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Abstract

Cycloconverters are power converters used in the applications requiring a.c. to a.c.

power conversion of vanable frequency and magnitude. Usually these converters are used

for large horse power a.c. motors, specially in the synchronous motor drives. Pulse width

‘modulation {pwm) control i being used in these converters to reduce the size of input/output

filters and to control output voitage and freqL;enc,\_.'. Pwm technique also reduces the low

order harmonics of the output waveforms and thereby reduce the detrimental effects of

harmonics on the applications, i.e., the harmonic losses, heating and torque puisation in .

a.c. drives. The most common form of pwm technique used in power converters is the
sine pwm technique. This technique has many advantageous features. Recently, computer
implementation of various sine pwin technigues are hecoming popular for static power con-
verter controls. including the control of cycloconverters. One objection of sine pwm control
15 the tedious and difficult implementation procedure with constrainis imposed by specific
performance optimization. Such optimization invariably requires waveform synthesis by
off-line main{raine computers and on-line microcomputer implementation. In the present
thesis. an eftort has been made to analyse and implement a delta modulation technique to
control a single phase cycloconverter. One of the ohjectives of this work is to demonstrate
the ability of this modulation technique to hnprove the peformance of the cycloconverter
on-line. Implementation of digital logic circuits for operating a cycloconverter has been built
and tested successfully. Deltn modulation provides equally good and in some respect better
performance of the converter control compared with the sine pwin technique in the single

phase cycloconverter application.
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CHAPTER - 1
INTRODUCTION

There has been sigmficant advances in power electronics during the last few years. Several
types of power converters are available which are mainly used for conversion of electrical
energy from one form to a dilferent form. ‘L'he hasic power converters are nc to ac voltage
controllers, ac to dc controlled rectifiers. de to ac nverters, de to de choppers, ac to ac volt-
age and frequency changers (Cycloconverters) and the switeh mode power éuppiiea. This
research aims at the study of pulse width modultated cveloconverters which are usually
nsed i applications which requite diveet frequency change st variable voltage. One of the

main objective in this thesis 1 to investigate the possible use of delta modulation technique

for the cantrol of cycloconverters and the companzon of its performance with commonly | =

used sine pulse width modulation (pwm) technigne. In the recent past, Delta modnlation
technique (dm) has been suceessfully nsed for control of several other type of power con-
verters hike iverters, control rectifers and choppers. However, its application in the control

of cycloconverters has not been carried ont so far.

1.1 Introdnction.

Cyeloconverters are static power converters nsed for the transfor of enerpy from supply ac to
nc of arbilrary frequency and voltage. Fig, Fo1{n) shows a single phase (‘_\u:lm:nnv(‘ri& uBing
two controlled rectifiers known as 'p’ and ‘n’ converters. the function of the ’p’ converter
15 to supply the lond for certain time { half the period ( 7, )} of eycloconverter fregquency
Lo During “p’ converter operation the gating signals required for she switching devices of
the converter are shown in Fig. 1.1(h). It 1= mentionable at this point that when the
switching devices of the p’ converter are turned ON and OFF, the switching devices of
the “n* converter are completely OFF { no gating sighals are provided 1o the gates of the
switching devices of this converter during this time interval ). When half the period of

the eycloconverter is over, all the 'p’ converter switches nre made completely OFF and 'n’
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converter switches are activated by the gating signals as shown in Fig. 1.1(c). 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 a.c. of desired frequency can be obtained at. the load side.
The frequency of the cycloconverter is determined = " by the total duration of 'p’
and 'n' converters ON OFF time. However. the average value of the converter’s output is
determined by the ON OFF time of the 'p' and 'n’ converter switches during each half cycle
of the supply voltage ( of 50 cps as in the phase controlled cycloconverters ). The gating
signals of a phase controlled cveloconverter switches and the resultant output waveform
of .a phase controlled cycloconverter are shown in Fig. 1.2. 'T'his type of cycloconverters
are naturally commutated. H force commutation technmque is used. only one converterd
would perform the same job. Cyvcloconverters for polvphase are also in use for frequency
changing purpose. ‘T'heir main use is tn adjustable speed drives. In nen drive systems their
use is very ltmited. Since the maximum output frequency of these converters are limited to
the supply frequency (in naturally commnulated converters) they are usually used in drive
systemns requiring frequency variation from 0 to the frequency of the supply voltage. In

other words they are used in slow speed drive svstemns [1].

Various types of cvcloconverter circuits have been developed so far. The variations were
introduced by the requirements of load and cost effectiveness of the cvcloconverters. In
most of these converters. as mentioned earlier. it is necessary to control output voltage and
frequency [27.28]. Since the ontput valtage and the input current of these converters. like
anv other static converter waveforms are nonsiousordal. harmonie reduction schems are also
desired. It has been the efforts of researchers to reduce the requirement. of output /input filter
requirements and improve the converter waveforms hy various control strategies through a
mimber of modulation technigues.  Also the power circuits are also undergoing various
modifications with the advent of ditferent improved static devices. Usually SCRs precede
all other static devices in the cvcloconverter cirenits beeanse these converters are norinally
used in the high power drives requiring devices of high voltage and high current carrying
capability. For medium and low power use converters with B.l1l's. GTOs. MOSFET and

other static switches may be emploved. However, sueh application has so far been nominal.
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‘T'he objectives of this research as mentioned is to investigate the possible use of delta
modulation technique in the operation of a single phase cvcloconverter and to compare the
performance in terms of control and harmonic elimination with commonly used pulse width

modulated {pwm) cyvcloconverters.

1.2 Pulse Width Modulated Cycloconverters.
Normal cycloconverters have the inconvenience of having output waveforms containing con-
siderable amount of low order harmonics. Theyv also need double power conversion or dual
converter systems_for simultaneous voltage and frquency control. These problems of normal
cycloconverters can be reduced by incorporating pulse width modulation for the control
purpose.
The objectives of tvpical cvcloconveters disappear if the cyclocoﬁverter is supplied by a
controlled rectifier and a forced commutated inverter operated at very high frequencies
so as to chop the input for double purpose of voltage contro! and low order harmomic
elimination [Fig 1.3). Also the modulation process can he performed prior to the inverter as
well [Fig.1.4) using a pwm switch. The operation of the converter of Fig. 1.3(a) is illustrated
i Fig. 1.3(b) and 1.3(c), whereas the operation of converter of Fig. 1.4(a) is illustrated in
Fig. 1.4(b) and 1.4(c) respectively.
Pulse width modulation (pwm) makes use of cyclocnnvet(.ar circuitry to permit vanation of
the ratio between input and output voltage of the converter. Pulse width modulation though
being used in almost every static converter schemes these days, its earlier developements
began with the control of inverter inputfoutput. In an inverter pulse width modulation
technique accomplishes both voltage and frequency regulation which otherwise needs dual
converter schemes. In power inverter control the inverter section is arranged to switch the dec
in such a manner that output line voltage consists of a series of pulses. Pulses are arranged
in such a manner that the average output voltage leads to a sine wave. This technique is
the most recent and involved process as used in static variable frequency drives. Three most
commonly nsed modulation techniques in power schemes are (6],

1. Single pulse modulation

2. Multiple pulse modulation and
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3. Sinusoidal pulse wmidth modulation
Among the three modulation processes ({Fig 1.5(a). .l.ﬁf‘h), I.S(C))jrsed in converier con-
trol the sine pulse width modnlation Fig 1.5(c) technique is the most versatile one. In this
method the switching waveforin’s pulse widths are sinusoidal function of each cycle. Good
performance of this modulation technique depends precisely on the capability of the elec-
tronic control 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

approximates a sinusoid. Such control signal generation was introduced by the comparison

of triangular wave known as carrier wave with the sinusoidal wave called modulating wave.

