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Ab~tract

Cyc!oconvert.ers are pmver convert.ers used in the applicat.ions reqUIring a.c. t.o a.c.
power conversion of variable freqllency and magnitude. Usuall)' t.hese convert.ers are used
for large horse power a.c. mot.ors, specially in the synchronous mot.or drives. Pulse width
'modulation (pwm) control i8 being used in thet<econverters to rednce the sizeofinput/olltPllt
filters and to control out.pnt volt.age and frequency. Pwm technique also reduces t.he low
order harmonics of t.he outpnl. waveforms and thereby rednce t.he det.rimental effeds of
harmonics on t.he applications, i.e., the harmonic losses. heating and t.orque pulsat.ion in.
a.c. drives. The most. common fonn of pwm techlliqne nSN.! in power converters is the
sine pwm technique. This technique has many advantageous feat.ures. Recently, comput",r
implement.ation of various sine T'WITI tec!llliq"'" are becoming popular for static power con-
verter cont.rols. including t.hc>cOlltrol of cydoconvert.ers. One objection of sine pwm control
is the tedious and difficult implementation procedure with constraints imposed by' specific
performance optimization. S"ch optimization invariably rNj"ires waveform s)'nthcsis by'
oiT-line mainframe compul.ers and on-line microcomputer implementation. In the present
thesis, an elrort has been made to analy&' and implement. a delta modulation technique to
control a single phase cyclocotlverter. One of the objectives of this work is to demonstrate
the ability of this modulation technique to improve the performance of the cycloconvert.er
on-line. Implementation of digita.!logic circuits for operating a cycloconverter has been built
and t.est"d slIccessfully. Delta mod"lation prm'ides equally good and in some respect bett.er
performance of t.he convert.er control compared with t.he sine pwm technique in t.he single
phnse cyc!oconvert.N npplical.ion.
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INTIWDtlCTION

Thf're has been signilkant adnllH"(,s in power eledronics dnring the last f"", ~'ears. Several

types of POWN convert.ers ar" availabl" whi"h are lIlainl~, lIs"d for conversion of electrical

energy from one forrn 10 a dilkrelll form. Th" 'msic pow"r "om'erters ar" n.-:- to nc volt.a.ge

controllers, ac t.o dc controlled r"dili"rs. ,Ie to ac inn,rtf'rs, d,- todc choppers, ac t.o nc volt.-.

age alld freqllency chang"r,; (Cy<.'lol"()nn?r1."rs) alld I.h" swikh Illode power suppli"",. This

research aims at t.he sllldy of I"dsc width modllitaled cydoconver\.r?rs which fl.re IIHually

llHPd in nppli('at.ioll~ which n'qllif(' dir('c1, fH'qllCllf:Y dm.lIgf' ~tt \'nriahl(~ yoltnL~e. ()II(\ of the

main objedive in t.his thesis is to investigate t.he possible lise of della mod"lat.ion technique

for I.h" eont.rol of cyeioconvprl.cTS and t.hc ''''lIlparison of il.s perforlTlnnce wil.h commonly •. "

uscd sine. pnlse width Illodulation (pwm) IPchni,!,,,'. In thp re('pnl past, Delta modnlation

techniqllP (dm) h"s '",pn slIc"P""flllly 'I'c.d fot con1.rol of "'.'vPrRl other t.ype of power con-

yerters like invprters, control rcdifclS and choppers. HoweH'r, its application in t.he control

of cycloeonvl'rt.ers has not been carried ont so far.

1.1 Introduction.

(~yclo~ollvE'rf.ersarC"'f't at j(' pc)\vrr ('OTlYf'rt(.,.~ ll~f~d for f IH' t J'nf1sf'-~rof ('IH'ff',y frn,u Hllpl'ly nr to

nC",of orbilr:ny fJ'e'qllf'J1C.Yalld volt iI,I?,". Fig. 1'.1(a) show~ rt :-lingle phase cydoCOllV('rfC'f using

two cont.rolled rediliers known n.' ',,' and 'n' conv"rters. the Jimdion of thp '1" convert.er

IS 1,0 supply th" load for <"'rfnin tinw ( half the period I j~ ) of cycloconvP.l'ler frequency

). Dming 'p' <:tmver!.<'r "IJPrnl.i()J1 fl", gnting signal~ p"Jllired for the swilehing de"ices of

the con\'erkr arc "hown in Fig. l.](h). If i" "leltli"n,,"I,: 'II this point that. when the

switching devices of the 'p' conyerl", are t.urned 0\ and OFF. the switching devices of

the 'n' converter "re COlllp"'tely OFF I no gating signals are provided to the gates of Ihe

switching deyices of t, h is ('omert."r d" ring t hi~ t.imp in t "Hal ). \Vhen half t he period of

t.he '"yc!o('onvert.er is over, all the 'p' com'pr!er switehes HIe made completely OFF and 'n'

