.38)

where functions f1, f2 and {3 are defined below:

g, = 28l g2 87 (3.39)
3
2 = 2g2‘§3'g’ (3.40)
f3 = 2g3'§1'g2 (3.41)
T he dc current is given below  :
I, = gl.il+ g2.i2+ g3.i3 (3.42)
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If Rr and Ly are the resistance and inductance of each phase of the ac mains, then el, €2

and e3 are related as follows:

d i
]l = R L + L L —a 4 1 3 .4 3
e f o la £ Tdt “ ( /
: d i,
€2= Rf.lb+LfT;'—‘-+ u2 (344)
d i
3 = R L + L + 3 3 .45
€ S/ c f dt “ ( )

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

as given below:

] cosf sinf
x2|=lcos(o -2z/3) sin(o -2z/3) |*|*¢ (3.46)
xq
| x 3 cos(0 + 2z/3) sin(@ + 2z/3)
xd] plcos@ cos(@ -2z /3) cos(@ +2m /3)] x1
_2)" . _ *1x2|  (3.47)
xg| 3|sin@  sin@ -2z /3) sin(@ +2x/3) e

x3

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

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

[dcz gd.id + ggq.ig (3 .48)
. did
v, = Rf.zd+Lf.dt + ud (3 .49)
) dig
v = R f.i + L f. + u 3.50
q figq S 7 q ( )

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 shown 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 Fcn blocks. The abc to dq0 block shown in
Fig.3.17( C) is from SimPowerSystems block set which transforms abc axis voltages to
dq0 axis voltages. The discrete virtual PLL block shown in Fig.3.17( D ), generating
frequency f, 2*a*f*t and sine and cosine of 2*n*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 Is 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 fl1, 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 Idc is calculated using equation 3.4.1.16 using Id and Iq as inputs. This
value of Idc 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,
Vdc is calculated by calculating the capacitor filter current Ic as follows:

ARG A ] TR
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( 1) 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 w as carried out using ode1(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

simulation results of input voltage, output

TABLE 34 voltage, average load current excluding the
SL.NO PARAMETERS VALUE
1 Line to Neutral RMS Voltage 220 Volts
2 Supply Frequency 50 Hz
3 Source resistance 0 Ohms
4 Source Inductance le-3 Henries
5 Load Resistance 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 1 milli Henries was calculated using
equation 3.32. and the net value of the output voltage is found to be 507.9 volts. The
avérage 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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TABLE 3.5
SLNo. RMS Load | Average and Average Load | Remarks. -
‘ Voltage( Volts) | Voltage(Volts) | Current(Amps) . S
1 _Sll 509.6 22.15 NO Filtgr 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 aff and af 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 dc to ac converters also known aé 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 dc 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 dc 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 Q1 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 shown in Fig.4.2( A)to (F). Fig4.2(A) to (F) are respectively
Three phase line to ground voltages, line to line voltages, Line to lihe 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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4.2.1 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 n/6 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 /2
b, = —* J -Vdc.sin(n.a)t).d(wt)
i1 /6
4.Vdc niw
= —— |cos— for n=123,5,7... (4.1) The
nrw 6

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

00 4.V 4. nw | nrm
Vo = > ———.|cos —|.sin| nwt + — (4.2)
Y n=1357... nz 6 6

The RMS value of Vry is given below:

1 27/3 5
Vry(rms) - ; g Vdc'd(wt)
’2
= ?-Vdc = 0.8165.Vg4, (4.3)

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

T
4.V .coSs | —
dc 6 /6 ,

Vryl(rms) - \/2'.7[ T dc (4.4)
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The RMS value of line to line voltage for a dc link voltage of 200 Volts shown in

Fig.4.2( C) and the peak value of the fundamental component of Vry 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 dc 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 of Fig.4.1. This waveform is described below:

14
_ dc
Vrg = +——~—————2 for 0 S w ts =z
4
= . —dc for TS o tS 2x....... (4.5)
2 :
V
14 = + —4dc for ‘ 2r/3S wts 5nx /3
14
. —dc for 0S o ts 2z /3 and
2
Sfor Sx/3S o tS 2x......0.... (4.6)
Vde
Vo = 4 ——— Jor 0 S wtsx /3 and
. 2
for 4r/3s wts 2rx
vV
= - _—de for /3 S o tSs 4=z /3 ......... (4.7)
2
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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:

Vo = Vo g S (4 .8 )
Voo, = Vo, g L S (4 .9 )
Vo, . = Vb -V g (4 .1 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:

V rn I 0 -1] [Vry
Vyn|= 2.-1 1 0 |*|Vyb (4.11)
Vb n 0 -1 1| |Vbr

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

).

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

for Vm:

(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.

/3 2 23 2 o
V,i(m)= L) de J d+ de + f d(wt)+£* [ dw)y| @12
T |9 o0 9 3 9 w3

Simplification of equation 4.12 yields the following:
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\/2.Vdc

3

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

vV

rn(rm s) (4 .13)

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

function is odd. Thus Fourier coefficient bn is given by

2 21/32V T Vcb

by =—* f sm(mt)arat)+f3 singr).de) + f = sinfmg.dey)| (414
T

, Ty, |m Vg, (2m Vg :

ie b= - aos ; i cm[ 3} - %"{I—cos(m) “4.15

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

to neutral voltage

2V 1 1
Vin == dc_ sin (cut) + —.sin (5cut) + — .sin (70)1‘) + ] (4.16)
T b) 7
The RMS value of the fundamental component of Vi is given below:
2 .V
v = d c (4.17)

rnl (rm s) T

For a DC link voltage of 200 volts, the RMS value given by equation 4.13 and the peak
fundamental component of Vrn 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:

2

v
THD - S.RM S -1 (4.18)

Vs1 RMS

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.V3 13

THD of Vi = —5 -1 =309% (419
6.Vdc/7r
2.V;c/9

THD Of VLN = —7—2— -1 =30.9% (4.20)
Z.Vdc/ﬂ'

4.2.4 Model for Three Phase 180 Degree Mode 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

68



Library Models for DC to AC Converters

Chapter 4

YALYIANT HTOW TAYDIAA 081 ASVHd HHYHL V 40 TAAON £'v'DId

gadedsyaop of

S[0A7TT 39p0§T T1SA gasend

jadudsylop o,

SI0ATNT IsAT2apog L casend

SINY NTA

1SN

gadoag

8TF6 4_ [ v

JuoiRio)sI(
SJUOuLIBY [830],

JHL N1A

[L8OE0 _

SINY A¥A

EOT ]

SN A¥A

1masisqng

19d

Auanbaig

gadod§
- < QHL  1vudps
{Infie mod
SnonuguoD
S
sadoog
4 s01 |wuld)s
anguA S aE Twasdqng waysksqng
DS « PEPN
yadods cwasdsqng D < PRETN 94 Hd Hd
M < SWH v« WA wA PRETN Japaaug L ap( 980 JapMuy
AL. pteYogt:] A._ spow aBap 081 H A Hd apowm sa13ap o8|
ey 1A aseyd ] aseqq a1y
A A a4 - £>uanbauy
2OII0)SIQ » TA LA DY Hd
adoog djuonuwy [w0], r_.=-> a->A._
D < QHL 1eudss

o

69




Chapter 4: Library Models for DC to AC Converters

[
i

34 1A AN I L) TGLE AN A E AN o1 g gtgﬁiiﬁgzégg WO AL) 0] HERH SRR | AR K PR gﬁt% igmi ﬁm

3

@g_g _E&

El::iiﬂ:i. ..EEE___E_T

B

e rw =] =28

s A —
@ ™ A
J- TTRITSEEN My 1yl b by

v
Iy

70



Chapter 4: Library Models for DC to AC Converters

In1 ap)
2%pi*f —p-C T ) CE outl
Outt
e @3 D
PHASE ouz %ﬂ_—}
SHIETER _ Fig.4.5D) >C)
VLL TO VLN BLOCK

10 | Fig.4.5(8) GATE DRIVE

Wre
Int flu)
O— u(1)>=0 |

u(f)>=0 S
‘ L1_j'
“’@
Out3
VDC Fig.4.5(C)  SIX STEP INVERTER
vdc 1I(2) ]

| —> (D)
»- Outl

;\ Vrg _}:-'\__\'yg :;\"}Ib; —

far ]

- — L _:‘: Ou2
M | g
14 ED) > (D)
Oud _}@ L ._j ou3
? Ou5
& %

71



Chapter 4: Library Models for DC to AC Converters
2n to get the angular frequency to generate the sine wave and the gate drive for

inverter..

The outputs of Fig.4.5(A) is given to the four input mux in Fig.4.5(B). In Fig.4.5(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 Fcn blocks which compare the respective input u(l) with zero,
generate logic 1 if u(1) is greater than or equal to zero, else output logic 0. The output

of the three Fcn blocks are the switch functions a, b and c.

The a, b and c output of the three Fcn blocks in Fig.4.5(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.4.5(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.4.5(D). The matrix gain block in Fig.4.5(D) multiplies
Vry, Vyb and Vbr by the matrix defined in equation 4.2.1.11 to get the line to neutral
voltages Vrn, 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
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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
THD and RMS values of line to line voltage is shown in Fig.4.6(D), (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(J) 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

1 | 60 200 7309 163.28 309 | 9427

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 degfee 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 n/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#/3V /2
b, = —.| | “=sin(not)dwy)+ [ V, sin(noy).doi)
c
T 0 2 /3
00 2.V nrw
= Zde 1+ cos — (4.21)
n:],3,5,7.... TN 3

The line to line voltage Vry can be expressed by Fourier series as follows:
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o0 2.V ni niw
Vry = = > de_ 4 1+ cos— | *sin| nwt + — (4.22)
I’l=1,3,5,7.... T.Nn 3 3

The RMS value of Vry is given below:

2 2
1 |73 5 27r/3Vd TV
4 = |=*| [ Vi dwh+ [ -2 dlw)+ [ 25 dwr)
vrms) Al | o 9 7/3 4 21/3 4
4
_de 423

V2

The RMS value of the fundamental component of Vry from equation 4.3.1.2 is given
below

3 Vdc

ryl (rms) ~ —/2 _—;—

The RMS value of line to line voltage for a dc link voltage of 200 Volts shown in

4 (4.2 4)

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 g as the midpoint of the two dc 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 <wt <2pi/3
= 0 for 2pi/3 <wt<pi
= -Vdc/2 for pi < wt < 5pi/3
=0 forSpi/3<wt<2pi e (4.25)

Vyg = +Vdc/2 for 2pi/3 < wt < 4pi/3
= 0 for 4pi/3 < wt < 5pi/3
=-Vdc/2 for S5pi/3 < wt<2pi and
for0 <wt <pi/3
=0 forpi/3<wt<2pi/3 ... - (4.26)

g

+Vdc/2 for 4pi/3 <wt <2pi

= 0 for 0 <wt<pi/3

= -Vdc/2 for pi/3 <wt<pi

= 0 for piSWE<API/3 e, 4.27)

VIV = VIZ = VY triiiiiiiiiiiiiiiiiiie it ree e r e (4.28)
VYD = VYZ = VbE ittt itee e ceenaee e (4.29)
Vbr = Vbg - VI ittt e (4.30)

The line to neutral voltages Vim, Vyn and Vbn can be derived as follows:

V rn ;| 0 -1 Viry
Vyn | = —- -1 1 0 |* |V 5 |...(4.31)
v S lo -1 1 o

" bn " br
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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

for Vrn:

(0, 0), (0, +Vdc/2), (2pi/3, +Vdc/2), (2pi/3, 0), (pi, 0), (pi, -Vdc/2), (S5pi/3, -Vdc/2),
(5p1/3, 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.

Ji 2rn/3 VZ 174
— | 1| o] = “45 . (4.32)

T 0 \/6_

14

rn(rms)

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

Referring to Fig.4.7(F), shifting the axis of symmetry by w/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
[T
2 (n--6) Vdc
b, =—*| [ sin(nwt).d(wt)
T /6 2
ZVdC nmw
= ——.cOoS|— for n=123,57... (4.33)
n.mw 6

The line to neutral voltage Vrn can be expressed by Fourier series as follows:

0o 2.V 4. nwi . n.mw .
Vin = > —=co0S|—|.sin| nwt + — (4.34)
n=1,35,7,... n.mw ‘ 6
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The RMS value of the fundamental component of Vm from equation 4.3.1.14 is given

below

_ 3 Vide
Vool (rms) = ,/2. ’ (4.35)

The RMS value of line to neutral voltage for a dc link voltage of 200 Volts shown in

Fig4.7( 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:

Ve /2

THD of V;; = de” -1 =309% (4306
9.Vdc/2.7r
Ve /s

THD of Vi = de___ -1 =309% (437)
3.V 2. |

4.3.4 First Model for Three Phase 120 Degree Mode 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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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.4.10(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 2=z to get the angular switching frequency . of the inverter in radians per second.

The three phase 120 degree mode gate drive cum inverter block is shown in

Fig.4.10(B). The four input to the mux are the arbitrary constant, angular frequency

o, , time and switching angle advance. The three phase sine wave AC with angular

frequency o , with phase advance added is generated using three Fen blocks. Each of

e
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, ¢ output of
the three relays are given to three Fen blocks. The three Fen blocks Fen6, Fen7 and
Fen8 subtracts the two inputs to their respective mux. The resulting output of these
three Fcn blocks are then multiplied by Vdc/2 using multiplier blocks to generate line to
ground voltages Vag, Vbg and Vcg of the three phase 120 degree mode inverter. The
three subtract blocks are used to generate the three phase line to line voltages, Vab, Vbc

and Vca.

The three line to line voltages Vab, Vbc and Vca are given as input to the mux in
Fig.4.10( C ). The three demux outputs are the line to neutral voltages Van, Vbn ahd-
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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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
SLNo.  Frequency ~'DCLink % THD
Mz Voltage— of VLL

1 60 200 30.31 141.4 33.07 81.65

z  Voltage—  of VL
1 60 200 30.9 | 14144 | 309 | 8166

odel5s(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.4.11(A) to ( C) respectively.
The RMS and THD values of line to line voltage are shown in Fig.4.11(D), (E) and that
corresponding to Line to Neutral voltages are shown in Fig4.11(F) and (QG)
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 shown 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 Model for Three Phase 120 Degree Mode Inverter

The second model of the three phase 120 degree mode inverter is shown 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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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 4.5: Three Phase 120 degree Mode Inverter — simulation results for second model
SLNo.. Frequency: - DCLink % THD -
“o0 . Hz© . Voltage—  of VLL

e R Volts‘h_-‘ ) i
1 60 200 30.31 141.4 33.07 81.65

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 2x 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
Fenl, Fen2 and Fen3 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 relayl, 2 and 3 goes to logic 1 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, ¢ output of relayl, 2 and 3 are
given in pairs to three Fcn blocks using three two input mux. The three Fen blocks
Fcnd4, 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 Fen7 block output logic 1
when the input u(1) is greater than zero, else output logic 0. Similarly the Fcn8 block
output logic 1 when the input u(1) is less than zero, else output logic 0. The same logic
holds good for zero comparison block pairs connected to Fen5 and Fen6. The output of

Fcn7 and Fen8 are given to u(2) input of switch and switchl respectively. The u(l)
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input for switch and switch]1 are respectively +Vdc/2 and —Vdc/2 and the u(3) inputs to

both switches are zeros. Both the switch and switchl output u(1) 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 FenS and Fené6 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.4.16(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 Model

The simulation of the second model of the three phase 120 degree mode inverter was
carried out using odel5s(stif/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.4.17(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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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 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].

4.4 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 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 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 Tabie 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.4.18(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.4.19(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 dc input voltage to dc output
voltage. There are three fundamental topologies for dc to dc 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 Convertér Analysis

The Buck converter topology using BJT switch is shown in Fig.5.1 [14-18]. In fact the
switch can be any one of MOSFET, 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 thé
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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.

(vg -vp).D.T . (v0)-G-p).1 _

0 (1)

Yo _ p 52
¥s

During the switch ON time, inductor current grows linearly and reaches a maximum
value I 1max and during the switch OFF period, the inductor current decays and reaches a

minimum value Iy jmin. The maximum and minimum inductor current are given below:

o o)

I =DV
Llmax S
[RL 2L1

1 (1-p).1
R, 2L,
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The critical inductance L required to maintain CCM is obtained by equating It imin to

zero. This gives the following value for Ljcri.

_{1-D
Licrir = 5 T.Rp (5.4)
The ratio of ripple voltage to output voltage is given below:
4v, 1-D)
CF
. — (55
Yo 8.L;.(CF) fgw

where fsw = ( 1/T) is the switching frequency in Hertz, L, 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.

@ . (VS'VO)
Li _ for 0<=t<=D.T (5.6)

p L,
di,, (¥

“=( o) for DT<=t<=T (5.7)
L |

Now for the switch S, switching function SF is defined as follows:

SF =1 for 0<t< DT
= ( Jfor DT<L<t<T < (3.8)

Using equation 5.8 in equations 5.6 and 5.7, we have the following:

diy; (sFrvg-vy)
dt L

(5.9)
1
113



Chapter 5: Library Modules for DC to DC Converters
: *
i1 Rp
(R .CF.s+1)

Vo = (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 dc input voltage in Volts and the inductor value
in Henries are entered. In Fig.5.5( C), the four inputs SF, VS, Vo and L1 are given as
input to the MUX. The Fcn 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 Fcn block in Fig.5.5(D). The dialog box named Resistive Load and
Capacitive Filter in Fig.5.4 corresponds to Fig.5.5(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 ( 1/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

| SLNo.;/Input ' Switching ;i Duty S;Inductor MFilter ~  {[Load Resnstor

} o Voltage Vss . Period T fi,;Cyclei;Ll Henness}Capamtor §5RL Ohms 1

beramn wiecd 1Y OMES R g;Seconds D ks LCF Faradsj;‘ e T
1. 48 1 256 . _0-6 . 975e6 | 100e-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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TABLE 5.2 - SIMULATION RESULTS

Sl.No. Output Minimum Maximum Load
Voltage Inductor Inductor Current

Vo Volts | Current Amps Current Amps Amps

1 28.8 1.5 4.4 2.9

TABLE 5.3 — CALCULATED VALUES

SLNo. Output Minimum ‘Maximum Load
Voltage Inductor Inductor Current

Vo Volts Current Amps | Current Amps Amps

1 28.8 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 of Fig.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.

%[5

= \pT+
L L

(1-D.T =0 @

o 1

s (+D
During the switch ON time, inductor current grows linearly and reaches a maximum
value IL1max and during the switch OFF period, the inductor current decays and reaches a

minimum value I imin. Neglecting switching losses, input and output power are equal.
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The inductor current is derived below:
2
V
Ve Iy, = RO (5.13)
L

Using equation 5.12 and 5.13, inductor current Iy is given below:
vV
I, = S
L1 2
(1-D)" Ry

The maximum and minimum inductor current are derived below:

(5.14)

V Vo.D.T
S 4+ S

I = (5.15)
LImax (1 ] D)Z -RL 2 LI

Vs ) Ve.D.T

Iy, . = (5.16)
LImin 2
(1-p)" R, 2L
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The critical inductance L required to maintain CCM is obtained by equating I1 imin to

zero. This gives the following value for L.
R,.T 2
_ L
Ly = ——5—-.(1 -D)".D  (5.17)

The ratio of ripple voltage to output voltage is given below:

AVO D.T
= (5.18)
Vo R;.(CF)

5.3.1 Model for Boost Converter

Models for Buck, Quasi Resonant and Flyback converters are available in the literature
[54 — 57]. PSPICE Models for dc to dc 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.5.11(A) to (C).