1.2.1 Brief Survey of PWM Technique [5).
The earliest modulation techniques.for the control of power converters were the single pulse
and mnltiple pulse modnlation [2,3,4.5]. Eventually sinisoidal pulse width modulation su-
perseeded these modulation technique in the control of power converters [4,7]. The first
sine modulation technique nsed in power converters was the asynchronous spwm {8|. This
method was problematic in mnaintaining integer ratio between modulating wave and carrier
frequency which used to resuit in unwanted subharmonics at the output voltages of the
converters. The problem was solved by synchronous spwm technique. However. several other
problems were faced in this method (8.9,10]. With a view to overcome these problems, pulse
width modulation with variable ratio scheme was introduced. In the variable ratio scheme.
the carrier steps through a sequence of ratios as the operating frequency of the converter
is increased. Currently three distint approaches are in nse to formulate the pwin switching
strategy {11,12,13). These are, |

a. Natural sampling technigque [4.11)

b. Regular sampling technique [11.12.13.15)

c. Optimal switching strategy {16.17.18)

Detail descriptions of these modulation techniques and their advantages and disadvantages

are given in the references.
Along with the implementation of various modulation techniques, the analysis of different

converter waveforms have alss been carried out from time to time. Attention has been
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focused mainly on the analysis of the output voltage and the input current. The usual
method is to use Fourier series analysis [13,19,20]. Presently the harmonic determination
of waveforms can also be carried out by available package programs which use discrete
Fourner transform in analyzing nonsinusoidal waveforms. The analytical approach is drawing
more attention due to the fact that the implementation of different modulation techniques,
especially the optimum pwm require mathematical formulation of software developments for

their implementation. N

1.2.2. Delta modulation techl_ﬁque [21].

Delta modulation (dm) is one of the most simple technique of modulation of analog signals.
In last few years its possible use in'the control of vaious power converters like inverters and
controlled rectifiers have been repofted (16,21]. This scheme is simple and easy to implement
and has versatile controllability. Deita modulation is one form of asynchronous pulse width
modulation. In the use of inverters and controlled rectifiers the properties of modulation
circuit have been successfully used to obtain output waveform of low order harmonics and
with fundamental voltage variation as required by the applications. As for examaple for
inverter drive system the fundamental voltage variation with V/f= constant ( ie. the
ratio of the fundamental voltage to inverter operating frequency = constant ) was obtained
without additional control circuitry.

Constant research in the possible use of delta modulation for controlling inverters in induc-
tion motor drive also focussed on the modulators capability of on-line waveform sysnthesis.
This on-line waveform sy#nthesis makes use of the modulator’s filter and quantizer proper-
ties to achieve near optimum output waveforms which were previously obtained only By the
complex computer implementation of involved mathematical procedures [22,23].1t has been
shown that implementation of dm controller either by analog circuits or by MICrOProcessors

are simpler than conventional pwm techniques [22,23].

The block diagram of a basic dm is shown in Fig.1.6. The components of this modulator are

a quantizer, comparator and a low pass filter. For a single phase cycloconverter operation.
the input to the modulator is a rectified sine wave and the output is the modulated wave.

The integrator performs the signal estimation by integrating the output signal which is

17
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then compared with the input signal of the modulator to produce an error signal. The
error signal is quantized bv the qunatizer to produce the required modulated signal to
turn ON/OFF the cvcloconverters outpnt waveform. Fig. 1.7 is a variation of the dm of
Fig. 1.6. In the new circuit the quantizer is replaced by the hyvsteresis qunatizer and this
type of modulator 1s known as rectangular wave deita modulator (rwdm). In the rwdm
the hystefesié qunatizer ltmits the excursion of the error signal within a hysteresis band
or a window. Such a limit provides useful hysteresis current control for inductively loaded
inverters. In the past, ;.simple techmiques have also been proposed for harmonic reduction of
pwm converter waveforms using dm (22.23]. In Fig.1.83 and Fig. 1.9 the block diagrams of
tuned dm and variable step dm used for such purposes are shown. The integrator circuit
generally used in the feeback circuit of the delta modulator is shown in Fig. 1.8(a). The

- integrator is a low:D) pass filter and has the following transfer function,

Y k A
— = - B P S
eil9) T8 + 1 '
where. k 15 the gain of the filter and r is the time constant. e {s) and e,(s) are the output
and input signal of the integrator in frequency domain. In the tuned delta modulator
this fixed cutoff frequency integrator is replaced by a tuned filter. The tuned filter is a

combination of a linear analog multiplier and an integrator. The tuned integrator has the

transfer function.
CNED k

— = . 1.2)
ei(s)  Hra+ i !

where, the time constant is now 42~3and E.is a d.c command signal and the/fh{_ time <

E.
constant (i.e. the slope) is dependent on F.. Hence, the time constant or the slope of such
integrator can be made voltage controlled. In the case of converter control, the frequency
. control signal can also be used in changing the slope of the integrator in this manner. In the
case of variable step delta modulator a voltage controlled reistance can be used for changing
the hysteresis loop of the quantier. Fig. 1.10 shows a block diagram of a variable step tuned

dm which incorporates the advantageous features of both the modulators in one. In such
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modulator’s either the variation of slope (to a smaller value) or the variation of the step or
window size (to a smaller size) would result in a better tracking of input signal and hence
result in the harmonic reduction of the output waveform. Typical output waveforms of the
cycloconverter for various conditions of the modulator are shown in Fig.1.11 to Fig. 1.14.
The method of analysis and way to obtain these waveforms is described in later chapters.
However, for a short outline the method can be described as follws.

In fig. 1.11(a), we have the input sine wave and a square wave of same frequency { known as
the switching waveform sw;). When these two waveforms are multiplied in time domain the
rectified wave v, of Fig. 1.11(h) results. In Fig. 1.11(h) another square wave of frequency
that of the cycloconverter sw, is shown. When the waveforms v, of Fig 1.11(b) ts multiplied
by sw; in time domain, we obtain the desired cyvcloconverter waveform v, of Fig. 1.11(c).
Fig. 1.11(d) is the spectrum of the waveform of Fig. 1.11(c) obtained by discrete Fourier

transform.

1.3 Objective of the present work.
The analysis and design procedure for the application of delta modulation strategy in the
control of cycloconverters is the main focus of this work. An attempt, is being made to

compare this modulation technique with the commonly used sine pulse width modulation

»

'technique in the control of cvcloconveters. The study is the begining of investigation of

dm’s possible use in cycloconverters and hence involves the single phase cycloconveters as
the starting point. The objective includes the analysis of dm cycloconveter and sine pwn
cycloconverter waveforms using available softwares (to perform discrete Fourier transform
(DFT)) and compare them. Attempt is heing made to investigate the possible waveform
synthesis in obtaining output waveforms with minimum low order harmonics and also to
suggest a way of obtaining fundamental voltage variation such that ratio of fundamental
voltage to the operating frequency of the cycloconverter ( V /f = constant) as required by ac
motors during variable frequency operation. Besides analytical investigation, objectives of
research work also include the experimental verification of the results, speciallv a successful

demonstration of dms control capability in the operation of a cycloconveter.
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1.4 Outline of the Thesis.

Deltn modulation technique has bheen proposed for evcloconverter operation in variable
frequency apphications. No significant work has been done in this area so far. The present
work is aimed at a study and analysis of single phase pulse width modulated cycloconvert-

‘Ver,s. In proposing delta medulation for the operation of cycloconverters, ana!.\;sis has been
nndetaken to find the performance of sine mtlge width modhilated eycloconverters in chapter
two. ‘Ihe method of analysis of finding the switching points of sine pulse width modulated
cvcloconvertors are formulated. The results of harmonic analysis are reported in this chap-
ter. In chapter three a hrief review precedes the details of finding switching points of delta
modulated f‘.}'n‘:h:r'mivr‘lr!.m'q. Resnits of harmonic analvsis of output waveform of delta mod-

ulated evcloconverter with resistive load are also reported in this chapter. This chapter also’
includes the comparision hetween the twe modulation technique in the operation of n single‘
phase evaloconverter. Salient features of delta modulation is brought out in this chapter to

foens it better controllability over the conventional sine pulse width modulation technique. ,

In chapter four experimental design and hmplementation details are decribed. Results of ac-

tunl operation of a single phase cycloconverter controlled by delta modnlation technique are
also meluded in thiz chapter. Experimental vesuls are limited to the facilities available in
the power clectronics lab. Chapter five concludes on the overalt research performed during

this thesis work. This chapter alzo otlines the proposals for firture work.
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CHAPTER - 2
SINE PULSE WIDTH MODULATED CYCLOCONVERTER

2.1 Introduction.

T'his chapter deals with the description of a single-phase phase controlied and a sine pulse
width modulated cvclconveters. The analytical technique used for finding the output wave-
form of both phase controlled and pulse width moduiated cvecloconverters is outlined. For
the purpose of sine pulse width modulated cycloconverter. determination of switching points
from the various condition of modulation is also needed. Effort has been made in this chap-
ter to outline a technique to find the switching points using simple mathematics and few
acceptable assumptions. Harmonic analvsis of the waveforms has been performed by dis-
crete Fourier transform (DF'T'). Fourier series analvsis has been avoided for reasons ontlined
in the subequent sections. Since. DF']" softwares are readilv available these days. a. commer-
cial software (MATLABY) has been used for evaluation of the DDFI of output waveforms of
both the phase controlled and sine pulse width modulated cvcloconveters. The results thus
obtained is elaborated and is used for comparison in the following chapter to bring out the

advantageous features of delta modulation technique in the operation of cvcloconverters.

