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_ABSTRACT

Fractional horsé power single phase induction motors have no starting torque of their own. "Asa
result, these motors are started by auxiliary methods.. Now-a- days, single phase induction motors
having large horse power rat-ing are also in use in rural areas and in industries. These large horse
-powér single phase induction ’motors require medium size capacitors for their start and running
p.u'rpose. In this thesis static cycloconverter and im"erter -topologies have been proposed to perform
the function éf capacitors. Static converters are used for conversion of ac ‘and dc power to.ac and
dc having frequency, magnitude and phase other than supply voltage. Several of the conventional
static converters can replace the starting a‘n'd running capacitors of singlé phase induc_:tibn MOotors.
When sinusoidal supply is switched at every quartér cycle, switched wa\:/eform §hifted bly 90° can
be 6btained. This waveform may be utilized in the starting purposes of large hp s-ingle phasé g
motors. 'Thi.{ would replace thé bulky capacitors otherwise required for'stgrtingl these métors aid
may aléo serve the purpose of power factor and other type of controls of the motors. ' The quarter
cycle swit(l:hed.waveform though fulfils the required phase shift , pulse width modulated s:witching
is proposed in the thesis for better hérmonic pel.‘formance of output waveform. Analysis and
implementation of the PWM phase shift Circuif has been carried out and reported in this thesis to
justify the feasibility of using thesg circuits‘in the practical field. It has been found by analysis that

over modulated sine PWM switched static cycibcon'\.ferters 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.
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~ CHAPTER 1

 INTRODUCTION



1.1 INTRODUCTION

Fractional horse power single phase 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
| ca_pacitors' increase with the increase of motor horse powér and supply voltage. In Bangladesh largé
horse power iﬁduction motors aré 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 capac-itor 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 are also detrimental to the utility power supply in-terms of line harmonic injection and requires:

large output filter to etiminate low order harmonics. This can be improved by employing a PWM
~inverter to reduce the input/output filter size. [n PWM swifching the output voltage and frequency
can be changed according to the need by varying the gating puise of a particular converter. Switches

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

1
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at higher frequency which is odd intéger multiple of the fundamental frequency and 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 contro! -

the inverter output voltage or power. Figure 1.1 shows the generatiori 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 _Ac. The frequency of the reference
signal déterinines the fundamental frequency of the output voltagé. By varying A, from Orto A, the
pulse width § can be.varied from 0° to 180°. The dominant harmonic js the third 'and the Fﬁstortion
factor increases significantly at the low éutput voltage l[6-7, 17-18]. The-Iow order harmonic c-ontents'
can be reduced by using several pulses in each half cycle of output voltage. The generation of ga[ing
signals of mﬁltiple pufsé PWM for .turni‘ng ON and OFE the inverter switches are shown in figure

1.2. The frequency of the reference signal sets the output frequency f, 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 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.
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Among several PWM techniques, .sinusoidal pulse width -modulation (SPWM) is common. At tﬁe-

beginning two different types, 'némely the synchronous. and .asyn.chronous sine pu'lse width
modulation schemes were used for switching power coﬁverters 12, 19-20]. In'sine pulse width
modulation, instead of maintaining the width of each pulse same (as in the case of muléiple pulse
modulation) the width of each puls'-e is varied in proportipfl to the amplitude of a sine wave evaluated
at ‘the centre of the same pulse. The distortion factor and lower order harmoni(;s are-,re_duced
significantly [7-12, 17, 21-22]. The gating signais as shown in figure 1.3, are generated by
comparing an isoscele triangular carrier wave with thAe 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
thé harmonic content. The fundamental oﬁtput voltage can i:)e varied by variﬁtion.of the lmodutating
| index [12, 16-17, 23-24]. It can be shown that if the modulating .ind-ex is less than unity. O.niy,
carrier frequency harmonic with the fundamental frequency related side bands abpear af the output.
The voltage of the inverter can be in(lzreasedrby cﬁanging modulation index until maximum voltage
is obtained in square wave mode. The aistortion factor is less compared to that of multiple pulse
modulation; This type of modulation eliminates all the harmonics less thén or ¢qua] to 2(N-1). The
output voltage of an in\;erter contains harmonics. The PWM pushes ther harmonics into a higher .
- frequency range ‘:arou.nd the frequency f, and its multiples, thaf is, around harmonics m; , 2nl1r , 3m;

and so on.