The development of the model is explained below:

Referring to Fig.5.8, the following equations can be derived.

di 14

LI _ S for 0<=t<=D.T (5.19)
t L,
di (V -V )

L1 _\S Ol 4 preci<=T (520
dt L

Now define the Switching Function SF and Inverse Switching Function SF_BAR as
follows:
SF =1 Jor 0<tLDT
=0 for DT<t<T ..(52D)
SF BAR=0 for 0Lt<DT
= ] . Jorr DT <t<T (5.22)

Equations 5.19 and 5.20 can be written as follows using equations 5.21 and 5.22:
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dyy _(SF+SFBAR).Vg-(SF BAR).V,

at L

(5.23)

Integrating equation 5.23, the inductor current iy, 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).iy ;.R;
(R, .CF.s+1)

Vo = (5.24)

The various subsystems are explained below:

Fig.5.11(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 dc input voltage in Volts and the inductor value
L1 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(1) 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.5.11(D) has the inputs VS, SF, SF_BAR, Vo, and L1 from u(1) 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 ir;. Fig.5.11(D) corresponds to the dialog box Resistive load and
Filter in Fig.5.10. The inductor current i, is given as u(1) input to the threshold switch
in Fig.5.11(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 (1) / ( rl*cfs +
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.
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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
- Switching ;. ‘Duty :iInductor :Filter

- SLNo." Input |/ Load Resistor |

Voltagest :Period T ° ! Cycle. L1 Hennes . Capacitor :'RL Ohms
... ..Volts . Seconds D i .. . ..CFFaradsit . . _. .|
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 RESULTS

SL.No. Output Minimum Maximum Load
Voltage Inductor Inductor - Current
Vo Volts Curreht Amps Current Amps | Amps
1 30. 01 0.5 3.0 0.6
TABLE 5.6 - CALCULATED VALUES
Sl.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.5.14(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 -

127



Chapter 5: Library Modules for DC to DC Converters
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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.

% 7,
Sipr+|-2|(1-p).r =0 29
L L

V5 D
= (5.26)
Ve (1-D)

The polarity of Vo is negative at the top terminal and positive at the bottom terminal.
Let i, be the current supplied by the source. Neglecting losses, the input and output

power are equal, giving the following equation.

128



Chapter 5: Library Modules for DC to DC Converters
2

)
Ry

VS .I" =

in (5.27)

Referring to Fig.5.14(A) and (B), noting that I;; = D.I; and using equations 5.26 and

5.27, the following equations can be derived.

Yo
VS'D'RL
VS .D
ie. Iy = 3 (5.29)
(1-p)" R,
VS .D.T .
a1 = (5.30)
L1 I
1

Using equations 5.26, 5.29 and 5.30, the maximum and minimum inductor current can

be expressed as follows:

Vg-D N Vg DT

1 Llmax ~ ( (-31)

I- D)Z Ry 2L

VoD  VoDT |
S .S (5.32)

I , =
Limin (] ] D)2 -RL 2 LI

The critical inductance L required to maintain CCM is obtained by equating Ipimin to

zero. This gives the following value for Lcrt.

R,.T 2
_ L
Lycrit _-T'(I'D) (5-33)
The ratio of ripple voltage to output voltage is given below:
| 4V D.T |
= (5.34)
Vo R; .(CF)
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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 dc to dc 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 Vv
LI _7S 4 0<=t<=D.T (5.35)
L,

di -V,

L1 =( 0) for DT<=t<=T (5.36)
dt L

Now define the Switching Function SF and Inverse Switching Function SF_BAR as

follows:
SF=1 for 0<t<DT
=0 for DTL<t<T ..(537)
SF BAR=0 for 0Z<t<DT
= ] for DT<Z<t<T (538

Equations 5.35 and 5.36 can be written as follows using equations 5.37 and 5.38:
dip; (SF).vg-(SF_B4R).¥,
dt L;

(5.39)

Integrating equation 5.39, the inductor current i, 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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-(SF_B4R).i; ;.R;

(R, .CFs+1)

Yo (5.40)

The various subsystems are explained below:

Fig.5.17(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(1) 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.  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.5.17(D) shows the Buck-Boost converter
model. The five input MUX in Fig.5.17(D) has the inputs SF, VS, SF_BAR, Vo, and
L1 from u(l) to u(5) respectively. The Fcn block in Fig.5.17( D ) solves the equation
5.39 and the integrator block outputs the inductor current ip;. Fig.5.17(E) éorresponds
to the dialog box Resistive load and Capacitor Filter in Fig.5.16. The inductor current
i1 is given as u(1) 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 ) / ( rl*cfis + 1 ) gives the output voltage Vo. The output
voltage Vo is multiplied by the gain block by the factor 1 /(1) 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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. TABLE 5.7 — Buck-Boost Converter Data

SLNo. Input - Switching: Duty i Inductor . | Filter '’ Load Resistor |
iiVoltage Vs Period T - Cycle L1 Hennes Capacltor 3 RL Ohms ’;
‘o ..Yolts . Seconds .. D .. . . .4.CF Farads_, _ . ... . .|
124 s0e6 ,"-4,_? . 10006 4°°°6 L
.2 ... 24 0 50e6 . 06 _100e-6 .. _400e-6 ' 5 ]
TABLE 5. 8 - SIMULATION RESULTS
S1.No. Output Minimum Maximum Load Duty
Voltage Inductor Inductor Current Cycle
Vo Volts | Current Amps Current Amps Amps
1 -16.05 31 7.9 3.21 ) 04
2 -36.29 15.5 22.5 7.26 0.6
TABLE 5.9 - CALCULATED VALUES
SL.No. Output Minimum Maximum Load Duty
Voltagé Inductor Inductor . Current . | Cycle
Vo Volts Current Amps | Current Amps - Amps | o
1 -16 2.933 | 7.733 32 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.5.18(A) to (D)vrespectively
" 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 odelSs(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 dc to dc 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 rms 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 rms voltage across the load can be varied. The firing sequence is
T1, T2, T3, T4, TS and T6. This is derived below:

VAN T \/Z—.Vs.sin (w.t)

veN = \fz_.VS.sin[w.r-z—:-] (6.1)
2x

VCN = \/}—.Vs.sin[w.t«k-—}—-]
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In equation 6.1, van, van and vey are the three phase instantaneous line to neutral input

voltages. The three phase instantaneous line to line input voltages are given below:

vAB = J;.VS .Sin

VBC = 6.VS.Sin

' 7z
vCA =\\/;. VS .Sin [_C().f - '—]

p
T

or-%]
\ 2

6

p ;
T
.+ —
\ 6

(6.2)

The rms 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
For 0<a<60
J‘ 1 a sin2o
vV =V N6V . I- - — + —1 (63
O  aim) Sils 4 &
o) 0
Fr 6 <a<90
J’ 1 3sna \/;cnsZa
vV =V =6V . |— + —— + 64
O atim) S\ 12 16t 16z
o) 8]
Rr O <aI9
,[ 5 a snix J_;mﬂz
V=V —aV.—-Zr+__+ 65
O afn) S|y I6r I6r '

For 0 < a < 60°, immediately before firing of T1, two thyristors conduct. When T1 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 Resistive 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 n/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)

vrn_rms*1.414 —-——>CD
' Out1

2*pi*frequency ——>®

Out2

GO—>CED

Out3

aifa |-

Out1

(2*pi/3)+(alfa) »C{D
Out2

(4*pi/3)+(alfa) —»C3 ) |
Out3
FI1G.6.4(1B)

T o—s-HFF>cT >
In1 Out1
—Zo—s»-HF»c=>
In2 Out2

C Oo—»H-—»C3 D
In3

Out3
FIG.6.4(C)

143



Library Modules for AC to AC Converters

Chapter 6.

8yl

i

sul

B gu)

1zul

& n (@914
0
= < )
QU< ((monnuslioo
e H Hee -
o §HRL__n-n | DENI AR NOA
CeJet=—__ ton-on | <+ e ((end pHeIn, Inurs),(n
pen | : / Tle— [l
Am« L ((@)n - (4hn) < b /WA R e
D = Lo
g0 e posa! < 6n0
Co+lmd peoiJ) el | “.J .UA CaOe_ (Imen,enlushigo
/IA.. g4 NeA
gno AAH .B B _ < . (tend.zHen,Znjuis)(i)n
&> ) NI
Zhno « N\ <
@Au_ SWY _.T.. " DU
{eAeIn) + (£A2)n-) ano 0
EYNIMS TUYdIMG
(£42)n) + (AL —»( gD || vuoums ] w0
._Jul_ D «D (i) ZInjus) 00
{eAe)n) - (€ALIn) o < <
anoCe) < Nl Vids )
s T on-on e [ He (@n.anus)
< e
< {__(@n-@n | AIII_ et Hetr e
—— (@n-un | /.LAI_ /LAIlI.
::oﬁw_.u LUdlMmS Yaimg

A

Wl m

WA

144



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, the rms line to neutral voltage in Volts and the frequency in Hertz are entered. The
peak voltage Vm and angular frequency « 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,
[(2n/3) + a], [(4n/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 =+1 for aSth(z-i—a)
= -1 for (n'+a)Sth(27t+a)

2x Sz
SF B =+1 for —+ta|Sots|—+a

3 3
5 8
= -1 for —7f—+a S ots —T-r—+a (6.6)
3 3
iz Vg 4
SF C=+1 Jor —+talSwts|—+a
3 3
n 10x
= -1 for |—ta|sSwtS|—+a
3 3

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(1) to
u(4) are respectively peak line to neutral voltage Vm ( V2.Vs ), supply angular
frequency o, time t and firing angle a. The Fcn block at the top marked VAN generates
van given by equation 6.1. while the bottom Fen block generates an attenuated value of
van lagging by the firing angle a. The two Fcn blocks corresponding to Phase B and C
respectively generates vgy given by equation 6.1 and attenuated vgy lagging by [ (2.1 /3
) + a ], ven given by equation 6.1 and attenuated ven lagging by [ (4.7n/3 ) + a]. The

bottom MUX output of each phase marked SF1_A, SF1_B and SF1_C in Fig.6.4(D) are
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Chapter 6: Library Modules for AC to AC Converters
given as input Inl, In2 and In3 to the three Relays in Fig.6.4( C ). All these three

Relays output 1, 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, SF1_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(1) 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
Switchl and its u(3) input is zero. The Switch2 output is given to u(2) and u(3) input of
Switch3 and its u(1) input is zero. The output of Switch 1 and Switch3 are given as u(1)
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(1) 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  oupt= +Vmsinfwt) for asSat<(m+o)

= 0 for other time irtervals ©7)
Switch?2  ouput= -Vmsinft) for (eSSt <(ntao)

=0 for oher time intavds 68

Switchl and Switch3 has the following output given by equations 6.9 and 6.10

respectively:

146



Chapter 6: Library Modules for AC to AC Converters
Switchl  ouput= +Vmsinfwt) for aSutsw

= 0 for other time infervals (6.9
Switch3  oupw= -Vmsint) for (@EHe)sSwu<s2Zn
= 0 for oher time intavds (610

Switch4 has the following output given by equation 6.11 below:
Switch4  output= +Vmsinwt) for aSwtSnw
= -Vmsine¥) for @E+WPSwts2r
=0 for other time intervdls. (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 Fcn
blocks calculate the three phase line to line voltage across the star connected resistive

load using the following formula:

veirz| (1 -1 0} Wpin| (wD)-u2)
viars|=10 1 -I*voy|=lu@-ue) 612
vl 110 1] fvpan| l@®-u@

In equations 6.12, L1, 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 Fcn blocks connected to this MUX calculates the line

to neutral voltages across the star connected resistive load using the following formula:
[

L, ;1_" [ u(1) u(3) '
VLIn 31 ] 71 vLac: 0 y
- . _A-u(l)  u(2)
VIon ;—- ; 0 ViarL3l= p + 3 (6.13)
VL3n , 11 VL3L1 u(2)  u(3)
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 viia is multiplied by 1/(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 odel5s(stiff/NDF) solver, for
various firing angle a of =n /6, n /4, = /3, = /2 and 2.x /3. The data used for this
controller is given in Table 6.1 [14]. The simulation results for firing angle a of © /6, n
/4, n /3, n /2 and 2.1t /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 =« /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

SL.No. | Line to Neutral | Frequency | Firing Angle | Per Phase Load .

Voltage in Volts | Hertz a radians Resistance in Ohms

TABLE 6.2 — Simulation Results for Three Phase Controller with Star connected Resistive Load

SLNo. | Line to | Frequency | Firing Per Phase | RMS Line to | RMS Load

Neutral | Hertz Angle Load | Neutral = | Current in
Voltage a | Resistance | Load _ o | Amps |
in Volts . - | radians | in Ohms Voltage in »
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TABLE 6.3 —Calculated Values for Three Phase Controller with Star connected Resistive Load

SL.No.

Line to
Neutral
Voltage
in Volts

Frequency

Hertz

Firing
Angle
a

radians ,

Per
Load

Resistance

Phase

»in Ohms

RMS Line to
Neutral
Load
Voltage  in
Volts

RMS Load
Current in

Amps

117.38

11.738
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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 vwire 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:

V4B = \/Z_.VS .sin (w.t)

2x
vVpc = VZ.VS .sin[w.t-—?—] (6.14)

2
Vou = \/2.VS .sin [w.r+ ————]

3

In equation 6.14, vag, VBc, 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.

V- ifzvgmz (wt).l{ax)

sin(2a)
2

= vl - £+ (6.15)
T

The range of firing angle is 0 < a <@ In Fig.6.20, iab, ibc and ica are the'phase currents

through the load. Also i, = iab—ica, Ip = ipe — 1ab and ic = ica — ipe 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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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 2z /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 w 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, [(2n/3) + a], [(4n/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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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.6.23( C ) are defined below:
- SFA =+1 for aswts (n‘+ a) -

= -1 for (n+a)Sth(2n'+a)

2 Sm
SF B=+1  for (——-— + a] Sowts {— + a]
3 3

= -] for [5—n+a]5wts[ﬁ+a] (6.76)
3 3

4n Ve 4
SF C=+1  for [— +a] Sots (— +a]
3 3

[77t ] (]071: ]
= .1 for |—ta|Sots|—+a
3 3

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(1) to
u(4) are respectively peak line to line voltage Vm ( V2.Vs ), supply angular frequency
®, time t and firing angle a. The Fcn block at the top marked Fcn generates vap given
by equation 6.14. while the bottom Fcnl block generates attenuated vag lagging by the
firing angle a. The two Fcn blocks cormresponding to Phase B and C respectively
generates vpc given by equation 6.1 and attenuated vec lagging by [ (2.n/3 ) +a ], vca
given by equation 6.1 and attenuated vca lagging by [ (4.x /3 ) + o ]. The bottom
Function block output i.e. output of Fcnl, Fen3 and FenS 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 1, when the respective input crosses zero and goes positive

and output -1, when the respective input crosses zero and goes negative.
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Considering Phase A for clarity, SF1_A is given as u(2) input to threshold switches

marked Switch and switch2 in Fig.6.23(D). The output of Fcn blbck 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(1) input to Switch2. The output of Switch is given to u(1) and u(2) input of Switchl
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(1) 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(1) 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(D) 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.

Switch oupt= +Vnsnft) for a<at<(@to)

=0 for ofher time imends 617
Switd? o= -Vinsin@t) for (t+@)Sat SCn+o)
= 0 for other time intervdls 618

Switchl and Switch3 has the following output given by equations 6.19 and 6.20
respectively: ‘ '

Switchl  odpt= +Vmsinet) for asatswm

= 0 for ahr time inevds @19
Switch3 oupe= -Vmsinwt) for (Eto)Sat St
=0 for ohr time Hends (G2

172



Chapter 6: Library Modules for AC to AC Converters
Switch4 has the following output given by equation 6.21 below:

Shitdd aqpu= Hmsingt)  for asSatsSw
= Vi) for (E+o)Swt S
=0 for dhe tire ievds (G20)

The Switch4 output in Fig.6.23(D) corresponds to the Phase Voltage Vo across the load

“resistor. This Vo is multiplied by 1/(r_load) using gain multipliei' blocks to obtain the
phase currents ia, ibc and ic, through the load resistor. These respective phase currents
are given to a three input MUX. The three Fen blocks performing [u(1) —u(3)], [u(2) —
u(1)] and [u(3) — u(2)] output the line currents i,, i, and i..

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(stiff/NDF) solver, for various
firing angle a of /6, n /4, /3, n/2,2.%/3 and ©. The data used for this conﬁoller are
given in Table 6.4 [14]. The simulation results for firing angle a of n /6, n /4, & /3, &
/2, 2w /3 and = are shown from Fig.6.24 to Fig..6.29. Th_ernamés 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 2z /3 i_s displayed in

Fig.6.21. | |
TABLE 6.4 —Data for Three Phase AC Controller with Delta connected Resistive Load

SLNo. [ RMS Line to Line . | Frequency | Firing Angle | Per Phase Load

Supply Voltage in Volts | Hertz a 'i'adiaﬁs_ Re"sivst‘:ip:ce_.iii Ohms
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TABLE 6.5 ~ Simulation Results for Three Phase AC Controller in Series with Delta Connected

Resistive Load

SLNo. | RMS Line | Frequency | Firing | Per Phase | RMS RMS Load
to Line { Hertz Angle | Load | Load Current
Supply a Resistance | Voltage Iab in
Voltage in radians | in Ohms Vo in | Amps
Volts Vollts
208 60 n/6 10 2049 2049

2n/3

1
3
3
4
5
6

10
208 60 T 10 0 0
TABLE 6.6 — Calculated Values for Three Phase AC Controller in Series with Delta Connected
Resistive Load
SLNo. | RMS Line | Frequency | Firing | Per Phase | RMS RMS Load
| to Line | Hertz Angle | Load - Load Current
Slipply d Resistance | Voltage Iab 1n
Voltage in radians | in Ohms Vo  in Amps
Volts - | | | Volts o
1 208 60 n/6 10 173.45 17.345

01944

0

0

The simulation results for various firing angle o 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 resistive 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 equivalenf 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 threé 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 dq0
axis. The abc to dq0 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 dq0 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 dq0 voltage-
current equatio-ns 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

4 q-axis

Stator

Fig.7.1: Two axis representation of three phase IM

in space by 90 degrees. The rotor winding a is at an angle 6r from the stator d-axis
winding. The voltages and currents are marked in Fig.7.1. The angle Or is the rotor
position in electrical radians at any instant of time. With this arrangement, the mutual
inductances between stator and rotor are functions of cos 0r and sin 6r and thus are time
varying. To obtain constant mutual inductance betwéen stator and rotor, the rotor
windings are aligned along the d-axis and g-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:
Vgss Vgr - g-axis stator and rotor terminal voltages.
Vas, Vor - d-axis stator and rotor terminal voltages.
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17r1. 1

el | 0 Rgrslg 0 T | i

Var SLm -Lm'er__cbt R +sl, 'Lr'er_dot tar )
3 _Lm'gr__cbt by L., R, + e | i)

igs, igr - g-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.

