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Abstract

This thesis investigates the starting performance of inverter fed induction motors.

Smooth starting with good control is an important requirement for an induction

motor. The major requirement of industries are soft start and variable speed of

machine. This thesis shows how sine pulse width modulation (SPWM) can be used

to achieve the above requirements. Theoretical ag well as practical investigations

were carried out to prove that SPWM inverter fed motors successfully fulfill the

requirements. For present thesis work pwm inverter is selected. The waveform syn-

thesis of pwm inverter is not simple. A simple technique of pwm inverter waveform

synthesis is proposed and used for harmonic analysis in this thesis. The inverter

waveforms were analysed using time domain analysis. Since conventional Fourier

series method takes more computational time, the time domain method is used.

For theoretical prediction d-q axes motor model has been used and Euler's method

has been employed to solve the motor equations numerically. Frequency domain

analysis takes more computational time because it solves motor equation for many

harmonics. The method is inaccurate as frequency domain analysis has to truncate

Fourier series to limit computational time. The inaccuracy may increase if pwm

waveform is generated by asynchronous method. In asynchronous pwm, the modu-

lated wavemayor may not be periodic of fundamental frequency. This phenomenon

causes subharmonics to be presented in the pwm wave which cannot be detected

by usual Fourier series method. Time domain representation of invert~r waveform

and subsequent motor equations solution are free from these drawbacks.

xv
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CHAPTER 1

INTRODUCTION

/%if:''''1 f.'1,'-".~. _~ -~--...., V~.•./.' ~ __ JY.~r~ '~/~
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Induction motors are the work horse of industries due to their robust and simple

construction. These motors can be made completely sealed to operate in hazardous

environments because they do not have brushes and commutators. Their only

drawback was lack of speed controllability. In this respect dc motors played an
important role before the advent of solid state converters. With the introduction

of cycloconverters and inverters, ac motors, specially the induction motors became

major competitors to dc motors where variable speed is a requirement. Variable

speed operation of ac motors can be achieved by changing frequency of the supply,

changing the poles and to some extent by varying the applied voltage. Cyclocon-

verters and inverters are static converters which allow simultaneous voltage and

frequency change. Cycloconverters are ac to ac converters having different voltage

and frequency at the output, whereas, inverters are ac-dc-ac converters having the

same criteria. The output voltage and frequency of cycloconverters are limited to

a maximum of supply freqUencyand voltage. As a result they are used in slow

speed large ac drives. On the other hand in an inverter, frequency is limited by

switching frequency of static devices of the converter only. Hence inverters are

used both in slow and high speed drives. The main advantages of variable s~
I

drives are their operation at maximum efficiencywith varying load and for re~z.-

ing of motors. AlsOstarting of ac machines at variable voltage and frequency acts

as electrical and mechanical starter for the machine. Low voltage supply at the

start ensures low starting current of machines, whereas, low frequency ensures low

speed during start up, minimizing breakage of shaft due to excessivetorsion which

is prevalent during ON line start. This thesis is aimed at time domain analysis

1
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of starting performance of inverter driven induction motors. Reported works used

superposition of motor's response to harmonics to obtain start up performance of

inverter fed induction motors. The method is computationally involved and time

consuming. It is also inaccurate as it truncates terms of Fourier series and also fails

to predict subharmonics which are inherent in the waveforms due to simultaneous

presence of modulating and carrier frequency. The harmonic analysis of pwm wave-

forms by Fourier series method is not accurate if the waveforms are not periodic of

fundamental frequency. This thesis is directed towards inverter waveform analysis
representing waveforms in time domain and incorporation in the inverter-fed motor

performance study. Harmonic analysis of inverter waveforms is also carried out by

Fast Fourier transform (FFT) using a commercial software. The start up response

includes representation of inverter voltage in d-q axis, machine modeling in d-q axis

and the solution of inverter-machine equations using numerical technique.

1.1 REVIEW OF STATIC CONVERTER FED INDUC-
TION MACHINES

The speed of an induction motor is dominantly governed by synchronous speed, slip

of the motor and applied voltage. The usual methods of speed control of induction

motors are,

• Constant frequency stator voltage control

• Variable voltage variable frequency control

•• Variable current variable frequency control

• Slip power regulation.

2



A.C. voltage controllers are used in application like single phase fractional horse-

power drives, in speed control of pump, fan and motors and as solid state starters

for medium to large horse power motors. These controllers produce harmonics in

the supply line and are characterized by inefficientoperation and poor power factor.

Because of these disadvantages use of ac voltage controllers for speed regulation of

large motors are limited. As the technology developed, static voltage source invert-

ers were introduced for controlling the speed of induction motors. Inverters achieve

speed control by changing the frequency of supply. There are two different types of

voltage source inverters, square wave and pulse width modulated (pwm) inverters.

Square wave inverters were introduced in the 19608with the innovation of forced

commutation technique of silicon controlled rectifiers. Technologicaladvances made

possible the use of power transistors and gate turn off (GTO) thyristors as power

switches in inverters(l]. Besides voltage source inverters, induction motors can also

be supplied from current source inverters.

The most commonly used static converter for a drive system at present is the

variable frequency dc link inverter. Variable frequency drives are found in machine

tools, textile, paper and steel mill equipments. In most variable frequency ac drives,

constant voltage to frequency (v/f) ratio is maintained upto the rated frequency of

the motor and stator voltage is maintained at the rated value as the frequency is

increased further. Failure to maintain a constant voltslhertz (vIf) ratio affects the

output and can cause increase in stator current overheating the motor.

The output of normal square wave inverters have high harmonic contents and they

are problematic when operated over a wide range of frequency such as 10 to 200

hz., as filtering is not practical because of the wide range of frequency. The disad-

vantages of square wave invertes are high harmonic losses and torque pulsation in

.motors, poor line side power factor, harmonic interference and requirement of dual

/
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power conversion for simultaneous voltage and frequency change [1J.

Various techniques have been introduced to improve waveforms of inverters in the

past. One such technique is the pulse width modulation (pwm) control. In this

method. the switching devices of an inverter are switched ON and OFF many times

within a half cycle in order to generate a variable voltage variable frequency supply.

The output waveforms of a pulse width modulated inverter has insignificant low

order harmonics. PWM control also provides constant vIf ratio of supply and

reduces filter size of the applications.

1.2 DRIVE DURING START UP

The starting condition of induction motor is influenced by electrical and mechan-

ical transients. During start. machines draw high currents and speed up quickly.