2.2 Phase Controlled single phase éycloconverter.

The operation of a phase controlled cvcloconverter can be understood from the Figs. 2.1
through 2.6 Fig. 2.1 is a dual controlled rectifier circuit supplied from the same a.c. source
and the load is connected between the converters as shown ( the operation of Fig. 2.1 is
described 1n chapter | in connection with the description of Fig. 1.11. For a resistive Joad
and the gating signals of Fig 2.2. the converter works as a simple cvcloconverter without
phase control. i.e only the frequnecy of the converter can be controlled by the variation of
time duration of the gating pulses. With such a gating sequence the output voltage control

is not possible.
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To perform DFT analvsis on the output waveform. it 1s necessary to define the output
waveform mterms of switching function t(defined in terms of gating functions). Gating

function can be defined as.

gl‘t.tg.fsjETL(:t.tQ}—-TI-I_f.fl] (2.4

where.

Pk

ait.tn. ty) = gate function starting at
| tn and ending t,
Uf_t._tqll-;: Unst step function starting at to
ult. ty) = U'nat step function starting at t,
=t fort> t,

= () elsewhere

The steps in obtaining the output waveforms can be described with the illlustration in Fig
2.3.

In the first step, input voltage »; is multiplied by sw, in the time domain to obtain a
rectified sine wave v,, which is multiplied again by another switching function sw, to obtain
the output voltage of the cycloconverter. The period of the first switching function swi is
the same as the period of the sﬁpply voltage waveform's period .The period of the second
switching function is the period of the cycloconverter output voltage waveform’s period.
The frequency of the output waveform can be varied analytically by the variation of the
second switching waveform’s period T,. Different waveforms thus obtained can be expressed

as,
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sy Z( 1) g{t,(n 1)2, 2} (2.2)
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N
T. nT.
= 1\t (n— 1) =< 2.3
5wy n—lza ( ) g{t,(ﬂ 1) 9! 9 } ( )
and
Vo = Vi. Sty. SWy (2.4)

A typical spectrum of the output voltage waveform with resistive load is shown in Fig. 2.4,
This type of cycloconverter control has no voltage control and Fig. 2.4 shows clearly that
the output waveform contains significant amount of low order harmonics. In order to obtain
voltage control of such cycloconverter, phase angle control can be incorporated into the
firing of converter schemes. Fig 2.5 shows the firing scheme of the cycloconverter for phase
control.

For analysis purpose, the techm'que‘ described earlier can be used to formulate the output
waveforms. Fig 2.6 shows the required switching function and the resultant output voltage
waveform.

'The switching waveforms of Fig 2.6 can be mathematically represented as,

¥ nei - T nT
suy = Z (—=1)"*Hyg t.,a+(n-—1)-é—, - (2.2)
n=1,2.. '
N
stig = (—1)"+ig {t, (n— 1)%, n—gi} (2.3)
n=1,2.. ‘ ‘

Typical waveforms for phase angle and frequency control are and also their. Spectra those
are shown in Figs 1.11 to 1.14 [Chapterl] respectively. When both output voltage and
_ frequency coﬁtrol 1s achieved it is evident that the output voltage is further corrupted by
the low order harmonics. In these case low order harmonics will also appear in the input
current waveshapes which would give rise to the requirement of large sized filters at both

output and input side.. Also in use many detrimental effect may apper in the form of

o

35



Magnitude in p.u.

o i e = ol sl -

200 400 800 BOO 1000 1200 4400 1800 1800

Frequency in Hz

Fig: 2.4 Typical spectrum of a 1-00 cycloconverter without phase
control

36

2000



vi.

T1 & 12
T3 & T4

T1'&T2?

T3'&T4?

\\\_;/%/,ﬁ\\\\\,////’ﬁ\\\\\,///("3\\\\,//!Wt-(a)
\ .
. wt. (b)
wt
" _ E wt,
N
— wt.
( ‘\ ’ :\ ’ y .\ \\ wi
! ] l T . 7 (c)
| L
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and the resultant output voltage waveform
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b) Phase centrolled switching waveform swi
c) Phase contreolled rectified sine wave
d) Switching waveform sw2 '
e) Output waveform of the cycloconverter
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harmonics losses, noise, heating and vibration etc. To reduce these harmful effects pulse
width modulation is lused to improve the waveforms shape. reduce filter requirements and
minimize harmonic losses.

It can be mentioned at this point that instead of using dual converter configuration. 1n
simple applications the following two schemes'can also be used as cvcloconverter to achieve
the same purpose with reduced gating signal involvements.Fig 2.7(a) shows a controlled
rectifter at the front end and an inverter at the output side and 2.7(b) shows the waveforms
of the cycloconverter confignration shown in Fig. 2.7ta) operation of the cirenit is discussed
in chapter 1 in connection with the description of Fig 1.3(a) to Fig. 1.3(c). Fig 2.8ia)
shows an uncontrolled rectifier and a chopper switch at the front end and an inverter at the
output side to give the cycloconverter waveforms shown in Fig 2.8(b).In onr case. we have
used the scheme of Fig 2.8(a) for its simplicity. However. for power flow in all direction or
a four quadrant operation of the converter oniy a dual controlled converter scheme can be

practically used.

2.3 Sine Pulse Width Modulated Single Phase Cycloconverter.

The need fof modulation technigue in the controi of various converter waveforms is empha-
. sized in the previous section. Sine pulse width modulation is one of the common modu-
lation process used in converter waveform generation. Fig 2.9 illustrates the technique of
pwm 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 gated by required waves of desired duration to obtain the final gating signals for device
switching. Output waveform's harmonic content, switching frequency and the magnitude of
output voltage can be controlied by variation of either the carrier wave's frequency or the
magnitude, resulting change in swicthing frequency and the pulse widths. This variation
is usually measured interms of modutation index which can be defined as the ratio of the

magnitude of modulating wave to that of the carrier wave.
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2.3.1 Method of Finding the Switching Points.

It 1s important in all modulated converters to find the modulated waveforms switching pomnt
so that the waveforms can be defined in terms of switching points. To find the slwil:ching
peints of the modulated signal generated for the control of a single phase cveloconverter. {Fig.
2.9] the following technique has been used in this thesis. The modulated wave’s switching

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

reference rectified sine modulating wave. a pulse is produced and its duration 1s as long as

the carrier wave’'s magnitude remains higher than the modulating wave.
Pulse Width Determination

Let.

N = number of modulating pulses for each half cycle

b; = pulse width of the ith pulse

g . ' .
=x = distance between successive pulses
E., = mazimum magnitude of the modulating

rect: fied sine wave
E. = marimum magnitude of the

carrier triangular wave

#;, = 1th pulse's mid location
. .

ur = = modulating indes:
E, :

The modulating process ensures the following.

& o e

1
] d !5. o =
[757) X _E“_.

where. e is the modulating wave and « is the sine of proportionaiity.

since,

ity
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e = E, sinfy

we can write by rearranging the following expressians.

e = E, sin6;

y [ '
= — ' stnty but

-

L e |
t = T
0 2N
Wi =1 2 -t {2.6]
o, = a8t T ’ sy
T ¢ ’gN ,

From the conditions & o ¢ and & o EL We can write
[

§ = = ' (2.7)

which can be written as.

W 28—

§ = T 5710 R A (2.8)
2~ 1
= Wan——-nmr
2N

which shows, when number of pulses are kept constant pulse widths vary with modulat-
g index W = %‘- When the modulating mdex s kept constant. pulse widths vary as a
sinusoidal function of pulse number N. Once the pulse widths of all the pulses in the half
cvele can be found by expression 2.5, the waveform can be represented interms of the pulse

widths. For example. the pulse pasitions can be written as.

e
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17 ér . the first , ;
e — — 15 the first rizang edyge
N 2
3 r b] . i
5N + 5 s the farat dotrnurard edge
Arm by .
V37 M the 2nd rising edye
U-‘ ] )
R S P n _
N + 12 the 2nd downward edyge and sv on
24 Y,

in general the ith rising edge is.

T2 N '
and the ith down going edge is.
b= 22T (2.10)
T TN T2 ‘

These expressions can also be abtained in terms of time domain and can be used for waveform

constructton and Fourier series or Fourler transform analvsis.