: do
Or_dot - Rotor angular speed in electrical radians per second [TL .
t

s - Transform operator d/dt.

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 . radians per second and then transfer this model to any
desired reference frame. The relationship between the stationary reference frame
marked by dg-axis and arbitrary reference frame marked by d°q°-axis.is shown in
Fig.7.2 [13]. The relationship between the electrical quantities in the stationary dq

reference frame and the arbitrary d°q° reference frame is given by equation 7.2 below:

: C
qu _ cosf~  sinf . fqg 7.2)
s -sinf~ cosf - 11

In equation 7.2, f can be a voltage, current or flux linkage.
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X g-axis
qc'aXiS 3T1 iqs dc-aXiS
2 “L:F’ :
. - A/
lcds %D qs p
c S Lds
©c = 0c_got / )< Vs
Oc
-

ids

/3 |
(;_7 d-axis
N
Fig.7.2: Stationary and | 1+
Arbitrary Reference Frames

Vas

Equation 7.1 can be written in arbitrary reference frame as in equation 7.3 below:

B | Ry als ot o | |8
Gl wls Bs ek s |
Al o lca)zn B (aa)zfle @
) Moot Aaa)t B ||

The electromagnetic torque Tem of the induction machine is given in equation 7.4
below:

T =

3 P c Cc C .C
em ~— T Lm_-

2.2. lqs.ldr-lds.lqr

The transformation of voltages, currents and flux linkages from abc to qdO and from

)Nw.m' (7.4)

qd0 to abc axis are done using the matrix in equation 1.1 and 1.2, with 0 is replaced by
Oc.. |
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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 wc 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 wc is set to ws and o, respectively in equation 7.3.
Also in the transformation matrix in equation 1.1 and 1.2, 6 is replaced by 6s and O;

respectively for the synchronous and rotor reference frames.

The speed of the stator frame is zero and letting wc = 0 in equation 7.3, the resulting

model in stator reference frame is given in equation 7.5 below:

] 1
Vgs| |Rg+sLg 0 sL,, 0 *
' i
Vi _ 0 RS +sLS 0 sLm_ ol 'ds 7.5
Var sL,, -w,.L, R.+sL. -o,.L, igr
v | 0..Ly, sL,, w..L. R +sL.| |
|"dr | | | i
The electromagnetic torque Tem of the induction machine is given in equation 7.6
below:
3 P - . I3 - |
Tem =;.E—.Lm.(1qs.1dr -lds.lqr)NW.m (76)

The speed of the synchronous frame is s and letting wc = s in equation 7.3, the

resulting model in synchronous reference frame is given in equation 7.7 below:

-

Rgnly  agly by aghy
wgly  Retslg gl Ly
Sy (C‘S‘“%)Lm R.+sLy. (azg’-a%-)lr

{og-a)bn st Aaga)t Ry

(77

oo gto g
r * v
0 90 FN FHe
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The electromagnetic torque Tem of the induction machine is given in equation 7.8

below:

e .e
'Lm'(’qS"dr lds qr)Nwm (7.8)

The speed of the rotor frame is ©, and letting wc = o, in equation 7.3, the resulting

model in rotor reference frame is given in equation 7.9 below:

| -RS +sLS cu,..LS sL,, a)rl,mq
_| @ls Retslg w.Ly shy |,
sL,,, 0 R.+sL, 0

0 sL,, 0 R.+sL.

(7.9

vr
(7
r
V&
vr
qr
z
Vdr

|

SRR

The electromagnetic torque Tem of the induction machine is given in equation 7.10

below:

3P (r o
Tem=5';'Lm'(lCJS'ldr lds qr)Nwm (7.10)

7.4  Model for Three Phase Induction Motor in ALL Reference Frames Using
DQ Axis Voltage — Current Equations

The three phase induction motor model in all reference frame using dqg-axis voltage
current equation can be developed from equation 7.3 [10, 13, 28]. Rearranging equation

7.3, equation 7.11 is obtained as shown below for the arbitrary reference frame wc.

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
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(i‘ fi 0 0'-1

% Lg lmk/K

W _ 0oL,

r 0 |\|tm 0 L 0 A

i 04, 0 4
- s
L7 K apls 0 Ly

3 s K by 0 |,
i 0 (ea)y B (@@l
w e, 0 {ewll B

| (1)

T

second are entered. The outputs of Fig.7.5(A) are given to Fig.7.5(B). The three Fcn
blocks performing sin(u(1)) 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 Oc which is
obtained by multiplying ( ®; cc*time) and also line to line voltage Vab by subtracting
Van and Vbn. The outputs Van, Vbn, Ven and 6¢ are given to the four input mux in
Fig.7.5( C). The Fcn7 and Fen9 blocks connected to this mux solves for Vds and Vgs
as given by the matrix equation 1.1 in chapter 1, where 0 is replaced by 6¢c. Vqr and
Vdr 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 referred 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 igs, ids,
igr, idr, oc and ©, along with the Fen3, Fen4, FenS and Fen6 block solves the matrix
product A shown equation 7.11. The four input mux in Fig.7.5( C) with inputs Vgs,
Vds, Vgr and Vdr, the connected subtract block, Matrix multiply block and integrator
block solves the complete equation 7.11. Fig.7.5(D) corresponds to the dialog box
Three Phase IM Rotor and Load Inertia Data in Fig.7.4. The rotor inértia, 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 ) / 4] in Fig.7.5(D) solves rotor

electromagnetic torque Tem given by equation 7.4. The value of Tem 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 [1/ ((j_l+j_m).s+d)] gives rotor angular mechanical speed ®mecn. This value
of ®mecn. is multiplied by [P / 2] using gain multiplier block to obtain the rotor angular
speed weec in electrical radians per second. Also j_l, j_m, d and P are the rotor inertia,
load inertia, damping constant and the number of poles respectively. Fig.7.5(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 1 ( O for stationary frame and 1 for excitation frame/synchronous frame with
switch S1 in Fig.7.3 down connected to zero. This frame changer constant has NO
effect if this switch S! is thrown up connected to 1. The switch S1 is up connected to 1
for rotor/arbitrary reference frame frequency ) are entered in the relevant box. Referring
to Fig.7.5(E), the constant block w_c is connected to u(1) input, switch S1 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(1), 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
SIMULINKG6.0 with odel5s(stif/NDF) solver. The parameters of the three phase star
connected squirrel cage IM used for simulation are given in Table 7.1 [10]. The

simulation was carried out in the following reference frames:

Stationary( Stator ) reference frame w¢c = ws = 0
Synchronous( excitation ) reference frame oc = @, = 377 elec.rad per sec.-

Rotor reference frame oc = o, = 210 elec.rad per sec.

el o

Arbitrary reference frame wc = 100 elec.rad per sec.
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TABLE 7.1

Sl.No. ‘Three Phase IM Parameters . B I e v ValueUmt
1 Rated Powerr v S — ’v Lo _l v' 746 kW
2 Rated Stator Voltage Vs | | 220/ - 1\}"olfsv
3 Rated supply frequency £ .0 260 - Hertz
4 Rated speed Nr - | 1164’ rpm‘,
3. NumberofPoles P - .0 ror oo S b e e e e
6 Stator Resistance Rs — | | 0294 Q/ph

7 Stator Leakage Reactance Xls L 0524 - Qfph
8 Rotor Resistance referred to stator Rr’ — » — 0156 ] Q/ph
9 Rotor Leakage reactance referred to stator Xlr?: - 20279 leh
10 Magnetising reactance or Mutual reactance between 15 457 Q/ph

stator and rotor Xm | o B

11 Rated EM Torque of Motor Tem . .~ = .. 00 612~ Nwm
12 Movmervl.t of ihertie of kr‘o.to(r Jm — - ' 0.4 ‘ Kg.rm2
13 Moment of Inertia of Load JI 0.4 Kg.m*

In the simulation on all the above reference frames, the load torque Tmech changes as

follows:

T ,op =306 for 0<t< Isec

= 09].8 - for 1 <t < 2sec
=612 for 2<t<3sec (7.12)

The simulation results for the rotor electromagnetic torque Tem, rotor speed, sfator
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 ¢ = 0, Fig.7.7(A) to (E) for synchronous (excitation) reference frame for wc =377
elec.rad per second, Fig.7.8(A) to (E) correspond to rotor reference frame for wc = 210
elec.rad per second and Fig.7.9(A) to (E) corresponds to arbitrary reference frame foi' |

d)c = 100 elec.rad per second.
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XYPLOT OFROTOR KLECTROMAGNE-
TIC TORQUE IN NW-METERS VERSUS
ROTOR SPEED IN MECHANICAL
RADIANS PER SECOND IN STATIONARY
REFERENCE FRAME LE.We =0

FIG.7.6(E)
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HOTOR TORGUE- T NwiH FOR We= 377 ELEC RAD PER SEC

FIG.7.7(A) & (B)
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STATORCURRENT s, s AWPS FORWo =TT ELECAD PR EC ROTOR CURRENT . il AP FR W= T ELECRAD PERCEL
FIG.7.7(C) & (D)
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X-YPLOT OF ROTOR ELECTROMAGNETIC
TORQUE IN NW-METERS VERSUS ROTOR
SPEED IN MECHANICAL RADIANS FER
SECOND FOR SYNCHRONOUS(
EXCITATION ) REFERENCE FRAME LEWe =
37TELECRAD PER SECOND.

FIG.7.7(E)
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STATOR CURRENT - s, b, s AMPS FOR W= 210 ELECRAD PER SEC } ROTOR CURRENT -t i AMPS FOR Wr=ZIDELECRAD PERSEC

FIG.7.8(C) & (D)
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XYPLOT OF ROTOR ELECTROMAGNETIC
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SPEED IN MECHANICAL RADIANS FER
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STATOR CURRENT -, s, 495 FOR Wo=TIOFLECRAD PERSEC ROTOR CURRENT -2 b, 44PSFOR o= U0FLECRAD FERSEC
FIG.7.9(C) & (D) ‘
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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 wc, using dq0-axis
flux linkage equations in state space are developed as shown in equations 7.13 to
below [2, 11, 13]. By letting wc the values of 0, w, and ., in equation 7.13 to , the
flux linkage equations in stationary( stator ), synchronous( excitation ) and rotor

reference frames can be obtained.

The stator qd0-axis voltage equation in arbitrary reference frame wc is given in equation
7.13 below:

Vgs s w, 0 Aqs igs
vil=lree s 0*|A, +[rS]* i | (7.13)

0 0 S
Vos AOs Yos

The rotor qd0-axis voltage equation in arbitrary reference frame ac is given in equation

7.14 below:

' 2 i

Var s (0 - e ) 0 qr qr

Vo=l @) s oj*|7, +[r, o S AT
' 0 0 S A_' !

Lv Or Or Ll or

The stator and rotor qd0-axis flux linkage equation in arbitrary reference frame wc is

given in equation 7.15 below:
}qg Mz;-'{m) 0 0 L, 0 0 | iqg
A 0 (ng+lm) 0 0 L, 0 id'

4

I A A A
_ .

| 0 0 gy 00l ~

il o om0 0 gy 0|k

P A N B A
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The e.m. torue equation for Tem is given in equation 7.16 below:

_ 3 P ' K ’ X
Tem = 7.—2——.(}, qudr -2 drlqr)
_ 3 P .
=77 Pasas asigg) (7.16)
_3 P ;o
77 Im- (’d igs “Tqrigg/

Rearranging equations 7.13 and 7.14, the state space representation of qd0-axis flux

linkage equations for the stator and rotor in the arbitrary reference frame oc is given

below:
par| i
- 0 o 0 0 0 0 Aqs
&) | |
it @ 0 0 0 0 0 2
ar|=r o0 0 0 0 0 0o %!
wa | 000 e
it ) | -
o 0 0 0 0 0 0 ,
Ordt] | -
ST
000 0 0] |s| |%
Orb 0000 Ll va
00150 0 0|yl -
—(0 0074 00 || |
00007 0 A I
000007 0 |,
dhgs |
where xqs dot 18 —— and so on. Now calling the 6X1 flux linkage matrix in
- dt

equation 7.15 as I, the 6X6 inductance matrix in equation 7.15 as L, the 6X1 current
matrix as I, the 6X6 matrix containing w¢ and ®, in equation 7.17 as €, the 6X6 stator
and rotor resistance matrix in equation 7.17 as R and the 6X1 voltage matrix in equation

7.17 as V, equation 7.15 and 7.17 can be combined as in equation 7.18 below:

ra] =[] = W B
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Equation 7.18 is in the state space form

x dot = 4.7 + B .a. (7.18)
The model for the three phase IM using the' qd0-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 dq0
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 dq0 transform block and the
discrete virtual PLL are from SimPowerSystems block set. The virtual PLL generates
cos Oc and sin O¢ and the abc to dq0 axis transform block performs the abc to dq0 axis
voltage transformation as per the matrix equation 1.1 in Chapter 1. The dq0 axis rotor

voltages are zero as the rotor is short circuited. Fig.7.12(B) corresponds to the dialog
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box Three Phase IM Model Data in Fig.7.11. In this dialog box, the values of Lls, Lir’,

Lm, Rs, Rr’ and wc relating to stator, rotor and arbitrary frame are entered in the
appropriate units. In Fig.7.12(B), the eight input mux with quéaxis stator and rotor
flux linkages T, reference frame frequency wc and rotor speed ; el in electrical radians
per second along with the six Fcn 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' Matrix is then multiplied by I" matrix using
Matrix Multiplyl block to obtain the dq0 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 dq0-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 I"_dot matrix. This is then integrated using individual integrator block to
obtain the dq0-axis stator and rotor flux linkage vector I' 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 / 4] calculates the rotor e.m. torque Tem 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 Tem and Tmech are subtracted using the Subtract
block and given to the Transfer Fen block with the transfer function [ 1/ ((Jm +J1).s +
D ) ] to obtain the rotor speed in mechanical radians per second, which is then
multiplied by gain block with the multiplier [ P/2 ] to obtain the rotor speed in Or_elec
electﬁcal radians per second. The dq0 to abc transform block in Fig.7.12( C )
transforms the dq0-axis stator and rotor current back to abc 'axis as per the

transformation matrix defined by equation 1.2 in Chapter 1.
7.5.1 Simulation Results

The simulation of the flux linkagé model of three phase IM in all reference frame was
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carried out using odelSs (stif/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: |

Stationary( stator ) reference frame woc = wg = 0

Synchronous( excitation ) reference frame wc = w. = 377 elec.rad per sec.

Rotor reference frame oc = w, = 210 elec.rad per sec.

:hb)!\)i—a

Arbitrary reference frame owc = 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 Tem, 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 oc = 0, Fig.7.14(A) to (F) for synchronous (excitation) reference
frame for wc = 377 elec.rad per second, Fig.7.15(A) to (F) correspond to rotor reference
frame for oc = 210 elec.rad per second and Fig.7.16(A) to (F) corresponds to arbitrary

reference frame for wc = 100 elec.rad per second.

7.6 Model for Three Phase Induction Motor in ALL Reference Frames Using
DQO0-Axis Flux Linkage per second and Machine 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 w;, as in equation

7.19 below:

@
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The three phase IM equations in arbitrary reference frame wc can be written as shown

below.

The stator qd0-axis voltage equation in arbitrary reference frame oc is given in equation
7.20 below:

(s /wb) (a)c/a)b) 0 - ]
VoelT "(a)c/a)b) (s /a)b) 0 |* Yo +[rS}* ids (7.20)
s | | 0 0 (s /wb)_ Yos _ios<

The rotor qd0-axis voltage equation in arbitrary reference frame wc is given in equation

7.21 below:

r P) - [

7| e @ady) 0 "’”qr -
el 0 (bl o

ol |0 0 sha)lal o

The stator and rotor qd0-axis flux linkage per second equation in arbitrary reference

frame wc is given in equation 7.22 below:

| [ O 0 3 0 0 ][
Wy 0 %47;,) 0 0 Xn 0 |1yl
0 0o X 0 0 0 i&
! 0 0 ! 0 0 !
Yo m 651,."79") g
1o 0 0 g 0 ||}
Vi e AL 2
Vol | ° o 0 0 0 ¢

The e.m. torue equation for Tem is given in equation 7.23 below:
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3 P

Z.wb
P

Torm 5
3 : .
?.-——-——.(t;/dszqs -y/qstds) (7.23)
3

>

4 ’ ! 4
Wogri g, ¥ g,iqr)

N

P o
2o, Xm (1 g igs ~Tqrig,)

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 vy and all o, and (¢ — Or ) terms
are multiplied by ( 1/ wp ). This flux linkage per second and reactance equation in state

space is given below in equation 7.24.
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where Vgs_dot is and so on. Now calling the 6X1 flux linkage per second
- dt _ . .

matrix in equation 7.22 as ¥, the 6X6 inductive reactance matrix in equation 7.22 as X,
the 6X1 current matrix as I, the 6X6 matrix containing ®¢, Wre and ®p in €quation 7.24 as
N, the 6X6 stator and rotor resistance matrix as R and the 6X1 voltage matrix in

equation 7.24 as V, equation 7.22 and 7.24 can be combined as in equation 7.25 below:

Clwad = - o R e o] o
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FIG.7.17  EQUIVALENT CIRCUIT OF THREE PHASE L.
IN ARBITRARY REFERENCE FRAME

The equivalent circuit of the three phase IM in the arbitrary reference frame o using the
flux linkage ( or the Flux linkage per second ) model i is shown in Fig.7.17. In Flg 7.17,

the following symbols shown in equatlon 7.26 are used
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psids = y d s
psigs =y g s
' (7 .2 6 )
psidr' = y dr
psiqgqr’' = y g r
Equation 7.25 is in the state space form
x _dot = A.% + B.i. (7.27)

The model for the three phase IM using the qd0-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 dq0
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 xls, xIr’, xm, Rs,
Rr’ relating to stator and rotor, rated angular frequency of the machine ( or rated supply
angular frequency) oy,  arbitrary frame angular frequency wc are entered in' the
appropriate units. In Fig.7.20(B), the eight input mux with dq0-axis stator and rotor
flux linkages per second ¥ multiplied by oy , reference frame frequency wc and rotor
speed @ elec in electrical radians per second both multiplied by ( 1 / o ) along with the
six Fcn block solves the first term on the R.H.S. of equation 7.25. The DSP constant
block marked XI. MATRIX and the general inverse (LU) block computes inverse of X
matrix. This X! Matrix is then multiplied by ¥ matrix using Matrix Multiply1 block to
obtain the dq0 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 dq0-axis voltage V matrix is availablevfrom
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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
oy to obtain the dq0-axis stator and rotor flux linkages per second ¥ 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 , 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 / (4.wp)] calculates the rotor e.m. torque Tem 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 Tem and Tmech are subtracted using the Subtract
block and given to the Transfer Fcn block with the transfer function [ 1/ ((Jm + J1).s +
D ) ] to obtain the rotor speed in mechanical radians per Second, which is then
multiplied by gain block with the multiplier [ P / 2 ] to obtain the rotor speed in @ clec
electrical radians per second. The dq0 to abc transform block in Fig.7.12( C )
transforms the dq0-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(stiff TR-BDF2) solver.
The parameters of the thrée 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:

Stationary( stator ) reference frame wc = ws = 0
Synchronous( excitation ) reference frame wc = w. = 377 elec.rad per sec.

