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.ABSTRACT

Fractional horse power single phase induction motors have no starting torque of their own. As a

result, these motors are started by auxiliary methods. Now-a- days, single phase induction motors

having large horse power rating are also in use in rural areas and in industries. These large horse

.power single phase induction motors require medium size capacitors for their start and running

purpose. In this thesis static cycloconverter and inverter topologies have been proposed to perform

the function of capacitors. Static converters are used for conversion of ac and dc power to ac and

de having frequency, magnitude and phase other than supply voltage. Several of the conventional

static converters can replace the starting and running capacitors of single phase induction motors.

When sinusoidal supply is switched at every quarter cycle, switched waveform shifted by 90° can

be obtained. This waveform may be utilized in the starting purposes of large hp single phase.

motors. This would replace the bulky capacitorsotherwise required for starting these motors alid

may also serve the purpose of power factor and other type of controls of the motors .. The quarter
.

cycle switched waveform though fulfils the required phase shift, pulse width modulated switching

is proposed in the thesis for better harmonic performance of output waveform. Analysis and

implementation of the PWM phase shift circuit has been carried out and reported in this thesis to

justify the feasibility of using these circuitsin the practical field. It has been found by analysis that

over modulated sine PWM switched static cycloconverters provide necessary phase shift for motor

start and at the same time keep the low order harmonics of the phase shift circuit output voltage

within acceptable limit. Motor operation by the proposed circuits has not been studied in detail in

this thesis and left for future investigation ..

xiv



CHAPTER 1

. INTRODUCTION



1.1 INTRODUCTION

Fractional horse power single ph,!-se induction motors have no starting torque of their own. As a

result, these motors are usually started by auxiliary methods [1]. One of the conventional method

of starting is to use split phase winding with provision of connecting capacitors. The size of the

capacitors increase with the increase of motor horse power and supply voltage. In Bangladesh large

horse power induction motors are being used in rural areas and in industrial application. In the

proposed research an attempt will be made to fabricate a static,cycloconverter circuit to replace the

starting capacitor of single phase induction motors. Static cycloconverters are basically converters

which are used in variable frequency AC-AC conversion. The output of the converters is

nonsinusoidal. Fundamental component of the output voltage of such converters is in phase with the

input supply voltage but have different frequency. Our effort will to be develop a switching

technique for single phase cycloconverters so that the fundamental of the output voltage will have

same frequency with formidable phase shift. This can be used to replace the starting capacitors of

single phase induction motors.

1.2 REVIEW OF PULSE WIDTH MODULATION TECHNIQUES

The output of normal inverters are non sinusoidal (square wave, semi square wave) in nature and

contain harmonics. The harmonic contents are detrimental to the applications in terms of losses.

They a~e also detrimental to the utility power supply in-terms of line harmonic injection and requires

large output .filter to eliminate low order harmonics. This can be improved by employing a PWM

, inverter to reduce the input/output filter size. In PWM switching the output voltage and frequency

can be changed according to the need by varying the gating pulse of a particular converter. Switches

are operated at higher frequencies. High frequency switching causes the dominant harmonic to occur

1



at higher frequency which is odd integer multiple of the fundamental frequency arid reduce the

output filter size. PWM inverters are capable of controlling voltage, frequency and harmonic

contents in a single stage [2-6, 12-13].

In the pulse width modulation technique the switches of the power converter are operated at higher

frequencies according to a particular pattern so as to produce pulses of varying widths at the output .

of the inverter. The earliest modulation technique applied to inverter operation are single pulse

modulation and the multiple pulse modulation [2, 14-16]. In single pulse modulation control, there

is only one pulse per half cycle of the reference wave and the width of the pulse is varied to control

the inverter output voltage or power. Figure 1.1 shows the generation of gating signals and output

of a full bridge inverter. The gating signals are generated by comparing a rectangular reference 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, the

pulse width 0 can be varied from 0° to 180°. The dominant harmonic is the third and the distortion
•

factor increases significantly at the low output voltage [6-7, 17-18). The low order harmonic contents

can be reduced by using several pulses in each half cycle of output voltage. The generation of gating

signals of multiple pulse PWM for turning ON and OFF the inverter switches are shown in figure

1.2. The frequency of the reference signal sets the output frequency fo and the carrier frequency (

determines the number of pulses per half cycle, N. The order of harmoniCs is the same as that of

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

pulse modulation. However, due to large number of switching per half cycle switching loss would

increase. With large values of N the amplitudes of the lower harmonics would be lower but the

amplitudes of the higher order harmonics would increase. These techniques are capable of providing

inverter voltages with low harmonic contents.