In order to overcome the drawbacks of sine pulse.width modulation in drive applications, variab]‘e.
ratio PWM scheme was introduced. Thre¢ distinct.sinusoidal pulsé width modulation scheme are in
use for invgrters [3-5, 7-15, 25-261. They are the 1) Natural sampled 2) Symmetric regular sampled |
‘and 3) Asymmetric re;gular sampled PWM. In regular sampling methodAs‘ine.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 intérvalsl, say 20°, each -interval being cor_ltrolled individuall-y té
control the magnitude of Fhe fundamental component and to eliminate specific harmonics. This type
of control g'ivesllow distortion but higher fundamental amplitude cdmpared to that of normal PWM i
control. On the otherlhand the_optimized'PWM waveform do no follow well defined modulation
proces's [25-26] . This PWM approach is based on certain performance crit’erlia [21, 23]. As-a resultl
of the developmients of micr_oproc.essor technology ‘in recent year, the implementatioﬁ of optimized
pulse width modulation for switching inverters _ha‘ve become feasible [5, 26-27]. The technique of )
selected harmonic eliminati'olh , PWM has received wide attention recently. In this method the
notches are cfeated at predetermined angles of- the square wave wh i(_:h permits voltage control as well
as elimination of selectt;d harmonics. The notch angle can be programmed so that the .r‘ms ripple
current for a specified load condition is minimum. | |
0' .
There is another PWM scheme .wher'e the feedback current tfacks the reference current wave within
a hysteresis band. Two types of PWM stratégies have been reported récently for invgrter opération.
They are bang-bang sample PWM techﬁique and the delta modulation &echniqlue. The principie of
bang-bang sampling is based on the motor output current hysteresis comparison with a féférencé
waveform to ;generate the modulated wav'eform [26-27]. In r'ecent years delta_ n_lodulation has been
finding its way for gen'efatirig switching waveflorms for converters [iO,‘ 25, 28].4 In delta modulation
a triangular wave is allowed to 6scillate within a defined window above and below the reference sine
wave A, . The inve.rter switching.function which is identical to the output voltage: V, is gen'erated :
from the vertices of the triangular wave A, as shown in figure 1.4. It is also known as hystetesis
modulation. If the frequency ‘of the modulating wave is changed keeping the slope of the triangular
wave constant, the numbér of the pulses and the pulse width of the modulated wave would change. a
The delta modulation can control ghe ratio oflthe voltage to frequency of an inverter which is a

desirable feature in ac motor control.
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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 varlable frequency that is lower than or equal to the angu]ar frequency of the

source.

Figure 1.5 shows a single phase icycloconverter employing two controlled rectifiers. 'One rectifier .
handles only positive pulses known as pos1t1ve group or P’ converter and the other handles negatlve
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 signa.ls 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 all-ternate operation of the P—converter and N—converterl an ac of
_des,ired frequency can be obtained at load side. The frequencv of the cycloconverter is'determined
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 waveforms are 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



5 5 :
“ 1 [ "
W =t T == "
9“ "
=1 . - !
: ™ '
v ) . ".
' . 1 '
2z [ =1 “
..................................... s B
™
(n]
>
2 0 < O
_a
. S
< EN L_
. A
5| = R m
B <] =<1 ._
b . '
S w® N m
' 1
e - 4 m
RSN e papapapepspapep IR IR R R R it
-

Vs

Fig. 1.5 Basic slngle phase cycloconverter

)



[~
gl
=3
Ly
™
;
o
K]
#
K

O Q-
;
1
A
1
1
1
:
[}
[
4
:
4
3
L]
1

4
AN A YA ;
S NN\ "
W *
/ i~
T'J’ r4 '
. PonN . L L S LN ponN wi
' ‘P'OFF
Ve /\/\
el ' - i
e |
. I
Fig. 1.6 Operation of the ‘P’ Converter while ‘N’ converter is off .