2.3.2 Spectrum Analysis,

The determination of switching points or the pulse widths of the . modulated wave allows
one to define the cvcloconverter waveform interms of the modulated wave, rectified sine
wave and the gating signal represented by switching waves as discussed in section 2.1. The

modulated signal m of I'ig 2.10 be can be represented bv the following expression

N
mo= Y (=1 gt ty) (2.11)
izt2.. '

where, gtt.f,.t,4 118 the gate function starting at ¢, and ending at t; 4,. I'he rectified sine

wave ¥, can be expressed as (section 1],

v, = u;. 8

where,
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Fig: 2.10 PWM cycloconverter waveform generation

) Reference sine wave (v:)

) Reference rectified sine wave (v )
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N T T ]
swy =y (—1)"ty 'lf:‘.??“1)5=_j {212
n=ji.2..

The second 7 __Tyfuction sw, can be’expressed as [section 2.1).

,_\
t
=
2

N

N
~ 1 1. =T,
5wy = t\’_a (—])“HQ {-f‘.(ﬂ—'l)"_z_,- ‘zc‘l
: i

ne=t.2.. e

where. T and T, are the peniods of supply voltage and the cvcloconverter output voltage

The expression for output voltage v, can be obtained thus as [Fig. 2.10].

Uy = MU SWy 12.14)

This output voltage in the first glance can be represented by a Fourier series as follows,

oo
Uy = Z (Ansininwt) + B, cosinwt)] 12.15)
n=1 I
where, A, and B, are the Fourier coefficients and the Fourier coefficient ', can be expressed
ias

1

Cp =

VAL + B2 {26

However. such Fourier series analysis would give erreneous result in the case of single phase

L3 -

cycloconverter waveform analysis. because for various duration of switching function sw-.
the output waveform will not be periodic as required by Fourier series representation. It
may have periodicity other than the defined period due to un‘vsmm‘et.ical nature of the
waveform. Hence the subharmonics i harmonics which are the multiple of actuval period of
the cycloconverter) will be missed in such analysis. As a result, though this method was
randomly used in the past in analvsing converter waveforms. is gradually being replaced by
DFT analysis. In DFT analysis. the analvtical waveforms are sampled and analyzed with

convenient fast Fourler transform (FFT) algorithm. In our research we have represented
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waveforms in thetr sampled forms and Qearvied oot DEFET (FP of radix 2} with the help of

software MATLAR [24].

2.4 Results.

Fig. 2.9 and Fig 2.10 show the steps ontlined in previous section to obtain the waveforms of
sinple phase pulse widih modulated cyvcloconverter. Figs 2.11 to 2.14 gshow the wave form
construction of variable frequency operation of a sine pulse width modulated cycloconverter
for constant modulation index = 0.5 and constant pumber of pulses =9 (carrier frequency
constant). Spectra for these waveforms are shown in Figs 2,15 -2.18. From theee spectra
it 1s evident that the fundainental voltage of the ontput waveform gradually decrenses with
the merense of eycloconverter c)},w_n;niif)n frequency. Similar analyses were also carried out for
constant number of pulses (carvier frequency = constant) by with increasing modnlation
index. The wavelorms for N, = 9. w = .75 and 1.00 are shown in Figs. 2-19 to 2-22 and
Figs. 2-23 to 2-26 respectively. The spectra of the waveforms for the same conditions are
shown in Figs 2-27 to 2-30 and Figs. 2-31 to 2-34. ‘The resnlts are given in tabular form in
Table 2.1 to 2.3 .

The variation of the fundamental voltage is seperately shown in Table 2.4. Table 2.4 shows
that fundamental voltage can he increased by increasing the nodnlation index w. The
low order dominant harmonic varintion for samne condition are shown in Figs, 2.35 to 2.37
corresponding to fable 2.1 to 2.3. Fig. 2.38 shows the fundamental voltage variation with
change in frequency for number of pulses N, = constant and maoduiation index w = variable.
.‘éimih\.r analvses were also carried out as <tandard for varintion of Ny (mumber of pulres})
with constant modulation index. 'The wavelorms for N, = 9,11.13 and 1V, = .5 are shown
in Figs. 211 to 214, Figs. 2.39 1o 242 and in Fips, Q.d.‘i to 2.48 and the specira of the
waveforms are shown m Figs. 2,15 to 2,18, 1 Figs, 247 to 2,50 and in Figs. 2.51 to 2.54
respectively. ‘Lhe vartiation of dominant low order harmenics for the above conditions are
shown in table 2.5 and 2.6 and in Vigs. 2.55 and 2.56. The fundamentnl voltage variations
with frequency for different N, are given in table 2.7 and vepresented graphically in Fig

2.57. From table 2.7 and Fig 2.57 it is evident that with increase in the frequency of

H . . S e



cycloconver.ter. the fundamental voltage reduces for particular N, and w. However. if the
number of pulses are varied by increasing the carrier frequency. the fundamental increases.
but insignificantiy. | '

The results of the sine puise width modulated cycloconverter clearly indicates the advantage
of reduced low order harmonics compared to those obtained for phase controiled cvciocon-

verter.

2.5 Conclusions.

The operation of a single phase cycloconverter in phase and sine pulse width modulated con-
trol modes have been considered. It has been clearly outlined why pulse width modulated
contirol 1s preperred over phase controlled cvcloconverter. In sine pulse width modulated con-
trol. cycloconverter waveforms can be improved by variation of either modulation index W
or by variation of carrier frequency f~. In the variable frequency operation of cycloconverter.
the effect of changing modulation index or the number of pulses /V, has been investigated
seperately. In practical control scheme these variations require mvoived implementation
techmque. As a result such adaprive sine pulse width modulation is not implemented by
normal analog and digital electronics technique. rather dedicated microcomputer and VLSI
custom chips implementation are usual. In the following chapter a comparison is made
between sine puise width modulation and delta modulation control of cvcloconverters. The
features of delta modulators enable one to use normal analog implementation of modulated

cyvcloconverter very easily.
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Table 2.1

Results of spectral analysis of spwm waves for W= 0.5 and Np =9

where W=modulation index, Np: no of pulses per half cycle

! frequency Harmonics
Hz. 1 2 3 4 5 6 7

10 03 0 .12 0 .8 .8 .8
12.5 .28 .1 .08 .1 0 .05 .05

16.867 .25 .05 .15 025 .14 .04 .1

25 422 .1 0 .18 .05 .05 .07

! ' Table 2.2

Results of spectral analysis of spwm waves for W= .75 and Np = g

JFrequency Harmonics
in

Hz 1 2 3 4 5 6 7

10 498 0 .18 0 14 .14 .14
12.5  {.45 .12 .1 .15 o1 1

16.687 .39 .08 .25 .08 .2 i .18

25 L35 .1 0 .05 .1 0 0
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Table 2.3

Results of spectral analysis of spwm waves for W= 1.00 and Np =9

Frequency - Harmoniecs
in S O .

Hz. 1 4 3 4 5 B 7

10 85 0; .2 ¢ .18 0 .18
12.5 B2 45 2 0 12 .12 .4

. 16.87 54 .1 .32 .05 .3 1 .22

25 .9 .1 8 .4 i .15 0

- Table 2.4
Fundamental voltage varistion for spwm waves for W=variable N_=

9 (constant).

Frequency W=.5

10 .3 .49 .65
12.5 .28 .45 .62

16.67 .25 .39 .54

25 .22 .35 .5
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Table 2.5

Results spectral analysis of spwn waves for W=0.5 and Np = 11

-

i Frequency N Harmonics
} in s
: Hz. 12 3 4 5 6 7

10 .33 0 .13 0 .08 O .09

o
- 12.5 .32 .1 .08 .1 © .05 .04
; 16.67 .28 .05 .05 .18 .02 .18 .16
| 25 26 1 0 4 .05 .1 0
Table 2.6

! Results spectral analysis of spwm waves for W=0.5 and Np = 13

4 Freguency . Harmonics

| 10 .34 ﬁ .13 0 .08 0O .08
Ez "12.5 .?2 ;Hl - 08 |.1 0 .08 .06
{ 16.67 .28-5305;}05 .18 .02 .18 .18
i 25 .28 i?l o 'z s 1 o
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Table 2.7

voltage variation for spwm waves

d Np: variable

for

frequency

10
12.5
16.67

25

.32
.28

.26

.34
.32

.28
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Chapter - 3
DELTA MODULATED CYCLOCONVERTER

3.1 Introduction.

This chapter deals with the dscription of simple deliz modulation technique that may be
used for modualted cycloconverter control. The analysis of the modulator and a single phase
cycloconverter waveforms similar 10 the technique described in chapter -2 has been carried
out. The modulator and waveform analyses would bring out the advantageous features of
delta modulation {dm) technique for converter control. A comparison of the results obtained

for sine pulse width modulated cycloconverter will be made with that of din eycloconverter.