2
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Among several PWM techniques, sinusoidal pulse width modulation (SPWM) is common. At the

beginning two different types, namely the synchronous. and asynchronous sine pulse width

modulation .schemes were used for switching power converters [12, 19-20]. In'sine pulse width

modulation, instead of maintaining the width of each pulse same (as in the case of multiple pulse

modulation) the width of each pulse is varied in proportion to the amplitude of a sine wave evaluated

at the centre of the same pulse. The distortion factor and lower order harmonics are reduced

significantly [7-12, 17, 21-22] .. The gating signals as shown in figure 1.3, are generated by

comparing an isoscele triangular carrier wave with the sine wave signal. The crossover points

determine the points of commutation. Except in low frequency range the carrier is synchronized with

the modulating signal, 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 variation.of the modulating

index [12, 16-17, 23-24]. It can be shown that if the modulating index is less than unity. Only

carrier frequency harmonic with the fundamental frequency related side bands appear at the output.

The voltage of.the inverter can be increased by changing modulation index until maximum voltage

is obtained in square wave mode. The distortion factor is less compared to that of multiple pulse

modulation. This type of modulation eliminates all the harmonics less than or equal to 2(N-I). The

output voltage of an inverter contains harmonics. The PWM pushes the harmonics into a higher

frequency range,around the frequency ( and its multiples, that is, around harmonics m, , 2mr , 3mr

and so on.

In order to overcome the drawbacks of sine pulse width modulation in drive applications, variable

ratio PWM scheme was introduced. Three distinct sinusoidal pulse width modulation scheme are in

use for inverters [3-5, 7-15, 25-26]. They are the 1) Natural sampled 2) Symmetric regular sampled

.and 3) Asymmetric regular sampled PWM. In regular sampling method sine wave was replaced by

a sampled or stepped sine wave. The stepped sine wave is not a sampled approximation to the sine

4
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wave. It is divided' in specified intervals, say 20°; each interval being controlled individually to

control the magnitude of the fundamental component and to eliminate specific harmonics. This type

of control gives low distortion but higher fundamental amplitude compared to that of normal PWM .

control. On the other hand the optimized PWM waveform do no follow well defined modulation

process [25-26]. This PWM approach is based on certain performance criteria [21,23]. Asa result

of the developments of microprocessor technology 'in recent year, the implementation of optimized

pulse width modulation fof switching inverters have become feasible [5, 26-27]. The technique of .

selected harmonic eliminatioh , PWM has received wide attention recently. In this method the

notches are created at predetermined angles of the square wave which permits voltage control as well

as elimination of selected harmonics. The notch angle can be programmed so that the rms ripple

current for a specified load condition is minimum.

<&

There is another PWM scheme where the feedback current tracks the reference current Wave within

a hysteresis band. Two types of PWM strategies have been reported recently for inverter operation.

They are bang-bang sample PWM technique and the delta modulation technique. The principle of

bang-bang sampling is based on the motor output current hysteresis comparison with a ~eference

waveform to generate the modulated waveform [26-27]. In recent years delta modulation has been

finding its way for generating switching waveforms for converters [20, 25, 28]. In delta modulation

a triangular wave is allowed to oscillate within a defined window above and below the reference sine

wave A,. The inverter switching function which is identical to the output voltage V0 is generated

from the vertices of the triangular wave A, as shown in figure IA. It is also known as hysteresis

modulation. If the frequency of the modulating wave is changed keeping the slope of the triangular

wave constant, the number of the pulses and the pulse width of the modulated wave would change.

The delta modulation can control the ratio of the \(oltage to frequency of an inverter which is a

desirable feature in ac motor control.

6
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1.3 CYCLOCONVERTER AND PHASE SHIFTING.

Cycloconverters are the static power converters employed for the purpose of ac-ac energy transfer;

It provides output of a variable frequency that is lower than or equal to the angular frequency of the

source.

Figure 1.5 shows a single phase 'cycloconverter employing two controlled rectifiers. One rectifier.

handles only positive pulses, known as positive group or 'P' converter and the other handles negative
. ,., .;' ..":..:

pulses, known as negative or 'N' converters. Each converter supply the load for 50% of the total

cycloconverter period.

During 'P' converter operation, the gating signals required for the switching devices of the converter'

are shown in figure 1.6. It is noted that when the switching devices of P-converter are turned ON .

and OFF, the switching devices of the N-converter are completely OFF. When half of the period

of the cycloconverter is over all the P-converter switches are made OFF and N-converter switches

are activated by the gating signals as shown in figure 1.7. As a result negative voltage is applied to

the load via N-converter; Hence by alternate operation of the P-converter and N-converter an ac of

desired frequency can be obtained at load side. The frequency of the cycloconverter isdetermined

by the total duration of p. and N-converters ON/OFF time. The gating signals of a phase controlled

cycloconverter switches and the resultant output wavefOl~msare shown in figure 1.8.