1) 'P* Converter on, ‘N’ Converter off
2} Input Sine Wave
3) Gating Signals of Switch T, & T, of ‘P’ Converter :
4) Gating Signals of Switch T3 & T, of 'p’ Converter
5} V. Cycloconverter Qutput when 'P’-Converter is on
T = Period of Sine Wave
T. = Period of Cycloconverter Qutput

O



ON , ' o OFF

D0

Vi

T, T2

SN NN o

wi

ot . o

Ve

Fig.

P Tor2 —j}/\/\/

wi

7/2—|

Tc

1.7 . Operation of the 'n’ converter
~while 'p’ converter is OFF.
1) 'n" converter ON, ‘P’ converter OFF
2) Input sine wave - _ '
3) Gating signals of switch TI'&t2’ of 'n’ converter
4) Gating signals of switch T3'&T4 of ‘n’ converter
5) Ve eycloconverter output when ‘n’ converter is ON

T- Pertod of supply sinewave ,
.Tc= period of cycloconverter output

i

PR,



Cpt T1 & T2

ON T3 & T4

'n’ T1' & T2’

converter

ON T3 & T4

Fig. 1.8 ".['Y'Dic-al mpply and the output wavetorms of a single phase cycloconvorter

Ve

vi

/\/\/\

'__.;T*~.

Te/2

Te

i) Input gine wave

U)gating rignala of T1 & T2 of ‘p’ couverter

Yii)gating mignats of T3 & T4 of 'p’

iv)gating Signais of Tt & T2-of '@’

ognvertar

converter .

v)gating- gignals of T3 & T4 of ‘0’ convertar

2

777/‘1/77‘ _

- ]
V77777770 [
V207
ANEANEIAN W
U U



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.

'A'mong the three modulation processes used in converter control the sine pulse width m.odulation ot -
Figure 1.10 is the most vers;cltile one.. In this method the switching waveform’s pulse width’s are '
sinusoidél functiol\n of ej(ich cycle. Good performance of this modulation technique depends precisely
on the capabilit.y of the electronic Circuitry to define accurately the switching insta-nts of the power
converters in order to ¢ause the 0ufput of the controller to be ‘a train of.puls.es with a time average

that approximate d sinusoid.

'Figure 1.11 illustrates the technique of SPWM waveform generation for a ,singlé phase
.cycloconverter..ln this process the reference rlectlified sine wave is compared with a high frequency
carrier triangu.lar wave (0 producé the switching instants at the crossover of the two waveforms. Thel
resultant waveform can be obtained by switching of input wave for desired duration to obtain trhe
final gating signal for device switching. Qutput waveform’s harmonic cdntent', switching frequency
and the magnitude of the output voltage can be controlléd 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 termé 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 s_hift circuit. PWM switching
strategy will be explored to chose an appropriato switching signa] for static switches of the static
plhase shift circuit.

Analysis will be carried out to find a suitaoic pulse width modulated s;vitching strategy for the phase
shift circuit. The result of the analysis will be used in the design and construction of lOgio oircuit
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 iriclud.cd in this chapter. Operation of cycloconverter is aISo included.

In chapter two, operation of a phase shift circuit and analysis of waveforms of ph_as_e shift circuit
have been under taken. Analysis of waveforms in time dolmainrand spectrums in frequency domain
are included in this chapter_. The variation in waveforms and spectrurﬁ with the possible variation
of modulation index and carrier frequency have been discussedVWith special emphasis on voltage
variation and dominant harmonics. !
Chapter three deals with the practi.'cal implementation of the proposed work. It describes the practical”
circuits and related specification of the devices and components which are being used to iniple|11e11£

the circuits. [t 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



2.1 INTRODUCTION -

This chapter deais with the descripfibn of single phase, phase shift circuit and analysis of output
wave forms of single phase,n phaﬁe shift circﬁit. For the sine pulse width modulated phase shift
circuit, detcrmination of switching points from the various c‘onditionrdf modulation is ,ne;cessary.'
Effort has been made in this chapter to find the switching points using simple mathematicé'én.d few
acceptable assumt'ilon. Harmonic analysis of the wavefarm has been perform;ad by discrete Fourier
transform. Discrete Fourier Transform (DFT) software are readily available these days. A
' commércial software (MATLAB) [8] has been used for eva!uation of DFT of output waveform of
single phase SPWM phase shift circuit