3.2 Delta Modulation Technique [21,25].

Delta modualation is the simplest known method for modulating an analog signal to its digital

form. The baric modulator conxistz of n comparator quantizer and a filter | Fig 3.1]. The
comparator at the input compares the input signal with stepwise approximation of the input
signal. The difference signal produced by the comparison is the error signal and is quantized
by the qunatizer and sampled to produce the sampled modulated signal. The integrator in
the feedback path filters the output modulated signal to reconstruct or estimate the input
signal from the output signal. Many variations of the simple delta modulator deseribed in
the preeding paragraph were reported from time to time and a detailed review is availabe

in reference [26].

3.3 Delta Modulation Scheme for Cycloconverter.

Cycloconverters are power converters uf{ed for the energy conversion from ac to ac at arbi-
trary frequency and voltage. Pulse \}'i(lt-flfinodlla.tion it used in such converters to effectively
control the harmonics of the output voltage and the inll:mt- cwirent waveshapes. 1t is desirable
that the low power control signal c¢an he conveyed to the load side without much distor-
tion and to produce the switching sign&ls‘fo.r controlling the output voltage and frequency:.

Delta modulation technique can be used for such purpose by using a rectifed sine wave as
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a modulating wave at the input of a délta modulator. The stepped shape carrier waveform
(or the estimated waveform) determinés the switching pointz of the cycloconverter [Fig. 3.2]
. Fig 3.2 is a rectangular wave delta modulator (rwdm) and the typical waveforms of this
modulator at various points are shown in Fig 3.3. Rectangular wave delia modulator is a
variation of a simple linear delta modulator in which the ON/OFF quantizer ir replaced by
a hysteresis ON/OFF quantizer. Such a quantizer limits the excursion of carrier estirnated
wave within a window width allowingrmodulat.or to irack the input signal more precisely. In
converter application, such a window limitation also satisfy the hysteresis current control of

inductive load. As a result, such controllers achieve hysteresis current control without any

closed loop arrangement.

It has been shown in previous works that a rwdm has several intringic features for advan-
tageously operating inverters [26]. However, all there intrinsic features are not available for
cycloconverter operation. Only the following features of rwdm are observable for operation

of cycloconverters,

1. With the change of operating fféquency, increase of fundamental voltage is inherent,

but this increase may not be linear w:it-houl- extra control.
SN
Low order harmonics are small !

t

3. Modulator performance can be cimnged on-line by varying slope and window width to

change the output harmonic characteristics.

4. The modulator is stable and has fast step response.

3.4 Analysis of the Rectangular Wave Delta Modulator.

As shown in the analysis of sine pulse width modulated cycloconverter, the analysis of delia
modulated cycloconverter requires the knowledge of switching points of the modulated signal
obtained from the modulator and other switching signals used for obtaining the proper gating
signals of cycloconverter switches. To find the switching points of the typical modulator

output. waveform of rwdm as shown in Fig 3.3, the following method has been used.
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Defining,

A = slope of tranguler wave V/See
AV = window width .i‘n volta
Wy = freque_ncg,; of i;{a.e s.z'lne wave (which is rectified and
used as the rnr)dqfatin.;q wave)

wy = ripple frequency of the triangular wave

Equation of the modulating wave, upper envelope and lower envelope are obtained as,

Vi = Vpsinw,t ( 3.1)
Ve = AV + Vesinw,t (3.2)
Vi = ~AV + Vreinw,t (3.3)

where, V,, 17, 1], are the instanianeous value of modulating wave, upper envelope and lower
envelope and w, = 2 ,. First switching point ¢, can be found as below,

since,

AV + Vhsinw,t, = At
AV + Vgainw,t,

1y yi (3.4)
subsequent switching point ¢, can be found as,
since,
AV + Vgsinw, ity — (—~AV + Vieinw,t,) -4 (3.5)
il' - 'tg )
2AV + Vpsinw,t) — Vpainw,d, + Aty
Ol‘,tz =
A
2AV + My Vpeine,ty — Vasinw,ts
ords = +
A A
e ZAV + At Vasinw,1] — Visinw,t .
similarly{s = + 1 _ Yremnw,y RANW,ly (3.7)

A
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An investigation into these equation gives a general form of these equaiion for any pulse

i(t;) as,

f = 2AV + At; + Vasinuw,t; 1 — Vrsinw,1;
P ry (—1)' 4

The above equation is a transcendental equation and also each switching point requires the

(3.8)

position of the previous pulse. In terms of radians, the pulse positions can be obtained as,

8 = w,t
b2 = w,ts
& = w,i;
b = wylx n

"

i
|

and (6; — 6;) givea the Iast pulee fermin&tion position within half cycle. Solving equation
(3.8) for particular AV{window width) and A {slope}, & set of switching points can be
obtained, which can be used for waveform construction of the cycloconverter.

In the pwm mode of moclulaiot'g:perat-ion, the knowledge of the switching points of the

modulated wave allows one to wrjilt-'e the equation of the modulaied as,
]

ZTii. Ny
i

Tmi)= YL Y (D gt A+t At tig)] (3.9)

A=0,T/2,T.. i=0

where,

N, = "is the number of pulses in one half cycle
T = ts 1he period of one cycle of the input sine wave
Z —~1= is the number of cycles of simulated signal
tiy1 = is the (i + 1) th pulse posilion
m{t) = is the modulated wave

glt,ty,12) = is the gate function starling at t, and ending at &y
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where,

g{tt tz) = wl(t — 1)) — u(t — t3) {3.10)

and,

u(t —H) =1 fort >,

=0fori <ty | {3.11)
u(t —12) =1 for t > t,

=0fort <i, (3.12)

To obtain & single phase cycloconverter waveform, few other switching furctions are neces-
8ary.
K the v; = v,,8inwt is the input to the cycloconverter with period T, and the cycloconverter

output frequency has a period T, then let us define two switching functions,

1 .
. . T |
mep = Y gt S+ T) (3.13)
t:=0,T{2,T. =
dd T,
sy = Z g(t .t + —z—c, t; +1¢) (_3.14)
1:=0,7./2,Te..

Sw of equation 3.13 is a square wave of period 'I' and sw; of equation 3.14 is a square wave

of period T... A rectified sine wave may be defined as,

v, = U8 {3.15)

When multiplied by the modulated signal m(t), equation 3.15 would result is a rectified

modulated wave,

Vim = ‘/l-"nl‘t)
orVem = Viaw;m(1) | (3.15)
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The single phase cycloconverter output voltage can now be obtained as,

V, = Vipmswo
or,V, = W.awl.su.rg.m(tf’———’——%‘\%

Equation 3.16 can be used for simulating different single phase cycloconverier output wave-
forms for Twdm modulation. Typical waveforms obtained from such analyses are shown in

Fig 3.4 to 3.5 for cycloconverter {requency f. =10 f. = 25 respectively.

3.5 Spectral Analysis of Delta Modulated Single Phase Cycloconverter Wave-
forms. |

The waveforms obtained by ann,l) ses outlmed in the previous section can bhe subjected to
Fourier analysis to determine th(!: harmomc contents of the waveforms. The Fourier series
method require well defined penc‘),(llcli.:\ for such analysis. But asin sine pwm cycloconverter,
the ontput waveforms of delta ﬁ:odﬁlated cycloconverter also do not have any well deﬁned
perodicity. So any attempt toj?a‘pp]y Fourier series technique would result in erreneous
result. Importantly any presenée of subharmonics {harmonics which are not multiplez of
the operating frequency of the eycloconverter) will not be detected in such analysiz. Hence,
ar hefore, discrete Fourier transform (DFT) has been carried out can the waveforms with the
help of commercially available MATLAB prograw. MATLAB uses fast Fourier transform
(FFT) of radix 2 to find the DFT of the sampled waveforms.

Fig. 3.4 and 3.5 show two waveforms obtained for a delta modulated cycloconverier at iwo
cycloconverter frequencies, The spectra for AV = .25 V and slope A = 3000 V/sec. at
frequencies 25, 16.6, 12.5 and 10 Hz are shown in Figs 3.6 10 3.9 tespectively. The spectra
reveals ihat the fundamental voltage of the outpnt waveforms gradnally decreases with the
increase in operating {requency. And the low order harmonics graduaily reduces with the
increase in operating {requency..