Electrical transient may damage a motor winding, whereas. the mechanical tran-

sient may result breakdown of the shaft. The loads experience tremendous torsion

on their shaft during starting periods and fail to respond to the fast speed of the

motors. A survey of literature shows that the major failures in the form of bro-

ken shafts of.these units are due to the electromeChanicalproblems during starting

periods [2J.

The high starting current is reduced by motor connections or by supplying reduced

voltage to the system. Mechanical stress during start is limited by controlling speed

by reduced frequency of the supply.

Variable voltage variable frequency operation of ac motors by static converters re-

4
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duce starting stresses of motors. Converter fed motors also provide operations' at

near optimum efficiency at variable loads. Non-compatibility of load is a major

problem of motors. Motors are installed to run with certain loads at near optimum

efficiencyof operation. This operating condition cannot be maintained during the

continuous production cycle. Loads may change due to change in economic or oper-

ating condition. In such circumstances two scenarios may prevail. The total system

is replaced by a new one or the system is run below the recommended operating

range. Variable speed drive may, however, adjust to new operating condition at

near maximum efficiencywithout change of motors.

The followingsare the requirements of inverter fed drives,

• Reduced harmonics

• Constant voltage to frequency ratio

• Reduced starting current

• Reduced starting speed.

A sine pulse width modulation inverter fed induction motor meets the above re-

quirements of an ac drive.

1.3 REVIEW OF PWM TECHNIQUES

In many industrial application it is often required to control the output voltage of

inverters



• to cope with the variations of dc input Voltage,

~ for voltage regulations and

• for constant volts/frequency ratio of supply.

PWM inverters are used in a wide variety of industrial proceBBessuch as uninter-

ruptable power supplies. static frequency changers and variable speed drives. The

popularity of pwm inverters is mainly due to their capability to control voltage,

frequency and harmonic contents in a single power state. The disadvantages of the

normal voltage source and current source inverters have lead to the developments

of pulse width modulated converters. In the pulse width modulation technique the

switches of the power converters are operated at higher frequencies in a particu-

lar pattern so as to produce pulses of varying widths at the output of the inverter.

The earliest modulation techniques were single pulse modulation and multiple pulse

modulation [3-10,11-15].

In single pulse-modulation there is only one pulse per half cycle and the width of

the pulse is varied to control the inverter output voltage. Fig. 1.1(ii) illustrates

the generation of gating signals and output voltage of a single phase full bridge in-

verter. The gating signals are generated by comparing a rectangular referencewave

of amplitude A,.with a triangular carrier wave of amplitude Ac. The frequency of

the reference signal determines the fundamental frequency of the output voltage.

By varying Ar from 0 to Ac. pulse width can be varied from 0 to 180" .In single

pulse modulation dominant harmonic is the third and distortion factor increases

significantly at lowoutput voltage. The harmonic contents can be reduced by using

several puises in each half cycle of output voltage. The generation of gating signal

for turning ON and OFF the inverter switches in multiple pulse modulation are

shown in fig. 1.2. The frequency of the reference signal sets the output frequency

6
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and the carrier frequency 'e determines the number of pulses per half cycle, Np•

The order of harmonics is the same as that of single pulse modulation. The dis-

tortion factor is reduced significantly compared to that of single pulse modulation.

However, due to large number of BWitchingper half cycle, the switching loss would

increase. With larger value of Np the amplitudes of the lower harmonics would

be lower but the amplitudes of the higher order harmonics would increase. This

technique is capable ofproviding inverter output voltagewith lowharmonic content.

Among several pwm techniques sinusoidal pulse width modulation (SPWM) is very

common. At the beginning, two different types, namely the synchronous and asyn-

chronous sine pulse width modulation schemes were used for switching power con-

verters [7,6,16-28).In sine pulse width modulation the width of each pulse is varied

in proportion to the amplitude of a sine wave evaluated at the center of the same

pulse. The distortion factor and low order harmonics are reduced significantly. The

gating signals as shown in fig. 1.3 are generated by comparing a triangular carrier

wave with sine wave. The crossover points determine the points of commutation.

Except at low frequency range the carrier is synchronized with the modulating sig-

nal and an odd integer (multiple of three, five etc.) ratio is maintained to improve

the harmonic content. The fundamental output voltage can be varied by changing

modulation index [8-10,13,29-30). If the modulation index is less than unity on-

ly carrier frequency harmonic with the fundamental frequency related side bands

appear at the output [31). The voltage of inverter can be increased by changing

modulation index until maximum voltage is obtained in square wave mode of oper-

ation. The distortion factor is significantly less compared to that of multiple-pulse

modulation. The output voltage of an inverter contains harmonics. The pwm push-

es the harmonics into a high frequency range around carrier frequency 'e and its

multiples. For drive applications the fixed carrier frequency modulation was found

10
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to be problematic at different frequencies. Over modulation is normally avoided in

applications requiring low distortion [likeuninterruptable power supplies (UrSs»).

In order to overcome the drawbacks of ordinary sine pulse width modulation vari-
able ratio pwm schemes were introduced. At present three distinct sinusoidal pulse

width modulation schemes are in use for inverters [6,7,29,32).These are,

• Natural sampled

• Symmetric regular sampled and

• optimum sine pwm

In regular sampling method sine wave is replaced by sampled or stepped sine wave

88 shown in fig. 1.4. The stepped sine wave is not a sampled approximation of
sine wave. It is divided in specified intervals say 20" each and are controlled indi-

vidually to control the magnitude of the fundamental component and to eliminate

specific harmonics. Regular sampled pwm method is very popular in microcom-

puter implementation [7,10,29,33). Optimized pwm waveform do not follow well

defined modulation process [29-30,33-45J.This pwm approach is based on certain

performance criteria [8,35,43,46).As a result of the developments of microprocessor

technology the implementation of optimized pulse width modula~ion for switching

inverters has become feasible [30,40). The technique of selected harmonic elimi-

nation pwm has received considerable attention in the past [47). In this method

the notches are created at predetermined angles of the square wave which permit-

s voltage control 88 well as elimination of selected harmonics. The notch angles

can be programmed so that the rms ripple current for specified load condition is

minimum. Microcomputers are specially adaptable to this type of pwm technique

where switching angles are stored in lookup table in the ROM. In current controlled

12
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pwm scheme the feedback current tracks the reference current within a hysteresis

band. Two more types of pwm strategy have been reported recently for inverter

operation. They are bang-bang sampled pwm technique and the delta modulation

(dIn) technique. The principle of bang-bang sampling is based on the motor current

hysteresis comparison with a reference waveform to produce the modulated wave-

form [6,8,33,40-43). In recent years delta modulation has been finding its way for

generating switching waveforms for inverters [10,18,29,48). In delta modulation a

triangular wave is allowed to oscillate within a definedwindow above and below the

reference sine wave VIi . The inverter switching function which is identical to the

output voltage Yo is generated from the vertices of ihe triangular wave Vc as shown
in fig. 1.5 . If the frequency of the modulating wave is changed keeping the slope

of the triangular wave constant the number of pulses and the pulse width of the

modulated wave would change. The fundamental output voltage can be upto 1.27

VDC and is dependent on the peak amplitude Ar and frequency fr of the reference

voltage. Delta modulation can control the voltage to frequency ratio automatically.