Rotor reference frame oc = o = 210 elec.rad per sec.

ralib ol A A

Arbitrary referéncé frame d)c = 100 elec.rad per sec.
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In the simulation on all the above reference frames, the load torque Tmech was sét to
half the rated e.m. torque of the machine which is 30.6 Nw-meters. The simulation
results for the rotor electromagnetic torque Tem, rotor speed, stator current, rotor
current referred to stator and torque-speed curves are shown for each of the above
reference frames. Fig.7.21(A) to (F) corresponds to stationary reference frame for wc =
0, Fig.7.22(A) to (F) for synchronous (excitation) reference framé for oc =377 elecrad
per second, Fig.7.23(A) to (F) correspond to rotor reference frame for ®c =210 ¢lec.rad

per second and Fig.724(A) to (F) corresponds to arbitrary reference frame for ¢ = 100

elec.rad per second.
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1.7 Conclusions

The SIMULINK model for the three phase IM was successfully developed and the
simulation was carried out on all reference frames, using dq0-axis voltage — current
model, dq0-axis flux linkage model in state space and the dq0-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 dq0-axis
voltage — current model in all reference frame closely well agree each other and the
discrepancies are minor. The simulation results for the dq0-axis flux linkage model in
state space and also for the dq0-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 NdFeB 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
positidn which is sensed by using eithér the optical or the Hall effect sensors [20, 21].
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 whéeling 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 [11].
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 dc 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 bsequencer 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].

a4
o
>
INSTRUCTION OF = —KQﬂE —KQTK —KQS'ZE
REVOLVING DIRECTION = 3 R A
——— 8 - 1 v ;(
7y - E | , B 3
(@] . __K
o °I £ L dosx
S Ll 'KQZ i -K’.M i STATOR
) '§ '3
JES—— C
LIGHT L
s (_4
—_—
J PT5 ‘ o
REVOLVING SHUTTER

PHOTO TRANSISTORS
FIG.S.I: THREE PHASE BRUSHLESS DC MOTOR

In deriving the dg-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 g-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 + Slqs + a)re./lds ...(8.1)

Vs RS.idS +s/1ds - Wpe-Ags . 32)

where v, and vgsare the dg-axis stator voltages and @ is the angular speed of the

rotor in electrical radians per second. The dq axis flux linkages are expressed as

follows:

Aqs = Lq .iqs ...(8.3)

ldS = Ld.ids+ Am‘...(8.4)

where A , 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:
vgs|_ |Rstslq wreld |, |igs N Orelm|
vds -woreLg RstsLd ids| |0 -++(8.3)

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:

_(3\(P . '.
Tom = [f]'[—é—]'(lds'lqs —Aqs.zds) (86)

where P is the number of poles. Using equation 3 and 4 in equation 6, equation 7

follows:

Ty = [-;-].[g-].[lm.iqs +(z, -Lq‘).iqs.ids |..&n

The rotor e.m. torque Tem and speed are related as follows:
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d
Tem = J —_“_’alt_'l’...+ D.wpy +T -(8.8)

mech
where ®rm is the rotor speed in mechanical radians per second, J is rotor inertia, D is

damping and T ech 1S 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

r'S .
q-axis
F 3
Vs
Vs I
ilrqs=i1‘
P1
— 5 Ore
‘ » »- ‘\ >
Vs 0, fie=it  dm . d-axis
, , . Stator
FIG.8.2: PHASOR DIAGRAM OF PMSM 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.

Igs =g .sin (coret + 5)

e 2
fpg = igsinj@pt+0-—
_ L 3
o 2
ing =iS.sin Wyt +d+—1| (8.9
: 3 ) .
\
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Using equation 8.9 in equation 1.1 of chapter 1, with angle 6 replaced by 0, = we.t, the

stator currents in rotor reference frame are obtained as shown in equation 8.10 below.

i in(d
=g, @)\ 10
i g cos(0) '

Using equation 8.10 in equation 8.7, the electromagnetic torque equation is obtained as

shown in equation 8.11 below.

3P 2 . -
Ty =—.—. ——.(Ld-Lq)JS.sm%+ﬂm.zS.suﬁ 8.1])
2 2|2
For & = n /2, the equation for Tem is modified as in equation 8.12 below.
3 P |

Thus by maintéining 9, a value of =/ 2, the e.m. torque Tem can be controlled by

varying the stator current, as Am 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 vgs and vgs and the rotor position. Referring to equation 4.16 in
Chapter 4, the line to neutral voltage of a PMSM dﬁven by six step 180 degree mode .

inverter can be expressed as in equation 8.13 below.

Vs T, sin(6,,) +§ sin(6,,,) +§ sin(G,) +. @1 |
/4

in equation 13, o, .t= 0.y is the switching angle or the phase angle of the applied
voltage. If switching angle is advanced by & /2 radians by appropriately switching the
inverter switches, then 0., in equation 8.13 can be replaced by (eev +1t/2). The

equation 8.13 can be written as in equation 8.14 below [29].

* “B(Qev) A m;( 50@) +-{ .ocs(70ev) Fo| (B 14)
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In equation 8.13 and 8.14, w. is the angular frequency of switching of the inverter in

electrical radians per second and is equal to wr, the angular frequency of the rotor in
electrical radians per second. The dg-axis stator voltages in rotor frame can be

expressed as in equation 8.15 below.
Vqs = \/Z—.VS .COS (go)
Vs = -N2.7g sin (p)

S

Va.vg = 2Vde

T

¢ = gev (0) '.Ore(o)

1

(8.15)

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

Ry  wreld
-COre-[q Rs

Wre-Am
0

Iqs
Ids

Vds

%k

+

(8.16)

Now letting Ld = Lq = Ls and solving equation 8.16, the-equation for Igs can be

written as in equation 8.17 below.

R LoV,
_ S - Yrets
R )Ty | O
s T L S o
The e.m. torque Tem in equation 8.7 can be written as in equation 8.18 below.
- RoA o, Lc.V
e —

Using equation 8.15 in equation 8.18, the torque expression simplifies as in equation

8.19 below.

aetslrgsnly|

S \2 Vi.0o5() - g+

m

’érf[%]'(,z;mgé |

For maximum e.m. torque Tem differentiating equation 8.19 with respect to ¢ and

Rg

, equaiing to zero, the equation 8.20 given below is obtained.
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-] ®,..L
9= ¢ = tan —L;—~§— (8.20)
p _

where @umr is the value of ¢ for maximum e.m. torque.

In the case of PMSM driven by six step 120 degree mode inverter, the value of ¥2.Vs in
equation 8.15 becomes [ V3Vdc / & ] (equation 4.33 in Chapter 4) and the value of ¢ for
maximum torque given by equation 8.20 holds good. The derivation of gur for

maximum e.m. torque given by equation 8.20 is based on the literature reference [29].

83  Modelling of Six Step Continuous Current Mode Inverter Fed PMSM

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 aré 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.8.5.1(A) and 8.5.103)'respective]y. 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.8.5.1(A) and 8.5.1(B) respectively. In
Fig.8.5.1(A), an arbitrary constant K, rotor speed g, time and Phase Advancer are
given as input to the mux. This mux output is given to Fig.8.5.1(B). In Fig.8.5.1(B),
the outputs R, G and B of Fcn blocks are three phase sine wave with peak value of 10
and angular ﬁ'eqﬁency of w, elec.rad / sec, with phase advance entered in the phase
shifter block of Fig.8.5.1(A) added. The output a, b and c of Fcn blocks are logic 1,
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 dri\}e a, b and c are given to
three phase continuous current mode inverter block shown in Fig.8.5(B). Gate drives a,

b and ¢ are given to the second input of respective threshold switch blocks, while the
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first and third inputs are at +Vdc/2 and —Vdc/2 volts respectively, where Vdc is the dc
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 6,

in electrical radians. The two Fcn blocks generate Vqs and Vds as per the
transformation matrix given in equation 1.1 in Chapter 1, where 0 is replaced by 0.
Fig.8.5(E) performs the dg-axis to abc-axis transformation of the stator currents. The
three inputs to the mux are igs, ids and 0, and the three Fcn blocks perform dq to abe
axis transformation of the stator currents as per the transformation matrix defined in
equation 1.2 in Chapter 1, where 0 is replaced by 0.. The Phase to Neutral voltage
calculator block is shown in Fig.8.5( F ). Vgs and Vds are the two inputs to the mux
and the Fen block calculates the phase to neutral voltage as given in eqﬁation 822

below:

v53+v5S' o
vas = > (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 Fcn block and integrator solves
for igs 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 igs 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 showh
in Fig.8.5( 1 ). The load torque Tmech is applied externally using the repéating
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 core'in electrical radiaps 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

SL.No. Parameter Value Unit
1 o Number of Phases 3 :
2 Rated Voltage Vs per Phase 11.25 Volts
< g © pe L"iinwk Veltage ™ T as v
4 Stator Resistance per Phase Rs 34 Ohms |
5 | Stator Inductnace per Phase Ls (Ld=Lq) 121 | milli Henries
6 Number of Poles P 4
7 " MomentofInertia J  2X10e4| = 'Kgm*2 !
8 Rotor Magnet Constant lm o o O 0827 Volt sec per elec.radi

six step continuous current mode inverter fed PMSM was carried out at NO LOAD with
a Phase advance of m /2 radians. The plots of torque-time, speed-time and stator
currents Fig.8.6(A), (B) and ( C ). The value of @ur 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 to « /2 in the phase shifter
block Fig.8.5.1(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-M and 0.29 NW-M res’pecl.:tively.'
The mechanical load was set to 0.19 Nw-m with é phase advance of ® /2 elegtrical
radians and the plot of stator current, e.m. torque, spéed, 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 [r /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) respectlvely It is seen that by advancing the phase by 0. 5175
electrical radians corresponding to @mr, the e.m. torque of motor has increased by 53 %
as compared to NO Phase advance i.e. by maintaining the phase advance by /2

electrical radians [29].
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8.4  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 PMSM

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.8.12.1(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 shbwn in
Fig.8.12(A) and Fig.8.12.1(A) are explained below. '

The four input to the mux are the arbitrary constant, o_,, time and switching angle

re?
advance. The three phase sine wave AC with angular frequency o, with phase advance

phi added is generated using three Fen blocks, Fcn,.Fcnl and Fen2. Each of the three
phase AC output are then compared in a Schmitt trigger relay comparator used as zero
| crossing comparators, with output logié 1and 0 r}especti-vely 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 fo three Fcn blocks, Fen6, Fen7 and Fcn8. The
three Fen blocks Fen6, Fen7 and Fcn8b subtract the two inputs to their respective mux.
The resﬁlting output of these three Fcn blocks are then multiplied by Vdc/2 using
multiplier blocks to generate liné to ground voltages Vag, ng and Vcg 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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Chapter 8: Modelling of Six Step Inverter Fed PMSM Drives
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 |

“ No. of Poles P

; Stator Resxstanee Rs

ator In

LT

-.DC: Lmk Volta e Vdc:

advance of n /6 and = /4 electrical radians. These simulation results are eompared 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 n /6 radians. The same simulation results for
a phase advance of /4 radians is shown in Fig.8.14(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 N6 volts. This derivation is given in equkation
4.32 in Chapter 4. Vdc is the DC Link voltage. ‘

8.43 Second Model for Six Step Discontinuous Current Mode Inverter Fed
PMSM Drive | | |

The second model of the d1scont1nuous 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 relatmg
to Six Step 120 Degree Mode Inverter and Gate Drive is shown in Fig.8.17. The dlalog
| box Three Phase 120 Degree Mode Gate Drive and Inverter in Fig.8.16 corresponds to
thls 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 Flg 8.17 is explamed

below. S
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Chapter 8: Modelling Inverter Fed PMSM Drives
ELECTROMAGNETIC TORGUE TenFORAZERD LOAD ‘WITH A PHASE ADVANCE OF R /6 ELECTRICAL RADIENS. :

FIG.8.13(A) & (B)
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ELECTROMAGNETICTORQUE TemFORAZERD LOAD WITH A PHESE ADVANCE OF Pt A ELECTRICAL RADIANS.
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Chapter 8: Modelling of Six Step Inverter Fed PMSM Drives
GATEDRVE  Vdc/2 THREE PHASE 120 DEGREE MODE INVERTER

. Switch
B

F |
Fend Vr
2 7
o R e v
Int b ¥ flu) ) fu) P _
L =
. —H f{u Pl e Fod || [gyind (B @
SWITCHIN Fen o\
ANGLE ADVANCER e HL M T Tand
- i P ot | o T i
F Fen? | FonS || |switch? I )
cn2 |
Ol = flu) ﬁ o Whr
Pl IR |0 e
Fend || |Switch3 Outh

Fcng

FIG, 847 L5 s
| Outb
, 1 VI = f{u) ' |

Fenll  [Switchs Out?
0

The four input to the mux are the arbitrary constant, o, time and switching angle

advance. The three phase sine wave AC with angular frequency o , with phase advance

added is generated using three Fcn blocks, Fen, Fenl and Fen2. 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, ¢ output of the three relays are
.given to three Fen blocks, Fen6, Fen7 and Fen8 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 Fcn blocks used as zero comparison blocks. The zero

comparison block Fcn3 output logic 1 when the input u(1) is greater than zero, else
‘ 302



' o Chapter 8: Modelling of Six Step Inverter Fed PMSM Drives
output logic 0. Similarly the Fen4 block output logic 1 when u(1) is less than zero, else

output logic 0. The same logic holds good for zero comparison block pairs Fen5 — Fen9
and FenlO — Fenll. The output of Fen3 and Fend blocks are giveh to the u(2) input of
two threshold switches marked Switch and Switchl. The u(1) input to Switch and
Switchl are +Vdc /2 and the u(3) input to Switch and Switch1 are zero. Both Switch
and Switch1 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 odelSs(stifﬂNDF) 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 vout for phase

advance of ©t /6 and & /4 electrical radians. These simulation results are compared with
thé experimentally -observed results in the CEMPE Iaboratory. The simulation of
torqué speed, torque-speed and line to neutral voltage of PMSM ‘are shown in
Fig.8. 18(A) to (E) for a phase advance of & /6 radians. The same simulation results for
a phase advance of = /4 radians is shown in Fig.8.19(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 equafion
4.32 in Chapter 4. Vdc is the DC Link voltage. | |
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ELECTROMAGNETIC TORQUE Tem FOR AZERD LOAD WITH A PHASE ADVANCE OF AL A ELECTRICAL RADIAG.
| S e ]

FIG.8.18(A) & (B) =
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FLECTROMABHETIC TORLE Tem FORAZERD LOAD 'WITH A HESE ADVANCE OF P4 ELECTRICAL REDIANS
‘ ,

FIG.8.19(A) & (B)
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FIG.8.22(A)
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FIG.8.22(B)

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).

TABLE 8.3: EXPERIMENTAL OBSERVATION
SLNo. Vdc Volts Idc Vrnor Vs lac Speed Speed mech. Tmech

Amps Volts Amps rpm rad per sec. Nw.m

1 40 0.044 17.09 0.042 517 54 0
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8.6 Conclusions

The well known unique relationship connecting phase advance to be given to this three
phése 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 gumr 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 advan’ce maintained at n/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. ' R

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 8.3.7 The peak value of the current in Fig.8.21 is 280 milliainps, while
that by simulation for a phaseradva.nce 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"arid 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 /N6 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 ¢ are the 180 degree
mode gate drive pattern for switches S1, 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 ( SN74LS153 ) 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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Chapter 9: Modelling of a Digital Switching F. unétion Generator
9.2.1 Clock , : .

-The clock is a square pulse generator compatible with TTL 1.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
léboratory, 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.

VbD . 5V
R1 VDD
3.2kOhm ; Al
vce
RST ouT
4 PIS <55 virTUAL
R2 THR - R
2.4kOhm TRI g - s
T . CON 7 ‘ ) _
7 " GND . R3 .
— . : élokohm '
c1 I c2 FIG. 9.2
=— /= 0.5uF __1__ 10nF

0

—_—

* Referring to Fig.9.2, the clock frequency fc is given by the formula given in equation
9.1 below:
_ ~ 1.44 R
e = &, + 2= , )c

The Values of R1, R2 and C1 chosen are respectively 3.2 Kilohms, 2.4 Kilohms and 0.5

(9.1)

microfarads.

~ 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 0 to 5 continuously is shown in Table 1. The C digit is the MSB
and A is the LSB. The control inputs Dc, Db and Da to 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 Karnaugh

maps, shown in Fig.9.2(A), (B) and (C).

TABLE 9.1: MODULO SIX COUNTER DESIGN USING D FLIP-FLOP

U”
]

PRESENT STATE | NEXT STATE |Dc Db
C B A o B Al -
- ~q -~
o o o o o 1 = t~ r
‘;,5“\. 8 & o
0 ) 1 o 1 o VI g+t | =
T+ + + 3 +
o 1 o 4] 1 1 - QE! =
-ﬂ . -U t'-l“
o 2 1 1 o o A == | g%
Eo | ¥L | S
1 o o 1 o 1 [Af- M a £ o
| Ha
1 O 1 O 0 | L ]
BAlOO|O1]11/10 BAJOO|O1[11]10 BAJoo|or[11]10
C C C L} .
0 ¢ 101} 0 q N EKNE 0 1) 0]o |1
1 1o} XX L 1) 0|0 | X | X 1 1 ]o | x| X
T\ .
' Fig.9.2(A): Dc Map ‘ Fig.9.2(B): Dg Map . Fig.9.2(C): D, Map

The control inputs to the D flip- control inputs to the D flops C, B and A are giVén

bélow:
Do =AB+C. 4 | |
Dp = AB.C+B A4l (92

- 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, b and ¢ are shown in
' Fig9.3(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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BA[OO[OL[1L1]10
BA|[OO[O1[11[10 BA[OO|OL|[1L]10 c
C C

0 1|00 o
0 1 |1 |01 0 oo |1 ][1

1 1|1 ] X7 X
1 0o X [X 1 1[0 x| X .