This type of cycloconverter are naturally commuted. If force commutation technique is used only

one converter would perform the same job.

The converter can also be switched in such a manner that the output line voltage consists of a series

8
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of pulse. The pulses in the series can be arranged in such a way that the average output voltage leads

to a cosine wave. This causes the phase shifting (90°) of a input sine wave. Figure 1.9 shows the

phase shifted output of a sine wave

1.4 SINE PWM TECHNIQUE IN CYCLOCONVERTER

One of the major disadvantage of normal cycloconverter is its high harmonic content. Moreover,

the dual control of both voltage and frequency often become inconvenient.

Among the three modulatiori processes used in converter control the sine pulse width modulation of.

Figure 1.10 is the most versatile one .. In this method the switching waveform's pulse width's are

sinusoidal function of each cycle. Good performance of this modulation technique depends precisely

on the capability of the electronic circuitry to define accurately the switching instants of the power

converters in order to cause the output of the controller to be a train of pulses with a time average

that approximate a sinusoid.

Figure 1.1 I illustrates the technique of SPWM waveform generation for a single phase

.cycloconverter. In this process the reference rectified sine wave is compared with a high frequency

carrier triangular wave to produce the switching instants at the crossover of the two waveforms. The

resultant waveform can be obtained by switching of input wave for desired duration to obtain the

final gating signal for device switching. Output waveform's harmonic content, switching frequency

and the magnitude of the output voltage can be controlled by variation of either the carrier wave

frequency or the magnitude: These changes result in change in switching frequency and the pulse

widths. This variation is usually measured in terms of modulation index which can be defined as the

ratio of the magnitude of modulating wave to that of the carrier wave.
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1.5 OBJECTIVE OF THE PRESENT WORK

Analysis and design of phase shift circuit is the main focus of this work. Several topologies of

cycloconverter will be studied to develop an appropriate static phase shift circuit. PWM switching

strategy will be explored to chose im appropriate switching signal for static switches of the static

phase shift circuit.

Analysis will be carried out to find a suitable pulse width modulated switching strategy for the phase

shift circuit. The result of the analysis will be used in the design and construction of logic circuit

to build a practical phase shift circuit.

Implementation of the phase shift circuit and experimental verification of the theoretical result will

be carried out in this research to substantiate the result and claims.

1.6 OUT LINE OF THE THESIS

In chapter one, an overall introduction of the work is presented. Review of some basic concepts i.e

modulation technique are included in this chapter. Operation of cycloconverter is also included.

In chapter two, operation of a phase shift circuit and analysis of waveforms of phase shift circuit

have been under taken. Analysis of waveforms in time domain and spectrums in frequency domain

are included in this chapter. The variation in waveforms and spectrum with the possible variation

of modulation index and carrier frequency have been discussed with special emphasis on voltage

variation and dominant harmonics.

Chapter three deals with the practical implementation of the proposed work. It describes the practical.

circuits and related specification of the devices and components which are being used to implement

the circuits. It also includes the output waveforms of the practical circuit.

Chapter four contains the conclusion and recommendation of the thesis.
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CHAPTER 2

ANALYSIS OF PHASE SIFT CIRCUIT WAVE FORMS
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2.1 INTRODUCTION

This chapter deals with the description of single phase, phase shift circuit and analysis of output

wave forms of single phase, phase shift circuit. For the sine pulse width modulated phase shift

circuit, determination of switching points from the various condition of modulation is necessary.

Effort has been made in this chapter to find the &witching points using simple mathematics and few

acceptable assumtion. Harmonic analysis of the waveform has beeri performed by discrete Fourier

transform. Discrete Fourier Transform (OFT) software are readily available these days. A

. commercial software (MATLAB) [8] has been used for evaluation of OFT of output waveform of

single phase SPWM phase shift circuit

The reSult thus obtain are used to decide which combination of modulation index and carner

frequency can practically be used to obtain high performance output voltage waveform.

2.2.1 SINGLE PHASE STATIC PHASE SHIFT CIRCUIT

The phase shift circuit means the output waveform of this circuit will be 90° apart from the input

waveform of the circuit.

Five topologies of proposed phase shift circuit are shown .in figure 2.1 to 2.4 . The gating signals

of the static devices of the converters for each topology are shown in the c'orresponding figure,

which can be used to switch supply voltage at every quarter cycle. In the figure 2.2, when switch

Sl (A,D) and S, (A,D) are closed for a first quarter cycle, the output waveform of Figure 2.5 is

obtained, and when switch S3 (B,C) and S4 (B,C) are closed for next two quarter cycle the output

is obtained as shown in Figure 2.6. Aft(!r a full cycle switching the output waveform will look like

as shown in Figure 2.7.
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For circuits of Figure 2.1, 2.3 and 2.4 the conduction of switches as gating signals are applied are

shown in respective figures to give same output waveform. In Figure 2.1 the switching devices can

be replaced by bidirectional switches to reduce the number of switching elements. The gating circuit

of such a circuit is shown in Figure 2.1(t).