Voltage to frequency ratio control is a desirable feature in 8C motor control. Anal-

yses and the applications of the pwm inverters in drives are a190important areas of

research [9,17,30,33,41-43). Due to the complexity of modulation process, a general

approach for such study has not been developed so far.

1.4 .THESIS OBJECTIVES

Starting performance study of induction motors are important for designer to pre-

dict initial current, speed and torque responses of motors. In designing starters to

limit electrical transient, the initial current prediction is necessary. whereas, limit.-

ing mechanical transients require the knowledge of speed and torque responses of

14
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-,
motors. For sinusoidal inputs, such study has been done by d-q axes formulation of

motor equations and solving the equations by numerical method. With the advent

of solid state converters for ac motors' speed control, BUchanalysis became standard

using frequency domain study by Fourier series or transforms. However,predictions

made by reported methods are computationally time consuming and inaccurate. To

overcome these drawbacks of frequency domain analysis an investigation is carried

out in this thesis to represent static inverter waveforms in time domain and solve

d-q axes motor equations in time domain by numerical methods. For study purpose

the most popular and versatile converter, namely the pwm inverter is taken for

investigation. The waveformsynthesis of pwm inverter (as such any converters) are

not simple. In this thesis a simple technique of pwm inverter waveform synthesis

is proposed and subsequently used for harmonics analysis. Harmonic analysis gives

insight to the pwm inverter waveform properties. It would give way for transient

and steady state analysis of motors in frequency domain if necessary. However, in

this thesis waveform synthesis results are used for time domain analysis of starting

performance of induction machines.

1.5 THESIS ORGANIZATION

Variable speed induction motors pla.r important roles in modern Industries. With

the introduction of solid state devices it has became easier to control speed of

induction motors. Inverters using sine pulse width modulation (SPWM) achieve

better control of speed is achieved. The SPWM waveforms analysis is shown in

chapter 2. Single phase and three phase pwm waveforms are analysed in frequency

domain and in. time domain. Chapter 2 includes spectral analysis for different

operating frequencies,modulation indices and number of pulses. An easy method for

16



.r determination of IJWitchingpoints of SPWM waveformsis proposed and successfully

used in this thesis. The proposed method is described in chapter 2. The objective

of this thesis is to study starting performance of induction motors. To study this
performance a machine model is included in chapter 3. Machine performances

for different inputs such 88 sinusoidal, pwm and square wave inverter voltages are

presented in chapter 3. The inverter fed induction motor performance is studied

using time domain solution of the motor and inverter voltage equations which are

developed in chapter 2. Claims and conclusions of this research are summarized in

chapter 4 with recommendation for future work.
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,
1 CHAPTER 2

SINE PWM WAVEFORM ANALYSIS

2.1 INTRODUCTION

This chapter describes the analysis of SPWM waveform and harmonics generated

by pwm inverter waveforms. A simplifiedmethod has been used for determining the

switching points of spwm inverter waveforms. Time domain analysis has been used

for investigating the response of induction motor instead of frequency domain or

Fourier series analysis. Frequency domain analysis requires determination of indi-

vidual response to each harmonics which is very tedious and time consuming. The

method is also inaccurate due to truncation of harmonics. The proposed method is

simpler for analysing the waveform and formulating inverter waveform equations.

The features of the sine pwm techniques as applied to the operation of inverters

are investigated and. summ8l"isedin this chapter. Spectrum analysis has been car-

ried out for both single phase and three phase inverter waveforms; This chapter

2
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also includes the synthesis of d-q axis waveformsof inverter. These waveforms are

subsequently used in the analysis of starting performance of SPWM inverter-fed in-

duction motor. Proper choiceof modulation parameters such as modulation index,

carrier frequency etc. during start up can be selected from the harmonics study

presented in this chapter.

Modulation of static converter waveform is a common method of harmonic min-
imization and for simultaneous voltage and frequency control of inverter. High

frequency carrier modulation reduces filter size of converter applications. Sine

pulse width modulation in various forms are the most common technique of ob-

taining required switcWngwaveforms of different converters. Triangular and delta

modulation are two widely used modulation process in converters. In triangular

modulation reference sine wave is modulated by a high frequency carrier triangular
wave. A number of methods have been used for solution of switching points in

studies like harmonic determination and performance predictions of applications.

However>most of these methods are mathematically involved and time consuming.

In tWs thesis a new technique for solution of switcWngpoints of spwm waveforms is

presented. TWs technique involvessolutions of simple algebraic equations requiring

insignificant time for solution.

2.2 SINGLE PHASE PWM WAVEFORM SYNTHESIS

inverter-fed macWneperformance study starts with the waveformand machine rep-

resentation in mathematical form and their computer solution by numerical tech-

niques. The first step is to determine the switcWngpoints of inverter waveforms. A

new technique easier than the previously reported techniques is used for switcWng

19



point determination of pwm waveforms generated by sine triangular modulation.

The switching points thus determined are used for subsequent harmonic analysis of

pwm inverter waveforms and also for representing the waveforms in time domain.

The formulation of this method, simulation and results in waveforms of I-phase

inverter and their spectrum are presented in this thesis. It is expected that this

analytical method will ease the microcomputer implementation of pwm switching

of static power converters and provide the facility for on-line modulation parameter

variation.

2.3 SWITCIDNGPOINTDETERMINATION

Various techniques are in use for determination of BWitchingpoints of spwm wave-

forms. All the techniques are computationally involved or approximate methods.

For the purpose of this thesis an easy method for finding switching points of sp-

WID inverter operation is proposed. The proposed solution technique assumes pulse

width modulation to be generated by comparing a sine modulating wave (which

determines the frequency of the inverter wave) with a high frequency sine carrier

wave. In conventional method the switching frequency is generated by comparing

sine modulating wave with high frequency carrier triangular wave. Basically high

frequency triangular and sine wave performs the same function of carrier modul&-

tion and if carrier wave is 8S8umedto be sinusoidal the proposed solution technique

requires no approximation and is more accurate. The proposed method is illustrated

in fig. 2.1 and described below.

