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Abstract

This thesis investigates the starting performance of inverter fed induct;ion motors.
Smooth starting witﬁ 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 as 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-l
thesis of pwm inverter is nbt‘. 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 wave may or 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 inverter waveform

and subsequent motor equations solution are free from these drawbacks.
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CHAPTER 1

INTRODUCTION

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 wﬁene 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, whereés, inverters are ac-dc-ac converters having the
same criteria. The output voltage and frequency of cyclocon\-'ert.ers are limited to
a maximum of supply frequency and voltage. As a result they are used in slow
speed large ac drives. On the other hand in an inverter, frequency is limited by
gwitching frequency of static devices of the converter only. Hence inverters are
used both in slow and high speed drives. The main advantages of variable speed

drives are their operation at maximum efficiency with varying load and for resiz-

ing of motors. Also starting 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 excessive torsion which

is prevalent during ON line start. This thesis is aimed at time domain analysis
1




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,

e Constant frequency stator voltage control
e Variable voltage variable frequency control
¢ Variable current variable frequency control

e Slip power negulaﬁon.



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 inefficient 6peration 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 éhangin.g 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 mtroduced in the 1960s with the innovation of forced
commutation t.echmque of silicon controlled rectifiers. Technological advances made
possibie the use of power transistors and gate turn off (GTO) thyristors as power
gwitches in inverters[1]. 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 volts/hertz (v/f) 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 becanse 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



power conversion for simultaneous voltage and frequency change [1].

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 v/f 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 electromechanical problems during starting

peﬁods (2]

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-



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 instelled to run with certain loads at near optimum
efficiency of 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 circumst.a.nées two scenarios may prevail. The total system
is replaced by & 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 efficiency without change of motors.

The followings are the requirements of inverter fed drives, |

Reduced harmonics

Constant voltage to frequency ratio

Reduced starting current

Reduced starting speed.

~ A sine pulse width moduiation inverter fed induction motor meets tlie sbove re-

quirements of an ac drive.

1.3 REVIEW OF PWM TECHNIQUES

In many industrial apblica.tion it is often required to control the output voltage of

inverters



e to cope with the variations of dc input voltage,
o for voltage regulations and

e for constant volts/frequency ratio of supply.

PWM inverters are used in a wide variety of industrial processes such 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 developﬁlents
of pﬁlse width modulated converters. In the pulse width modulation technique the
switches of the power converters are operated at higher frequencies in a particu-
Jar 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-modu]ation' 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 refereﬁce wave
of amplitude A, with a triangular carrier wave of amplitude A.. The frequency of
‘the reference signal determines the fundamental frequency of the output voltage.
By varying A, from 0 to A., pulse width can be varied from 0 to 180° . In single
pulse modulation dominant harmonic is the third and distortion factor increases
significantly at low output voltage. The harmonic contents can be reduced by using
several pulses 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
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and the carrier frequency f. determines the number of pulses per half cycle, N,.
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 switching per half cycle, the switching loss would
increase. With larger value of N, the amplitudes of the lower harmonics would
be lower but the amplitudes of the higher order harmonics would increase. This

technique is capable of providing inverter output voltage with low harmonic 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 .tria.ngula.r 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 voltagé 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
appéa.r 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 f. and its

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

10



. (a)
3 V. — |
O
3 0
E |
-
g ,
=
-2 L ' !
0 0.01 0.02 0.03
Time ih seconds
2 ' ‘ (6)
3
a
-  OH
e
UL
o
@)
= _
-9 . : '
0 0.01 0.02 0.03

Time in seconds.

Fig. 1.3 Illustration of sinusoidal-pulse width modulatlon (SPWM).
a) Sine reference and carrier wave.

- b) Modulated wave.