The result thﬁs, obtain are used to decide which corﬁbination of médulatioh index and carrier

frequency can practically be used to obfain 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 topologi'es‘of proposed bhase shift circuit are shown 'in figﬁre 2.1to 2.4 . The gating signals
of the static devices of the (_:onverters. for each topology are shown in the'c'orresponding figure,
which can be used to switch supbly voltage at every quarter éycle. In the figure 2.2, when switch
S, (A;D) and S, (A,D) are closea for a first quarter cycle, the output waveform of Figure 2.5.1s
obtained, and Qhén switch Sy (B,C) and S, (B,C) are closed for next two quarter cycle the output'
is obtained as shown in Figur‘e 2.6. After a full cycle switching the output_waveform will look like

as shown in Figure 2.7.
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output wave

Fig. 2.5 Output after 1st Quarter Cycle -

output wave

Fig. 2.6 OQutput after 3rd Quarter Cycle

;////output wave . E
O /\ \Wt

Fig. 2.7 Output of Full Cycle Operation.
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| For circuits ef Figure 2.1, 2.3-and 2.4 the conductien 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 replace'_d by bidirectional switches to reduce the number of switchieg elements. The gating eirc_uit
of such a circuit is shown in Figure 2.1(f). |

The output waveform_ihfigure 2.7 is 90° phase shifted from the input Waveform and can be used

for starting single phase induction motors.
2.2,2 WAVEFORMvANA"LYSIS OF SINGLE PHASE STATIC PHASE SHIFT CIRCUIT

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

two waveforms shown in figure 2.8 and figure 2.9,

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

Fourier coefficient;

: oo
b, = = f 2 s(t) sin 28T g¢
TS Q . 5
4 =
T fo ? sin 21;3”:(1’(: (Magnitude of s(t) consider as unity)
s s : : ) g
Ty
- 4 5 2nmt, =
T T cos
T, 2nm [ , T, Io
- 2 : 4 _
= — [1 -cos nr] = — wheren=1,3,5.......
an nm : '
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, * sin nw t . '
s() = 4 ¥ ~ 8 - whére = 2nf, = 20
T r=1305. n ‘
[+ 3 .
_ i E sin 2nwt
L n =135 n

A =V, sin ot

The phase shift output voltage

a« -

4v, sin w? sin 2nwt
v, = fids(®) = —= Yy -
- T n=135. n
_ v z“: ~ 2sin wt sin 2nwt
L n=135.. RL

_ 2y, E cos 2n - Dwt - cos 2n + Dot

b4 n=135.. . " n
2V, - 1 1 1 -

= —— (cos wt - cos 3wt + = cos Swt - — cosTwt + = cos9wt - ...)
19 3 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. | v

Harmonics contents are tabulated in table 2.1,
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Order of harmonics - - Harmonics Order of harmonics . Harmonics | '
contents in p.u o ‘ | contents in p.U

1 0.637 s o 0.09

3 10637 -' | 7 | 0.070

5 022 |1 | -~ |-0.070

7 S 02 | 21 | - ‘ 0.057

9 . | 0.127 |23 a -0.057

11 o | -0.127 25 " | 0.047

13 000 - |2 o 7-0.0'47

Table 2.1 Harmonic contents of phase shift output waveform.
To reduce low order harmonics from the output waveform PWM switching technique is o be

applied.
‘ A - Lo )
2.3 MODULATED STATIC SINGLE PHASE, PHASE SHIFT CIRCUIT S Q

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 tol determine switching
points and different switchiﬁg functions [2] so as to define output waveform in terms of switching
points and .switching‘ function . The following steps were used in defining the moduiated output
waveforms in terms of switching points and switching functions.
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o 3 (t) sw1tchmg Functlon

=g 6 ) - 8L ) F Bt b )
Where : o
g(t, ty, t) = gate function startmg at 0 and ending at t, = 7r/2
| g(t,, tl t) = gate function starting at #/2 and ending at t, = 3w/2
_ g(t t,, t3) = gate function starting at 37/2 and ending at t; = 27
' m(t) = modulated waveform obtamed by the comparlson of modulatmg sine wave with a carrier

‘ trianguiar wave.