Fig.9.3(C): S5 Map

Fig9.3(A): S1Map  Fig.9-3(B): S3 Map

31 Gate Drive || Minterms Externalfmtchnn mput |
4 TABLE 9.2 ForselectimpuisB A
§ | Joo [or [ 10| 11|
TV 1 1
;é Gl E“[', 1|2) fC | C c C
%
g U — [ e
- VG2 Ill[!.3,4) C 0 C iC
VG3 it 5,0) || ! cC | c C
| :

as shown in Table 2 to realize the switching functions a, b and c. In Table 9.2, VGI,
VG2 and VG3 are the gate drive to switches S1, S3 and S5 in Fig.2.2 of Chapter 2,

which are also the switching functions a, b and c.
9.3  Various Models for the Digital Switching Function Generator

The circuit models for the digital switching function generatof using the four line to one
line multiplexer was developed using both PSPICE and SIMULINK. The mverted
switching functions /a, /b 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
svvitching 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 hne to line and line to
neutral voltages were observed for a three phase voltage source inverter deve10ped

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 = 1.385m respectively. The modulo
six counter to count from 0 to 5 in continuous up sequeﬁce 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 ¢ are derived using two duai four line to one line
multiplexer SN74153, as per the truth téble shown in Fig.9.3(A), (B) and ( Cj)
respectively. The outputs B and A of modulo six counter are used as select inputs to
ihese two multiplexers. The output C and /C of ﬂip-ﬂop C of modulo six cbunter 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, ¢ with outputs marked SWFCN_A, SWFCN_B, SWFCN_C

‘and the inverted switching functions /a, /b and /¢ with Qutputs 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 1ine>mu1tip1exer 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. The clock and D flip-flops
for modulo six counter are from Sources and Simulink Extras block set. The logic
gates, AND, OR and NOT are from Logic and Bit Operations block set. The 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, /C, 0 and 1 connected as per Table 9.2 to realize the switching functions. The dc
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(stiff/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 of line
to line voltage and the RMS value of the line to ground voltage of the three phase
inverter. Fig.9.8(I) 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 ¢ observed experimentally are shown in the oscilloscopé 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 ¢, the inverted
_switching functions /a, /b and /c and also the waveforms for a, b and ¢ 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 dc output voltage
from an unregulated dc 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 Vc in a comparator
to get the PWM switching pulses to drive the buck converter switch. 'Thc 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
sw1tch1ng pulses so adjusts to maintain the output voltage Vo almost nearly constant
irrespective of variations in the input dc voltage Vs. In this type of SMPS, the buck
converter is always operated in the CCM. The Switching Function concepi is used to
model the Buck Converter. CUK and SEPIC converters operated in DCM are also used
for SMPS.

10.2 Simulation of A Switched Mode Power Supply using PSIM

The simulation of the SMPS using Buck Converter was carried out using PSIM [5].
The parameters of the SMPS used for simulation is shown in”Table 10.1. The Buck
converter circuit simulation schematxcs using PSIM 6.1, without and with PI controller
are shown in Fig.10.1(A) and (B) respectlvely The gain block K with the value -1
shown in Fig.10.1(A) and (B) i is the inverting op amp (a 1K resistor between mvertmg
: pm and PI controller, another 1 K resistor between output and inverting pin and the non-
inverting pin is grounded as shown in Fig.10.1( C )). This mvertmg op amp
- configuration is not shown in Fig.10.1(A) and (B) due to node limitation in the demo
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_.TABLE 10.1 Parameters of the SMPS

P

Parameter T i AR Value [ji}it»“i 1
Normal Input Voltage Vs 15 el
' Normal OutputVoltage Vo %;9 1
Vanatlon of Input Voltage ‘ - é 12t é 18
”MIVR_WLoad ResxstanceRL e

Inductance L1

Fllter capacntance CF

Sw1tch1ng Frequency st R

ey PR

i PI Controller Kp Bt

version of PSIM 6.1. The potential divider output VPOT is ( 8 / 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 PI 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.10.2(A) and (B) respectively.

10.3 Modelling of the Switched Mode 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.10.4(A) and (B). The various
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Using Simulink Block Reference
Triangle Carmier Generator and Comparator Unit

DETERMINATION OF PEAK VALUE OF TRIANGLE CARRIER WAVE: To detemine the peak value oftriangle camer wase, follow the procedure given below: Let Vref be the refemce voltage, Voot
be the potential dinder output in the feedback path and Vpeak be the peak value trangle camer wave. Then follow steps in square brackels. 1] Calculate Ve = Vref- Vpt. 2] Calculate Ton= Dn
*Tow. I Ton s greater than or equalto Tw /2, then follow steps 310 [3] Calculate Toff= Tow- Ton. 4] Find T1 = {{Tow 2)- Toff} 2. 5] Find slope of Trangle camer wave m iri= { Vem }/T1.
[6] Calculate Vpeak = m tn* Tow /4. K Ton is less than Tsw 2, then folow steps 7 and 8. 7] Find T1 = {{Tsw /2)- Ton }/2. [B] Then follow steps 5 and B given above. SELECTION OF
CONSTANTS K1, K2 AND ¢: The value of K1 is selted consistantwith the entered values of Vsqm and Tsw. f Tsw i an integer in microseconds then k1 wil be a constant muliple of 165, The
value offunction constan  will e [Vnfiangle) 2. The valu of 2 s utably adusted to get nommal oputvokage fornomlinput votag without any tyn of P o cther conrolers. NOTE: This |
friangle camier generator is connected to the comparator block. fVsn and Vouln are the nommal input and nomal oulput voltage respectively, then the nomnal duty cycle On of the buck converer is |
Dn=Voutn/Ysn. Then sect the comparator operator as follows: Dn s equalto o greater than 0.5, then comparator operator selected must be greater than or equal o (=) ¥ Dnis less than

015, then the comparator aperator selected must be less than or equalfo

FIG.10.4(B)

FIG.10.4(B)
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~ Chapter 10: Model'ling.of a Switched Mode Power Supply Using Buck Converter
subsystems are shown in Fig.10.5(A) to ( D). A brief description of the various

subsystems is given below:

Fig.10.5(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, Proporﬁonal constant Kp and Integral
¢onstant 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 SS1 which directly selects VERR or this VERR through the
PI Controller. This output from SS1 is given to comparator block in Fig.10.5(D).
Fig.10.5(D) corresponds to the dialyog box “Triangle Carrirerv Generator 'Uriit” 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 k1, 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 k1 using gain2 block,
then this value is subtracted from a constant ¢ and the result is multiplied by another
éonsta.nt k2 using Fen3 block to get the triangle carﬁer wave with the switching Vperiod
of the SMPS. The dialog box “Triaﬁgle Carrier Generatof Unit” along with the help file
in Fig.10.4(B) provide the method to find constants k1, k2, ¢ 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 errér
output VERR either directly or through the PI controller are compared in the relatiqnal
bpérator block which is the comparator unit. The convert block converts the logical or
346
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Chapter 10: Modelling of a Switched Mode Power Supply Using Buck Converter
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.10.4(A) and also in the help file in Fig.10.4(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 odelSs (stiff/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 PI controller. Examination of the simulation results of the

model in Fig.10.6(A) and in Fig.10.7(A) indicates the following points:

e Without PI controller the number of initial switching cycles is as high as 11 for
the first 0.01 seconds.

e With PI controller, the number of initial switching cycles is reduced from 11 to 7
for the first 0.01 seconds. |

e 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.

e The 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 dc voltage and for constant voltage
and frequency control requirements. This is achieved by Pulse Width Modlilation
commonly known as PWM technique. For three phase inverters, the commonly used
PWM techniques are: 1) Sine PWM 2) Third Harmc_mic Injection PWM 3) Harmonic
Injection PWM 4) Trapezoidal PWM 5) Delta Modulation and so on. This Cﬁapter
provides the modeling of the first three types of the above PWM techniques and in
addition discusses the model of a néwly discovered PWM technique known as Clipped
Sinusoid PWM.

11.2 Three Phase Sine PWM Technique

The sine PWM is the most fundamental and widebly 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.11.1(A), using MICROCAP 8.  ,"I'hree
phase ac modulating signals at the switching frequency fm Hertz of the inverter is
generated. This three phase modulating signal is cbmpared with triangular carrier wave
of frequency fc Hertz in a comparator and the resulting pulse width modulatec.i' 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. Tbe 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.11.1(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
' 355
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. Cha'pter 11: Modelling of A Three Phase PWM Inverter fed 1L M. Drive
triangular carrier wave, then the Amplitude Modulation Index M and Frequency

Modulation index FM are defined as follows:

M = i (11.1)
4 ¢

Fu - ¢ (11.2)
fm

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 Vabx can

be expressed as given below in equation 11.3:

M\/}-.Vdc
V] =——— Jor M<l (113
2

where Vdc is the dc link input voltage of the three phase inverter.

In the overmodulation region the maximum value of the n™ harmonic component of the

line to line voltage output of the three phase inverter is given by equation 11.4 below:

_ 4.\/3.Vdc'

v
abn 2nrx

for M>1 (1149
Thus by varying the value of M, the output voltage of the three phase inverter can be

controlled.
11.2.1 Modelling of Three Phase Sine PWM Inverter fed LM. 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.11.4(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.11.4(A) correspond to the dialog box
- 358
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Chapter 11: Modelling of A Three Phase PWM Inverter fed .M. Drive
“Three Phase Inverter and Amplitude and Frequency Modulator Unit” in Fig.11.3 and

their models are shown in Fig.11.4(B) to (D).

In Fig.11.4(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 Fen6 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 f‘cn? block. The value of k1
‘1s +Vm(triangle) /2. The output of Fen7 block is then multiplied by k2 to get a triangle
carrier wave with a positive and negati\}e peak of +10 lets and -10 Volts respectively.
The value of k2 is 10 / k1. 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.11.4(H) can be used. The values relating to dc link voltage of the
three phase inverter, modulating signal frequency i.e. inverter frequency, amplitude of
the modulating signal vpeak, Vsqm, fc, c, k1 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 compaiators output the three
phase gating pulse a_ pwm, b_pwm and ¢_pwm for the three phase inverter.
Fig.11.4(D) shows the model of the three phase inverter. The gating pulse a_pwm,
b_pwm and c_pwm are giveh to the u(2) input of three threshold switches. The u(1)
and u(3) inputs to these three switches are the +Vdc /2 and —Vdc /2 inputs. The
threshold value for these three switches are 0.5 fespectively. When the respective u(2)
input of these three switches goes to logic 1, the output is +Vdc /2 and when u(2) is
logic 0, the output is —Vdc /2. Thus three phase line to ground voltage is generated.
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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.11.4(F) is the model for generating abc to dq0 axis
transformation. The three inputs to the mux are the three phase line to ground voltages
from the three phase inverter shown in Fig.11.4(D). The abc to dq0 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 0 is set to
zero. Fig.11.4(G) corresponds to the model of three phase IM in the stationary
reference frame using the dq0-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 S ]
s s "5 Wmg - ¥gs)
Wgs = wb.f< Vgs . . dt
L Is ]
) s s d ~7ds
vas = @p-J \Vas * ,mx -dt
Is ]
s @p . |
ing = n f{vos - zos.rs}dt .................. (11.5)
Is '
' S 3]
s Ve  Trlmg V)
d = f< L
qu Cob. Vqr wb .
Ir
i , s - Ky h
_ s Yr¥qr re@Wod - W'dr) i
Vg = O Ve - o <, -l
r J
o _
l'or = ""'_‘ f{vror - i'or.r'r}d ........................... (11 6)
*lr
s s .S
Vg = *m-(igs * Vqr)
S : S 45
"”md = xm.(lds + ldr) ....................... (11.7)
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s S
S _ s s s VgV
Ygs —xlg"qs+':”n1q ................... lqs=—€-———«—n£
X
Is
‘lfsv '/’s
s S s , -
[ it N N L zjy=—ég-—-—-”£]— (11.8)
X
Is
Vg - Vi
S s S _rqr~vm
y/;,, xy ’qr+'/’mq ................... Tar = -
Ir
Vg -V,
s a& " Tmd
v Fpdpy FY i = — (119
“lr
1 1 1 1
= + o (11.10)
XM *m  Xg iy
(ws v, ‘
s qs qr
!//mq = xM. + .
| *ls xlrJ
r(//S ws 3
v = x| A (11.11)
FIs Fir

The e.m. torque equation of the three phase IM is given below:

3 P s .5 s .8
Topy = —.—— (st Igs '/’qs"ds)""Nm ......... (11.12)
dw,,, '
i = Tem + Tm€0h - Tdamp ..... Nm.......... (1].13)

The ﬂux linkage per second equations for qd-axis correspondmg to stator and rotor
given by equatlons 11.5 and 11.6 are solved using Fcn blocks and mtegrator with
appropriate inputs connected to MUX. The qd-axis currents for the stator and rotor
given by equations 11.8 and 11.9 are soTved 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 aré solved using the Fen blocks and integrator with approprigtg

inputs connected to the mux. The con}stabnt blocks marked xm, xls and xIr w1th the three
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input mux and FCn block solves for xy 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 dq0 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 0 set to

zero.
11.2.2 Simulation Results

The simulation results of the Three Phase 60 Hz Sine PWM Inverter fed IM drive u§ing
ode15s(stiff/NDF) solver are shown in Fig.11.5(A) to (E) and in Fig.11.6(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 ikqlts. The value of
fm and fc are 60 Hz and 2 kHZ respectively. The data for the 20 hp, 220 volts three
phase, 60 Hz, 4 pole star connected cage IM used for simulation are giveh below [11].:

ts = 0.1062 ohms/ph, rr" = 0.0764 ohms/ph, xm = 5.834, ohms/ph, xls = 0.2145
ohms/ph, xIr> = 0.2145 ohms/ph, M.L. of rotor = 2.5 kg-m"2,, ‘rét'ed 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 torqué occurs is 0.1758 [1 1]. These data are shown

in the dialog boxes in Fig.11.3. -
11.3 Three Phase Third Harmonic Injection PWM 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 =LIs*fsin(w.y) + (I/§)sinB.w.y] .. (L14)
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 droppihg and without
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Three Phase Sine PYWH Inverter fed IM Drive - Line to Line Voltage for an A M. Index of 0.9
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Three Phase Sine PYWH Inverter fed IM Drive - Line to Line Voltage for an A M_Index of 1.1
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TABLE 11.1: Line to Line voltage and stator current of Three Phase Sine PWM
Inverter fed I.M. Drive for an F.M. Index of 33.33.

No.| R.M.S. R.M.S. J TH.D.** | AMIn- | Simulation | R.M.S.Stator current in
Stator | LineVoltage |Of Lineto] dex Time in Amps for simulation
Current Vab Line M seconds time shown
( Amps) (Volts) Voltage
5sec | 6sec ] 7sec
1 27.78 33.87 7.552 0.025 2sec
2 29.6 479 5.294 0.05 2sec
3 3542 67.74 3.679 0.1 2sec
4 71.95 1173 1.957 0.3 2sec 716 | 716 o
5 1141 1514 1.378 0.5 2sec
6 156.6 179.2 1.033 0.7_ 2sec
7 198.7 203.1 0.7793 0.9 2 sec 1715] 871 | 28.49
8 229.8 220.5 0.6103 1.4 2 sec - | 2991 o
9 2424 221.6 0.5462 | 1.3 2sec
10 249.7 2313 0.5071 15 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 wavé signals with fr‘équency' cokmponent fm 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 té drive the

upper and lower arms of semiconductor switches in the three phases of the inverter.

11.3.1 Modelling 6f Three Phase Third Harmonic Injection PWM Inverter fed |
L.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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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. o '

The subsystem corresponding to Three Phase THIPWM generator is shown in
Fig.11.9(B). In Fig.11.9(B), 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 b is 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 ¢ 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 in 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.lkl 4(H) is applicable to generaie
triangle carrier wave other than 2 kHZ frequency. The Models for Three Phase Inverter,
abc to dq0 axis transform, Three phase IM and the Mechanical Load for Three Phase IM
are the same as shown in Fig.11.4(D), E, F and G. The modelihg equatiens 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
odel5s(stiff/NDF) solver are shown in Fig.11.10(A) to (E) and in Fig.ll.il(A) to (E)
for a.m. indices M of 0.9 and 1.1 respectively, with fm. index maintained at 33.33..
The simulation results for all the am. indices 1ess than and{ greater than one are
tabulated in Table 11.2. 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.
11.4 Three Phase Harmonic Injection PWM Technique

The HIPWM is a variation of the THIPWM techmque dlscussed in sect1on 11.3. In
HIPWM additional harmonics apart from third harmonics are added to the sme

reference waveform.. The modulatmg reference waveform is glven below [ 5-61:

y =1.15*sin(w.f) + 0. 27*sm(3 w.t) - 0. 029*sm(9 w.1) ... w(11.15) -
The resulting flat-topped waveform allows over modulatlon while 1mprovmg the
frequency spectra of ac terms and dc terms waveforms [50] “The modulatlng three
phase sine wave 51gnals with frequency component fm 3*fm and 9*fm are multlphed

by appropriate constants and added with proper SIgns to generate the modulatmg o
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Chaptfr 11: Modelling of A Three Phase PWM Inverter fed L M. Drive
TABLE 11.2: Line to Line voltage and stator current of Three Phase THIPWM
Inverter fed I.M. Drive for an F.M. Index of 33.33.

No.| R.M.S. _ R.M.S. THD* | AMIn- | Simulation R.M.S.Stator
Stator LineVoltage |OfLineto] dex Time in current in Amps
Current Vab Line M seconds for simulation
( Amps ) (Volts) Voltage time shown
| 7 sec 8 sec
1 27.82 36.32 7.034 0.025 2 sec
2 31.15 - 51.36 4,924 0.05 2sec
3 | 38.02 72.64 3.411 01 2 sec
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 2 sec »
7 227.6 217.8 06306 | 09 [  2sec 39.55 | ~=—-
8 254.3 2325 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 2 sec 1

reference waveform givén by equation 11.15 for the ‘thrég phases and are compared with
a triangular carrier wave in a comparator and the resulting pulsé 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 PWM Inverter fed LM.