11



e

to be problematic at different frequencies. Over modulation is normally avoided in
applications requiring low distortion [like uninterruptable power supplies (UPSs)].
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,

o Natural sampled
e Symmetric regular sampled and

s optimum sine pwm

In regular sampling method sine wave is replaced by sampled or stepped gine wave
as shown in fig. 1.4. The stepped sine wave is not a sampled approximation of
gine 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
gpecific 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 [29-30,33-45]. 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 medulation for switching
inverters has beéome 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-
8 voltage control as 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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Fig. 1.4 Dllustration of regular sampled sine-pulse width modulation for inverter
switching. ‘
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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 m(;dulation
(dm) 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 medulation a
triangular wave is allowed to oscillate within a defined window above and below the
reference sine wave Vi . The inverter switching function whick is identical to the
output voltage V, is generated from the vertices of the trlangular wave V¢ 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
Vpc and is dependent on the peak amplitude A, and frequency f, of the reference
voltage. Delta modulation can control the voltage to frequency ratio automatically.
Voltage to frequency ratio control is a desirable feature in ac motor control. Anal-
yses and the applications of the pwm inverters in drives are also important aress 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



Fig. 1.8 Hlustration of the DM technique for inverter switching.
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motors. For sinusoidal inputs, such study has been done by d-q axes fornﬁl]&.tion of
motor equations and solving the equations by numerical method. With the advent
of solid state converters for ac motors’ speed control, such analysis became standard
using frequency domain study by Fourier series or transforms. However, predictions
made by reported methods are computationally time consuming and inaccurate. To
overcbme 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 pur_poée
the most popular and versatile converter, namely the pwm inverter is taken for
investigation. The waveform synthesis of pwm inverter (as such any converters) are
not simple. In this thesis a éimple 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 play 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 analysie is shown in
chapter 2. Single phase and three phase pwm waveforms are analysed in frequency
domain and in time domain. Chapter 2 includes apect.ra] analysis for different

operating frequencies, modulation indices and humber of pulses. An easy method for
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determination of switching points of SPWM waveforms is 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 as 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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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 simplified method 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 harmenics. 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 summarised in 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 waveforms of inverter. These waveforms are
subsequently used in the analysis of starting performance of SPWM inverter-fed in-
duction motor. Proper choice of 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 switching waveforms 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 this thesis a new technique for solution of switching points of spwm waveforms is

presented. This technique involves solutions of simple algebraic equations requiring.

insignificant time for solution.

2.2 SINGLE PHASE PWM WAVEFORM SYNTHESIS

inverter-fed machine performance study starts with the waveform and machine rep-
resentation in mathematical form and their computer solution by numerical tech-
niques. The first step is to determine the éwit.chinﬁ points of inverter waveforms. A
new technique easier than the previously reported techniques is used for switching
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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 1-phase
inverter and their spectrum are presented in this thesis. It is expected that this
a.nalytica.l' 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 SWITCHING POINT DETERMINATION

Various techniques are in uge for determination of switching points 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-
wimn 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
gine modulating wave with high frequency carrier triangular wave. Basically high
frequency triangular and sine wave performs the same function of carrier modula-
tion and if carrier wave is assumed to be sinusoidal the proposed solution technjdue
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,

V, = Apsinwpgt _ (2.1)
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Fig. 2.1 Hlustration of sinuseidal-pulse width modulation.
a) Sihe-reference and carrier waves,
b) Modulated wave.
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and the carrier modulating wave is,

V, = A.stnw,t _ (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 rela-
tionship holds,

V. =V. (2.3)

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

Amsinw,t; = Asinw,t; (2.4)
or,
Am . ) : .
—gtnwnt; = sinNwnt; (2.5)
A
or,
msinwyt; = sin Nwt; (2.6)

where m is the modulation index {m = %':)

“and

we = Nwn - (2.7)
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where, N is the multiple of w,, by which w, ie 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 ¢;s 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.

24 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. 2.1(b) can
be represented by the following expressions,

For one cycie:

Ne

_ IR S |
T(t)_H}‘:L [g(t,t.,tw) g(t, t; + 2,t+1+.2)] , (2.8)

For multiple cycle:



zT Nl}

) T T
a(t) = Z: Z: [y(t, ti+ At + A) — gLt + 0] + Aty + 7 + A)] (2.9
A=0TaT.. i=1,3..

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 tria.ngula.f medulated 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 pha.sé 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 medulating 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.