Result of spectrum analysis for the dm waves are shown in table 3.1 and in Fig 3.10. Spectra
for AV = .5V and slope A=3000 V/S spectra are shown in Fig 3.11 to 3.14 and the result

are shown in table 3.2 and in fig 3.15. The two sets of spectra have similar characteristics.
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However, siinultaneous increase of AV with operaling frequency increases the fundamental
voltage substantially. In previous works slope variation of delta modulators were also used
for waveform improvement. An mvestigation to this for cycloconverter waveform shows that,
though low order harmonics reduces substantially, the fundamental reduces with variation of
operating frequency. However, simultaneous charge of operating frequency and slope gives
an increasing fundamental voltage variation. Spectra for AV = .6V and elope A= 2500
V/Sec. are shown in Figa. 3.16 to 3.19 and the result of gpectruin analysiz are shown in
table 3.3 and in Fig. 3.20. Similarly spectrn for Al = .7V and slope 3000 V /sec. are shown
in Fig. 3.21 10 3.24 and the results of the spectrum analysis are shown in table 3.4 and in Fig,.
3.25. The figures and tables verify the above features of dmn cycloconverter. The variation of
fundamental voltage with increase of operating frequency for changing AV is shown in table
3.5 and in Fig. 3.26, where as variation of fandamental voltage for changing slope is shown
n table 3.6 and in Fig. 3.27. From these figures, it can be seen that delta modulation can
be easily used for cycloconverter to achieve the feature of increasing fundamental voltage
with the increase of operating frequecny either by having window width AV variable or by

having slope of the filter variable.

3.6 Comparison of Delta PWM Techniqne with Sine PWM Technique..

In chapter 2 the analysis of sine modulation technique for operating a single phase cyclocon-
verter has been presented. Similar analyses are presented 1n this chapter for delta modulated
single phase cycloconverter, Comparing the results of the two, several distinction between
the iwo techmiques and the superiority of delta modulation in controlling a cycloconverter
in pulse width modulation mode can be ohserved.

a. Sine pwm technige uses the comparison between s sine modulating signal with a carrier
tnangular wave to produce modulating signal. The generation of modulating s:ignal
by such comparison for cy cloconverter and other power converters are not easy “hen
many factors like svnchromza.hon of triangular wave with modulating wave and clear
definition of switching pomt etc are connldered
Whereas, in delta modulation t,ile carrier wave (alko known as estimated wave) is a self

generaled wave, Delta. modulatmn technique itself is simple and easy to implement.



b. To achieve increased fundamenta! voltage with increase in operating frequency, the
modlulat.ion index or the carrier frequency may be varied in spwm technique. However,
such implementation is not easy and may become very complex with other control

_ Tequirements of the application.

u In delta modulation technique either the change of window width or of slope may result
in fundamental voliage increase nt the output of a cycloconverter. Such change may be
mcorporated into the modula;‘;or by active networks Lo control the AV or slope with a
control signal £, which ;wou:lél; also chunge the frequency of the cycloconverter.

c. In drive applications, the m(')j(jluln,!t'or clmn}tct-erist-ics or Twdm restricts the excursion of
the load current beyond a cérft.a.in lboundar_v. This is due to the hysteresis band which
hmits the excursion of the rﬁddulator’s estimated wave between houndaries. In spwm,
such contrel requires external logic implementation.

'd. The characteristics of delta modulators described in b) c¢) above iz equivalent to on-line
waveform synthesis. In spwin technique the optimization of waveforms require ofl- line
waveform synthesis and the switching strategy has o be implemented by dedicated
micro-computers.

‘The comparison described above is inferted on the basis of theoretical resulis obtained and

detailed in chapter 2 and 3. The experimental verifications of these observation ar'e@l‘imited

according to present facilities available at our labs. However, a small scale implementation of
the delta modulation in controlling a cycloconverter has been undertaken and the procedures

followed and the results obtained from the experiments are presented in brief in chapter 4,

3.7 Conclusions.

The operation of a single phase cycloconverter by delta modulation technique is shown in

this chapter. A comparison between delta modulation and sine pulse width modulation

(spwm) is also made. From the dircussion it is clear that delta modulation has superiority

over sine pulse width modulation. lecloconverter waveforins can be improved by variation -
of either window width AV or by variation of slope A in the dm technique. In the following

chapter, practical dm cycloconverter waveforms are considered with our limited lab facilities.

112



0.0ﬁ_r 0..08 0.1
Time in Sec

T T T 2
I 4 v, = input sinewave ] *——1*1 <
a. Im= modulated wave 3
1 s , IR
E l -
0.5 " . S 0.5
< o oo
= E
 H-0.5f / So.s
g‘-ﬂ 1 - E 4
z g
~1.5r I =—1.5
-2 L L : R -
0 0.01 0.02 0.03 0.04 0
(a) Time in Sec "/////
: 2
3 | —
a 1 1.
> -
c =
o) a
o ©- = 0.5
3 )
ot Q
g0 =-0.5
D )
g - -1
&
-1.54h- N By gl
=
-2 —t 1 . . -
0 002 0.04 0.06 0.08 0.1 0
(c) Time in Sec
i
.il
Fig: 3.4

(d}

C.04 0.08 0.08 0.1

Time in Sec

Waveforms?bf a 1-¢ dﬁ-cyéloconverter for av=.5,A=2500, Tc=.1

wherez;v‘i$ the window width, A i

of the cycloconverter.

a) Refererce input and dm waveform .
b) Resultant modulated waveform and switching waveform sw]
c) Modulated rectified wave and switching waveform sw?

d) Output of the cycloconverter

113

s the slop and Tc is the period



-

| o
-~ B 0o@ -~ N

Ma%nitude in p.u.
Q

I

-
! .
nom

T — -
v.= input sinewave
1m= modulated wave

Magnitude in p.u.

[=]

0.04 0.02 c.03 0.04
Time in Sec ‘/////

1
°© o =
;a o v

'

Magnitude in p.u.

le

T

T
Vv = v. #3w] WP
im

i

Magnitude in p.u.

Fig:3.5 Waveforms of a

0.04 C.06 0.98 0.4
Time in Sec

a) Reference input and dm waveform

0.02 0.04 Q.06 0.08 0.1

Time in Sec

™ T

=V xSWe
rm

L 1l i

0.02 0.04 0.06 0.08: 0.4
Time in Sec

1=0 dm cycloconverter for av=.5,A4=2500, Tc=.04 Sec

b} Resultant movudated waveform and switching waveform swi
c) Modulated rectified wave and switching waveform sw?

d) Output of the cycloconverter

114



Magnitude in p.u.

M/LAA_LA A_MI\_&"‘-/\_M_A-AA_ P

— ]

O

o 200 400 800 -

| eoo 1000 1200 1400 16800 1600

; Frequency in Hz

Fig: 3.6 Spectrum of a 1-@ dm cycloconverter for Av=.25,_ A=3000, Tc=.04

Av in v, A in v/Sec, Tc in Sec

2000



Magnitude in p.u.

0.6

0.4 -
0.3}

0.2+ =
G.1 -1

M MMMMM Mo A A N e M.MA—’L& U .
Q
0 200 400 800 BOO 1000 1200 1400 1800 1800 2000

frequency in Hz

Fig:3.7 Spectrum of a 1-@ dm cycloconverter for 4vs .25, A=3000, Tc=.06

4Lv in v, A in v/Sec, Tc in Sec

116



Magnitude in p.u.

|
1 3 L L T T T 1 L L]
o.af ‘ ~
0.BF .
0.7+ ‘ ]
0.8 .j; -]
b
. |
0.5} 1 }‘I ; ~
IS
0.4} i' N
A
0.3 g -
0.2} -
0.1 -
o L %WMM .M-\,—N\\,.[\«\_ - - -—
Q- 200 400 800 800 1000 1200 1400 1800 1800 2000

Frequency in Hz

Fig: 3.8 Spectrum af a 1-@ dm cycloconverter for Av=.25, A=3000, Tc=.08

Av in v, A in v/Sec, Tc in Sec

117



Magnitude in p.u.

[= I 0 0

o -

ut

o 200 400 600 B0O0 1000

1200

1400

Frequency in Hz

Fig: 3.9 Spectrum of a 1-@ dm cycloconverter for dv=' .25, A=3000, Tc=.1

Av in v, A in v/Sec, Tc in Sec

118

1600

18GO

2000



0.20
- _
O o=
0.15 e 4=
-
1.
7-

Magnitude i

0.05

AR BN afy

0.00 2 L.