N

m(t) = >, & tzil.- 1 b

i =123

where

g(t; ty ;. L) = gate function starting at t; and ending at t,,. and t,,, are switching points of the
modulated wave. |

If vi = V_ 5inB is-the input sine wave to the static converter, phase shifted waveform v, and
modulated phese shifted waveform Qms can be obtained as

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

The modulated phase shifted waveform can then be processed by package programs [8] to obtain the

fourier spectrum. A typical 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
, medulating wave so that the waveforms can be defined in terms of switching point. The modulated

wave switching points are determined by the fact that whenever the carrier triangular wave Crosses
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b) modulate switching wave and phase shifted wave -

¢) modulated phase shifted wave: :
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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
8; = pulse width of the i th puIsé
= 7/N = distance bétween successive pulses
“A, = maximum rﬂagnitude of mbdu[al:ing rectified sine wave
A = rﬁaximum rﬁagnitude of the carrier triangular. wave
©, = mid location of i th pulsé
m = A/A_, = modulating index

The modulating process ensures the following

35[.(1i
. Ac

Where e is the modulating wave and « is the sine of proportionality

e = A, sin 6,
= mA_ sin 6‘.
bur 6, = Z - 1'rr
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2i -1
T

e=mAcsin

From the condition &, « € and & « 1/A; we can write

Which can be written as

KA, . 2i-1
6;': — sin T
A N

<

Km sin 2 - 11‘t

which shows, when nunill:;er of pulses are kept constant 'pul.se widths vary with modulation index.
"When modulating index is kept constant, pulsé widths vary as a sinusoidal function of pulse ﬁumbef
N. Once the pulse widths of all the ‘pulses in -the hﬁ[f cycle canﬂ be found by the _above the
expression, the waveform can be represented in térms of the pul;e widths. For example, the pulse

position can be written as;

x O . S
iy is the first rising edge
7 L. :
— + — Is the first falling edge "
N 2 _ ' |
)
LA is the 2nd rising edge
2N 2
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3 ‘Sz . .
— + — s the 2nd falling edge
VR Jalling edg

In general the i th rising edge is

. 5.
o, = 21, 2
ud 2N 2

and the i th falling edge is

o . 2-1 +E
id 2N 2

These -expressions can also be obtained in time domain and can be used for waveform construction
and FOurie‘r series or Fourier transform ahalysis.

{n the derivation iﬁvolving interaction between sinusoidal and triangular wave,‘ the proportionality
constant K is giQen by w/N [29] | |

In this thesis, ho;;vever, the modulated signal was simulated by using two sinusoidal waves i.¢

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

[0 = A sin ot

and the carrier signal be expressed as;

£ = Ac sin No_ t where . = Nf,

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

£.0 - f@® =0

Ar sih @ t - Ac sin Nw t =0
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. - r +
sin mmt = ;— sin Nw t

sin 2xf,t = — sin 21N,
. m ‘

For m.= AJ/A, and f, = Nf, = certain value will give switching point t;, t,.. 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 shov:vn in
figure 2.12 is as below,
Fourier coefficient