Following observations 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-
ice 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. 2.2 Simulated single-phase SPWM inverter waveforms for =30 Hz.

a) m=0.8 and N=9
c) m=0.8 and N=17

b) m=0.6 and N=9
d) m=0.5 and N=17
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Fig. 2.8 Experimental photograph of sine-pulse width modulation.

a) Sine-reference and carrier waves.
b) Modulated wave.
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Fig. 2.9 Practical waveforms of single-phase SPWM inverter.
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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
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vices in converters. Number of switching per second of these 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 resulting

variation of cost of the converter.

o Increase of modulation index %T [other parameters remaining constant] 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 (} =const). I{nder 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 WAVEFORM ANALYSIS

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



No. of carrier

Harmonics occurs at

Magnitude

pulse per hall frequency
cycle.
in Hz ‘ _

10 1000 .05 .36 36 03
10 2000 .08 A7 1 .18 .07
10 3000 0.0 905 A 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 =50 Hz., m=0.4 and N=10,

20 and 30 respectively.
No. of carrier Harmonics 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=50 Hz., m=0.6 and N=10,
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 A2
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 3600 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 £=50 Hz., m=0.8 and N=10,

20 and 30 respectively.

Modulation Harmonics occurs at Magnitude
Index frequency
in Hz _

4 1000 105 | 375 35 A2
4 - 2000 .08 10 .10 08
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 analysis of SPWM for £=50 Hz., N=15 and m=04,

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 i.e. line voltages, neutral voltage, d-q axes voltage are required for

this analysis. A switching function s(t) can be obtained from a modulated waveform
as illustrated in fig. 2.1(b) and equations 2.8, 2.4

For one cycle:

Ny . T -
sr(t) = ) [g(t,t;,tm) —glt, t;: + ot —2—)] (2.10)
i=1,3..
For multiple cycle:
zr M ' r T
s(ty="> 3 [g(t,t.- + At A) —glttit 5+ Atin+ 5+ A)] (2.11)
A=0T,2T..i=1.. .

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. 2.12) are

obtained as,

Vo = 3V [o(0) + a(t-+ )] (G,

Vie = %vdc [s(t - g) +alt - %)] w(t)G;

Vo = %Vdc [s(t - %’) + a(t + %)J u(t)Ga

where, Vg, Vi, V., are line to line voltages of the inverter.

Since,

and

Equations 2.12, 2.13 and 2.14 can be written as,
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Vo = lv,,,c [s(t) +8(t+ %)] v(t)G, (2.18)

2
Vie = %Vdc [s(t _ %) —s(t+ %)] w(£)Ga (2.19)
V., = lVdc [—s(t) — 8t — %)] u(t)Gs ' (2.20)

2

~ In equations 2.18, 2.19 and 2.20 GG, G, and G 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 (Vas - Vea) ‘ (2.21)
1 .

Vin = 2 (Vae — Var) (2.22)
] ,

Vo = 3 (Vea — Vo) . (2.23)

where V,,, V;, and V,, are line to neutral voltages of the inverter.

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

of switching waveforms as,

Vi = -‘fé‘ﬁ [(s(t) Fat + %)) G, — (—*s(t) — st — %)) G3} u(t) | (2.24)
Vin = Yé‘f [(a(t _ %) Y %)) Gy — (s(t) +a(t+ g)) Gl] ut)  (225)
Vi = % [(—a(t) ot g)) Gs — (s(t _ g) - o(t 4 %)) c,] u(t)  (2.26)
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For machine performance analysis using d-q axes transformation, direct and quadra-

ture axes voltages Vy and V, are required. These voltages are obtained as [50),

Hence,

V=

1
ﬁ [‘fbc - Cﬂ]

1 ‘

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

V= _2‘_% [(s(t _ %) st + %)) G — (s(t) — ot — %)) Ga]

(2.27)

(2.28)

(2.29)

(2.30)

vV, = % [2 (s(t) +a(t + g)) G — (s_(t _ g) 8t + %)) Gy — (—s(t) et %)) (:3]

(2.31)

Typical voltage waveforms for Vo Vyn, V4 and V, 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=0.4 and m=0.8. These waveforms are obtained using Math-

lab [49].
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- Fig. 2.13(i) Simulated waveforms of three-phase SPWM inverter (=30 Hz.,
N=40 and m—=0.4).

a) Line voltage. b) Neutral voltage.
c) d-axis voltage. d) q-axis voltage.
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Fig. 2.18(li) Simulated waveforms of three-phase SPWM inverter (f=70 Hz.,