Assume .that the.modulating sine wave is,

(2.1)
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and the carrier modulating wave is,

(2.2)

The intersections of these two waves give the switchover points of pulse width mod-

ulated wave. Hence at intersections, their magnitudes are equal and following relllr

tionship holds,

(2.3)

Where t;'s are the switching points. Equation 2.3 can be rearranged as

(2.4)

or,

(2.5)

or,

(2.6)

where m is the modulation index (m = 1':-)

and

Wc= NWm
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where, N is the multiple ofWm by which We is related to Wm or number of pulse/cycle

of modulated wave.

Equation 2.6 is a transcendental equation and can be solved numerically to evaluate

the switching points tiS of the resulting modulated wave m(t). Once the switching

instances of modulated wave are determined for certain modulation index m and

number of pulse/cycle N, the modulated wave and inverter waves can be represented

analytically as described in the following section and may be used for inverter

waveform study and subsequent application performance analysis.

2.4 INVERTER WAVEFORM EQUATION

Switching of single phase inverters can be done in such a way that the output

wave form appears like a modulated wave as shown in fig.2.1(b). For this type of

switching the inverter output voltage have components of low frequency harmonics.

The switching waveform is the processed modulator output waveform and appears

like the waveform shown in fig.2.1(b). This switching waveform of fig. 2.l(b) can

be represented by the followingexpressions,

For one cycle:

(2.8)

For multiple cycle:
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ZT N; [ T T]
s(t) = L L get, t; +A, tHl +A) - get, t; + 2" +A, tl+l + 2" +A)

A=O,T;rI' .. '=1,2..
(2.9)

Switching points of single phase SPWM inverter can be obtained from equation 2.6

and converted to one cycle and multiple cycle of a single phase inverter waveform

using equations 2.8 and 2.9.

.In triangular modulated pwm inverter waveforms investigation is usually made on

parameter variations .of modulation index m and number of pulse N per cycle of

modulating wave. Simulated single phase inverter waveforms for 30 and 70 Hz

operations are shown in figs. 2.2 and 2.3 for constant modulating index and constant

number of pulse per cycle. Corresponding spectrum of the waveforms are shown in

figs. 2.4 and 2.5. These waveforms and spectra are obtained using a commercial

software named Mathlab [49). Typical spectral variation of triangular modulated

inverter waves for variation of modulating index and carrier frequency for constant

operating frequency are shown in figs. 2.6 and 2.7 respectively. Figs. 2.8 - 2.11

illustrates the experimental generation of sine pwm waveforms by comparison of

sine and triangular waves.

Features of modulation of converter waveforms are evident from these illustration.

FollowingobServations are made on the basis of results of the illustrations .

• Increase in Carrier frequency causes dominant harmonics to occur at higher

frequency. This is advantageous because higher frequency dominant harmon-

ics would require small filters for smoothing converter waveforms. However,

the increase in carrier frequency is limited by switching frequency of static de-
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Fig. 2.7 Result of spectral analysis of SPWM wav,:forrns (f==30Hz., N=9 to 19

and m~O.8).
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( b )

Fig. 2.8 Experimental photograph of sine-pulse width modulation.

a) Sine-reference and carrier waves.

b) Modulated wave.
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(a )

( b )

Fig. 2.9 Practical waveforms of single-phase SPWM inverter for f=:,O Hz.

a) N=9 and m=0.5 b) N=9 and m=0.8
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(c )

Fig. 2.9 PraCtical waveforms of single-phasp SPWM invprter.

c) N=17 and m=O.8
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( a)

( b)

Fig. 2.10 Practical waveforms of single-phase SPWM inverter for f 70 Hz.

a) N=9 and m=0.5 b) N=9 and m=0.8



( b)

Fig. 2.11 Practical waveforms of single-phase SPWM inverter for f~ 70 Hz.

a) N=17 and m=0.5 b) N=17 and m=0.8
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vices in converters. Number of switching per second ofthese devices increase

as carrier frequency increases. As a result carrier frequency increase is limit-

ed by the highest switching frequency of static device in the converter. The

highest switching frequency statiC devices vary from device to device resul ting

variation of cost of the converter.

• Increase of modulation index t [other parameters remaining constant J causes

fundamental output voltage to increase. The voltage increase with modulation

index is linear. Variation of modulation index hence provides a means for

voltage variation in application where controllable voltage is desired .

• Variation of frequency requires simultaneous voltage and carrier frequency

control in drives. Carrier frequency adjustment is necessary to retain switch-

ing frequency of devices constant. Voltage control is necessary to maintain

constant torque operation (7 =const). Under these conditions the waveforms

of inverter gradually goes into square wave mode of operation and the spec-

trum of waveform contains dominant harmoniCs whiCh are low order multiples

of fundamental.

The results of these analysis are presented in table 2.1 - 2.4 for waveforms of single

phase inverter.

2.5 3-PHASE WAVEFORMANALYSIS

Knowing the representation of switching waveforms, by proper phase staggering(

120" - 120") and addition of scaled waves, the output voltages of three phase pwm

inverter can be obtained. The method for obtaining inverter output voltages is
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No. of carrier Hannonics occurs at Magnitude
pu Ise per half frequency
cycle.

in Hz . ..

10 1000 .05 .36 .36 .05
10 2000 .08 .17 .18 .07
10 3000 0.0 .905 .1 0.0
20 1000 0.0 .05 .07 0.0
20 2000 0.0 .375 .35 0.0
20 3000 0.0 .05 .05 0.0
30 1000 0.0 .05 .07 0.0
30 2000 0.0 .07 .06 0.0
30 3000 0.0 .35 .36 0.0

Table 2.1 Result of spectral analysis of SPWM for f=5O Hz., m==O.4 and N=lO,

20 and 30 respectively.

No. of carrier Hamlonics occurs at Magnitude
pulse per half frequency
cycle.

in Hz .

10 1000 .05 .375 .35 .07
10 2000 .00 .10 .10 .00
10 3000 0.0 .07 .05 0.0
20 1000 0.0 0.0 0.0 0.0
20 2000 0.5 .375 .35 0.0
20 3000 0.0 .05 .05 0.0
30 1000 0.0 .05 .07 0.0
30 2000 0.0 .07 .06 0.0
30 3000 0.0 .35 .35 0.0

Table 2.2 Result of spectral analysis of SPWM for f=5O Hz., m==O.6 and N=lO,
20 and 30 respectively.
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No. of carrier Harmonics occurs at Magnitude
pulse per half frequency
cycle.

in Hz
10 1000 . .105 .375 .35 .12
10 2000 .08 .10 .10 .08
10 3000 0.5 /.07 .07 0.5
20 1000 0.0 0.0 0.0 0.0
20 2000 0.1 .375 .35 0.12
20 3000 0.0 .05 .05 0.0
30 1000 0.0 .05 .07 0.0
30 2000 0.0 .07 .06 0.0
30 3000 0.0 .375 .35 0.0

Table 2.3 Result of spectral analysis of SPWM for f-=5OHz., m=O.8 and N=lO,
20 and 30 respectively.