J
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cOllverter swit.ches are "ct.ivat.ed I,y t.h" gating sign"ls "s shown in Fig 1.lfc). As II resllit

negat.ive voltage is applied to the load vi" 'n' convert.er. lIence. by alternate operat.ion of the

'I" converter and 'n' convert.er. an ".e. of rlesired freqllenc," can be obtained at. t.he load side,

The frequency of t.he cydoconvert.er IS determined : by the total durat.ion of 'p'

and 'n' converters ON OFF tilne. However. the a,'ernge vallie of the converter's output is

det.ermined by the ON OFF time of the 'p' and 'n' converter switches during each half cycle

of t.he S1Ipply voltage ( of ,~()cps as in the phase cont.rolled c,vcloconvert.ers ). The gating

signals of a phase cont.rolled c,vcloconvPrtf'r swit.ches and i,he result.ant OUt.p"t. waveform

of a phase cont.rolled c,vdocollvert.er nre shown ill Fig 1.2. 'fhis type of c,vdoconverters

are naturally comIllut.ated. If force commutation t.echnique is used. onl,v one converterJ

would perform t.he same Job. Cydoconvert.ers for polyphase are also in lise for frequenc~'

changing purpose. Their main use is in "djllst."ble speed drives In non drive syst.ems their

use is very Iimit.ed. Since t.he milxinlum OIlt.pUt.frequenc,v of t.hese converters are limited t.o

t.he supply frequency (in nat.ura".v C<lInlflnl"t.ed converters) t.hey are IIsllall,v IIsed in flrive

syst.ems requiring frequency variat.ion frOlIl U t.o t.he frequency of t.he supply voltage. In

ot.her words t.hey are used in slow speed drive syst.ems /1 J

Various t.ypes of cydoconvert.er circllit.s have been developed so far. The variat.ions were

int.roducerl by the requirement.s of lo"d anrl cost. efl'ert.iveness of t.he cycloconverters. In

11IOSt.of t.hese convert.ers, as melltiolwd earlier. it. is necessary t.o cOlltrol out.put. voltage and . \

frp<llIf'nry (27.2KJ SilJrp t,IIP Ollt Pllt volt rlgr' "lid t.llp input. ('T1rrf'llt. flf t.IH'SP roltvprt.p.rs. likr

tillY other ~t.atic convprter wavefoJ'llls an' f}ollsiousoiti ...•..1. ltarlJlollic r(>(ltlct,ion SChCIIIR EU'€"also

desired. It. hM heell t.he etTort.s of cesencdlf'rs t.o redllce t.he refJllirernenf. of o"t.p"t./inp"t. filt.er

requirement.s anrl improve t.he convPrI.er wa,'eforms by val'lous cont.rol st.ratf'gies t.hrough a

number of modulation techniques AIso t.he power CirClllt.S are also undergoing various

ulI".Iifications wit.h the advent "f dilrereut illlpf(Jve,1 s",,r.ic de,'ices. Usuall,v SCRs precede

all other st.at.ic devices III the cyrlnconvert.er circllits becallse these ,onv('rters are normally

lIsed in t.he high power drives re'l'liring devi,es of high voltage and high current carrying

capa.bility. For medillm and low power lise conl'ert.ers wit.h B.lTs. GTOs, l\10SFET and

ot.her stati, swit.ches may be employed. IIowever. sllch application has so fa.r b('en nominal.
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The objectives of this research as mentioned is to investigate the possible use of delta

modulation technique in the operation of a single phase cycloconverter and to compare the

performance in terms of control and harmonic elimination with commonly used pulse width

modulated (pwm) cycloconverters.

1.2 Pulse Width Modulated Cycloconverters.

Normal cycloconverters have the inconvenience of having output waveforms containing con-

siderable amount of low order harmonics. They 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 typical cycloconveters disappear if the cycloconverter 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 control 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 operat.ion of the convert.er of Fig. 1.3(11.)is illustrat.ed

in Fig. 1.3(b) and 1.3(c), whereas the operation of converter of Fig. .4(11.)is illust.rated in

Fig. 1.4(b) and 1.4(c) respectively.