N=60 and m=0.8).

a) Line voltage. b} Neutral voltage.
c) d-axis voltage. d) g-axis voltage.
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Fig. 2.16 Experimental neutral voltage waveforms of three-phase
SPWM inverter.
a) 20 Hz. b) 30 Hz.
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(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, howeve'r, 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 mbdulatioa 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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(b)

Fig. 2.17 Experimental neutral voltage waveforms of three-phase SPWM inverter for
different N ( Ny < N, < N3 ).
a) N, . pulses b) N, pulses
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(c)

Fig. 2.17 Experimental neutral voltage waveforms of three-phase SPWM inverter for
different N { Ny < N3 < N3 ).
a) N, pulses
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Fig. 2.18 Simulated spectrum of line, neutral, d-axis’and q-axis voltages

f= 30 Hz., N=80 and m=10.8).

a) Spectrum of line voltage. b)Spectrum of neutral voltage.

¢} Spectrum of d-axis voltage. d) Spectrdm of gq-axis voltage.
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2.22 are spectré 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 loﬁ frequency harmonics.
Fig. 2.19 shows that line to line voltages at low frequency harmonics are qﬁite
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 ( ﬁm]tiples of fundamental).
Hence occurrence of first dominant harmonic in 30 Hz., 50 Hz. and 70 Hz. oper-
-ations with N=40 are at 30x40, 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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Magnitude in Pelie |

Fig. 2.32 Three dimensional spectrum af neutral voltage of SPWM inverter for =50 Hz.,

N=40 and variable modulalion index.
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Magnitude in p.u.

Fig. 2.33 Three dimensional spectrum ol direct-axis vollage of SPWM inverter for -

=50 Hz., N=40 and variable modulation index,
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Fig. 3.38 Three dimensionsl spectrum of quedrature-axis voltage of SPWM imverter
for f= 70 Hz., N=40 and variable modulation index. :



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 necessa.ry 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 (i.e. utility
fed machines). Since static converter voltages are non sinusoidal, the solution of
converter-fed induction ma.cﬁines are not straight forward. Conventional method of

performance evaluation of an inverter-fed induction machine requires representing

3
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the input volteges in their harmonic components and the machine in its harmon-
ic model . Solution of these models are carried out for individual harmonics 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 harmonics
and as high frequency harmonics diminishes gradually. But advanced PWM in-
verters have dominant harmonics near carrier and muitiples of carrier frequencies.
Hence truncation of Fourier series at a frequency lower than carrier frequency would
cause significant series truncation error in the results. If 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 IM DUE TO SINE
INPUT

3.2.1 VOLTAGE EQUATIONS

Utility supply voltages can be represented in d-q axes. The d-q axes voltages V;
and V, are obtained by the following transformation (50].

V.
Ve 210 33 ~¥3 -

== Vi 3.1

[Vd] 3[1 -3 ""% Vbc' ¢
~where,

Vap = Vmsin(w;t) (3.2)
Vbe = Vmsin(wt — 120°) 7 (3.3)
Via = Vinsin(ut — 240°) | (3.4)

3.2.2 MACHINE MODEL

Motor performance analysis requires suitable motor model. In this thesis d-q axis
motor equivalent circuits has been used as 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

I~



s = Le=L - L, L, =t - Ly p=g Tr
‘ w,wm \ / (w! - w,)d’ﬁ— y
Y o %Lm ba
o 0

{a)

Fig. 3.1 D-Q equivalent circuits of induction machine.
8) g-axis circuit.
b) d-axis circuit.
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In synchronously rotating axis

Stator side equations are

., A
an = Falga + '?RL + Wethas
d
Vi, = raty, + l‘i - we'pqa

dt

Rotor side equations are

. d
Vqr =Prle + _g,ti + (we - wr) Yar

) d
Vir = rrigr + %‘I - (wa - w?) (lbq‘l‘

where,

’:bqa = Llaiqa + Lm (iqa + iqr)
Yo = Livig + L (igs +igr)
Yas = Listas + Lo (235 + iar)

Yar = Liyigr + L (240 + 14r)
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(3.5)

(3.6)

3.7

(3.8)

(3.9)

(3.10)

(3.11)