The output waveform in figure 2.7 is 90° phase shifted from the input waveform and can be used

for starting single phase induction motors.

2.2.2 WAVEFORM-ANALYSIS OF SINGLE PHASE STATIC PHASE SHIFT CmCUIT

Figure 2.7 shows the output waveform of a single phase, phase shift circuit, which is a product of

two waveforms shown 'in figure2.8 and figure 2.9.

We can find out the s(t) .by Fourier series, T, is the period of s(t) and.it's a odd function. So the

Fourier coefficient;

s (t) sin 2nn t dt
• Ts

= (Magni tude of s (t) consider as uni ty)

= Ts [cos
2n'rt

T.•
2hnt] "2

T 0
s

= 2
nn

[1 - cos nn] = 4
nn

where n = 1,3,5 .
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4 « sin nWl
s(t) = L where w. = 2111. = 2w

'11 n = 1.3.5 .... n

4 « sin 2nwt= L
11 n = .1.3.5.... n

j(t) V sin wtm '

The phase shift output voltage

4Vm
« sin wt sin 2nwt

Vo = j(t)s(t) = L
11 n = 1,3,5 ... n

2Vm
« 2sin wt sin 2nwt= L

11 n = 1.3,.5 .... n

=
11

«

L
n = 1,3,L,

cos (2n - l)wt - cos (2n +' l)wt
n

2Vm 1
(cos wt - cos 3wt +

11 3
1 1cos 5wt ~ cos7 wt + cos9wt - ....)
3 5

It is evident from the above expression that the low order harmonics of the phase shift circuit

converter output is considerably high. The third harmonic is equal to the magnitude of the

fundamental component and other harmonics are also high.

Harmonics contents are tabulated in table 2.1.
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Order of harmonics Harmonics Order of harmonics .. Harmonics

contents in p.u contents in p. u ..

1 0.637 15 -0.090
.

3 -0.637 17 0.070

5 0.212 19 -0.070

7 -0.212 21 0.057

9 0.127 23 -0.057

11 -0.127 25 0.047

.

13 0.090 27 -0.047

Table 2.1 Harmonic contents of phase shift output waveform.

To reduce low order harmonics from the output waveform PWM switching technique IS to be

applied.

2.3 MODULATED STATIC SINGLE PHASE, PHASE SHIFT CIRCUIT

To.reduce low order harmonic from the output waveform, PWM switching of converters is used.

To obtain Fourier series of the modulated output waveform, it is necessary to determine switching

points and different switching functions [2] so as to define output waveform in terms of switching

points and switching function. The following steps were used in defining the modulated output

waveforms in terms of switching points and switching functions.
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s, (t) = switching Function

Where

g(t, to, t,) = gate function starting at 0 and ending at t, = 7r!2

g(t,. t" t,) = gate function starting at 7r!2 and ending at t, = 37r!2

g(t, t" t3) = gate function starting at 37r/2 and ending at t3 = 27r

. m(t) = modulated waveform obtained by the comparison of modulating sine wave with a carrier

. triangular wave.

N

m(t) L g(t, tZi _ l' tz)
i ~ 1,2,3 ..

where

g(t, t"_,, t,,) = gate function starting at 1:;and ending at t'+I. 1:;and t,+, are switching points of the

modulated wave.

If Vi = Vm sin8 is the input sine wave to the static converter, phase shifted waveform v, and

modulated phase shifted waveform vm, can be obtained as

v, = v, s, (t) and vm, = v, m(t)

The modulated phase shifted waveform can then be processed by package programs [S1 to obtain the

fourier spectrum. Atypical result of the above mentioned method is shown in. figure 2.11.

2.4 ANALYSIS OF SINE PULE WIDTH MODULATED WAVES

To analyze the sine pulse width modulated waves, it is important to find the switching point of the.

modulating wave so that the waveforms can be defined in t~rms of switching point. The modulated

wave switching points are determined by the fact that whenever the carrier triangular wave crosses

28
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the reference rectified sine modulating wave, a pulse is produce and its duration is as long as the
•

carrier waves magnitude remains higher than the modulating wave.