Pulse width modulation (pwm) makes use of cycloconveter circuitry to permit variation 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

hegan with the control of inverter input/output. In an inverter pulse widt.h 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 de

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

t.he most recent and involved process as used in static variable frequency drives. Three most

commonly used modulation techniques in power schemes are [6]'

1. Single pulse modulation

2. Multiple pulse modulation and

'7
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Fig:l.](a) A cycloconverter with an uncontrolled rectifier
and a forced commutated inverter.
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Fig 1.](b) to 1.](c))
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Fig: 1.3(b) The rectifier circuit of 1.3(a) and its output.
v = rectified outputr
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3. Sinusoidal pulse lJidth modulation

Among t.he t.hree modulat.ion pro~esses ((Fig l..~(a). Ui(h), 1.5(~»)used in ~onvert.er con-

t.rol,t.he sine pulse widt.h modulat.ion Fig Ui(~) t.e~hnique is t.he most. versat.ile one. In t.his

met.hod the switching waveform's pulse widths are sinusoidal function of each cycle. Good

performance of t.his modulation te~hnique depends precisely on the capability of the elec-

t.ronic control circuitry to define accurately the switching instants of the power converters

in order to cause the output. of t.he cont.roller t.o be a t.rain of pulses with a time average that

approximat.es a sinusoid. Su~h ~ont.rol signal generation was int.roduced by the comparison

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

1.2.1 Brief Survey flf PWM 'l'e"hni<l',e {5].

The earliest modulation te~hniques for the cont.rol of power converters were the single pulse

and mult.iple pulse modulat.ion {2,:i,1.!"j, Event.ually sinusoidal pulse widt.h modulat.ion RU-

perseeded t.hese modulat.ion te~hnique in t.he ront.rol of power converters [4,7]. The first

sine modulat.ion t.e~hnique used in power convert.ers was the asynchronous spwm IS]. This

method was problematic in maintaining integer ratio between modulating wave and carrier

frequency which used to result in unwanted su bharmonics at the output voltages of the

converters. The problem was solved by synchronous spwm technique. However. several other

problems were faced in this met.hod (il.9,101. Wit.h a view t.o overcome these problemR. 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.Currentl.v t.hree distillt approaches are in lise to formulate the pwm switching

strategy [11,12,13]. These are,

a. Natural sampling technique/1.11)

b. Regular sampling technique ft l.l 2.1:U 5)

Co 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 also 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

Fourier transform in analyzing non sinusoidal 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.

1.2.2. Delta modulation technique [21J.

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 reported [16,2IJ.This scheme is simple and easy to implement

and has versatile controllability. Delta 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 VIf= constant (i.e. 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 [22,23J.lt haS been

shown that implementation of dm controller either by analog circuits or by microprocessors

are simpler than conventional pwm techniques [22,23J,

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

n, .
1,1' rl.
l".

~ 1
.'-\



then compared with the input signal of the modulator to produce an error signal. The

error signal is quantized by the qunatizer to produce the required modulated signal to

turn ON/OFF the cydoconverters output wavefonn. Fig. 1.7 is a variation of the dm of

Fig. 1.6. In the new circuit the quantizer is replaced by the hysteresis qunatizer and this

t.ype of modulat.or is known as rectangular wave delta modulat.or (rwdm). In t.he rwdm

the hysteresis qunatizer limits the excursion of the error signal within a hysteresis band

or a window. Such a limit provides useful hyst.eresis current control for inductively loaded

inverters. In the past, simple t.echniques have also been proposed for harmonic reduction of

pwm convert.er waveforms using dm [22.23J. In Fig.!.8 and Fig. 1.9 t.he block diagrams of

tuned dm and variable step dm used for such purposes are shown. The integrator circuit.

generally used in t.he feeback circuit. of t.he delt.a modulator is shown in Fig. 1.8(a). The

. integrator is a 10wQ pass filter and has the following transfer function,

~
I '. .,

L

eo I..')
ei (s)

k
=---

TS + 1
(Ll)

where.k is t.he gain of the filter and Tis t.he time mnstant.. ee(.') and e,( .•) are t.he output

and input signal of the integrator in frequency domain. In the tuned delta modulator

this fixed cutoff frequency integrator is replaced b.,' a tuned filter. The tuned filter IS a

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

transfer function.

(1.2 )

where, the time const.ant is now ItOand E,Ls a d.c command signal and the~ time &8--

mnst.ant (i.e. t.he slope) is dependent on E<. Hence, the time ron stant 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 bot.h the modulators in one. In such

18
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modulat.or's eit.her t.he variat.ion of slope (t.o a. smaller value) or t.he variat.ion of t.he st.ep or

window size (t.o a smaller size) would result. in a bet.t.er t.racking of input. signal and hence

result in the harmonic reduction of the output waveform. T~vpicaJ 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 (aJ we have the input. sine wave and a square wave of same frequency ( known as

t.he switching waveform Sill]). When t.hese t.wo waveforms are mult.iplied in t.ime domain t.he

rectified wave lIr of Fig. 1.11(b) result.s. In Fig. 1.11(b) another square wave of frequency

that of t.he cydoconvert.er 8t/1~ is shown. When t.he waveforms lIr of Fig 1.11(b) is multiplied

by 81112 int.ime domain, we obt.ain t.he desired cycloconvert.er waveform lie of Fig. J.lJ(c).

Fig. 1.11(d) is the spectrum of the waveform of Fig. .1](c) obt.ained by discrete Fourier

transform.