-mr"ﬁ-rrﬁ ™ I A s UBLELILAL [ e e e i
5.00 10.00 15.00 Moo

Frequency in Hz

Fundamental

2nd Harmonic
3rd Harmonic
4th Harmonic
5th Harmonic
6th Harmonic
7th Harmonic

30.00

Fig: 3.10 Result of spectrum analysis of a 1-@ dm cycloconverter for

av= .25, A=3000,

(av in v, A in v/Sec)

119

kdr.}



Q Q [@]
o ] ~
T T T

P

Magnitude in p.u.
o
p-Y
I
L

o
w
T
j

0.2 ~
0.1 =
0 o Lt et e A A N A A 1 1 A A A s
0 200 400 8600 BOO 1000 1200 1400 1800 1800 2000

Frequency in Hz

Fig: 3.11 Spectrum of a 1-g dm cycloconverter for Av=.5, A=3000, Tc=.04 u

Av in v, A in v/Sec, Tc in Sec

120



B——_
e

Magnitude in p.u.

1 T T T 1 T T T T T
0.9} -
0.8 |- “
0.7} -
0.8+ —
0.5 -
.4+ ]
0.3 K -1
0.2 -
o H.AAJ\’\/\MIL -‘
s—--==A-&fhdﬁ&.141\J\/\/\/\l\j\/\AfvL\[\/L\/\_/\__A _J '
o C.
o 1000 1200 1800 1800 2000

1t

Frequency in liz

Fig:3.12 Spectrum of a 1-@ dm cycloconverter for Av=.5, A=3000, Tc=.06

Av in v, A in v/Sec, Tc in Sec

17



Magnitude in p.u.

o

o

o (=]

.9

o AN NP V. .Y SV VST W Y L WA )
F 1 P e

o 200 400 800 800 1000 1200 1400 1800 100

Frequency in Hz

Fig: 3.13 Spectrum of a 1-@ dm cycloconverter for Av=.5, A=3000, Tc=.08

Av in v, A in v/Sec, Tc in Sec

122

2000



Magnitude in p.u.

0.4

W " YO

I i, ' PN, L S, Y, Y
0 200 400 800 800 1000 1200 1400 1600 1800 2000

0

Frequency in Hz

Fig:3,.14 Spectrum of a 1-@ dm cycloconverter for av=.5,A=3000, Tc=.1

'43v in v, A in v/Sec,Tc in Sec

123



3‘ 0.30 é
Q. | 1=" Fundamental
- 2= 2nd Harmonic
E ] 3= 3rd Harmonic
] 6 3 4=  4th Harmonic
@ 0.20 == 5th Harmeonic
K@) ] 6z  6th Harmonic
3 i 7= 7th Harmcnic
—— _
- ]
@) -
O ]
= 0.10 ] 5 5
o 3
] A
OOO ] LA O L B R B B O lrrré'l‘ﬁ‘r‘r Trrrryrim
2.00 10.00 15.00 20.00 25.0 30.00

Frequency in Hz

Fig: 3.15 Result spectral analysis of a 1-@ dm cycloconverter for
Av=.5, A=3000. :

(4v in v, A in v/Sec)

124



Q Q Q
m m ~
T T T

Magnitude in p.u.
°
.Y
3

| i | )

800 800 1000 1200 1400 1600 1800 2000

Frequency in Hz

Fig: 3.16 Spectrum of a 1-@ dm cycloconverter for av=.5, A=2500, Tc=.04

Av in v, A in v/Sec, Tc in Sec

125



Q
~

Q
m

D.u.

I\éagni tude in
N

°

o
(3]

o]
b

s}
w

1 1 1

200 400 600 800 1000 1200 1400 1800 1800 2000

Frequency in Hz

Fig: 3.17 Spectrum of a 1-@ dm cycloconverter for Av=.5, 4=2500, Tc=.06

Av in v, A in v/3ec, Tc in Sec

126



Magniﬁhde in p.u.

200 400 600 800 1000 1200 1400

Frequency in Hz

1600

1800

2000

Fig: 3 .18 Spectrum of a 1-@ dm cycloconverter for Av=.5, A=2500C, Tc=.08

A&V in vy, A in v/Sec, Tc in Sec

127



o.a- _
0.7+ o
o.6- -
0.5+ =

Q
-y
I

I

Magnitude in p.u.
| o
w

Q

2 ] -
1 ' .
A M A A_A#A__M_A__A WaW. W . P, W, J\-_!}_. AN N AN A A AA
o] 200 400 800 a

o
Q0 1000 1200 1400 1600 1800 2000

Frequency in Hz

Fig: 3.19 Spectrum of a 1-@ dm cycloconverter for Av=.5, A=28500, Tc=.1

Av in v, A in v/Sec, Tc in Sec



:]:
1
0.40
> ] L
O ] T
-
£999%
O .
0 ]
) .
= ;
O 1
O N
— 3
“=0.10 - 3 5
] 3 "
_ 4
. 6
OOO:_I"I_I_T‘rI_T' TZ_I_!—I L L R L R J‘.T_‘I
2.00 10.00 15.00 20.00 25.00

Frequency in Hz

1= Fundamental
2= 2nd Harmonic
= 3rd Harmonic
= . 4th Harmonic
5=  5th Harmcnic
£z  6th Harmonic
7= '7th Harmonic

30.00

Figi: 3.20 Result of spectral analysis of a 1-@ dm cycloconverter for

avz .5, A=2500,

Av in v, A in v/Sec, Tc in Sec

129



Magnitude in p.u.

o

o]

[}

=]

o]

——————

- . s \ -,vhmrmpuﬂﬂquLﬁﬁjbﬂ

200 400 600 800 1000 1200 1400 1800 1800 2000

Frequency in Hz

Fig: 3.21 Spectrum of a 1-@ dm cyclocenverter for av=.7, &23000, Tc=.04

AV in v, A 1In v/3ec, Tc in Sec

130



Mzgnitude in p.u.

.2
) M/‘V\//\I\\WM
o) : !

o 200

400 600 800 1000 1200 1400 1800 1800

Frequency in Hz

Fig: 3.22 Spectrum of a 1-@ dm cycloconverter for Av=.7, A=3000, Tc=.06

Av In v, A in v/Sec, Tc in Sec

131

2000




Magnitude in p.u.

o}

Q

(o]

o]

Q

200 400 BOO 1 OOO 1200 1400 1 800 1800 2000

Frequency in Hz

Fig:3223 Spectrum of a 1-@ dm cycloconverter for Av=.7, A=3000, Tc=. (8

av in v, A in v/Sec, Tc in Sec

132



Magnitude in p.u.

o]

o]

o

Q

200 ) BOO 1 OOO 1200 1400 1800 2000

Frequency in Hz

Fig: 3.24 Spectrum of a 1-@ dm cycloconverter for Av=.7, A=3000, Tc=.1

Av in v, A in v/Sec, Tc in Sec

133

B



0.40

p.u.
o
A
o

Magnitude in

e
—
Q .

= Fundamental

2= 2nd Harmonic

= 3rd Harmonic

4= 4th Harmonic

= 5th Harmonic
= 6th Harmonic
= Tth Harmonic

i
0.00 :‘f"‘l_l_l_l'l_l_l" P TT T
500  10.00 1500  20.00  25.00
Frequency in Hz

LIS LT L I v e

30.00

Fig:3.25 Result of spectral analysis of a 1-@ dm cycloconverter for

Av=.7, A=3000,

(av in v, A in v/Sec) =

134

N



Magnitude in p.u.

0.40 3

3 Av=.7, A=3000
0.35 3 \

P

3 -.5, A=3000
0.0 - Av=.5, 1=300

: T

-] ~
0.25 3 e

3 ~

3 ~

- rd
0.20 4

3 v=.25, A=3000
0.15 3
O.‘IO_‘IIIIlllI]TrlIlrlllll]IEFlllrllll_rlllIlll[(lllllllr—l

500  10.00 1500  20.00  25.00  30.00
Frequency in Hz

Fig: 3.26 Fundamental voltage variation with frequency for
Av= variable, A= constant.

135



a

1N

e

Magnitud

0.40

Lo ppaeer ey

0.35

©
e
S

©
N
w

0.20

Illllllll]llllllIIi|iIIl[[[If[lllIIIIII[FIIIIIlf"]

10.00 15.00 20.00 25.00 30.00
Frequency in Hz

;b,_‘nurlllirunu!ll||111||I|u||1[|1

(6}
)

Fig: 3.27 Fundamental voltage variation with frequency for

Av= constant, A= variable,

136



Table 3.1

Results of spectral analysis of dm waves forav=.25 A = 3000 where

V is the window wicdth

&

A

15

fregquency
in
Hz.

s2lope V/sec.