4 b -

2 T, . 2nm
b, ?Sfo s(t)sm—T—tdt-.

' 5

- e T -«
=£f in znntdt—}—f; sin 2m":tdt
Ts @ s T 25 4a
5 2 5
T, T
2 2 ° a
= - = = szmrt]a2 L2 s [cosznit]?
Ts 2nm '.T‘v T_T . 2nm . S
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Fig. 2.12 Analysis of the Waveform-
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2nn * 2nm @
- - Lpcos 232 v L [eos 25070
nm T nn T, S+«
2
1 2nn 1 2nmw
= — [ cos ncz—cos(nn—zn—na)+-~[cos(2mt— o)
nm T nwm
' s s s
2nn
-cos { nm + a )] ‘
. | | i
pOE
i
1 2nm 2nn . . 2nm it
= — [ cos € - COS NT COS @ - sin aw sin o ] - o
nt ; ; T, v
1 2nt 2nm 2nm
+ —[cos———a - €0S N1 ¢O0$ ——a — sin am sin -———a]
nm 5 s ] s
1 2nm ' 21
= — 2 cos & - 2 cos nm cos o]
nm
5 ) s
2 RS
= —[cosnwa (1 -cosnr)
nt
= ~— COS @ . . ~ where n = 1,3,5......
nw . -
Switching function s(t) can be express as;
o 4 .
s(®) = y — ‘cos nw, @ sin nw ¢
5
=123, BN
o . 4 B .
= E — cos 2nwa sin 2nwt where w_ = 2w

n=123. NN
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F3

L LS

'~ So the modulatéd static phase shifted output would be

4 , . .
— €05 2ne, sin 2n0 sin 6 whre we = ap, wt =0
n=123 NI . .

™

Vino @ =

. . |
- )y 2 cos 2ney . 1 [cos 2n - 1)0 - cos (2n + 1) ]
=123 NHT -2 . |

it

-% cos Zwa cos B - E cos 2we cos 306 + i coé 6we cos 50 - ...
4 T S 3n :

Which shows that third harmonic does not reduce and other harmonic also considerably high.
Computations have been done by using MATLAB software fbr’ different modulation index and

carrier frequency for sine PWM switched phase shift circuit which are shown in'the forllowing péges
2.6  OBSERVATIONS

A series of Fourier analysis of-siné pulsé width modulated wave and the single phase, phase shift

| Cif(}uit output voltage ha:; been done. In the analysis modulating index m was varied f.rlom Sto 113 '
and carrier frequepcy f. was varied froﬁ 450 Hz to 850 Hz. From Fi;'gure 213 &2.14 it is eviden.t-
that dominant--har_monics of sine PWM wave shift to higher fréquency near carrier frequency.
whereas, From Figure 2.17 to ﬁg‘ure 2.18 indiﬁates that fundamental ;foltage of siné PWM inﬁ:reases
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 wavetorms. The behaviour of the

modulated phase shifted waveforms were obtained as shown in Figure 2.19 to 2.24. Harmonics near

—-—
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- carrier frequency shift with the change of carrier frequency as eviden’; in Figure 2.20 and 2.21 and
the magnitude.of the fundamental Qaﬁe inéreases with the increase of modulation index. Though low
order harrﬁonics, specially the 3rd, Sth, 7th etc are lower than the output wave of unmodulated phase
shift circuit, their magnitudes are still comparatively high. This ‘-situafion improvés if over
modul_a'tion is applied to fhé modulation circuit and the effect of over modulat.ion 1s evident in Figure

2.23 and 2.24.
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CHAPTER 3

PRACTICAL IMPLEMENTATION



3.1 INTRODUCTION

To demonstrate the practicability of the single phase, phase shift circuit, an experiment was set up
and successful opération 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.
3.2  PRACTICAL CONVERTER CIRCUIT

The p_ractical converter. is shown iﬁ figure 3.1. The circuit consists of a bridge rectifier, four
MOSFET tIRF840), .four optocoupler connected to the gate of the MOSFETQ; and a load resistor o-f
2 kilo ohms, 5 watt rating. | | |

Pulsating‘uni'directional AC voltage_ comes from the bridge rectifier and the MOSFET switches were
swiiched levery.90° through isplation optocoupler (4N25) to ob&ai.n desired output at the load. To

isolate the gates of the MOSFETs; three power suppiy units having séparate grounds were used.
3.3 PRACTICAL MODULATOR CIRCUIT |

The modulator 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 wo 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 contfiguration

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

The. triangular and rectified unidir.ectional' sine waves were compared in the comparator, tﬁe output
is a modu‘latéd wave of var};ing pulse widths having conétanp magnitude. This pulse width
modulated signal is used'as a switching signal to switch tﬁe full wave rectified signal, to ob_tain a

pulse width modulated rectified wave.
3.4 PRACTICAL LOGIC CIRCUIT

"fhe lOgic circuit was design for g6nerating two switching sig'nals T, and T3.. The circuit was design
such that there was a 60 micro secbnd dela.y betwer_enrpuls‘es of Tznand T; to évoid short circurit due
to simultaneous triggering_,w:n:C S\?;’i[CheS on the same leg of rbridge circuit. The iogic circuit comprised
of an intégrator, a Schmitt trigger, a comparator, AND and NOT gates and a'dio'de clipper. lThe
figure 3.3 show tllle‘ practical logic circuit with it’s ratings.