Let

N = number of modulating pulses for each half cycle

0; = pulse width of the i th pulse

= 1r/N = distance between successive pulses

.A, = maximum magnitude of modulating rectified sine wave

A, = maximum magnitude of the carrier triangular wave

8; = mid location of i th pulse

m = A/A, = modulating index

The modulating process ensures the following

Where e is the modulating wave and c<is the sine of proportionality

e ~ Ar sin 6i

but 6i ~
2i - 1
--_.1t

N

•

30



2i - 1e = rnA sin ---Tt
C N

From the condition 0; Ci e and 0; Ci 11A, we can write

Which can be written as

= Km sin

2i - 1
Tt

N

2i- 1
Tt

N

which shows, when number of pulses are kept constant pulse widths vary with modulation index.

When modulating index is kept constant, pulse widths vary as a sinusoidal function of pulse number

N. Once the pulse widths of all the pulses in the half cycle can be found by the above the

expression, the waveform can be represented in terms of the pulse widths. For example, the pulse

position can be written as;

Tt

N
is the first rising edge

.-} .

o
Tt + _1 is the first falling edge
N 2 .

3Tt.

2N

o
---.3. is the 2nd rising edge
2
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5
+ -2 is the 2nd falling edge

2

In general the i th rising edge is

2i - 1e. = ---1t -
',r 2N

and the i th fall ing edge is

5,
2

2i - 1 5j
ej,d= 2N 1t + 2

These expressions can alsobe obtained in time domain and can be used for waveform construction

and Fourier series orFourier transform analysis.

In the derivation involving interaction between sinusoidal and triangular wave, the proportionality

constant K is given by .•./N [29]

In this thesis, however, the modulated signal was simulated by usmg two sinusoidal waves I,e

triangular wave is considered as sine wave. Let the modulating signal be expressed as;

and the carrier signal be expressed as;

where fe = Nfm

To. find out the. cross over points of the above two signals, we have to solve the equation;

Ar sm w t - A sin Nw t = 0m e m
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A
sin cu t = -' sin Ncu t

m A m
c

shI 2rr.f. t = ~ sin 2rr.Nf. t
. m m m

For m= A/A, and f, = Nfm = certain value will give switching point t,; 1,.. and we have solved

. this equation for up to t = T/4.

The switching points were found by this equation solved in a commercially available software

package known as MATLAB [8].

2.5 ANALYSIS. OF SINGLE PULSE MODULATED PHASE SHIFT CIRCUIT

WAVEFORM

AnalysIs of the single pulse modulated single phase static phase shift circuit waveform shown in

figure 2.12 is as below,

Fourier coefficient

• b
n

2 J: T, () • 2nrr. d=- stsm--tt
ToT•. s

~ .

2 f2 -. .. 2nrr. d 2 fT, -. . .2nrr. d
= - SID --t t - - T SID --t t

T • T T ..!:.. Ts. s s 2 s

T,
T. 2nrr. 2 -• 2

[ cos --t ]. +
2mt T' T• •
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1
nTt

[ COS

T,

2mtt]2-' +
T •
s

1
mt

2n1t Ts - «
[ cos --t lr

T, ....! + IX
S 2

" .

1 2nTt -' cos ( nTt 2nTt ) + 1 [ cos ( 2nTt 2nTt
); - [cos --(X - --(X - --(X

nTt Ts Ts nTt Ts

- cos ( nTt 2nTt )]+ --(X
Ts

1 2nTt 2nTt sin nTt sin 2nTt ]; -[cos --(X cos nTt cos --(X --(X
mt Ts Ty Ts

1 2nTt 2nTt - sin nTt sin 2nTt ]+ [ cos --(X - cos nTt cos --(X --(X
nTt Ts Ts Ts

1 [2cos 2nTt - 2 cos nTt 2nTt ]--(X cos --(X
nTt Ts Ts

2 [ cos nws(X ( 1 - cos nTt )];

nTt

; where n; 1,3,5 .

Switching function s(t) can be express as;

• 4s(t) ; L cos nws(X sin nWl
n. = I, 2 3.. '.nTt

• 4
; L cos 2nw(X sin 2nwt

• = 1,2 3.. nTt

•

where Ws ; 2w
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So the modulated static phase shifted output would be

•
~ cos 2naT sin 2n8 sin 8vmo (t) = L whre wa = aT' wt = 8

n '" I, 2 3.. n1t

• 4 1L cos 2naT . - [ cos (2n - 1)8 - cos (2n + 1)8 ]
n '" 1,23 .. n1t 2

2 2 cos 2wa cos 38 2 cos 58 - ...,= - cos 2wa cos 8 - + - cos 6wa
1t 1t 31t

Which shows that third harmonic does not reduce and other harmonic also considerably high.