3

25

‘Results of
V/sec.

Table

spectral analysis

3.

.15

1B

i

2

Harmonics

4

L5

of dm waves

.08

.08

.15

for &V=.5,

A = 3000

Frequency
in

Harmonics

Hz.

25
16.6

12.5

10 .

.32

.38

349
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" Table 3.3

]
1
o

Results of spectral analys@s of dm waves for AV=.5V A = 2500

V/sec.
Fregquenecy Harmonies

in

Hz. 1 2 3 4 5 B8 7
25 .32 0 .25 .35 .08 0 0
16.6 .35 .05 .2 .33 .18 .04 .14
12.5 - .1 .15 g .08 .2 .05
10 .24 o .2 .05 .1 0 .08

Table 3.4

l

Results of spectral analvsis of dm waves for AV=.7V A =
3000V/sec.

Frequency : Harmonics
Hz. 1 2 03 4 5 6 7
25 .33 .05 12 .04 .2 .02 .08
16.6 4 .1 .12 0 .08 .08 .2
12.5 42 0 .15 0 .1 0 1
10 42 0 .15 0 .1 0 1
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" Tsble 3.5

Fundamental voltage varistion with freguency for A=variable and

slope A=3000 v/sec = constant

frequency vV = .25 vV = .55 ' vV =.7 |
25 ' 15 .28 .33
16.67 16 .32 4
12.5 ST .38 .42
10 2 .39 42
ti| Table 3.8
HE
Fundamental voltage varia%iﬁn with freguency for A=variable and
constant AV = constant :_:5 v/sec
fregquency A= 3000V/sec A:ZSOUV/SegM
- - _ P . -
16.67 _ .32 .35
12.5 . 38 .4
10 .39 .24
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Chapter - 4
PRACTICAL RESULTS

Introduction.

With a view to demonstrate the practicablity of the dm technique for operating a single
phase cycloconverter, an experiment was set up and svccessful operation of a single phase
cycloconverter was performed. In this chapter details of the experimental circuits are dis-

cussed with the results obtained during the operation of the cycloconverter.

4.1 Impementation of the Control Circnit Using dm.

The delta modulation technique requires relatively simple circuitry to obtain swithching
waveform for a 1- cycloconverter. Fig 4.1 is an dnalog circuit that is capable of producing

| the modulated signal. |

The operation of the circuit can be described as follows, Rectified sine wave is supplied to the
mput of the comparator A, and carrier VF 13 generated in the following manner; whenever
the output voltage of 4, exceeds the upper or lower window boundary (present by %:-
ratio}, the comparator A, reverses the polarity of ¥y at the input of As. This rverses the
polaﬁty rof Ve at the output of Ag.‘Itforces * carrier wave to oscillate about the reference- ( e
waveform. Once this switching waveform is obtained. the signals for the switching devices of
the cycloconverter can be obtained by logic circuit implementation. In our case we have used
to cycloconverter configuration of Fig 4.2. where the front and switch was a power MOSFET
triggered by the modulated rsign'al obtained by dm modulator. The inverter section with
thyristor switches were simulated in the lab by two dual de-de converter connﬁected in
bridge configuration. The inverter was used to converter the modulated rectified wave to
the required ac of desired frequency. The timing diagram of the inverter logic circuit to
trigger the main and commutation circuit SCRS are shown in Fig 4.3. The cycloconverters
frequency control signal was generated by a timer circuit using 555 chip. Actual circuit for

. - prodnucing the signals of Fig 4.3 s ‘shown in Fig 4.4 {257, A
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Flg. 4.1 A practical circuit for producing switching

waveform of dellLa modulated eycloconverter
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Fig: 4.2 Cycloconverter with a mosfet switch
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4.2 Experimental Results.

This section deals with the description of the experiments per{ormed Fig 4.5 are the

oscilloscope pictures of the reference wave(sine)} the carrier wave and the modulated waves,

generated by the practical circuit with a sine input. The same waveforms for a different
slope of the carrier wave are shown in Fig 4.6. It is observed that as the slope is increased
by changing the resistance of the integrating circuit, the number of swithcing points are
increased. Similar waveforms of variable window width with constant slope are shown in
Fig 4.7. In the case of decreasing the window width also the swithcing frequency of the
modulated wave increases. '

In the experimental study, ﬁnallv a single phase cycloconverter was run successfully by
the dm switching strategy. Typlca,l waveform obtained at the MOSFET switch after the
rectifier is shown in Fig 4.8. These osc1lloscope pictures show the output voltage waveform
at the top and the current waveform at the bottom of the trace when the output of the
MOSFET switch is ﬂconnected to a resistive load. The two traces show the affect of varymg
modulation parameters on the waveforms. In Fig 4.8(a) the number of pulses are more than
in the waveforms of Fig 4.8(b). Fig49 illustrates the waveforms of the delta modulated
single phase cycloconveter for a particular condition of the modulator. Waveforms of the
cycloconverter is shown for three different operating frequencies 16.66 Hz, 25 Hz and 50 Hz
in Figs 4.9(a), 4.9(b) and 4.9(c) respectively.

4.3 Conclusions.

In the experimental part of this research work only the successful operation of the cyclo-
converter has been demonstrated. However. the performance of the cycloconverter could
not be evaluated experimentally in terms of harmonic contents due to the_ unavallabllltv of
a spectrum analyses. Also the on- line optimization circuit of the cycloconverter could not

be realized in time for reporting in this thesis work.
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Chapter - 5

Summary and Conclusions

The objectives set at the begining to investigate the use of delta modulation technique for
a single phase cvclocoverter has 'been satisfactorily realized during this research. Simple
analyses have been carried out on phase controlled and sine pulse width modulated single .
phase cycloconverter waveforms., These results were compared with those obtained for single
phase delta modulated cycloconvelrter Delta modula.tlon proved its better performance in-
terms of controllability and 1mplementa.t10n over the other techniques. A method of on-line
waveform sysnthesis of pulse w1dtlli1 modulated cycloconverters using variabie step rectangu-
lar wave delta modulation has been proposed. Compared with conventional cycloconverter
waveform sysntheis, computer implementation of this technique is not mandatory, instead
easy hardware implementation is possible. l

The features of delta modulation in the operation of a single phase cycloconverter, namely
easy implementation, small low order harmonics at the output, pulse dropping with fre-
quency increase and easy fundamental voltage control have been verified. The analytical
tools used for these purposes were determination of delta modulated waveforms from the
switching points and package FFT. The results signifies the following,

a. Delta modulation technique 1s easy to implement,

b. This technique gives small low order harmonics at the output of the cycloconverter

c. It allows on-line waveform synthesis possible by hardware implementation. The features
of controlling window width- AV and slope of the filter can be used for this purpose.
However, controlling AV with frequency change gives a better performance.

d. For a.c drive applications, éyéloconverters are usually used in slow speed applications.
In slow speeds, a.c. drives reqﬁire constant flux in the air gap to achieve constant torque
operation. Such a control is possible with delta modulated cycloconverter without
additional control. It requires the variation of AV or slope as needed for waveform

svsnthesis mentioned in C above.



e. Rectangular wave drr-*lt.:s. modulated cyveloconverter limits the exeursion ol output current
wavelorm for inductive loads. Such a feature achieves hysteresis current control of such
loads without additional control.

f. Delta modulators, specially the rectungular wave delta modulators are efficient and
their responses to step changes nve fast [25].

g. Switching points or the number of pulses vary automatically in delta modulation al-
lowing the conunutation requircments of converters.

All the features mentiond above are also obtainable by conventional pulse width modulation
technique. However, they can be incorparated into the system with much complication of

the control civenitry and at tinws with ndditional closed loop control.

Future Work:.

Delta modulation technique has been prcviou-sl_\' reported for controlling rc_c'i.iﬁer, inverter
and voltage controllers. However. its application in cycloconverter control did nol appear
in literature so far. This research effort is the first step towards this goal. Future work may
include the tmplementation of dm technigue in the control of a polyphase cyclocon;«erter.
Future work may also include the performance of induction and synchronous motors run
frmﬁ a delta modulated cyveloconverter. Now-a-days it is also very common to imi)lement
various switching techniques with the help of microcomputers. Microcomputer generation of
single and three phase switching waveforms nsing dm techiigue approach can be undertaken
in future works. In the waveform synthesis area, sinultancous variation of window width

and slope can be examined extensively.
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