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.11.14(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.1 1.14(A) correspond to the dialog box “Three Phase HIPWM
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Chapter 11: M?delling 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.11.14(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 Fcn block generate the fundamental
c@mponent in equation 11.15. The three input mux at the middle with chonstant 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
¢omponent 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 moduiating
| signal b is generated in the samer way as for Phase R, except that the fundamental
éomponent, 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 genérated as for
Phase Y, except that the fundamental, third harmonic and ninth harmonic cbmpo;ient
leads by 2*pi/3, 2*pi and 6*pi radians respectively. | A

All other models are as explained for three phase sine PWM and three Phase THIPWM
inverter fed IM drive in sections 11.2.1 and 11.3.1 respectively. o

11.4.2 Simulation Results

 The simulation results of the Three Phase 60 Hz HIPWM Inverter fed IM drive using
ode15s(stif/NDF) solver are shown in Fig.11.15(A) to (E) and in Fig.11516(A) to (E)
for a.m. indices M of 0.9 and 1.1 respectively, wit':hv fm. index main_tained at :33;33‘..
The simulation results for all the a.m. indices less tha_n‘ and greater than one 'a‘1."e
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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These Phaae HIPPWM Inverer fed IMDrive- Lineto Line votage foran A.M. Index of 1.1

g 400 : ; :
E 200 --- - 180 - i ____i ________ _
¥ oo 1 z
E | a
= 200 fitH-- -4 - BRI by
4‘304 0.06 0.07
Time n seconds
Fundamental (§0Hz) = 299 , THD= 4.89%
T T T T
g 100111 e st e
= s e z ;
E E E FIG. 11.16(D) E :
= R A b e N
b = : : : :
= : ; : :
ol . ; s
0 S 10 15
Harmonic order
Thee Phaae HIPWMInverterfed IMDrve- Lineto Line votage foran A.M. Index of 1.1
400 — : :
£ : ] '
& 200}-------------HitH----JHikE---- b
= ] ]
E o 1 :
E z z
= 200 SRR - BRERERE SR
‘ 0.07

0.06

Time n seconds

Cle=ar Figure
Claar Command Window ak (211.% Tmo)
Clcar Command Hstary [TRO) = 4.85%
Claar Workspaoa %

s H=x C.67 %

50 Hz Func 100.00 %

90 H= .73 %

A20 H= [(h2} Q.48 %

150 H=z C.a6 %

180 Hz (h3] 0.57 3 FIG. 11.16(E)

210 H= o.24 % =

240 Hz (h4) 0.38 &

270 H= .85 %

300 H= [(khS5] q.26 %

330 H= Q.95 %

360 Hz [(h6} D.67 %

390 H= Cc.91 %

420 Hs= [W7] Q.97 %

250 H= C.39 %

280 H= he .72 %

=*Nn o I ' ™ 7_1_2__ :-j_

396



Chapter 11: Modelling of A Three Phase PWM Inverter fed LM. Drive
TABLE 11.3: Line to Line voltage and stator current of Three Phase HIPWM
Inverter fed I.M. Drive for an F.M. Index of 33.33.

No.| R.M.S. . R.M.S. THD** | AMIn- | Simulation R.M.S.Stator
Stator LineVoltage |OfLineto| dex Time in current in Amps
Current Vab Line M . seconds for simulation
(Amps ) (Volts) Voltage time shown
6sec | 8sec
1 27.83 36.32 7.034 0.025 2sec
2 31.2 51.36 4,924 0.05 2sec
3 38.18 7264 3.411 01 2 sec
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 11 2 sec - | 53.87
9 262.1 234.0 0.4087 1.3 2 sec
10 264.3 234.0 0379 15 2sec

11.5 Three Phase Clipped Sinusoid PWM Technique

This section describes the discovery of the new PWM technique known as Three Phase
CSPWM technique. This is explained below:

In this method the modulatmg three phase ac s1gnal at the inverter sw1tch1ng Erequency
fm Hertz is clipped at desired voltage levels using zener diode chppers with breakdown
voltages +Vclip and —Vclip placed back to back in series. The resultmg three phase ac
clipped sine wave at the frequency fm Hertz is compared with tnangular carrier wave
using op. anip comparators in each of the three phases. - The resulting PWM gate pulse
for each of the three phases and their respectwe inverted gate pulse drives the reSpectwe
upper and lower semlconductor switches i m each of the three phases The deﬁmtmn for i

AM. Index and F.M. index are the same as glven by equations 11.1 and 11.2. The peak
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Chflpter 1 1 ! Modelling of A Three Phase PWM Inverter fed ILM. Drive
value of the clipped sine 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 diallog 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 Fen2, Fen3 and Fend
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. Referﬁng to Fcn2 block
corresponding to Phase R, Fcn2 output is given to the u(2) and ﬁ(3) inputs of _‘Switch3
and also to u(1) and u(2) inputs of switch4. The constant block with the clip voltage
value +Vclip is given to the u(1) input of Switch3 énd the inverted —Vclip is given to
the u(3) input of Switch4. The output of Switch3 and Switch4 are given to u(1) and
u(3) input of switch5. The Fcn2 output is given to the u(2) input of Switchs. _SWitch3
and Switch4 have a threshold value of +Vclip and —Vclip respectiiéely. The threshold
value for switch5 is zero. All these threshold switches output u(1) when the ii(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 s“/itches 6,7 and 8 in Phase' Y and Switches

9, 10 and 11 in Phase B.

The triangle carrier generator model generate a carrier frequehcy fc of 2 kHZ. For any

other carrier frequency fc Hz, the help file shown in Fig.11.4(H) can be used.
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Chapter 11: Modelling of A Three Phase PWM Inverter fed ILM. Drive
11.5.2 Simulation Results

The simulation results of the Three Phase 60 Hz CSPWM Inveﬁer fed IMv drive using
ode15s(stiff/NDF) solver are shown in Fig.11.20(A) to (E) and in Fig.11.21(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 PWM Techmques

Tables 11.1 to 11.4 gives the magnide 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 iechniques A
Graph of the plots of Line to Line Voltage magnitude and its T. HD. by the above PWM
techniques are shown in Fig. 11 .22 and Fig.11.23 respectlvely
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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.| R.M.S. R.M.S. TH.D.* | AM.In- Simulation R.M.S.Stator
Stator LineVoltage |OfLineto| dex Time in current in Amps
Current Vab Line M seconds for simulation
(Amps ) (Volts) Voltage time shown
|6 sec | 8sec
1 27.711 37.26 6.509 0.025 2 sec
2 31.04 52.69 4.549 0.05 2 sec
3 39.57 74.47 3.143 0.1 2 sec
4 90.85 129.0 1.621 0.3 2 sec
5 144.9 166.5 1.102 0.5 2 sec
6 197.3 197.1 0.7801 0.7 2 sec
7 243.0 223.4 0.539 0.9 2 sec 52.67
8 259.2 233.9 0.4392 1.1 2 sec 53.1
9 259.4 233.9 0.4379 1.3 2 sec
10 259.3 233.9 0.4397 1.5 2 sec

COMPARISON OF LINE TO LINE YOLTAGE FOR VARIOUS PWM TECHNIQUES
250
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COMPARISON OF LINE TO LINE YOLTAGE T.H.D. BY VARIOUS METHODS

MAGENTA BROKEN LINE WITH CIRCLE - SINE PWM

e
—=  GREEN BROKEN LINE - THIPWM
—< RED V BROKEN LINE - HIPWWM
—— BLACK LINE WITH STAR - CSPWM

--------------- FIG 11.23
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L : NSW.-2D07; AUSTRALIA.

LINE TO LINE VOLTAGE T.H.D.
i

0 0.5 1 15
AMPLITUDE MODULATION INDEX M

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.11.5(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), 11.10(E), 11.11(E), 11.15(E), 11.16(E), 11.20(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

12.1 Introduction

Multilevel inverters were proposed to obtam higher output voltages without the use of
step up transformer closely following a sinusoidal waveform. Add1t1onally the
harmonic content in the output voltage waveform is greatly reduced in companson with
~conventional two level inverters [ 66-71 ]. Hence they find wide applications in
.STATCOMs, ASDs etc. This chapter describes the modelllng of three phase Diode
Clamped Three Level Inverter ( DCTLI ) and the three phase Flying Capac1tor Three
Level Inverter (FCTLI). The highest hmhber.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 phziée multilevel inverter, then the
number of voltage levels in the line to line voltage‘ will be ( 2m-1 ) and the number of
switching pulses will be 6¥*(m—1) [ 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.
122 Three Phase Diode Clamped Three Level Inverter

" The circuit schematic of the three phase 50 Hz DCTLI is shown in Fig.12.1(A) osing .
MICROCAP?7 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 switche’s. The

two capacitors at the input act as potential divider. The DC input voltage is Vdc voltst

" 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 th 12.1(B), the line to ground voltage has :

three voltage levels and line to line voltage has five voltage levels

411



S 62392 7241 H99128 6=411 0=41A HI00'00S=41X d 253 vmv.h_._.
© WO90'35S=0rN WODZZDMA d2EHY9E=00D WESE' ¢P8=IrH KO02=IrA d6ETY T4=310
NL1E399=3Y d956+6°9=08) 207°666=N1 WEL6 FCH=YA 62250')=IN E0€1HZ 0=

(989641 '€=TY WOOC=H $9299'9= dIHGEC 120D

(noz ___m HO RO KEEEEL § 0)3STNd IS9A 30

f Three Phase Three Level Inyeriers

.m (HOZ WS WO WO WE9Y9L § 0)3870d HSOR INIIT
Mu (HOZ WSV WO O W299'LL § 0)3STNd 989A INIA30"
S (0Z WSh WO WO H299') § 0)3ST0d 4894 INIAIT°
S (HOZ WS WO WO W299°9 § 0)35INd ISOR INIAIT"
W (HOZ WS WO WO WOb § 0)38TNd 0S9A INIAAD'
S (WoZ WSt WO MO WS § 0)38nd ISR INIIIT

(H0Z KL WO WO KSh § 0M8Tnd gSA mz_h.mn.
(HOZ HS WO WO Ko § 0)38nd YSOA INIIT
Vo 1D N

001 J0A INLAIO°

HL$Z'969=131 004=1YA H66'626=4N F3905=44 .:.:_.Enmz NdN 22222 1300H"

NGBSZHV=LL HEGFB35=5Y 005=RG 9921571=N NZ9LSES=S1) 0 ShLANIL TIQON"
| (HOZ 1S HO MO WEEEE § 0)38Tnd T894 NLIT
(HOZ WS WO WO HEEES) § 0)357d HSOA INLAIT

(WOZ 1S4 WO WO Weee's § 0)381nd FSOA N30

. 21 IA-\
BE ) ER Ay
: Y - 1A . % " .
o ko 1398 . “ HS o by ol ‘ , .
ot g, T e <
ﬂ.nw ‘ | va S |am =
] M = | To
A o Sk n ‘ :
g, b1 ) A7 9894 i7" DGO ’ o
10, BV_@ meuw L appa
o e TR ,w
— —] S
H woe.. H h“u... k(> w_“.o... LT
O—‘Gﬁn_ﬂ_l mG.\l*a%l NG\ a
O Be [Pm T ERA
va> 1397 WGV- J59A Favv@dag




Chapter 12: Modelling of Three Phase Three Level Inverters

.%

3% F1G.12.1(B)

;j.i:

413



Chapter 12: 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.12.4(A) corresponds to the dialog box “Three Phase DCTLI Gate Drive” shown in
Fig.12.3. 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 F ig.12.4(A)
corresponds to the switches Q1, Q2, Q3 and Q4 in Fig.12. 1(A). Similarly the oﬁtputs of
gate drives marked outl out5, out8 and outl0 corresponds to switches Q5, Q6, Q7 and
Q8 and the gate drive outputs marked out3, out4, out7, outl] corresponds to switches
Q9, Q10, Qll and Q12 in Fig.12.1(A). The switching table for the switches Q1, 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 replacmg Ql Q2, Q3 and Q4 by QS Q6 Q7 Q8 and
also by Q9, Q10, Q11 and Q12. 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

nelghbounng consecutlve states in Table 12. 1, then this delay d is /6 radians. Table

12.11is 1mp1emented as shown in Flg 12.4(A) usmg Pulse generator block. The amph-

- Table 12.1
Q1 - ; : 4 ~REMARKS
1 1 0 Q- +Vde/2 - R Phase start
1 1 0 0 +Vde/2 :
1 1 0 0 +Vdc/2
-0 1 1 0 - A | SR o
0 1 1 0 0 B Phase Start
0 1 1 0 ) . ‘ ,
-0 0 1 1 -Vdc/2
0 0 1 1 -Vde/2 | . : L
-0 0 1 1 -Vde/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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(:'hapter 12: Modelling of Three Phase Three Level Inverters
tude of all the pulses in the pulse generator block is set to 1 and the period is set to

[1/ fsw], where fsw 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 12.2. Switch names are
in Fig.12.1(A). '

TABLE 12.2
SL.No. | Switch Phase Switch Phase Switch Phase
Phase R | Delay PhaseY | Delay Phase B | Delay
Seconds Seconds Seconds
Q1 0 Q5 4/(12.fsw) - Q9 - 8/(12.fsw)

Q2 9/(12.fsw) Q6 1/(1246sw) | Q10 | 5/(12.6sw)

Q3 | 3/(124sw) | Q7 7i(120sw) | Q11 | 11/(12.fsw)

al W Nl o

Q4 | 6/(12.fsw) | Q8 | 10/(12.fsw) | QI2 | 2/(12.fsw)

Fig.12.4(B) corresponds to the dialog box “Three Phase DCTLI Unit” in Fig.12.3. Here
the dc link voltage is entered in volts in the box provided. The model of thér
semiconductor switches shown in Fig.12.1(A) is implemented using threshold switches
and summing blocks as shown in Fig.12.4(B). The switches Ql, Q2, Q3 and Q4 in
Phase R is implemented as per Table 12.1, according to the following modelling
statement: ‘ '
If ( gate pulse for Q1 is HIGH AND Q2 is HIGH ) then
Output Vrg= +Vdc/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 = -Vdc/2
End if

. Similar modelling statements holds good for sw1tches in Phase Y and B.. 'Ihe AND gate
s implemented using threshold switch as shown in Fig.12. 4( C). .In Fig.12. 4(C), the
~u(1) and u(2) are the mputs A and B with either Logic 0 or 1 value. The u(3) mput is

the ground or logic 0. The threshold value of the switch is 0.5. When u(2) is greater o

than or equal to threshold value, the out put correspond to u(l) mput, else the output is

the u(3) input. Thus Fig.12.4(C ) implements the AND gate. This AND gate prmmple
| TS
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is used in Fig.12.4( B ). Referring to threshold switches from top to bottom on the

extreme left of Fig.12.4(B), The top switch performs AND operation of the gate pulse

for Q1 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(1) 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(1) 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 51mu1atlon 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 odelSs(stltf/NDF) solver The DC link voltage is 381
volts. The harmonic spectrum of line to line voltage is shown in F1g.12.5(B) and (C)

respectively.
12.3  Three Phase Flying CapacitorlThree Level Inverter 1

'l'he circuit schematic of the three phase 50 Hz FCTLI is shown in Fig.12. 6'(A')'usin'g
MICROCAP7 software. There are four switches per phase, two at the top leg and two
at the bottom leg. The capaator connectmg the sw1tches in each of the three phases is
called the flying capacitor. The two capacitors atthe input act as potential d1v1der The
: DC input voltage is Vdc volts. The srmulatlon 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 Flg 12 6(B) the
line to ground voltage has three voltage levels and lme to hne voltage has ﬁve voltage |

' levels and there are twelve gate pulses ie. sermconductor sthches :
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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 Fi 12.12.9. 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 Q1 to Q12 in Fig.12.9 corresponds to the switches Q1 to Q12 in Fig.12. 6(A).
. The switching table for the switches Q1, Q2, Q3 and Q4 in Phase R is shown i in TABLE -
- 12.3. The same table can be used for switches in Phase Y and B by replacing Q1 to Q4
by Q5 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 12.3, then this delay d is
n /6 radians. Table 12.3 is implemented as shown in Fig.12.9 using Pulse gerierator
blocks, marked Gate Pulse Generator in Fig.12.9. The amplitude of %111 the pulses in all
the pulse generator blocks is" Sét to v1 and :the period is set to [1s fsw], where fsw is the
. switching frequency of the invérter. The phase delay fo£ each of the switc}hejs in Phase

R, Y and B are tabulated in Table 12.4. Switch names are in Fig.12.6(A). e

~ TABLE 12.3
. ' . . : 3 A
1 1 0 0 +Vdc/2 R Phase start
1 1 0 0 +Vde/2
1 1 0 0 +Vdc/2
1 0 1 0 0 - ; . S
1 0 1 0 0 S B Phase Start
1 0 1 0. 0 S e
0 0 1 1 -Vde/2
0 0 1 - 1 -Vde/2 - o o
0 0 1 1 C -Vde/2 Y Phase Start
1 0 1 0 0 S
1 0 1 0 0 ‘
1 0 1 0 0 . ' R
1 1 0 0 +Vdc/2 : R Phase S_tart‘
: For next cycle

) - ;
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TABLE 124 :
SLNo. | Switch Phase Switch Phase Switch Phase
Phase R | Delay PhaseY | Delay - Phase B | Delay
Seconds Seconds Seconds
1 Q1 9/(12.fsw) Qs 1/(12.fsw) Q9 5/(12.fsw)
2 Q2 0 Q6 4/(12.fsw) Q10 8/(12.fsw)
3 Q3 3/(12.fsw) Q7 7/(12.fsw) Q11 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 sumrning
Fcn blocks, as shown in Fig.12.9. The switches Q1 to Q4 in Phase R is implemented

as per Table 12.3, according to the following modelling statement:

If (gate pulse for Q1 is HIGH AND Q2 is HIGH ) then
Output Vrg = +Vdc/2 |
Else if (gate pulse for Q1 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 = =Vdc/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 ), 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. Referrlng 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 .pullse' for Q1 and Q2, the middle switch performs
'AND operation of the gate pulse for Q1 and Q3 and the bottom switch performs AND
operation of the gate pulse for Q3 and Q4. The top, middle and bottom sw1tch 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 3
- column are +Vdc/2, zero and ~Vde/2 respectwely, while their u(3) inputs are all Zeros. .

.' All these switches have a threshold value of 0.5 and output u(l) whenru‘(2)b ;nput gs " v’
s
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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. Vare shown in Fig.12.10(A) for a
three phase 60 Hz FCTLI using odel5s(stiff/NDF) solver. The DC link voltage is 381
volts. The harmonic spectrum of iine to line voltage is sho'wn in Fig.iZ.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 ' ' S )

Thé line to ground voltage of the three phase three level invérter iS defined bel@yﬁr: S
Vig=+— for 0Sat<m2
‘ 2 : |

=0 for <t < -

ad  for s2<at<;m

- P acwsan @)y
Vg % o B<asml

= 0 fr  wb<aiSkB B
ad for  TW6Sat<ix/6
B e ecasis @22 0

~

e
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Subtracting equation 12.1 from equation 12.2, the equation for Vry can be defined as
follows:
Vry  =+Vde for 0ZLowt<a6
Vde

=+7 Jor /6 < wt < /2

and  for 10n/6 S wt < 2x
=0 for‘ a2 < wt < 2n/3
and for 312 < wt<10/6

Vdc.
=-—  for 235 wt<rx
2
and  for /6 < ot < 372
=-Vde for nlct<71/6 | (12.3)

The line to line voltage harmonics is derived below using Fourier series. Considering
one half cycle of line voltage Vry in Fig.12.10(B) or ( C ) and using the equation 12.3,
with an axfs of syrrimetfy where f (-t ) = -f (), the Fourier expressibn fér th’ebn'h
harmonic line to line voltagé Vryxi is derived below: ’

512 712

szn'=;r2-*[ 71/52 lWéUZ).;in{nafﬁ.an9+ jJIz'VébSh(nmv.aYma .
/12 '
+ [ (Vd/ Ysinfnat.dwl)] (124
712 o

- Simplifying equation 12.4, the following:

Von-—ZVabws(”'nm) * [ cos(n/4) - cos(3mn/4)] (129 .