1.3 Objective of the present work.

The analysis and design procedure for t.he applicat.ion of delta modulation strategy in the

control of cyrloconverters is the main focus of this work. An attempt. is being made t.o

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

technique in the control of cycloconveters. The study is t.he begining of investigation 01.

dm's possible use in cycloconverters and hence involves the single phase cycloconveters as

the starting point. The objective includes th,- analysis of dm cycloconveter and sine pwn

cycloconvert.er waveform. using available softwares (t.o perform discret.e Fourier t.ransform

(DFT)) ann compare them. Attempt is being made to investigate t.he 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 operatingfrequency of the cycloconvert.er ( V If = constant.) as required byac

motors during variable frequency operation. Besides analytical investigation, objectives of

research work also include the experimental verification of the results, specially a successful

demonstration of dms control capability in the operation of a cycloconveter.
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Delta. lnodulat.ioll fcdllliqnf.' ha~'"b('ell J)fopnsed for ('yclcwollycrt.er operat,ion in \'arinble

frequency applieal:ion~. No signili"".nt. wOIk ha.s been done in this area so far. The JlT""ent

work is nirned al n study "lid ana!y~is of single phas,' I'"!~" widl.h modnlated cycloconvert~

erR, In JHoposillg del1.a Tllndlllat,lf.lll' for f.I!f:'O operat.ion of r:ycloeonvprt.f'r~~ analysis has heen

nndelakcn to lind tlw pE'rfornmncc of sillc 1'111", widt,h lTlodlllat.ed c)'('loconverters in chapter

t,wo. The method of flfmlysis of iillding th" switching poillts of sine pulse width modulated

eycloconverters are formlllnte,I.The lesllits of hnrmollie analysis are repOlied in this chap-

t,PI. In chapter three a brief review prccedes the details of tindillg switching points of delta

IlIodlllated eye!o[',," vClt.ers. H"SII Its of ha 1'111011 ie ana!~'sis of 011 t.pll I. wan,form of delta mod-

.d"ted cyclocollverter wit h resistive load are also r"port.ed in !.his chapt,er. This chapter also I'

jlJf,.hld~~ fhe cOlnpn.risj(11"l bf'tWf'Cn t.lw twn .rllodI11~tion t:(.("hniqllc in the operation of a single

phase cydOc.ollnTt,pl. Salient. featnJ'Cs of rielia morilllation is brollght out in this chapter to

foclls its better controllability oyer th,.: eOllv"nticJnal sine IJll!'>"widl,h modulation technique. c

In chapter Jour expPfirnenlal design find implementation delails are decribed. Results of ae-

tnal operation of a single phase cyc\oconverter controlled by delta modnla!,ion technique are

also inr-lndcd in t.his ch"plC?l'. LXl'elilllCnt~11 rcslIlts Ilre limited 10 t.he facilit.ies available in

t.lw power elect.ronics lab. Chal'ter ii\'(, ':cmdndes 011 the ovnall research performed during

this thesis work. 'l'his chapter also ot lincs the proposals for f"tnrc work.

I~;!'

I.
I
I

i.
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CHAPTER - 2

SINE PULSE WIDTH MODULATED CYCLOCONVERTER

2.1 Introrl nction.

This chapter deals with the description of a smgle-phase phase controlled and a sine pulse

width modulated cyclconveters. The analytical technique used for finding the output wave-

form of both phase controlled and pulse width modulated cycloconverters 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 fiud the switchinJ'; points usinJ'; simple mathematics and few

acceptable assumptions. Harmonic analysis of the waveforms has been performed. b~' dis-

crete Fourier transform (DFT l. FOllner series analvsis has been avoided for reasons olltlined

in t.he subequent. sections. Since. DFT softwares are readily available these da.vs. a commer-

cial software IMATLAB) has been lIsed for eva.luat.ion of t.he J)J<~r of OUt.PlIt.wa.veforms of

both the phase controlled and sine pulse width modulated cycloconveters. The results thus

obtained is elaborated and is used for comparison in the following chapt.er to bring out the

advantageous features of delt.a modulation technique in the operation of cycloconverters.

2.2 Phase Controlled single phase cycloconverter.

The operat.ion of a phase cont.rolled cycloconvert.er 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 t.he load is connect.ed between t.he convert.ers as shown '. the operat.ion of Fig. 2.1 is

described in chapter 1 in connect.ion wit.h t.he descript.ion of Fig. J.J l. For a resistive loan

and the gat.ing signals of Fill: 2.2. the converter works as a simple cycloconverter 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 gatinJ'; sequence the output voltage control

is not possible.
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Fig: 2.2 Gating signals of a simple 1-0 cycloconverter .f)
without phase control ~
a) Input to the cycloconverter
b) Gating signals
c) Output of the cycloconverter
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To perform DFT a.nalysis on the output waveform. it is necessary to define the output

waveform interms of switchine: function Idefined in terms of I\"atin)! functionsi. Gating

function ca.n be defined as.