(3.12)



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

L,=L,+L, (3.13)
L = Ly+ Ln (3.14)

and
p=2 (3.15)

The following matrix relationship can be obtained,

Ves . st Lyp Welm Lmp We L, igs

Vi | _ —weL, r.+ L,p —wel Lap tas

Vo | Lonp (we — wp)Llp re+Lp (we — w, )L, tqr

‘/dr _(wa - wr)Lm me ) _(we - wr)Lr r.+ Lrp idr
(3.16)

In the stationary axis w, = 0, V;, = 0 and Vj, =0, hence model stands as

Ve r.+L,p 0 Lnp 0 igs :

Vi | _ 0 re+ Lap 0 Lyp lds (3.17)
0} Lnp —wylym o+ Lp —wlL, i )
0 wely, L.p wel, r.+Lp tg

Further simplification can be made by setting derivatives of V,, and V,, voitage

equations to zero as,

r, 70 0 0

Vas o
Vae | 0 r, 0 . 0 Lds
0| | Lpp —wly r,+Lyp -w.lL, ter (3.18)
0 welpm  Lmp wy L, rr+ L.p g

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 -



and thus computer solution of equation 3.18 can be made easier. For making this

simplification let,

¢ = [ 'f’qa ¢dl ¢F ¢dr 1 (319)
and
L, 0 L, O
0 L, 0 L, '
= . 20
=11, 0 L o (3:20)
0 Ln 0 L, |
then
L, o —L, ©
1 0 L 0 -L
-1 __ r m
=1ttt -1, 0o L o (3.21)
0 -L, 0 L,
As
i=L | (3.22)

Substitution of L,L, — L., = A and equations 3.22, 3.19 and 3.21 in 3.18 gives the

required single variable dependent equation as,

Wl [ 0 i 0 ][4
Vi 0 uk 0 — Takm Y
= rl rL (323)
0 [T~ 0 hip -uw |4,
r L, rL
0 Y NP SN B

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



be found by using these voltage equations of inverter waveforms. Flux information

can be obtained from the following equation,

s e S Vas

Vas | PL . ° A 5 (3.24)
Yer =m0 +p —w, 0

“Yar 0 = u  Hagp 0

o oo ko0 (¢
id, — 0 %‘ 0 _LEL ¢da : (3-25)
fgr ~ia 0 L 90 Per
i 0 - 0 L ||

The information about torque can be found from the following equation,
3¢P
T.=3(3

where,
P = number of poles
T, = developed torque

Finally speed can be obtained from the following expression,

2  dw,
P dw,
(LT =" (3.28)

where,
J = moment of inertia

T; = 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,

e Machine speed vs. time

"o Line current vs. time

Torque vs. time

o Torque vs. speed

A flow chart 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 (% hp, 400v I-1), the responses are

fast and current during start is low. Low current during start for a small machine
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Fig. 3.2 a) Speed vs. time characteristic of induction machine for sinusoidal

input ( time domain analysis ).
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Fig. 3.3 Starting current of induction machine for sinusoidal supply ( ihp,
400v Ll induction machine. -
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Fig. 3.4 b) Current vs. time characteristic of induction machine for square-

wave input ( frequency domain analysis ).

93

lllllilllllflllllll|Fllllllll|lTllIliIl[]lllllill[TlllI'IITT'

0.60



6.00

4.00

N—m

ﬂ
2.00

-

Torgue
0.00

—2.00

)

<4.00

NN SN B NN SN NN RN N

IIIIII[Il[l[lll]11]|l]IITIIIIIIIIIE—{lli|IIIII]III[IIII]IIEI

00 0.0 0.20 0.30 0.40  0.50  0.60
Time In Seconds

Fig. 3.4 ¢) Torque vs. time characteristic of induction machine for

square-wave input { frequency domain analysis ).



Torgue in N—m

00

0.00 2.00 4.00 0.

~2.00

<4.00

. \\ - r
3 \ |
: |
- | I L I I I ] 1T T°T 71771777177 ] T 171717171 17T 1 I | I R A | ll | I I B L|
00 100.00 200.00 300.00 400.00

Speed In rodiansy/s

Fig. 3.4 d) Torque vs. speed characteristic of induction machine for

square-wave input ( frequency domain analysis ).