Computations have been done by using MATLAB software for different modulation index and

carrier frequency for sine PWM switched phase shift circuit which are shown in'the following pages

2.6 OBSERVATIONS

A series of Fourier analysis of sine pulse width modulated wave and the single phase, phase shift

circuit output voltage has been done. In the analysis modulating index m was varied from .5 to 1.3

and carrier frequency f, was varied from 450 Hz to 850 Hz. From Figure 2.13 & 2.14 it is evident-

that dominant-harmonics of sine PWM wave shift to higher frequency near tarrier frequency.

whereas, From Figure 2. 17 to figure 2. 18 indicates that fundamental voltage of sine PWM increases

with increase of modulation index. This observation is as expected and the variation of carrier

frequency and the modulation index are presented in details in the form of Figures in Appendix-I.

Some results are expected for the phase shifted modulated output waveforms. The behaviour of rhe

modulated phase shifted waveforms were obtained as shown in Figure 2,19 to 2.24. Harmonics near

36
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carrier frequency shift with the change of carrier frequency as evident in Figure 2.20 and 2.21 and

the magnitude.of the fundamental wave increases with the increase of modulation index. Though low

order harmonics, specially the 3rd, 5th, 7th etc are lower than the output wave of unmodulated phase

shift circuit, their magnitudes are still comparatively high. This situation improves if over

modulation is applied to the modulation circuit and the effect of over modulation is evident in Figure

2.23 and 2.24.
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. Fig. 2.15 Waveform of SPWM at Modulation Index m - .7
and Carrier Frequency fc = 850 Hz
a) Reference and Carrier Wave
b) Frequency Spectrum
c) Switching Function
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CHAPTER 3

PRACTICAL IMPLEMENTATION



3.1 INTRODUCTION

To demonstrate the practicability 0\ the single phase, phase shift circuit, an experiment was set up

and successful operation of the single phase, phase shift circuit was performed. In this chapter details

of the experimental circuits are discussed with the results obtained from the operation of the phase

shift circuit.

j

! 3.2 PRACTICAL CONVERTER CIRCUIT

The practical converter. is shown in figure 3.1. The circuit consists of a bridge rectifier, four

MOSFET (IRF840), four optocoupler connected to the gate of the MOSFETs and a load resistor of

2 kilo ohms, 5 watt rating.

Pulsating unidirectional AC voltage comes from the bridge rectifier and the MOSFET switches were

switched every 900 through isolation optocoupler (4N25) to obtain desired output at the load. To•.
isolate the gales ofthe MOSFETs; three power supply units having separate grounds were used.

3.3 PRACTICAL MODULATOR CIRCUIT.

The moduliltor circuit consist of a 566 timer based triangular wave generator. a rectifier with a step:.

down transformer. a comparator operational amplifier LM741 and a MOSFET switch with an

optocoupler at the gate and two buffer stage or isolation stage. To avoid loading effect of the

different parts of the modulator circuit, a number of isolation stage comprising high input impedance

buffers were used. Operational amplifier LM741 circuit served this purpose. This configuration

provides a high impedance in one side and low impedance in the other side. Figure 3.2 shows the
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practical modulator circuit with proper rating of the components.

The triangular and rectified unidirectional sine waves were compared in the compara.tor, the output

is a modulated wave of varying pulse widths having constant magnitude. This pulse width

modulated signal is used as a switching signal to switch the full wave rectified signal, to obtain a

pulse width modulated rectified wave.

3.4 PRACTICALLOGIC CIRCillT

The logic circuit was design for generating two switching signals T, and T3. The circuit was design

such that there was a 60 micro second delay between pulses of T, and TJ to avoid short circuit due

to simultaneous triggering .of switches on the same leg of bridge circuit. The logic circuit comprised

of an integrator, a Schmitt trigger, a comparator, AND and NOT gates and a diode clipper. The

figure .3.3 show the practical logic circuit witli it's ratings.

Figures 3.4 and 3.5 show the output of the different stages of the logic circuit, a sine wave was

passed through an integrator and output was a cosine wave. The cosine wave was compared with

zero reference in the comparator and the .output was square. wave 'a'. After clipping the negative

portion of 'a' by a diode clipper square wave .'A' was obtained. Square wave 'C' was obtain by the

NOT operation of 'A' by using one of the NOT gates of CMOS hex inverter 4049.

Square wave 'D' was generated by passing a cosine wave through Schmitt trigger and a diode

clipper, 60 micro second difference between the down edge of 'A' and rising edge of '0' was fixed

by designing the resistance value of Schmitt trigger. Wave 'B' was produced by passing signal '0'

through a NOT gate ofhexinverter buffer chip 4049.

The switching signals T, and TJ were found by AND operation of 'A' with 'B' and :C' with 'd.

using quad AND chip 4081.
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3.5 EXPERIMENTAL RESULTS

Representative experimental results of the practical implementation are shown in figures 3.6 to 3.9.