1.2. I I

where.

g(t,tO.tl) = gate function starting at

to and ending t,

u(t, to' = Unit step functian ,.tartmg at to

ult. t, I = Unit step function startmg at tl

= l) elsewhere

The steps in obtaining the output waveforms can be described with the illiustration in Fl)!'

2.3.

In the first step. input voltage Vi is multiplied by SWI in the time domain to obtain a

rectified sine wave Vr• which is multiplied again by another switching function SW2 to obtain

the output voltage of tlie cycloconverter. Tlie period of the first switching function swi is

the same as the period of the supply 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 Te. Different waveforms thus obtained can be expressed

as,
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(2.2)

(2.3)

and

(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 technique 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,

(2.2)

(2.3)

Typical waveforms for phase angle and frequency control are and also their. Spectra those

are shown in Figs 1.11 to 1.14 (Chapterll respectively. When both output voltage and

. frequency control is 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
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Fig: 2.6 Switching functions for the phase controlled cycloconverter
and the resultant output voltage waveform
a) Input sine wave
b) Phase controlled switching waveform sw1
c) Phase controlled rectified sine wave
d) Switching waveform sw2
e) Output waveform of the cycloconverter

38



harmonics losses, noise, heating and vibration etc. To reduce these harmful effects pulse

width modulation is used 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, in

simple applications the following two schemes can also be used as cycloconverter to achieve

the same purpose 'with reduced gating signal involvements.Fig 2.1(al shows a controlled

rectifier at the front end and an inverter at the out.put Side and 2.71.bl shows the waveforms

of the c~rclor.onvert.er con'filruration shown in Fig'. L_ 71a) operation of til(' r.irCllJt. IS flisclIsRed

in chapter 1 in connection wit.h the rlescript.ion of Fig 1.;{1a I to Fig. I .;{I c.i Fig 2.81al

shows an uncontrolled rectifier and a chopper switch at the front end and an inverter at the

output. side t.o give the cycloconverter waveforms shown in Fil\" 2.81 bUn our case . .we have

used the scheme of Fig 2.81al for its simplicity. However. for power flow in all direction or

a four quadrant operation of the converter only a dual controlled converter scheme can be

practically used.

2.3 Sine Pulse Width Modulated Single Pha.'le Cycloconverter.

The need for modulation technique in the control 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 obtam the final gating signals for device

switching. Output waveform's harmonic content, switching frequency and the magnitude of

output voltage can be controlled by variation of either the carrier wave's frequency or the

magnitude, resulting change m swicthing frequency and the pulse widths. This variation

is usually measured interms 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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2.3.1 Method of Findin~ the Switching Points,

It is important in ali modulated converters to find the modulated waveforms switchinp; poml

so that the waveforms can be defined in terms of switching points. To find the switching

points of the modulated signall';enerat.ed for the mnt.rol of a sin"le phas" eydoconvert.er.IFIl';.

:!.9] the following t.echnique has been used in t.his t.h"sls The modulated wave's swit.ehinl[

points are determined by the fact. that whenever the carrier trianp;ular wave crosses the

reference rectified sine modulatinp; wave. a pulse is produced and its duration IS as ionl[ as

t.he carrier wave's map;nitude remains hip;her than the modulatin/!: wave.

Pulse Width Determination

Let.

:V = number of modulating pulses lor each half cycle

6; = pul se width of the ith pul se

= ~, = distanCe between succEssiN pulses

E, = maximum magnitude of the modulating

rectified sine wave

E, = maximum magnitude of the

carrier triangular wave

H, = ,tho p"lse'.~ m"llocation

E, ..J!" JU' = - = muuu atmy m'eJ:E .c

The modulatinp; process ensures the following,

0, ex e

where. e is the modulatinp; wave and oc is the sme of proportionality. ..
smce. , ,
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f.

f = 1';, ,';nei

we can write b~' rearranp;llIg the f"llowlllg expre"IOIlS.

c = E'r ,"tinO •.
E= -~ L'r sr'Jl(); t.litE,
:!i - 1

0, = --- If
2N

2i - I
or'. e = WFe';" 2 N If

From the conditions 6j ex e and Oi ex i. Wp can wnt~.E,

(. =
F.

which can be written as.

IF 1'.', 21 -
~,'= --,0.:111---][

Dc 2.Y
'2i - I

= W .•i" 2 ,.IT'
J\

I :l.tj i

(27)

which shows. when number or puls"s are kept c(Jnstallt pulse widths vary with modulat-

lllg IIIdex W = t- .When t.hp mndulat,lIIg mdpx IS kept colt8tant. pulse WIdths vaTY a.Ra

sinusoidal function of pulse number N. Once the pulse widths of all the pulses in the half

';ycle can be found by expression '2.~. t.he waveform can be rppresented interms of the pulse

widths. For example. the pulsp posit.lons can be writ.t.en as.



in general the ith rising edge is.

and the ith down going edge is.