TN

' The r.m.s. value of line to line voltage Vry is derived below: o
| | 432
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_1/2
I1/3 /2 S5m/6
[Vry(tms)] =| 1 * [I(Vdc /4)d(mt)+I(Vdc )d(mt)+I(Vdc /4)d(mt)]
— /3 w2 .
& | __‘.7..(12.6)‘
Vry (rms) = Vde¢
: VOIS oo (12.7)

V3
Similarly referring to the line to ground voltage in Fig.12.10(A) and using equation 12.1 and
noting that each transitions from one level to next are equally spaced at intervals of II/2

radians, the r.m.s value of Line to Ground voltage Vrg, is given by the equation:

2.7 1172
Vig(ms) = | 1*[ I(Vdc /4).d(t) + [(Vde®/4). dot)
210 =/2 3.m/2 ]
Vrg(rms)= Vdc'
VOIS oo ceeeeeeeeeeeeeeeee e, S (12.8)

242

Thus for a dc link voltage of 381 volts, the values of Vry(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 lirne to line voltage

of three phase three level inverter can be expressed as follows:

(Vdd\/})z
THD. of W =|——"— - 1

\ (V3 Vdc/:z)z

= 30.9% (129

12.5 Conclusions

The models for three phase DCTLI and FCTLI have been successfully developed In, -
these two models the time mtervals for the three voltage levels are equal By reducmg

_ 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 io 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 highér order
such as seventh, as compared to the plain ihreé phase 18(‘).degree mode inverter shown
in Fig.4.6(I) in Chapter 4. The R.M.S. line to line voltage diéplayed in Fig.12.3,
.Fig.12.5(A) for the DCTLI and in Fig.12.8, Fig.12.10(A) for the FCTLI well agree with
ihe formula given by equation 12.7. It is also seen from Fig.lZ.l(A) and Fig.12.6(A)
that the voltage stress acroﬁs individual semiconductor switch is reduced for a givén DC
link voltage, as compared to the plairj threé phase two level inverter. Appendix E
i)rbvides the comparison of the simulatibn'of the above three phase DCTLI and FCTLI

» using the demo version of the electronic Qircuit simulation ‘soﬁwraré MICROCAP 8.
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CHAPTER 13
CONCLUSIONS

This thesis presents interactive models for vpower electronic converters and electric
drives. Major fundamental topology for power electronic converters are covered.
Sxmllarly predominant AC drives such as three phase LM. and PMSM models in the
open loop are covered. The concept of switching fu_nctlon 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
SimpowerSystems 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 IM. and PMSM their qu axis voltage—current
‘relationship is used to develop the model. In addmon for the three phase I.M. the dq0-
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 particuler power electronic converter or
electric drive in the boxes prov1ded for the purpose. 'I'he user can follow the
instructions given in the dlalog boxes for entering the data in the approprlate umts 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 electromc or e]ectnc
drive system. Addltlonally help ﬁles are also provxded for SMPS and three phase PWM

- inverter fed I.M. drive models with which the user can modlfy the modeI for any glven_» "

switching frequency of the SMPS and for any g1ven triangle camer ﬁ'equency for the S

three phase PWM inverter. Thus only one model is sufficient to test any given powerr .

electronic and electnc drive system. -Thus thlS type of mteractwe models ﬁnd )

' apphcatlons in v1rtual power electromcs and dnves laboratones
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Additionally harmonic analysis of the three phase two level and three level mverters 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:

1. Provides interactive models for single phase full wave diode bridge rectifier,
single phase full wave SCR bridge rectlﬁer three phase full wave diode
bridge rectifier. - , , Lo T

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 dc to dc converters such as the
Buck, Boost and Buck-Boost converters in the contihuous conductiqn 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 linés
are presented. ' '

5. Interactive models for three phase LM. to study the stator and rotor currents
and torque transients by direct online starting using dq0-axis voltage—'cufiént 8

equations, dq0-axis flux linkage equations in state space, qu -axis ﬂux

linkage per second equations in state space are provided. S
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. . Chapter 13: Conclusions
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.

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.

Interactive model for SMPS is provided. The model performance is
supplemented by simulation using the software PSIM. o
Interactive models for three phase SINE, THI and HI PWM inverter fed IL.M.
drive is presented. A newly discovered interactive model for the three phése
CS PWM inverter fed I.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. v
Interactive models for three phase DCTLI and FCTLI are presented. The
model performance is supplemented by simulation using ‘the software
MICROCAP. "
The model performahce of selected power electronic converters such as single
phase FWDBR, FWCBR, three phase FWDBR, six step continueus 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 bullt in three

phase MOSFET inverter and PMSM block in the SimPowerSystems ‘block set .

of SIMULINK. The three phase DCTLI and FCTLI model performance

presented in this thesis are compared by 51mu1at10n using the demo versmn of B j‘ .

MICROCAP 8 software..
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Chapter 13: Conclusions

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 I.M. drives. 4

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 ¢ither or both by
hardware experiménts 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 180 degree mode two
level inverter is analysed below using MATLAB.

The equation 4.1 in Chapter 4 is modified as follows to dévelop the MATLAB program:

T

TT.
2. Vdc Snxn nr :
= —=% ¥ cos =~ cos| — for all nxl (4.1)
n 6 6 :

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 ' R
%v_dc is the dc link voltage in per unit
%% Narayanaswamy.P.R Iyer, Faculty of Engineering, UTS, NSW
v dec=1;
94, VN1 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(S*pi"frri/G) - cos(pi*m/6)); | - -



Appendix A:Harmonic Spectrum of Line to Line Voltage of Three Phase Inverters
end,

bar(abs(VN1),0.125),grid;;
xlabel('"Harmonic order n');
ylabel("Harmonic Spectrum of line to line voltage Vn');

title((Harmonic Spectrum of Line to Line Voltage of Three Phase Two Level Inverter');
%calculation of T.H.D. of line to line voltage

%VNI1 _1peak is the peak value of fundamental component of VN1.
VN1 _lpeak = (-2*v_dc/(pi))*(cos(5*pi/6) - cos(pi/6));
VN1 _1rms = VNI_1peak/(sqrt(2)),
%VLL_rms is the rms value of the line to line voltage
VLL_rms = ((sqrt(2))*v_dc)/(sqrt(3));
thd_percent = abs(sqrt((VLL_rms)*2 - (VN1_1rms)"2)*100/VN1_1rms);
The results are given below:
>> fftofph3twolevelinv
>>VNI1_lpeak
VN1 _1peak =
1.1027
>>VNI1_Irms
VNI1_1lrms=
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.1.
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Harmonic order n

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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Appem_lix A:Harmonic_ Spectrum of Line to Line Voltage of Three Phase Inverters
%Fourier spectrum of line to line voltage of three phase three level

%inverter
%v_dc is Dc link voltage in per unit.
%vnl is the Harmonic Spectrum of Line to Line voltage.
%%Narayanaswamy.P.R.Iyer, Faculty of Engineering, UTS, NSW.
v_dc=1;
k =2/pi;
for N = 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(vn1),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_1peak is the fundamental component of vnl - '
vnl_1peak = ((k*v_dc¥*cos(pi/6)))*(cos(pi/4) - cos(3*pi/4));
%to calculate t.h.d. of line to line voltage
vnl_rms = vnl_1peak/(sqrt(2));
vll_rms =v_dc/(sqrt(3)); ;
thd_percent = sqrt((vll_rms"2) - (vnl_rms”"2))* 100/vn1_rms; |

The results are given below:
>> fftofph3threelevelinv:
>>vnl_lpeak

vnl_lpeak =

0.7797

>>wvnl_rms

Cas2
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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.1 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 dc 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.




Appendix B: Parameter Measurement of Lybotec Six Step Inverter fed PMSM Drive

APPENDIX B
PARAMETER MEASUREMENT OF LYBOTEC 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 Am, 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
MEASUREMENT FOR PMSM DRIVE

The experimental set up for accurate measurement of rotor inertia and damping constant
is shown in Fig.B.1. 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.

R -
HP. 546004 :
THREE STORAGE :
e osciLLoscoPE |
TR
— B

BACKEME. SENSOR [<— . .

CUM GATE PULSE Note: Current controller block diagram is

GENERATOR not shown for clarity.

FIG. B.1 |
" PAiSH ROTOR DAKPING AND INERTIA MEASUREMENT -EXPERIMENTAL SET UP

The dc link voltage is initially set to 40 volts. The machine is run on NO LOAD. The
initial reading of Vdc, Idc, C.R.O. back e.m.f. period( i.e. initial rotor speed ) are r;oted.k '

The dc input to inverter is switched OFF. The time to fall to variqus rotor spceds are
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A ppgndix B: Parameter Measurement of Lybotec Six Step Inverter fed PMSM Drive
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 dc link voltage of 40 volts, the
readings of Vdc, Idc C.R.O. back e.m.f. period are all shown in thé 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 prograrh.

%%Lybotech PMSM Experiment for refined measuremeht of mecharﬁcal data.v
%%Rotor speed measuremnt using tachometer eliminated by using CR.O.
%%back e.m.f. period measurement. | - ‘
%%Program Author: Narayanaswamy. PR Iyer; Faculty of Engg.; UTS, NSwW
%%NO LOAD test data is used. | -
%%Number of poles P for PMSM is four.
P=4; | |
Vde =[15 20 25 30 35 40},
Ide = [0.042 0.039 0.039 0.039 0.040 0.044];
Vm=[62 8.5 10.66 12.7 14.95 17.09];
Iaé =[0.040 0.042 0.042 0.041 0.040 0.042];
CRO_bemf period = [160e-3 1163-3 93e-3 77e-3 66e-3 58e-3];
%%tacho_speéd_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.
forI=1:6 - |

wr_mech(l) = (l/(CRO_bemf " period(I)))*2*pi*2* 1/(P);
_ N_rpm(l) = (60*wr_mech(I))/(2*pi); o
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wr_mech_square(]) = (wr_mech(I)*wr_mech(I));
P_in(I) = (Vdc(D)*Idc()));

end

plot(wr_mech_square,P_in,'’k-");

%%damping constant D is measured from slope.

Y%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];

forJ=1:6
damping_constant1(J) = (y_val(1) - y_val(2))/(x_val(1) - 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_constant1(l) damping_ constant2(1) damping_constant3(1)

damping_constant4(1) damping_constant5(1)];

damping_constant D = mean(damping_D);

%%Rotor inertia J_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];

%%/ inal rotor speed in all cases are zero.

wr_mech_final=[0 0 0 0];

time =[13.62 13.60 13.91 13.53];

forI=1:4
wr_mech_init(I) = (1/(bemf_period_init(I)))*2*pi*2/(P);
wr_mech_ratechange(I) = (wr_mech_init(I) - wr_mech_final(I))/(time(I));
t em(I) = (dc_input__volts(l)*dc_input_amps(I))/(wr_mech_init(I)) 3
J_approx(I) = (t_em(I))/(wr_mech_ratechange(I));

end . ;

MI _rotor_approx = [J_approx(1) 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

forJ=1:4
wr_mech_init(J) = (1/(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(1) 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 100e-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) = (1/(cro_ bemf period_final(K)))*2*pi*2/(P);
speed_ratechnage(K) = (speed mech_rad mlt(K) -

speed_mech_rad ﬁnal(K))/(delta time(K));
J actual_vall(K) = (power_ m(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_J1 =.[J_act1\.1al__vall(1) J actual_vall(2) J_actual_vall(3)

J actual_vall(4)];

rotor_inertia_J2 = [J_actual_val2(1) J_actual_val2(2) J_actual_val2(3)

J actual_val2(4)};

J actuall_avg= mean(rotor_inertia_J1);

J actual2_avg= mean(rotor_inertia_J2); o
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The results are printed below:
>>pmsm_mechdata revisedl
>> damping_constant D
damping_constant D =

4.4066e-004
>>] actuall avg
J actuall avg=

0.0035

>>] actual2 avg
J actual2 avg =

0.0097

The values used are D = 4.4066e-4 Nw.m.sec. per mech.rad and M.I. of rotor 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.
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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),

- HLECTRICAL PARAHETER MEASUREEAT FOR PLSH

(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 of ‘Lybo'tech 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=[1 2 34 51; | |

dc_input_current = [0.107 0.214 0.326 0.431 0.535]; | e
%%data for stator leakage inductance measurement.Supply frequency 50 Hz
ac_input volts=[1 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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rms_mutual_voltage vyn=[0.122 0.253 0.36 0.49 0.625];

Ye%stator resistance is rs per phase in Ohms.
%%let Lls be the self or leakage inductance in Henries per phase
%%let Lm be mutaul inductance between phases.
%%let Ls = Lls + Lm be total self inductance
forI=1:5
rs(I) = (dc_input_volts(I))/(dc_input_current(l));
zs(I) = (ac_input_volts(I))/(ac_input_current(I));
x1s(I) = sqrt(zs(I)*zs(I) - rs(D)*rs(D));
Lis(I) = (x1s(1))/(314);
xm(I) = (rms_mutual_voltage vyn(I))/(rms_irn(I));
Lm(I) = (xm(1))/(314);
Ls(I) = (L1s(I) + Lm(D));
end
res_stator = [rs(1) rs(2) rs(3) rs(4) rs(5)];
ind_stator = [Ls(1) 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 volt.sec/elec.rad -
%%period is measured from c.r.0. and r.m.s.line to neutral voltage of PMSM
%%from D.M.M. ,
period = [70.5e-3 79.5¢-3 82e-3 92e-3 105.5e-3 119e-3 125.5¢-3 '131.5e-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 | o
rotor_magnet_constant = [lamda m(l1) lamda m(2) lamda_m(3) lamda_m(4)
lamda_m(5) lamda_m(6) lamda_m(7) lamda_m(8)]; | L

lamda_m_avg = mean(rotor_magnet_constant);

The results are printed below:
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ybotec Six Step I 1
>>pmsm_elec_data2 P Inverter fed PMSM Drive

>>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 induétance Ls per phase are 9.3641 Ohms and 59.6
milli Henries respectively. Rotor magnet constant Am is 0.1354 Volt.sec per elec.réd;

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 LYBOTEC INVERTER

Appendix C: 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.1 below:
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Appendix D: Data Sheet for Digital Integrated Circuits

APPENDIX D

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:

SN5408, SN541.508, SN54S08
SN7408, SN741L.508, SN74S08

QUADRUPLE 2-INPUT POSITIVE-AND GATES

S033 - DECEMBER 1383 — REVISED MARCH 1988

¢ Package Options Include Plastic “‘Small
Outline’” Packages, Ceramic Chip Casriers
and Fiat Packages, and Plastic and Ceramic

DIPs

s Dependable Texas instruments Quality and
Refiability

description

These devices contain four independent 2-input
AND gates.

The SN5408, SN54L508 and SN54S08 are
characterized for operation over the full military

temperature range

of —55°C to 125°C. The

SN7408, SN74LS08 and SN74508 are
characterized for operation from 0° to 70°C.

FUNCTION TASLE (sach gate)

INPUTS

OUTPUT

xrx|>»
rxzI]e

rerri<

togic symbol?

1A

A
3.
4A
48

[a[1))
{12}
{13}

T This symbol is in 8c:
IEC Publication 817-12.
Pin numbers shown sre for O, J. N. snd W peckages.

131 ¥

) 2y

{e) 3v

(LI

with ANSVIEEE Std 91-1984 and

SNS408, SN54L.808, SN54S08 . . . J OR W PACKAQGE

SN7408. .. J OR N PACKAGE

SNTALS08, SN74S08 . .. D, J OR N PACKAGE

. (FOP VIEW)
1aDh Uhlvee
182 131148
1 Qs 12D 4A
2AJe ey
28(]s wo1l13s
2v(ds 9[33A

GND (7 s{]13Y

logic diagram (positive logic)

w ——1Y
18

a1 O
x =
e[ —
38
1o
48

YmA-Bor YmA+B

1/,

TEXAS
INSTRUMENTS

Copyright © tsee.rummmw e

POST DFFICE BOX 855303 @ DALLAS, TEXAS 75265
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SN54LS11, SN54S11,
SN74LS11 SNT4S11
TRIPLE 3-INPUT POSITIVE-AND GATES

s — SDLS131 - APRIL 1985 — REVISED MARCH 1988
@ Package Options Include Plastic “’Small SN54LS11, SN74511...J OR W PACKAGE
QOutiine’* Packages, Ceramic Chip Carriers SN74LS11, SN74S11...D OR N PACKAGE
and Flat Packages, and Plastic and Caramic (TOP VIEW}
DiPs 1a Oy Usal vee
® Dependable Taxas Instruments Quality and 1802 fgic
Reliability 22 03 w2y
28 Q¢ nfj 3C
description 2c Os 0] 3B
, . . . ¥ Qs of 3A
These devices contain three independent 3-input GND (7 8f 3Y
AND gates.
The SN54LS11 and SN54S11 are characterized SN541511, SN54811. . . FK PACKAGE
for operation over the full military temperature {TOP VIEW)
range of —~55°C t0 125°C. The SN74LS11 and o4V 80
SN74S11 are characterized for operation from -r—Z> =
0°C to 70°C. g )
321
2A 1Y
NCTION TABLE (each gat
FUNCTI (each gata) Mo NG
INPUTS | ouTPUT 28 3C
A B C Y NC NC
2C 38
H H H H 9
X L X L >00><g
™~ o
X X L L 52°°
NC—No internal connection
logic symbolt v
logic diagram (positive logic)
1A (1} &
182 | 2 134 :: ) 1w
1c {13} 1C ——t y,
{3} 2A-—-—-'ﬂ
2A © 2B 2v
23..‘&..‘ 6oy :C L/
5 i A ‘
zc——-—' ) - 38 —\ 3y
25012 | .y | v. A-B-C or
sc ¥R 8eC
1This symbol is in accordance with ANSVIEEE Std, 91-1984 and
IEC Publication 617-12.
Pin numbers shown are for D, J, N, and W packages.
PRODUCTION DATR inlormation Is current as of publication date, Copyright & 1988, Texas Instruments Incorparated
mm—»mmnnm e {’
e pe? TEXAS

INSTRUMENTS

POST OFFICE BOX 655303 ® DALLAS, TEXAS 75265
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Appendix D: Data Sheet for Digital Integrated Circuits

SDLS100

SNb432, SN64LS32, SN54S32,
SN7432, SN741S32, SN74S32

QUADRUPLE 2-INPUT POSITIVE-OR GATES .

OECEMBER 1953 - REVISED MARCH 1988

-

® Package Options Include Plastic ““Small
Qutline”” Packages, Caramic Chip Carriers
and Flat Packages. and Plastic and Ceramic

DiPs

® Dapendable Texas Instruments Quality and

Reliability

description

These devicas contain four independent Z-input

. OR gates.

The SN5432, SN54LS32 and SNB54S32 are
characterized for operation over tha full military
range of -55°C to 125°C. The SN7432,
SN74LS32 and SN74532 ara charactarized for
operatian from 0°C to 76°C.