Figure 3.6 (a) shows the rectified output of the power circuit and modulated switching signal for the

switch after rectifier in the power circuit of the phase shift circuit. Figure 3.6 (b) is the modulated

rectified output obtained by switching the rectifier circuit. Figure J.7 (a) shows the gating' signals

of bridge circuit of the phase shift circuit acting as an inverter. The switching de'(ices used in the

power circuit are MOSFETs IRF 840 of 800 V, 8 A rating. Figure 3.7 (b) shows the modulated

phase shift circuit output obtained by switching the rectified modulated wave of Figure 3.5 (b) by

the inverter circuit .. Figures 3.8 and 3.9 show the output of the of the phase shift circuit for

different carrier frequencies resulting the change of switching frequency of the modulated Output.

Figure 3.8 is the output for carrier frequencies of 1 and 1.5 KHZ. where'as, Figure 3.9 is the output

for carrier frequency of 2.5 KHZ.. .

3.6 OBSERVATION

The experimental part of this research work only demonstrates the successful operation of modulated

single phase, phase shift circuit. The experimental output shows quite compliance with the simulated

theoretical waveform. It is 'observed that as the carrier frequency ( is increased, the number of

switching points are increased. Spikes noticed in the photograph of the output waveforms, are

inherent characteristics of the static switches during turn ON and turn Off processes. The

unmodulated and the modulated phase shift 'circuit waveforms have been used to run a single phase

motor without another starting mechanism. However, detail study was not carried out to monitor and

analyze the performance of the motor supplied from such phase shift circuit during this research.
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Fig. 3.6 a) Recifier Output and Modulator Switching Signal
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a)

b)

Fig. 3.7 a) Switching Signals of MOSFETs
b) Output of The Single Phase Phase Shift Circuit
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CHAPTER 4

SUMMARY AND CONCLUSIONS



Analysis and desigil of a phase shift circuit to provide considerable phase shift of the supply voltage

in a single phase motor has been the main focus of this research work. Several topologies of'static

cycloconverters and cycloinverters have been studied to develop an appropriate static phase shift. . .
circuit. Quarter cycle switching of supply sinusoidal voltage provides an easy method of obtaining

an output having phase shift of 900. from the input, However, such an output contains significant

amount of low order harmonics ( third harmonics equal to that of fundamental voltage) which is

detrimental in terms of harmonics losses and unwanted torque production in a motor causing

reduction of efficiency of the motor and causing acoustic problems .. To overcome these problems

it was decided to implement sine pulse width modulated switching of the phase shift circuit.

Sine pulse width modulated switching allows simultaneous voltage and frequency control of static

cycloconverters and inverters and also maintains input power factor of the converter near to unity.

Analysis was carried out to find. the proper modulation parameters to obtain small low order

harmonics and high fundamental voltage at the output of the phase shiftcirctiit. It was found that

over modulation ( having modulation index A/A, > 1.0) would provide the above features in the

phase shift converter circuit.

Analysis of the phase shift circuit waveforms was carried out using commercially available

MATLAB software on the simulated waveforms. Simulation of the waveforms have been done by

taking product of the input sine wave with appropriate switching function. The switching function

in the case of normal phase shift circuit is a square wave synchronized with input sine wave having

double frequency of the input sine wave. In the case of modulating switching the switching function:

was constructed by gate functions defined by the switching points generated froin the intersection

of a sine modulating wave and a high frequency triangular wave. The solution of the modulated
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switching function is obtained by simple equations proposed in a recent thesis [29]. Harmonic

analysis was carried out on the waveforms by Fast Fourier Transform by commercial software

MATLAB.

A practical circuit was built to demonstrate the feasibility of the results of this thesis. A MOSFET

power inverter and chopper circuit were used for this purpose. The low voltage switchirtg signal

were obtained from a comparator circuit comparing stepped down supply voltage with a carrier

triangular wave generated by an oscillator circuit, whereas, the inverter gating signals were obtained

by a logic circuit designed for this purpose. Finally practical operation of the circuit has been

~ carried out to observe its typical operation. A fractional horsepower induction motor has been

~ operated by this circuit without any other starting mechanism. However, a detail study of the
~

runrting condition of the motor was not carried out and it is hoped that such detailed study will be

carried out in future investigation.
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APPENDIX I

WAVEFORMS AND SPECTRUM OF SINE PWM.
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APPENDIX II

WAVEFORMS AND SPECTRUM OF PWM PHASE SHlFT

CIRCUIT



Fig; A.2.1 Modulated Waveform of Ph.ase Shift Circuit at Modulation
Index m = .5 and Number of Pulse/Quarter Cycle N = 11
a) Modulated Output
b) Frequency Spectrum
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Fig. A.2.2 Modulated Waveform of Phase Shift Circuit at Modulation
Index m = .5 and Number of Pulse/Quarter Cycle N = 13
a) Modulated Output
b) Frequency Spectrum
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Fig. A.2.5' . Modulated Waveform of Phase Shift Circuit at Modulation
Index m = .7. and Number of Pulse/Quarter Cycle N = 11
a) Modulated Output
b) Frequency Spectrum
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Fig. A.2.6! Modulated Waveform of Phase Shift Circuit at Modulation
Index m = .7 and Number of Pulse/Quarter Cycle N = 13
a) Modulated Output
b) Frequency Spectrum
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APPENDIX III