2; - t 1f

2 N
6,

(2.i!)

2i - 1 1f Iii
---+-

2 N 2
(2.10 I

These expressions can also be obtaliled III t.HIIIS of t.1I11edomam and can be used for waveform

construction and Fourier series or Fourier transform allalvsis.

2.3.2 Spectrum Ana.1y"j",

The det.ermination of switching pomts or t.he pulse widths of the. modulated wave allows

one to define t.he cycloconverter waveform int.erllls of t.he Illodulated wave. rectified Sille

wave and the gating signal represent.ed I,y swit.ching waves as discussed in sedion 2.1. The

Illodulated signaln. of FIg 2.ltI be ron I'e ..""resented bv the following expr'ession

N

'" = 2.:>-1)i+l
g(I.li.li+d

i=I.i ...
(2.11)

where. glt.t,./,+Ii is the gat.e funct.lon st.~rtlllg ~t. I, and ending at. 1.+1, Ihe rectified sine

wave I'r can be expressed as (sect.ion 1\.

where.

I" ..,I
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The second c::::::J fuct.ion sw~ can be 'expressed as [sert.ion :u 1.

N
'<~ ••+ I r Tc liTe 1SW2= '\ (-]\ a I.(n-]\-.,--
LJ" vi" "1''2

n= l.2..' l,. .J

(2.13~

where. T and J~are the periods of suppl~' volt,age and the c~c1oconvert.er out.put volta!!:e

The expression for output volt.age lie can be obtained thus as [Fig. 2. J 0].

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

QO

U. = L (An sinl, nwtl + En co,~ln"Jt)\
n=l '

where, An and En are the Fourier coefficients and the Fourier coefficient ('n can be expressed

as,

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

cyc1oconverter waveform anaj~sis. because for varIOUs duration of switclung functIon SW".

the outpnt waveform will not be periodic as required b~ Fourier series representation. It.

ma~ have periodicit~ other than the defined period due to un.vsmmetical nature of the

waveform. Hence the subharmonics Iharmonics which are t.he multiple of act.ual period of

t.he c~c1oconvert.er) will be missed in such anal~sis As a result., t.hough t.his met.hod was

randomj~ used in the past in anal~slJ1g convert.er waveforms, is gradually being replaced by

DFT analysis In DFT anal~sis, the anal~ticaj waveforms are sampled and analyzed with

convenient fast Fourier transform (FFT') algorithm. In our research we have represented



""".donn, ill I,heir ';:'Illpl"d fmn" and ~kani"d tI,,1. DF'I' (FFT of radix 2) with Ihe help of

,oftware J'vL\'J'L;\B [21J.

2.4 Results.

Fig. 2.9 and Fig 2. I0 show the steps out.li"ed in previous sect.ion to oblain the waveforms of

single phase pulse widt.h modldat"d r."doco"""rter. Figs 2.11 to 2.14 show the wave form

constnldion of variable frequency op"""I;pn "I'll sine pulse widt.h moduillt.,ed cycloconverler

for cunstant. modulatiou illdex = 0.5 a"d coustalll numb,'r of pulses =9 (carrier frequency

constallt). Spedrn for these' w"vefonn, "re ,hOWll in Figs 2.15 -2.18. From Ihe!'-e spectra

it is evident. t.hat the fun'.!>'Ineutni voltage of I he oul put. wa\'eform gradually decreases with

t.lw iucrease of cydocollverter opendi"n frequency. Similar armlyses were also ("arried 0111 for

constant number of I'ul,es (carrier fr"'luellc." = cOllstant) but, with increasing modulation

index. The waveforms for \'1' = !l. \I' = .;" am! 1.(1) an' shown in Figs. 2.19 to 2.22 and

Figs. 2.23 to 2.21; respedin,I.". TI", 'I",ct.f't "I' the waveforlTls for the same conditions are

shown in Figs 2.'27 to 2.:m and Figs. L':l.I to 2-:\.I.'l'hc results arc given in I.••.bular form in

T••.ble 2,1 to 2.3 .