Modulation Harmonics occurs at Magnitude
Index frequency

in Hz
.4 1000 .105 .375 .35 .12- .08.4 . 2000 .08 .10 .10
.4 3000 0.5 .07 .07 0.5
.6 1000 0.0 0.0 0.0 0.0
.6 2000 0.1 .375 .35 0.12
.6 3000 . 0.0 .05 .05 0.0
.8 1000 0.0 .05 :07 0.0
.8 2000 0.0 .07 .06 0.0
.8 3000 0.0 .375 .35 0.0

Table 2.4 Result of spectral anal)'Bis of SPWM for f=5O Hz') N=15 and m=O.4,
0.6 and 0.8 respectively.
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illustrated in fig. 2.12 for the square wave mode of operation gap. Line to line

voltages of three phase inverter are obtained by the addition of scaled modulated

wave with the phase shifted scaled modulated wave.

One of the goal of this thesis is to analyse the start up performance of inverter-

fed induction motor. Spectrum analysis and time domain analysis of the voltage

waveforms are required to the fulfill this objective. Mathematical expressions for

different voltages Le. line voltages, neutral voltage, d-q axes voltage are required for

this analysis. A switching function set) can be obtained from a modulated waveform

as illustrated in fig. 2.1(b) and equations 2.8, 2.4

For one cycle:

For multiple cycle:

ZT N~ [ . T T ]
set) = 2: ,2: g(t,t,+A,tl+1 +A) - g(t,ti+"2 +A,tl+1 +"2 +A)

A=O,T,2T ..• =1':1.. .

(2.10)

(2.11)

Three phase pwm inverter waveforms is obtained by multiplying time addition of

phase staggered switching waves and gating the resultant waves by the line to line

voltage waveform of unity magnitude in square wave mode of operation. Gating

by line to line voltage of square mode of operation is necessary because inverter
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line voltages cannot be more than V in either direction. The analytical expressions

for line to line voltages in terms of switching waveforms (shown in fig.

obtained as,

where, V.b, Vbc, V"" are line to line voltages of the inverter.

Since,

8(t- ~) =-8(t)

8 (t - ~) = -8 (t + ~)

and

Equations 2.12, 2.13 and 2.14 can be written as,
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(2.18)

(2.19)

(2.20)

In equations 2.18, 2.19 and 2.20 GI> G2 and G3 are line to line waveforms of unity

magnitude in the square mode of operation. Line to neutral voltage of the inverter

are given by following expressions,

1
Van = 3 (Val>- Vca)

1
\.'bn = 3 (Vbc - v.!)

1
Vcn = 3 (V", - \.'be)

where Van, v"n and Vcn are line to neutral voltages of the inverter.

(2.21)

(2.22)

(2.23)

The expressions for line to neutral voltages of the inverter can be written in terms

of switching waveforms as,

Van = ~e [( e(t) + e(t + :») G1 - ( -e(t) - e(t - :») G3] u(t) (2.24)

Vin = ~dc [(e(t - :) - e(t+ ~»)G2 - (e(t) +e(t+ ~»)Gl] u(t) (2.25)

Vcn= ~dc [ ( -e(t) - e(t - ~»)G3 - ( e(t - ~) - e(t + :) ) G2] u(t) (2.26)
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For machine performance analysis using d-q axes transformation, direct and quadra,-

ture axes voltages Vd and Vq are required. These voltages are obtained as [50]'

(2.27)

Hence,

(2.28)

(2.29)

By substitution of equations 2.18, 2.19 and 2.20 in equations 2.28 and 2.29,

Vd = ::s [(s(t - ~) - s(t + ~»)G] - (s(t) - s(t- ~»)G3J (2.30)

,1Iq = ~dc [2 (s(t)+s(t + ~»)G] - (s(t - ~) - s(t + ~»)G2 - (-s(t) - s(t - ~»)G3]
(2.31)

Typical voltage waveforms for VabV.n, Vd and Vq are shown in fig.2.13 to 2.15 to

illustrate the validity of equations 2.18, 2.24, 2.30 and 2.34 in graphical form for

modulation index of m=O.4 and m=0.8. These waveforms are obtained using Math-

lab [49J.
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( a )

( b )

Fig. 2.16 Experimental neutral voltage waveforms of'three-phase

SPWM inverter.

a) 20 Hz. b) 30 Hz.
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( c)

(d )

Fig. 2.16 Experimental neutral voltage waveforms of three-phase

SPWM inverter.

c) 40 Hz. d) 50 Hz.
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Fig. 2.16 Experimental neutral voltage waveforms of three-phase

SPWM inverter.

e) 60 Hz.
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Fig 2.16 illustrates experimental line to neutral voltage waveforms of a spwm in-

verter for 20 to 60 Hz operation with pulse dropping characteristics as inverter goes

into higher operating frequency.

Fig 2.17 shows experimental line to neural voltage waveforms at constant 50 Hz

operation of spwm inverter illustrating the trend of change in carrier frequency.

The spectrums of the theoretically obtained voltage waveforms mentioned above

are shown in fig 2.18.

An attempt has been made to simulate the above mentioned situation and to pro-

duce same voltage waveforms practically maintaining same operating conditions.

The practical waveforms were taken close to theoretical condition but due to lack of

proper facilities, recording of exact conditions were not possible. The trend of the

practical waveforms, however, shows that theoretical predictions give similar results

and it can be said that under perfect practical condition the theoretically predicted

waveforms and practical waveforms will exactly be same.