PROGRAM IN MATLAB



PROGRAM FOR SPWM WAVEFORM ANALYSIS

T= l./fm;
Ec= 1.0;
t=0:T/2000:T;
bb=O*t;
am=Em/Ec;
N=fc/fm;
tc= l./fc;
tm= l./fm;
s=(4*Ec)/tc;
twl =0.0;
for i=I:2*N;
aip=«i-I)!2.). *tc;
ii=i+l;
ql =(_I)Ai * s * (t-aip)+(-I)'ii *Ec;
bi=i!2.;
q2 = ga(t,aip+ .000000001 ,bi. *tc);
w=ql.*q2;
twl=twl+w;

end
tw2 = Em*sin(2*pi*fm*t);
axis([O tm -1.5 1.5])
subplot(22I) , plot(t, bb, t, tw I, t, tw2)
xlabel('Time in seconds'),ylabel('Magnitude in p.u. ')
clear q 1;
clear q2;
clear w;
clear tw2;
clear Ec;
clear Em;
clear t;
clear bb;
clear aip;
T= l./fm;
NP=512;
for i= I:N;
theta(i)=«(2. *i-l.)*pi)/N);
t(i) = «pi/N)*(l +am *sin(theta(i) )))*(1./(2. *pi*fm));
the(i) = theta(i)*(l./(2. *pi*fm)):
a(i) = the(i)-t(i)/2.;
b(i) =the(i) +t(i)/2.;
end
t=0:T/511 :T;
bb=O*t;
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wsum=O.O;
NN=NI2;
for i= I:NN;
wi =ga(t,a(i),b(i»;
w2 =-ga(t,a(i) + T/2,b(i)+T/2);
w=wl+w2;
wsum=wsum+w;
end
clear wi;
clear w2;
axis([O T -2 2]);
subplot(223) ,plot(t,bb, t,wsum);
xlabelCTime in seconds. '),ylabeICMagnitude in p.u. ');
fs=(NP-l)/T;
f=(fs/NP)*(O: (NP/2)-I);
y=fft(wsum,NP);
pyy= (y. *conj(y»/(NP/2);
spec =sqrt(pyy/(NP/2»;
clear y;
clear pyy;
clear fs;
axis([O 2000 0 1.25]);
subplot(222), plot(f,spec( 1:NPI2»;
xlabelCFrequency in Hz. '), ylabelCMagnitude in p.u. ')
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PROGRAM FOR PWM PASE SHIFT cmCillT WAVEFORM ANALYSIS

Nc=1./2.;
fm=50;
Tm=l/fm;
Tc=Tm*Nc;
fc=l./Tc;
t=0:Tc/5II :Tc;
wm =2. *pi*fm;
vm=sin(wm*t);
wsum=O.O;
for i=I:2*Nc;
w= ((-I)' (i + I))*ga(t, (Tm/2)*(i-I), (TmJ2)*i);
wsum=wsum+w;
end
vr=WSUffi. *vm;
gac ""ga(t,O, Tc/2)-ga(t, Tc/2, Tc);
vc=vr. *gac;
NP=5I2;
for i=I:N;
ti =(pi/N)*am*sin((pi*i)/N)*(l./(2. *pi*fc));
thetai = ((pi*i)/N)*(l./(2. *pi*fc);
ali) = thetai-ti/2.;
b( i) = thetai + tiJ2. ;
end
wsumi =0.0;
for i= l:N;
wI =ga(t,a(i),b(i));
w2 =ga(t,a(i)+Tc/2,b(i) +Tc/2);
ww=wl+w2;
wsumi =wsumi +ww;
end
vcpwm=vc. *wsuml;
axis([O Tc -2 2])
subplot(221).plot(t. vcpwm) .
xlabelCTime in sec. ')
ylabel(' Magnitude ')
fs = (NP-I)/Tc;
f= (fs/NP)*(O: (NP /2)-1);
y = fft(vcpwm, NP);
pyy=(y. *conj(y»)/(NP/2);
spec =sqrt(pyy /(NP/2));
axis([O 1500 0 1.25]);
subplot(223) ,plot(f,spec( I :NP/2));
xlabelC Frequency in' Hz. '), ylabelCMagnitude')
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