Th" variation of the !imdamental \'oltnge is seperal.ely shown in Table 2.4. Table 2.4 shows

that fuudamental voltage '.,an be in~re".s(,,1 b~' increasing the modulation index w. The

low order dOTIlinn,nt. hannoJllc \'nrinlloll for sa.lne condition aTe:' shown ill Figs. 2.3il t.o 2.37

corresponding toTable 2.1 t.o 2.3. Fig. 2.:38 shows the fundamental volt.age variation with

chang" in freqnency for Ill"nl",r of pnl"" .Y" = const.ant and [nodulation ind"x w = vari ••.ble,

Similar analyst's w"re nlso ,'"rri"d oul, n, ,londOI'd for vllri"lion of ,Vp ("1Imber of pnls<"6)

with constant modnlal.ion ind"x. '1'1", ",n\'"forms for .'\'1' = \/,.1L 13 and Illp = .5 are shown

ill Figs. :U 1 to 2.1.1, Figs. 2.:l!l 1.(; VI2 lI"d in Figs. 2.4:\ to 2.46 and th" Hp"draof tht>

wa.\'eforms aI'" shown iu Figs. 2.1" to '1.I~. in Figs. 2.4; t.o 2.50 and in Figs. 2.51 to 2.54

respectively. The variati"n of domin']n!. 10'" order hllTmnnics f,Jr the above conditions are

Hhown in tnbl" 2.5 and 2.G and in rigs. 2},,, and 2.5G. l'he fundamental volt.age variations

with freqnency for diff""enl .:\'" arc ~,iv"n in table 2.7 and Telllesenl.ed graphically in Fig

2.57. From table 2.; and Fig 2.,,; it. is evideut that with innease in the frequt>ncy of



cycloconverter. the fundamental voltal(e reduces for partIcular Nr and w. However. if t.lH'

number of pulses are varied b~' increasinl( the carrier frequenc~'. the fundamental increases.

but insignificantly

The results of the sine pulse width modulated cycloconverter clearly ind,cates the advantage

of reduced low order harmonics compared to those obtamed for phase controlled cyclocon-

verter.

2.5 Concln,.ions.

The operation of a single phase cydoconvert.er in phase a.nd sme pulse width Illodulated con-

trol modes ha\'e been considered. It has been clearly outlined why pulse width modula.ted

control is preperred over phase controlled cycloconverter. In sme pulse width modulA.ted con-

trol. cycloconvert.er waveforms ca.n be improved b.v v;,riation of either modulation index W

or by variation of carrier frequency f,~.In the variable frequenc~' operation of cycloconverter.

the effect of changing modulat,ion index or the number of pulses Nr has been investil!:8t.ed

seperately. In practical control scheme these variations require involved implementation

technique. As a result such adaptive sine pulse wIdth modulation is not implemented b,\'

normal analog and digital electronics technique. rather dedicated microcomputer and VLSI

custom chips implementation are usual. In the followinl( chapter a comparison is made

between sine pulse width modulation and delta modulation control of cycloconverters. The

features of delta modulators enable one to use normal analog implementation of modulatP<'1

c)'c1oconverter very easily.

,
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\

Fig: 2.13 \-iaveforms of a 1-0 spwln cycloc::m'lerter for \V=. 5, Ii ='? T =. 06 S~c
p c

a) Reference input pwm waveform
b) Resultant modulated waveform and switching waveform swl
c) MOdulated rectified wave and switching waveform sw2
d) Output of the cycloconverter
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Ta.ble ?. 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

freguency Harmonicsin
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
16.67 :25 .05 .15 .025 .14 .04 .1
25 . , 2 .1 0 .18 .05 .05 .07i

...,.

Table 2.2
Results of spectral analysis of spwm waves for W= .75 and Np = 9

Freguency Ha.rmoniGSin
Hz 1 " 3 4 5 6 7L-

10 .49 0 .18 0 .14 .14 .14
12.5 .45 .12 .1 .15 0 .1 .1
16.67 .39 .08 .25 .08 .2 .1 .18
25 .35 . 1 0 .05 .1 0 0

.99



Table 2.3

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

I.Jarmon ics

1 " 3L,

.65 I), .24
, "

.62 .:i!s ,,",
, • L,

I

.54 . 1 ,32

Frequency
1n
Hz.

10

12.5

16.67

25 .5 .1 o

4 .5 6 7

0 . If3 0 .18
,0 .12 .12 .4

,05 " . 1 .22• ,_J

. '. .1 .15 0

Table 2.4
Fundamental voltage variation

9 (constant).
for spwm waves for W=varinble N =p

,35

Frequency

10

12.5

16.67

25

W=.5
.3

.28

.25

.22

'",.,"""'" """" ,,~1=.7 ""',."••',••',',•••,.. """",,~1=.1. 00)

::: ::: I
.38 .54 I

.5""",1

100



Table 2 ..5

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

Frequency I Ha.rmonics
in ;
Hz 1 2 3 4 5 6 7

........ -,._.- ............ __ .. .....• _ ....._ . "-"'--~'-'......- ...... _ .._ ..... ,-'..- .._--"_._-_ ..... _ .....- .... ,.- ........ -.....- .............. "'''- ...._ ..__ ...- ... -........• ,._ ......... - ............ _._- .
10 33 0 13 0 09 0 09

I

12 5 32
I 1 06 1 0 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

....... _ ....- •••••••• _ ••• __ •••• ___ ••••••• _H •• _ •••

Frequency Harmonics
in
Hz. 1 , 3 4 5 6 7

.....
10 .34 .13 0 .08 0 .08

I

12.5 .32 ! 1 '.08 .1 0 .08 .06I

; !,
I

16.67 .28 :rl05! ;. 05 ..18 .02 .18 .16
Ii ,) I

25 .26 1-,10 I .2 .05 .1 0

'I

101 ,

j

1\.
\

\"
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'!