95



Speed in radians/s

400.00

300.00

200.00

100.00

0.00

IR T N N O T S S A B

U R I O VA T I B A T O

Lo b a0 0]

{

Illllllll|IillI'1'TTT_rI_'I"'I'T_I'T—I_T—l_]I]ElIlTll[lllllllll|1llllllll

0.00 0.20 0.40 0.60  0.80 1.00 1.20

Time 1In Seconds

Fig. 3.5 a) Speed vs. time characteristic of induction machine for SPWM
input ( m=0.6, N=13) ( time domain analysis ).



2.00 .

A N N O Y O T U O SN U T T T W A N O T o O I O

1.00

0.00

~1.00

Current In Amps.

—-2.00

lllIl!llIl—llll_l—rl_TllrrT"l_ll!ll|l'l]l'lllllfllllllTllllillIll'lI

00 0.20 0.40 0.60 0.80 1.00 1.20
Time 1n Seconds

<3.00

Fig. 3.5 b) Current vs. time characteristic of induction machine for SPWM
input ( m=0.6, N=13) ( time domain analysis ).

97



4.00

3.00

M

AEEEEEEEEENERE RN

'O|O

N
2

1.00

Torgue in
00 000 " qc

—1.00

et

<2.00
o

0 020 040 060 0.80  1.00
[1me 1N Seconds

Fig. 3.5 c¢) Torque vs. time characteristic of induction machine for SPWM

input ( m=0.6, N=13) ( time domain analysis ).

T T T T T T T T I v Ty T T Ry T T Tt prrr Ty T e e

1.20



4.00

edo v byt r s gty s b et b av iy

3.00

2.00

Torgue In N—m
Q.00

—1.00

1.00

£2.00

o
-

L | T—]—'T—T'—‘l_-f_]—T'—]"|""|' rYyrirgrrr T rrryprrrrrTrrad

00 100.00 200.00 300.00 400.00
Speed in radians/s

NRENEEEE

Fig. 3.5 d) Torque vs. speed characteristic of induction machine for SPWM
input { m=0.6, N=13) ( time domain analysis ).



Speed In radians/s

400.00

300.00

200.00

100.00

0.00 -

lrlllIIIl!ll[!lllll||IIIPIILLIIL1]!IL11

Tll‘llllllllllllflil[!lllilill[llllll|llIlll'l'illll']lll!'illi]

0.00 0.20 0.40 0.60 0.80 1.00 1.2

Time In Seconds

Fig. 3.6 a) Speed vs. time characteristic of induction machine for SPWM input

( m=0.7, N=13) ( time domain analysis ).

100



2.00

1.00
HENUENEEENE N RN

0.00

In Amps.

—1.00

Current

—-2.00

Lty s by p v g g g lbrrrtggg

<3.00

Time In Seconds

Fig. 3.6 b) Current vs. time characteristic of induction machine for SPWM

iﬁput ( m=0.7, N=13) ( time domain analysis ).

101

LUNLINE IO N O T L L L B

00 0.20 0.40 0.60 0.80 1.00 1.20



o
Ll

4.00

M
3.00

NI BNN SRR BENEERE|

N —
2.00

18

-

1.00

Torque
0.00

—1.00

HEENENENE NSNS RN SEENRENENENEY

I‘IIIIIIII|Illllll1ll]l¥llIITIIIIIIIIIII[EEEIITIfl[l!lli]lil

.00 0.20 0.40 0.60 0.80 1.00 1.
Time 1N Seconds

€2.00

Fig. 3.6 c) Torque vs. time characteristic of induction machine for SPWM

input ( m=0.7, N=13) ( time domain analysis ).

102



.00

—m

in N

!
N

- 2.00

Torcue

TJ.

3.00

—1.00  '0.00 1.00

O

.0

Fig. 3.6 d) Torque vs. speed characteristic of induction machine for SPWNM

.

] \

: \\

E \

1/ \

5/ \jJ\,\/\ /\\ |
B _ \\J \

: |
: i
E |
3

00 100,00 20000 30000 40000

Speed In radicns/s

input ( m=0.7, N=13) ( time domain analysis ).