FuncTion TASLE {oach gate)
INPUTS OUTPUT
A 8 Y
H X H
x H H
L L L
togic symbol?
a2 =1 )
[ve) mammeadk & 4
1B
22— 6,
5t Y
32t @,
10 —3
b {: R
w2 m
113} —
48

1 This symbol 18 in sccordance with ANSIEEE Std 911984 and

IEC Publication §17-12.

Bin numbars thawn aeg {or 13, 4. N, or W packages,

SNS5432, EN541532, SNS54532...J OR W PACKAGE
SN7432 ... N PACKAGE
SN7415832, SN74832 ...D OR N PACKAGE

{TOP VIEW)

1A(3
1B (]
1Y Q
240
2807
2v(]
GND (]

SN54L532, SNE4S32 ... FK PACKAGE
iTOP VIEW]

0B
Lz 3%

1Y 4A
NC NC
2A 4y
NC NC
28 38

9 10 111213

>0 >L

NZZM0m

(L]

NC - No intamal connsction

logic diagram

' - iA———"iD____"
Y —
D S
am—1
>
38—t
PP p—

positve logic
Y=A+Bar¥Y «~A-B

UCTION BATA 4

PR
entrent as af

te
S 5 (hd teime o) Teai lmitiwadnid
tpar::fﬁm PO Tnd tEimE g

aecassanily inchuie tsting of &8 peraseters.
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Appendix D: Data Sheet for Digital Integrated Circuits

NE555, SA555, SES55
PRECISION TIMERS
SLFSO22E ~ SEPTEMBER 1973 - REVISED MARCH 2004
® Timing From Microseconds to Hours NES5S55...D, P, PS, OR PW PACKAGE
@ Astable or Monostable Operation 55352255 ‘B, 32 %:';A:AK:&ZE
®  Adjustable Duty Cycle , r;'op'wsm
® TTL-Compatible Output Can Sink or Source )
Up To 200 mA GND[|1 ™ 8]l vee
TRIG[}2  7[JDISCH
description/ordering information OUT[}3  6[JTHRES
RESET[J4  s[JCONT
These devices are precision timing circuits

capable of producing accurate time delays or SES65. .. FK PACKAGE

oscillation. In the time-delay or monostable mode {YOP VIEW)

of operation, the timed interval is controlled by a o .o

single external resistor and capacitor network. In g (29 g g g

the astable mode of operation, the frequency and = |

duty cycle can be controlled independently with ncfla 2 1 2 Yne
two extemal resistors and a single external TRIG[) 5 17[] DIscH
capacitor. g NCle [ NC
The threshold and trigger levels nommally are - ourfjs 15[] THRES
two-thirds and one-third, respectively, of Vcc. NClls o e
These levels can be altered by use of the o T T T
control-voltage terminal. When the frigger input QLOEO

falls below the trigger level, the flip-flop is set and zZp%25°%

the output goes high. If the trigger input is above g ©

the trigger level and the threshold input is above NC - No intemal connection

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
5V to 15 V. With a 5-V supply, output levels are compatible with TTL Inputs. '

Please be aware that an important notice conceming availability, standard warranty, and use in critical applications of
Texas nstruments semiconductor products and disclaimers thereto appears at the end of this data sheet

icht © 2004, Texas instruments Incorporated
PROOUCTION DATA Wiormaticn b cwrat 2s of 3 Copynght !
m:::""‘t IM'!“""“‘ cocsady hdu: % :.I:- otherwise -:1“:0 -u-mua. :anhl
hqudpnint TEXAS mmnmm-ﬂuum

INSTRUMENTS

POST OFFICE BOX 655300 @ DALLAS, TEXAS 75265



Appendix D: Data Sheet for Digital Integrated Circuits

SN5474, SNS4LSTAA, SN54574

SN7474. SNT4LST4A, SN74S
DUAL D-TYPE POSITIVE-EDGE-TRIGGERED FLIP-FLOPS WITH PRESET AND CLEA7Ig

SDLS113 - DECEMBER 1983 - REVISED MARCH 1988
p——

¢ Package Options Include Plastic **Small
Outline’’ Packages, Ceramic Chip Carriers

SN5474 ... J PACKAGE
: SNG4LST4A, SN54S74 .. .J OR W PACKAGE

and Flat Packages, and Plastic and Caramic SN7474.... N PACKAGE
DIPs SNTALST4A, SN74874 . . . O OR N PACKAGE
(TP VIEW)
¢ Dependable Texas Instruments Quality and d
Refiability TR
100
description 1C_U(C
1PRE[]
These davices contain two independent D-type 100
positiva-edge-triggered flip-flops. A low level at the 1a(
peeset or clear inputs sets or resets the outputs GND[J

regardiess of the lavets of the other inputs. When presat
and clear are inactive {high), data at the D input meeting

the setup time requiroments are transferred to the TP VIEW)
outputs on the positive-going edge of the clock pulse, .
Clock triggering occurs at a voltage level and s not 1okl 1PRE
directly related to the rise time of the clock pulse. 100 10
Following the hold time interval, data at the D input may 1CIRQ 12
be changed without affecting the levels at the outputs. veeQ GND
. 2TLR( 20
The SN54° family is characterized for operation over the 200 20
fust military temperature range of ~55°C ta 125°C. 201k 2PRE
The SN74’ family is chgracurizad for operaticn from
0°Cto70°C.
SN541S74A, SN54574 . . . FK PACKAGE
FUNCTION TABLE (TOP VIEW)
INPUTS QUTPUTS
PRE CIR CLK 0l a Q
L H X Xx|H L
H L x x|t H
L L x x|wt
H H t HIH L
H H t uituc H
H H t x|a o

1 The cutput bevels in this configuration are not gusranteed
20 teet the minimum levels in Vg it the lows &t preset
ond clear are nesr Vi maximum. Furthermore, this con-
figuration is nonstabla; that is, it will a0t persist when
sither preset or clear raturns to it inactive (high) level.

NC - No internal connection

i z “m
logic symbot logic diagram (positive togic)
— {4
1PRE s (SRR
1cLK (:: DC1 : : - .. PAE
o L—Jm 10 R
1CLR -—D-m R
2PRE " ___leLm T a
2cLK |
20 12 81,5 — _
= {13} 2Q 3
2cLR U0 .
$7his symbol is in sccordance with ANSITEEE Std 91-1984
and IEC Publication 817-12.
Pin numbers shown are for O. J, N, snd W packages. .. .
foewaton s comed 23 o pobcsion Copyright Texas Instruments Incorporated
PROCUCTION DATA informution is s d jon dala. . © 1988, Texas .
md:::mdnbsr@m!h‘u-_s: Iumects ” ’
v mpm— o TEXAS

INSTRUMENTS o

POST OFFICE BOX 65503 ® DALLAS, TEXAS 75285
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Appendix D: Data Sheet Jor Digital Integrated Circuits

gggﬁgg, SN541S153, SN548153
. SN74LS153, SN748153
SDLS055 DUAL 4-LINE TO 1.LINE DATA SELECTORS/MULTIPLEXERS

DECEMEER 1972 « REVISED MARCH 1938

Permits Multiplexing from N fines to 1 fine $NS4153, SNSALE163, SNGE4S153.. . J OR W PACKAGE
Performs Parallal-to-Serial Conversion smusrs?g:{;ﬁ;éi" P';CKAGE
Stroba (Enabla) Line Providad for Cascading T oy | rAckAce
{N lines to n lines)
® High-Fan-Out, Low-Impedance, Totem-Pole 16 Misplvee
Outputs 82 1s[2G
133 s[]a
*  Fully Compatibla with most TTL Circuies iczle nll2c
1wcills  2{J2c2
1cefds  wgzc
TYPICAL AVERAGE TYPICAL Y E Poow g 200
TYPE PROPAGATION DELAY TIMES PowEn GoLe  ssey
FROM FROM FOM  DISSIPATION
DATA  STROBE  $etect
153 14ns 1708 2 180 mw SNS415153, SNS45153. . . FX PACKAGE
18183 14 ns 19ns 22rs Nmw (TOP ViEW)
Si53 & 5.5 iYL 25 mw
deacription A
Eoch of these monofiinic, data seiectors/muitipiaxers 28
comains iwerters and deivers 1 suppiy hlly com- NC
plementary, on-chip, binary decoding data seiection to 202
the AND-OR gates. Seperste strobe inputs are provided 201
for each of the two four-ing sections.
FUNCTION TABLE
SELECT
NPUTS DATAINPUTS | STROBE] OUTPUT
8 A jcto ¢t 2 & 6 ¥
X X fx X X X " L
Lot ]y o x o x x L L
L L fH X x .x L H
L oM lx L x x L L
L W [x H x x L H
H L |x x v x L L
H L ]x x W x L H
H W lx x x L L
“ “ X X X 2] L M

Salect inpures A and B are cammaon 1o hathy sactinne,
H = hig evel, L = tow v, X = irtélovant

absolute maximum ratings over operating free-sir tamperature rangs {unless otharwise noted]

Supply voltegs, Voo iSea Mot Il et e 5;:
put voltage: ‘153, 51563 .. ... N g . .7v
TSI63 .. vveernns Creeeriaanaan veestaresnaniane r et aaeenaan 5.;5‘:“1.250(;

Opesating free-sir temparature ranga: SN54° ... .. ... .. ... Cteeectiranreannna -5 c o :
L L Crenes vesseens 0°Cto 70°C

g8 o

Siorage temperaiuté range .., .. ... N Cresaacerriiaseesatenenans 65°C to 150°C

NOTE 1: Valtage valuss sre with respact to network ground tarminal,

RODUCTHON DATA s contaie lnferm nion
:w?qgcu of publication dets. Produces coxiorm 18 -~

FERETEEEEE ol

A ” i
scenaarily inclede tating of sl pacsmetars.
" SDST OFF CE BOX 555012 » DALLAS, TEXAS 75265

459



Appendix E: Comparison of Model Performance

APPENDIX E
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 dc, dc to ac, dc to dc, 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 singié phaée FWDBR discussed in Section 3.2 of Chaptef 3 is verified using PSIM
7.0 demo version. The RLE load with parameters shown in Table 3.1 section 3.2.1 is

used for simulation. The PSIM simulation diagram is shown in Fig.E.1. The simulation

results are shown in Fig.E.2. |
@ Govour
25 %
S |
6.50-3 3

10 &

ILOAD f")

FIG.E.1: SINGLE PHASE FULL WAVE DIODE BRIDGE RECTIFIER

460



Appendix E: Comparison of Model Performance

Ys
=

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 uéing 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

FIG.E.3: SINGLE PHJ(SE FULL WAVE SCR BRIDGE
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Appendix E: Comparison of Model Performance
VOUT Vs

—FIG. E4: SINGLE PHASE SCR BRIDGE WITH RLELOAD

200.00

100.00

THIFGERRRABENS R AN LGS B Y Ao

0.0

-100.00

-200.60

120.00
100.00
80.00
60.00
40.00
20.00
0.0
-20.00

B3l bR AN Rt ARt 1 b Do B I P A REEEGTITLY

0.0 10.00 20.00 30.00 40.00
Time (ms)

H
4
t

Fig.E.4.for a firing angle a of n /3 radians. The displayed value of r.m.s. dc 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.S.
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 dxsplayed is 23.4782.

¢

@R Y Y & | 1oAn),
. 1E-3 : (=
BN F0.0011| ENLOAD
L 1E-3 é
_*IYYN
23

A AN

17|

PH3SI .
381 Qﬂ RY £
50

FIG. E.5: THREE PHASE FULL WAVE DIODE BRIDGE RECTIFIER
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Appendix E: Comparison of Model Performance

VLOAD VRY

100K | FIG.E.6:- THREE PHASE FWDBR INFUT AND GUTPUT-VOLTAGE AND CURRENT WAVE FORMS.-
0.75K : ; : : ;

0.50K
025K
0.0K
-025K
-0.50K
-0.75K

40.00

30.00

20.00

1000 |- f-m

0.0 Hermerrennns

0.0 10.00 20.00 30.00 40.00
Time (ms) :
ampef_c:;;' which cﬁely_;greé_—@itﬁ—tﬂé c_o’r’res;SE)uvridiné—valJé—w 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.

&

o 180 120 300 240 420
100 AR HEM R IR FMs @D_Jﬁgsms
100 —?0;’{‘%:: 60 240
180 360E i o s PR M2

FIC. E.7: SIXSTEP 180 DEGREE MODE INVERTER
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VAB |
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AR
0000 : : ' :
1020 ; . ; [...]

J...4
] [ TP rovuess SSTOp RN FSR N oo b b LR S :....
ou [P 16 SIXTEY U DFCREE MODE YRR TER LIV 10 LINE ANDLINE TONETRAL VOLTHGES

el i i o A O W .~

YA

B

i 111 I a0 20 il
Tome ()

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 sectidn 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.4.11(A) and (B) of Chapter 4.
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Appendix E: Comparison of Model Performance
DC to DC Converters: .

The model for the Buck converter shown in Section 5.2.1 of Chapter 5 is compared with

that by using PSIM7.0 demo version as shown in Fig.E.11.

@ st D

97.5E-6 111 vouT
ST
. 10
L VS [=140E3 100E-6 =CF T
— A48 vG .
B 0 216 10
+ FIG.E.11: BUCK CONVERTER
YOUT Vs L
5000 |- E %
” _El.G..E.lZ..BUC.KQQNYEBI.ER...I.N.EUIAND_QUIRI.JI_Y{AYE_EQBMS
3500
30.00 -
25m .........
1

‘m TN U /0N NN DU NS VN .é oY 955 ey b

300

100

2856.00m
mmm % O O OGO O O RGO 4 O 4 P Y 1 8
ool AN ' ; YYYE VYN VRV
m?swm SN R R AR AR SR B .1: RS 00" U SN I 0. 0N “E: JOR R U JOW: SN E :
1B74.00m : '

K0 1420 1440 1460 1
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Appendix E: Comparison of Model Performance
The data is from Table 5.1 of Section 5.2.2. The simulation results for Vout, IL1, o

and the displayed output voltage of 28.8001 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

@

\Is@ |L1 120E 6
Vs =
> 25E3 J' CF
0 216 90E-6

. FIG.E.13: BOOST CONVERTER

YOUT V8§ |

-
= ...E!.G..E.14....8_9951_CQNVERTER..J_N_P_HI.AND OUIE.U_I.WAY_EEQBMS ...............
1500 -

Ll

300 hyrrs r ‘ TTITT H —

200
150 f
w (T | .
om cevee : - e . o r

10 .
§0100m |- : : ; N L
600.00m : '
0m AR
598.00m 1Y

59700m |- : :
450 4550 4600 450 W
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. Appendix E: Comparison of Model Performance
Table 5.4 of Section 5.3.2. The simulation results for Vout, IL1, Io and the displayed

output voltage of 29.9574 Volts in FigE.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 5.4.1 of Chapter 5 is com-

pared with that by using PSIM7.0 demo version as shown in F ig.E.15 and Fig.E.17.

w2

Cx]DVOUT
Lot T —< RL
=+ vs Eg‘] 100E-6 =;CF
24 400E-6
20E3 - -
0o 144 L1 Lo}

FIG.E.15: BUCK BOOST CONVERTER

2000 [
2000 : : :
% FIG.E16: BUCK BOOST CONVERTER INPUT AND OUTPUT WAVE FORMS FOR 0,4 DUTY CYCLE
0 .0 ...... —ne ; é :. E

1000 [

1000 f---

1000 1025 1050 . 1075

g
E
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vsc? Cﬁ? | GOWOUT

VT W8 1

AT °L1 ‘["\:} °RL
V'S 100E-6 -cF =3
24 400E-6 |

20E3 - -
0 216 L1 =10

| FIG.E.17: BUCK BOOST CONVERTER
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Appendix E: Comparison of Model Performance
for a duty cycle of 0.4 and 0.6 respectively. 4 f

The data is from Table 5.7 of Section 5.4.2. The simulation results for Vout, IL1, 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 agrées with
the value in Table 6.2 of Section 6.2.2. '

270 290

M, ®

™~
60

80 110 : -
FIG.E.19: THREE PHASE AC CONTROLLERIN SERIES WITH THE LINES
WITH STAR CONNEGTED RESISTIVE LOAD - L
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VAN VLN_AG

FIG.E.20: THREE PHASE AC CONTROLLER WITH STAR CONNECTED
= RESISTIVE LOAD FOR ALFA OF Piig RADIANS |

200.00

100.00

0.0

-100.00

011X, ) SO _ _______________

Time (ms)

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 of 30 degrees.

10
R — YVV30 50
S u 60

4

Qe R | ol

- 60

IAB 150 170
o]
650

FIG.E.21: THREE PHASE AC CONTROLLER IN SERIES WITH
* RESISTIVE LOAD IN DELTA |
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.........

_100 00 ....:. -A . . / : ' / L / :
00 1 F1G E2: THREE PHASE AC CONTROLLER INSERIES ¥ Rr-:sxsmmmm ey
' Mgwwammsromm P {7

N
le _________ ..... |

0.0 10.00 20.00 30.00 40.00
Time (ms)

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, whlch agrees with the correspondmg 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 I.M.:

The starting current and torque transients of the three phase IM when directly
comnected to three phase AC lines are studied using PSIM7.0 demo version. The
reference frame is internal to PSIM7.0. The data uséd 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
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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.7.13(D), 7.14(D),
7.15(D) and 7.16(D) in Section 7.5.1. The speed almost reaches close to 1200 I.p.m. in
Fig.E.24 which agrees with Fig.7.13(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.7.13(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
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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 Fcn, Fenl and Fc2 block generates three phase with a

peak value of 10, angular frequency wre of the rotor with the phase advance phi entered
in the block marked PHI, added. Two Relays are connected to each Fcn block. The
relay connected to Fcn 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 Fcn blocks marked Fenl and Fen2. 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 in

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 12.2.1 and 12.3.1 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.
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FIG.E.27: THREE PHASE DCTLI
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The simulation results are shown in Fig.E.28 for the three phase DCTLL. 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 FCTLIL 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.12.10(A) in Section

12.3.2, is 220 Volts..
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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 SIMULINK, 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 545 % and 6.8% for the r.ms. 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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APPENDIX F
LIST OF PUBLICATIONS FROM THIS THESIS

The list of publications from this thesis are given below:

1) Narayanaswamy.P.R.Iyer, Venkat Ramaswamy and Jianguo Zhu: “SIMULINK
Model for Three Phase Sine PWM Inverter fed M. Drive”, 40" International
Universities Power Engineering Conference (UPEC 2005), Cork, Ireland, September
2005, pp. 1180 - 1184.

2) Narayanaswamy.P.R.Iyer, Venkat Ramaswamy and Jianguo Zhu: “Three Phase
Clipped Sinusoid PWM Inverter — A New technique for Pulse Width Modulation”, 40™
International Universities Power Engineering Conference (UPEC 2005), Cork, Ireland
September 2005, pp. 1185 — 1189..
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