2.6 DISCUSSIONS OF SPECTRAL VARIATIONS OF 3-
PHASE INVERTER WAVES

Fig. 2.19 is the three dimensional spectral variation of SPWM wave for constant

modulating carrier frequency with modulation index as variable parameter. The

spectra show fundamental of SPWM wave increase with modulation index linearly

and dominant harmonics occur at carrier frequency and multiples of carrier fre-

quency. Fig. 2.19 is the spectra of line to line voltage, whereas, figs. 2.20,2.21 and
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(a)

( b)

Fig. 2.17 Experimental neutral voltage waveforms of three-phase SPWM inverter for

different N ( N! < N2 < N3 ).

a) N] pulses b) N 2 pulses



(c)

Fig. 2.17 Experimental neutral voltage waveforms of three-phase SPWM inverter for

different N ( N! < N2 < N3 ).

a) N ,pulses
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b)Spectrum of neutral voltage.

d) Spectrum of q-axisvoltage.
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Fig. 2.18 Simulated spectrum of line, neutral, d-axis~and q-axiBvoltages

f 30 Hz., N-BO and m=0.8).

a) Spectrum of line voltage.

c) Spectrum of d-axis voltage.
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Fig. 2.19 Three (JiOlcnsionwspedrum of line vollngc of SPWM inverler for

(=30 liz., N=60 aJl(1 \'anable modulalion index.
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Fig. 2.20 Three dimensional sllf~drllm of neutral volt.age of SPWM inverter for f=30 1l7..,

N=60 and variable modulation index.
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Fig. 2.31 Three dimensional spectrum of dlnrl-axis vnltor of SPWM l"""rter foe

f~ lis., N~ and variable modulation Index.
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Fig. 2.22 Three dimensional spectrum of quadrature-axis voltage of SPWM Inverter

for f=30 liz., N=60 6n.d variable modulation Jndex.
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2.22 are spectra of line to neutral, d and q axes inverter voltages. The difference

between 2.19 and 2.20, 2.21, 2.22 is in the magnitude of low frequency harmonics.

Fig. 2.19 shows that line to line voltages at low frequency harmonics are quite

significant. Low frequency components in spectra of fig. 2.20, 2.21, 2.22 are low

compared to that of fig. 2.19. Figs. 2.23, 2.24, 2.25 and 2.26 are spectra of same

.waves but for different operating frequency (i.e. at 50 Hz.) and different carrier

frequency ( N=60). The properties of these spectra are same as those of figs. 2.19,

2.20, 2.21 and 2.22. Figs. 2.27, 2.28, 2.29, 2.30, fig. 2.31, 2.32, 2.33, 2.34 and figs.

2.35,2.36,2.37,2.38 are spectra of SPWM inverter at different operating frequency

for variable modulation index. As apparent from the study the, trend of spectra are

all same, however, actual occurrence of harmonics are at different frequencies. This

is because the spectral plots are in harmonic orders ( multiples of fundamental).

Hence occurrence of first dominant harmonic in 30 Hz., 50 Hz. and 70 Hz. oper-

ations with N=40 are at 3Ox40, 50x40 and 70x40 Hz. ( 1.2 kHz., 2 kHz. and 2.8

kHz. ) 'respectively. The shift in frequencies due to change in operating frequency

change has many implications. One of them is that with constant carrier frequency,

the switching of inverter switches become faster and may reach beyond operating

range of device switching. Hence in SPWM technique as inverter goes to high fre-

quency operation, the switching frequency ( number of pulse per cycle) may have

to be reduced as dictated by device rating. In summary it can be said that spectral

variation of three phase line to line voltage are retained as in single phase voltage

spectra. But the low frequency harmonics in line to neutral, d and q axes voltages

are reduced. All other observations made for single phase inverter waves ( section

2.4 ) apply equally for three phase inverter waveforms.
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Fig. 2.23 Three dimensional speclrum of line "olu'gf) of SPWM: inverter for

for f=50 liz., N=60 and \'ariable modulation index.
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Fig. 2.24 Three dimensionnlspecLrulll of neulral vollege of SPWM inverler

(or (=50 liz., N=60 and \'ariable mo~ulalioll index.
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FiR_ 2.25 Three dimensional spectrum of direcl-axis voll.agc of SPWM inverter for

(::=50 IJzo, N=60 and vnriable modulalion index.
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Fig. 2.26 Three dimensional spectrum of quadralurc.axis \'oILageof SPWM inverter for f=50 Hz.,

N=60 nnd variable modulation index.
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Fig. 2.27 Three dimensional spectrum of line \'oltage of SPWM inverter for

f=30 liz., N=ilO and variable modulalion iudex.
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Fig. 2.28 Three dimensional speclrllm of neulral vollage of SPWM inverler for

(=30 liz., N==40 8ml varinble modulation index.
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Fig. 2.20 Three dimensional speclrum of direcl-axis vol18ge of SPWM inverLer for f=30 liz.,

N=40 and variable modulaLion index.
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Pig. 2.30 Three dimensional speclnllll of quadralure-axis vollage of SPWM inverter for

(=30 Hz., ~=40 and variable modulation index.
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Fig. 2.31 Three dimellsional spcclrum of linc vollngc of srWM inverter fOf,

(=50 Hz., N=40 811dmrinblc modulation index.
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Fig. 2.32 Three dimensional spectrum of neulral volLage of SI'WM inverLer for f=50 117..,

N=40 and variable modulaLion index.
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Fig. 2.33 Three dimensional spccl.rum of dired-axis voltage of SPWM inverter for

(=50 Hz., N=40 and variable modulation index.
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Fig. 2.34 Three dimensional epectrum of quoorature.axis voltage of SPWM inverter

for f=50 liz., N=40 8l1d variable modulation index.
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Fis. 3.311 n.r..e dlmensloaaJ spectrum of Ii•• roIla8o of SPWM l.....ner b f=70 lb.,

N=40 aDd variable modul.t1oo lodes.
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Fig. 2.36 Three dimensional spectrum of neutral voltage of SPWM inverter for

£=70 Hz" N=40 and variable modulation index.
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Fig. 2.37 Three dimensiona.l spectrum of direct-axis voltage of SPWM inverter for

f=70 Hz" N=40 and variable modulation index,
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Fls. ~.38Three dime•••iona1~m of quodratrire-•••••""'ta&e ofSPWM i"""rter
for f= 70 Hz., N=40 and variable modulation index:.
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CHAPTER 3

STARTING PERFORMANCE OF INDUCTION
MACHINE

3.1 INTRODUCTION

Starting performances of a.c. machines with sinusoidal input are evaluated theo-

retically by numerical solution of machine-voltage equations in d-q axes. Induction

machine in d-q axes can be represented by five simultaneous differential equations,

from which both transient and steady state performances of the machine can be

predicted. Such predictions are necessary for estimating machines' time response,

peak starting current, torque and speed etc. As static converters are being in-

troduced in adjustable speed a.c. drives, study of transient performances of the

machines are being subject of investigation just like their predecessors (Le. utility

fed machines). Since static converter voltages are non sinusoidal, the solution of

converter-fed induction machines are not straight forward. Conventional method of

performance evaluation of an inverter-fed induction machine requires representing

3
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the input voltages in their harmonic components and the machine in its harmon-

ic model . Solution of these models are carried out for individual harmonies and

overall performance is evaluated by superposition of individual responses. The
computational involvement in such analysis is complex and time consuming, and

the accuracy of the predicted results are dependent on the number of harmonics

considered.