Figures 3.4 and 3.5 show the output of the diffefent stages of the logic circuit, a sine wave was
passed through an integrato'r and output Was a cosine waw;,. The cosine wave was cbmpared with
Zero refer.ence in the comparator and the _olitput was square. v;'é.ve ‘a’. After clipping the négatiye
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 hexinverter 4049.

Square wave ‘D’ was generated by passing a césine .wave t»h'rough'Schmi[t trigger and a diode
clipper, 60 micro second difference between the down edge of "A” and riéing edge of ‘D’ was fixed
by designing the resistance valﬁe of Schmitt trigger. Wave "B’ was produced by passing signal "D’
throug‘h‘ a NOT gate of hexinverter buffer chip 4049, |

The sWitching signals T, and T, :were found by AND operati.on of A’ With 'B” and 'C’ with H’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 10 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 recfifier circuit. Figure 3.7 (a) shows the gating- signals
of bridge circuit of the phase shift circuit actilng as an inverter. The swit-ching devices used in thé
power ci%cuit_ are MOSFETs IRF 840 of 800 V, 8 A rating. Figure 3.7 (b) shows the modulated
phase shift circﬁit output obtained by switching' the rectified modulated wave of-Figure 3.5 (b) by
'the inverter circuit. 'Figureé 3.8 and 3.9 show the éurput of the of the phase shift circuit for
different carrier frequencies resultipg the change of switching frequency of the modulated output.
" Figure 3.8 is the output for carrier frequencies of 1 and 1.5 KHZ. whereas, Figure 3.9 ils 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 f, 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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CHAPTER 4

SUMMARY AND CONCLUSIONS



Analysis and c.ies.igh of a phasé shi_ft circuit to provide considerable phase shift of the supply voltage
in a single phase motor has beén t_he main focus of this resegrc‘h work. Several topologies of static
cycloqoi1verters and cycloinverters have been studied to develop an appropriate's_tatic pl}a§e shift
circuit. Quarter cyéle swftching of supply sinusoidal voltage prov@des an easy method of obtaining
an output having phase shift of 90°.from the input, However, such an output cogtains sigllificatlt
amount of low order harmonics ( third harmonics equal‘to th.at of fundamental voltage ) which is
detrimental in terms oflharmonics losses and‘unwanted torque production in a motor causing
reduction of efficiency of the motor and causing acoustic probiems._ 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 mc;dulation parametérs to obtain .small low .'order
harmonics and high fundamental voltage at the output of the phgse shift.circuit. 1t was found that
over mddulation ( having modulation index AJA, > 1.0) would provi‘de the above features in the

phase shift converter circuit.

Analysis of the phase shift circuit waveforms was carried out using commercially available
MATLAB softwaré on the simulatcd waveforms. Simulation bf the waveforms have been done by
taking product of the input sine wave-With aphropria_te switching function. The switching function
in the case of normal phase ‘shift c,;ircuit is a square wave synchronized wﬁth input sine wave having
double frequency of the input sine wave. In the case of modulating switching the swi;chirig function
was constructed by gate functions defined bly the sWitching points generated from 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 switchirg 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 desi'gned 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
running 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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WAVEFORMS AND SPECTRUM OF SINE PWM
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APPENDIX 1

WAVEFORMS AND SPECTRUM OF PWM PHASE SHIFT

' CIRCUIT
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Fig. A.2.17
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Fig. A.2.19
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APPENDIX Il