103

el



Speed in radiansss

400.00
300.00

200.00

100.00

0.00

Bt vt eor ek by v r et st e s L

TTTTTI T TTI T T T I T Y T Py i eI T ivrT i rT i TI T T iITrTroTdT

0.00 0.20 0.40 0.60 = 0.80 1.00 1.20

Time in Seconds

Fig. 3.7 a) Speed vs. time characteristic of induction machine for SPWM input
( m=0.8, N=13) ( time domain analysis ).

104

n\
!

,76‘“”“"

A



2.00

in Amps.
0.00 = 1.00

-1.00

Current

—2.00

L ]
NSRBI AN NN EE AR N NN

llllll!!i]Illllll!lrlilll-llIIIIIIIIIIIIIIITIIIT_IIITIIIIIIII

00 0.20 0.40 060 0.80 1.00 1.20
Time In Seconds |

<5.00

Fig. 3.7 b) Current vs. time characteristic of induction machine for SPWNM

input ( m=0.8, N=13) ( time domain analysis ).

105



N—m
2.00

n
1.00

I l 3.00 4.00
—EEEESIERENERSNENANNEE NN ENINNEREEERE R

Torque
10.00

—-1.00

AENENEERENENENENENEEE]

<2.00

00 0.20 0.40 0.60 0.80 1.00
Time In Seconds

Fig. 3.7 ¢) Torque vs. time characteristic of induction machine for SPWM

input { m=0.8, N=13) ( time domain analysis ).

106

vrrrTrrrTrrrrrrrrvrrpr e ey v rr vy vrrrerrr T v v rrrir ity v e T v r I e e

1.20



!
N — M

n -

orgue

-

o

]

4.(?0

-1.00

]
5 \ -
-
. \
] \ |
SE \x
aVBy N\ . o
- A
C)E \'/ : /r\\
T AVAR
.
O ]
O
O 7
]

B N O N e I N A N N A L O B B R B A [ Sy s A At N A R A B O |

V.00 100.00 200.00 300.00 400.00
Speed In radians/s

Fig. 3.7 d) Torque vs. speed characteristic of induction machine for SPWM
input ( m=>0.8, N=13) ( time domain analysis ).

107



is due to high resistive component of the winding. The current vs. time response
is experimentally verified in the laboratory on a 1 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 100th 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 vs. time trace which shows that when thelmachine is supposed to
be in steady state condition after settling from transient 6vershoot., the current is
increasing . To overcome these 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
figs. 3.5 (a)-(d) to figs. 3.7 (a)-(d). Dur;ng 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-33MHz machine]. 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 solutioﬁ by frequency domain apalysis. 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 currente are limited by low voltage 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 wave would
maintain a constant v/f 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 operatfon 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
ma.chine-performa.nce 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. Also PWM inverter can be considered as 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

CONCLUSIONS
4.1 CONCLUSIONS

Analyses of inverter-fed ac machines in the past were based on Fourier series analy-
gis. 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 subharmonics are not multiple of
fundamental frequency and appear in PWM waves. As a result the PWM inverter
waveforms are prone to présence 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 select:;ion 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.
‘Experiment.a.l 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 of induction motors are important to find ways to 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. As suggested in this the-
sis, inverters may be advantageously used as electrical and mechanical starter for
an induction machine. Future investigation may include automatic v/f 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 contro! 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 {2/phase
X, = 17.55 (1 /phase
Xm = 455.19 1/phase
r, = 40 }/phase

1, = 45.2 {}/phase

L, = 0.0559 H/phase
L, = 0.0559 H/phase
L, = 1.45 H/phase

Li =L, + Ly, = 1.505 H/phase
Ly = L, + Ly, = 1.505 H/phase

Thrns ratio = 100 :1
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APPENDIX B
Program Flowchart
The flowchart of computer program to simmlate the transient response of machine

Read
lm: lu l?‘! rSJ r?"

p)fl‘jj’ en@t

is shown below.

Initial Values
t :0’(,,_}1. = O,t‘ :O,t =0,

Solve for
ta,te, Wr

By Euler’s method

Increment




APPENDIX C
Experimental Setup

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

ac | |
Rectifiert -Filter Inverter
Input |
~ to scope
Pulse
Amplitier
Power PWM Logic
| Supply Circuit
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