For square wave inverters, truncation of Fourier series in inverter-fed machine per-

formance analysis may be practical due to the occurrence of low order harmonies

and as high frequency harmonies diminishes gradually. But advanced PWM in-

verters have dominant harmonies near carrier and multiples of carrier frequencies.

Hence truncation of Fourier series at a frequency lower than carrier frequency would

cause significant series truncation error in the results. H a large number of harmon-

ics are to be considered in the performance analysis, time required for computation

of performance would be prohibitively high.

In this thesis, time domain analysis is proposed for evaluating' starting performance

of pulse width modulated inverter-fed induction machines. In this method inverter

voltages are defined in time domain and machine responses to nonsinusoidal pwm

voltage waves are evaluated at each interval of time and the process is continued

for desired time span. Such evaluation is free from errors encountered in frequency

domain analysis (due to Fourier series truncation) and requires less computational
time.
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3.2 STARTING PERFORMANCE OF 1M DUE TO SINE
INPUT

3.2.1 VOLTAGE EQUATIONS

Utility supply voltages can be represented in d-q axes. The d-q axes voltages Vd
and Vq are obtained by the followingtransformation [50).

.where,

Val>= Vm8in(wt)

Vbc = Vm8in(wt - 120")

Val = Vm8in(wt - 240°)

3.2.2 MACHINE MODEL

(3.1)

(3.2)

(3.3)

(3.4)

Motor perfi:>rmanceanalysis requires suitable motor model. In this thesis d-q axis

motor equivalent circuits has been used 88 machine model. Fig. 3.1 shows d-q

axes motor equivalent circuit for an inverter-fed induction motor [50). The motor
equations based on this model can be derived as follows
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Fig. 3.1 D-Q equivalent circuits of induction machine.

8) q-axis circuit.

b) d-axis circuit.
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In synchronously rotating axis

Stator side equations are

IWtor side equations are

where,

82

(3.5)

(3.6)

(3.7)

(3.8)

(3.9)

(3.10)

(3.11)

(3.12)
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Substituting equation 3.9 to 3.12 in 3.5 to 3.8 and taking into consideration that

(3.13)

(3.14)

and

(3.15)

The following matrix relationship can be obiained,

w.Lm
r.+ L.p

(w. -wr)Lm
LmP

LmP
-w.Lm
rr + LrP

-(we - wr)Lr

In the siationary axis w. = 0, V", = 0 and Vdr = 0, hence model stands as

(3.17)

Further simplification can be made by setting derivatives of V,. and Vdo voltage
equations to zero as,

o
(3.18)

To make computation easier it is desired to change the d-q axes voltage dependency

from two variables to a single variable. Flux can be expressed in terms of currents
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and thus computer solution of equation 3.18 can be mode easier. For making this

simplification let,

'"= [ "'f' "'da "'qr "'dr] (3.19)

and

[ L.
0 Lm ?]L= 0 L. 0 (3.20)Lm 0 Lr

0 Lm 0 Lr

then
-Lm
o
L.
o

(3.21)

(3.22)

Substitution of L.Lr - Lm
2 =A and equations 3.22, 3.19 and 3.21 in 3.18 gives the

required single variable dependent equation as,

[~:]=[g-O _rzb..
Ao 0

o
r:.b.
Ao

_!i.b.
A

_r.!...
Ao

ri' +P
Wr

(3.23)

The above simplified form of machine model equations require simultaneous dif-

ferential equation solution . The voltage equations can be obtained from inverter

voltage waveform of section 2.5. The single variable flux used in equation 3.19 can
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be found by using these voltage equations of inverter waveforms. Flux information

can be obtained from the following equation,

[
~:] = [ !
tP.". -'+
.tPdr 0

o
!.b.
Ao

_!Lba
A

_!Aba.
Ao

r'l" +p
wr

o ] -1 [ ~'l-rt' Vdo
-Wr 0
r'i' +p 0

(3.24)

Knowing flux information equation 3.22 can be used to obtain the currents as,

[~f'] [~id. 0
. = L
"qr -A"
i..Ir 0

_b..
Ao

b.
Ao

(3.25)

The information about torque can be found from the folIowingequation,

where,
P = number of poles

T.= developed torque

Finally speed can be obtained from the followingexpression,

( )
2 dwr1;, - 11 = p.1 dt

P ( ) dwr
2.1 T.-11 = dt

where,

.1= moment of inertia

11= load torque
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3.3 COMPUTER PROGRAM

A wound rotor induction motor has been used for computer simulation and experi-

mental purpose. Machine parameters were obtained experimentally and the values

are given in appendix-A. A program has been developed to simulate the transient
response of machine and the output of this program is used to study the following,

• Machine speed va. time

• Line current vs. time

• Torque vs. time

• Torque vs. speed

A flowchart of the computer program is shown in appendix-B. The program was

executed for different input voltages such as sinusoidal, SPWM and square wave
voltages.

3.4 RESULTS

Fig. 3.2 show theoretically evaluated starting response of an induction motor. S-

tarting speed, line current torque vs. time and torque vs. speed are shown in figs.
3.2 (a)-(d). All these characteristics were obtained for utility sine input by time

domain analysis. Since the motor is a small one (i hp, 400v I-I), the responses are
fast and current during start is low. Low current during start for a small machine
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input ( time domain analysis ).
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Fig. 3.3 Starting current of induction machine for sinusoidal supply ( lhp,

400v 1-1induction machine.
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is due to high resistive component of the winding. The current vs. time response

is experimentally verified in the laboratory on a ~ hp machine and is shown in

fig. 3.3 ( Oscilloscope trace). The experimental setup is shown in appendix-C.