PROGRAM IN MATLAB



PROGRAM FOR SPWM WAVEFORM ANALYSIS

T=1./fm;
Ec=1.0; -
t=0:T/2000:T;
bb=0%*t;
am=Em/Ec;
N=fc/fm:
tc=1./fc;
tm=1./fm;
s=(4*Ec)/tc;
twl=0.0;
for i=1:2*N;
aip=((1-1)/2.).*tc;
li=i+1;
ql=(-1)"1* s * (t-aip)+(-1)"ii *Ec;
bi=1/2.: ‘ '
q2=ga(t,aip +.000000001,bi. *tc);
w=ql.*qZ;
twl=twl+w;
end
tw2=Em*sin(2*pi*fm*t);
axis([0 tm -1.5 1.5))
subplot(221), plot(t,bb,t,twl,t,tw2)
xlabel("Time in seconds'),ylabel('Magnitude in p.u.")
- clear ql; ' ' :
clear g2;
clear w:
clear tw2;
. clear Ec:
clear Em:
clear t:
clear bb;
clear aip;
T=1./fm:
NP=512;
for 1= 1:N; _
theta(iy=(((2.%i-1.)*pi}/N); : )
t(i) =((pi/NY*(1 +am*sin(theta(i)))) *(1./(2. *pi*fm));
the(1) =theta(i)*(1./(2. *pi*tm)):
a(i)y=the()-t(i)/2.;
b(i)=the(i)+¢(1)/2.;
end
t=0:T/511:T;
bb =0%*t;
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wsum=0.0;

. NN=N/2;

for i=1:NN:

wl=ga(t,a(i),b(1});
w2=-ga(t,a() +T/2,b(1))+T/2);
w=wi+w2:

WSUIM = WsSUm+w:

end

clear wi;

clear w2;

axis([0 T -2 2]);

subplot(223} plot(t,bb,t, wsum);
xlabel(' Time in seconds.'),ylabel('Magnitude in p.u.'});
fs=(NP-1)/T;

. f=(fs/NP)y*(0:(NP/2)-1);

y =tft(wsum,NP);
pyy=(y.*conj(y))/(NP/2);

spec =sqrt{pyy/(NP/2));

clear y;

clear pyy;

clear fs;

axis([0 2000 0 1.25});
subplot(222),plot(f,spec(1:NP/2));
xlabel('Frequency in Hz.'), ylabel(’ Maomtude inp.u.')
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PROGRAM FOR PWM PASE SHIFT CIRCUIT WAVEFORM ANALYSIS

Nc=1./2.;

fm=>50;

Tm=1/fm:

Tc=Tm*Nc:

fc=1./Tc;

t=0:Tc/511:Tg;

wm=2_*pi*fm;

vm=sin{wm*t);

wsum=0.0;

for 1=1:2*Nc;
w=({-1)"(1+1))*ga(t,(Tm/2)*(i-1),(Tm/2)*});
wsum=wsum-+ w;

end ,

vr=wsum. *vn;
gac=ga(t,0,Tc/2)-ga(t, Tc/2,Tc);
ve=vr.*gac; ‘
NP=512;

for i=1:N;
ti=(pi/N)*am*sin{(pi*i)/N)*(1./(2. *pi*fc));
thetai=((pi*i)/N)*(1./(2. *pl*fc))
a(i)=thetai-ti/2.;
_b(l)—thetax+[1/2.,

end
wsuml1=0.0:
tor i=1:N:

wl=ga(t,a(i),b(1));
w2=ga(t,a(i)+Tc/2,b(1)+Tc/2);
ww=wl+w2:

wsuml =wsumi +ww:

end .

vepwm=vc. *wsuml;

axis(fO Tec -2 2D .
subplot(221) plot(t,vepwm)
xlabel('Time in sec.")
ylabel('Magnitude")
fs=(NP-1)/Tc:
 t=(fs/NP)*(0:(NP/2)-1);
y=fft(vecpwm,NP);

pyy =(y.*conj(y))/(NP/2);
spec=sqrt(pyy/(NP/2)):

axis{[0 1500 0 1.25));

* subplot(223),plot(f,spec(1:NP/2)):
xlabel(' Frequency in Hz."), ylabel('Magnitude')
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