Starting performance of the same machine was also studied for square wave and

SPWM wave inverter inputs. The square wave fed motor's starting performance

was studied by Fourier series analysis of input voltage and evaluation of frequency

domain response of speed, current and torque. In the study, the series was trun-

cated after looth harmonics. During a numerical solution the computational time
required was quite large (10 minutes for a 486 DX-33 MHz machine) and the re-

sults as presented in figs. 3.4 (a)-(d) are not satisfactorily accurate. This is evident

from the current VB. time trace which shows that when the machine is supposed to

be in steady state condition after settling from transient overshoot, the current is

increasing. To overcomethese difficulties,in this thesis as mentioned earlier, for P-

WM inverter-fed induction machine, time domain analysis was carried out. Typical

results of SPWM inverter-fed machine at various modulation index are presented in
I

figs. 3.5 (a)-(d) to figs. 3.7 (a)-(d). During solution by computers, it was observed

that time required for evaluating starting performances by time domain analysis

was very small [about 15-30 seconds depending on number of pulses per cycle in

the same 486 DX-33MHzmachine). It is also evident from the current trace that
the method is free from errors in contrast to that shown for square wave inverter-

fed solution by frequency domain analysis. Since there was no approximation in

the representation of voltage waveforms and parameters of the motor model are

not dependent on frequency, it is believed that this method is an accurate solution

technique for evaluating transient responses. However,it was unfortunate that the

results could not be substantiated practically due to failure of the available SPWM

inverter in BUET power electronics laboratory. It is left to the future researcher to
experimentally validate the theoretical results.
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The starting performance results presented in this thesis for various modulation

index will in fact give an insight to designer the scope of using PWM inverter as an

starter (mechanical and electrical both). It is a well known fact that during start
with line voltage, normal induction machines take 7- 10 times their rated currents.

Usually this high starting currents are limited by lowvoltage starters. PWM invert-

er have advantage of variation of voltage by modulation index. Hence during start,

automatic control of modulation index and frequency of the modulating wavewould

maintain a constant vIf ratio to the motor input. The low voltage start will reduce
starting current preventing electrical breakdowns and low frequency start will limit

sudden speed up of the motor preventing mechanical breakdown. Characteristics

of low current drawn by motors during inverter operation at reduced modulation

index (causing small available voltage) are evident from current vs. time responses
of figs. 3.5(b), 3.6(b) and 3.7(b).

3.5 DISCUSSIONS

Starting performance analysis of an induction motor fed from utility, square wave

and PWM inverter supplies have been carried out in this thesis. For utility supply

and PWM inverter fed induction machine time domain analysis have been carried

out, whereas, for square wave inverter-fed machine frequency domain analysis using

Fourier series technique was used. It has been shown that inverter fed induction

machine performance analysis can be done if inverter voltages can be represented

in time domain. Such analysis are free from truncation error of frequency domain
analysis arising from truncation of Fourier series. The computational time required

in time domain analysis of inverter-fed machine is less compared to frequency do-

main analysis. Starting performance analysis can easily be extended to evaluate
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steady state performance of the machine by setting time derivatives in machine

equations zero. AlsoPWM inverter can be consideredas automatic starter, as well

as speed controller. Further investigation into these areas may be the subject of
future studies.
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CHAPTER 4

CONCL USIONS
4.1 CONCLUSIONS

Analyses of inverter-fed ac machines in the past were based on Fourier series analy-

sis. In the frequency domain analysis, the accuracy of performance predictions are

limited the by number of terms of Fourier series. Fourier series method also fails

to detect subharmonics in PWM wave. These subharmomcs are not multiple of

fundamental frequency and appear in PWM waves. As a result the PWM inverter

waveforms are prone to presence of subharmonics which cannot be determined by

ordinary Fourier series method. In this thesis induction motors starting response

has been studied using time domain analysis of motor and inverter voltage equa-

tions. Since inverter voltages are defined precisely in time domain, it eliminates the.

errors encountered in frequency domain analysis. Time domain analysis of PWM

waveforms have been performed from knowledge of switching points of modulated

wave. To make the study comprehensive, a complete study of PWM inverter waves

4
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have been made through synthesis and harmonic analysis by FFT. Swithcing points

of PWM waves were determined by a newly proposed transcendental equation and

were used in waveforms definition for harmonic analysis. Results of this harmon-

ic analysis provides selection criterion for modulation index and carrier frequency

during the operation of the inverter. The results may also be used for frequency

domain motor performance analysis if necessary. In this thesis frequency domain

analysis has been carried out for square wave inverter-fed induction motor for com-

parison purpose only. The frequency domain motor's starting performance study

has proved that the method is inaccurate and computationally time consuming.

Subsequently a time domain analysis method of induction motor fed from PWM

inverter voltages has been presented in this thesis mainly with theoretical results.

Experimental results could not be made available due to failure of the PWM in-

verter in the power electronics laboratory. The time domain analysis presented in

this thesis to find transient inverter-fed motor performance are more accurate and

requires less computational time than its counterpart, the conventional harmonic
analysis method.

Start up performance study ofinduction motors are important to find wa,ysto limit

their electrical and mechanical stresses. Static inverter supply may provide means

to mitigate both stresses by limiting initial voltage and frequency of the motor input

thereby. reducing motor breakdowns due to these two reasons. Also inverters during

their normal operations allow motors to adjust to load by variation of speed and

hence maintain desirable efficient operation of motors and appliances. Results of

waveform synthesis, harmonic analysis of inverter waves and starting behavior of

line voltage of an inverter fed induction machine have been presented in the thesis.
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4.2 RECOMMENDATIONS FOR FUTURE WORK

In this thesis practical results could not be incorporated due to reasons already stat-

ed. In future studies a detailed experimental verification can be undertaken. There

are several other modulation techniques and some of them may prove advantageous

to presently used SPWM technique. Hence future research work may include study

of inverter fed induction machines using these techniques. All suggested in this the-

sis, inverters may be advantageously used as electrical and mechanical starter for

an induction machine. Future investigation may include automatic vIf control in

their theoretical and practical studies. Also transient during operation and the sta-

bility analysis of inverter fed induction machines can be incorporated. Such study

may include closed loop facilities of inverter-fed machines such as hysteresis current

control and flux control method in the performance study of closed loop control

schemes.
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APPENDIX A

Machine Parameters

The machine parameters obtained by different tests for the machine under test are

given below

X. = 17.55 n/phase

Xr = 17.55 n/phase

Xm = 455.19 n/phase

r. = 40 n/phase
rr = 45.2 n/phase

L. = 0.0559 H/phase

Lr = 0.0559 H/phase

Lm = 1.45 H/phase

L1 = L. + Lm = 1.505 H/phase

~ = Lr + Lm = 1.505 H/phase

1I1rnsratio = 100 : 1
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APPENDIXB

Program Flowchart

The flowchart of computer program to simulate the transient response of machine

is shown below.

Read

p, fr, j, endpt

Initial Values

tl = 0, Wr = 0, t. = 0, t = 0,

Solve for

By Euler's method

Increment

y
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APPENDIX C

Experimental Setup

The experimental setup of the test done in laboratory is shown below.
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