Fundamental voltage variation

(constant) and Np= variable

Table 2.7

for spwm waves for W= 0.5

v

'.frequency Np = 9 N~ = 11 Np = 13

10 .3 .33 .34

12.5 .28 .32 .32
16.6'7 .25 .28 .28 ()

25 .22 .26 .26
I •

, ,
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Chapter. 3

DELTA MODULATED CYCLOCONVERTER

3.1 Introduction.

This chapter deals with the drcript.ion of simple delta modulation technique that may be

used for modualt.ed cycloconvJrt.er control. The analysis of the modula.tor and a single phase

cyclocom'erter wavefonns similar to t.he technique deseribed in chapter -2 has heen carried

out., The modulator and waveform aualyses would bring out the advantageous features of

delta modulation (dm) technique for converter control. A comparison of the reEtu\tsobtained

for sine pulse width modulated cyc!oconverl.er will be made with t.hat of dm cycloconverter.

3.2 Delta Modulation Technique [21,25).

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

form, The basic modulator c.onEtistEtof a comparator quantizeI' and II filter [ Fig 3,1). The

comparator at the input compares the input signal wit.h stepwise approximation of the input

signal. The diJference signal produced by the comparison is the error signal and is quantized

by the qunatizer and sampled to produce the sampled modulated signal. The iutegratm in

\ t.he feedback path filters the output modulated signal to reconstruct. or estimate t.he input

signal from the output signal. Many variat.ions of the simple delt.a modulator described in

t.he preeding paragraph were reported from time to time and a detailed review is availabe

in reference [26].

3.3 Delta Modulation Scheme for Cycloconvel.tel',

Cycloconverters are power converters used for t.he energy conv'ersion from ac to ac at arbi-
i ' , .

trar)' frequency and volt.age, Pulse width'jnoduation is used in such converters to effect.ivel;r
, II

control the harmonics of t.heoutput voltage and I.heinput cllnent waveshapes, It. is desirable
I

t.hat t.he low power control signal ca.n b~ conveyed to the load side without much dist.or-

t.ion and to produce the switching signals for controlling the outpnt voltage and frequency.

Delta modulation t.ec.hniquecan be used for such purpose b)' using a redifed sine wave as
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a modulating wav••at. the input of a delta modulator. Th ••st."pped shape carri ••r waveform

(or th••estimat ••d waveform) d••termines the switching points of th ••c.yc!oconverter [Fig. 3.2)

. Fig 3.2 is a reetangular wave delta modulator (nvdm) and the typical waveforms of this

modulat.or at. various points are shown in Fig 3.3. }tec\.angular wave delta modulator is a

variation of a simple linear delta modulator in which the ON/OFF quantizeI' is replac.ed by

a hysteresis ON/OFF quantizeI'. Such a quantizer limits the excursion of carrier estimated

wave wit.hin a window width allowing modulat.or t.o track the input. signal more precisel~'. In

converter application, such a window limitation a.lsosatisfy the hyst,eresis current. control of

indudive load. As a. r••sult., such controllers achieve h~.steresis current control without any

closed loop arrangement ..

It. has b••••n shown in pr ••vious works that a rwdm has several intrinsic f••atures for advan-

tageously operating inverters [26J. However, all these intrinsic features are not available for

cycloconvert ••r operation. Only th" f91l0wingf••atures of rwdm are obsf'Tvable for operation

of cyc1oconvert,ers,

1. ,"Vit.ht,he change of operating r~~ql1ency,increase or fundamental voltage is inherent.,

but this increase ma~' not, be li~~ar without, extra cont.rot.
. ,',I.

I

2. Low order harmonics are gma.ll ,I

3. Modulator performance cau be chauged on-line b~'varying slope and window widt.h to

change t,he ontput harmonic charact.eristics.

4. Th ••modulator is st.able and has fast. st,ep response.

3.4 Analysis of the Rectangular Wave Delta Modulator.

As shown in th••analysis of sine pulse widthmodulat.ed cyc1oconverter, the analysis of delta

modulat.ed cycloconvert ••r requires t.he knowl••dge of switching points oHhe modulat.ed signal

obtained from the modulat.or and other switching signals us••d for obt,aining the proper gating

signals of cyc1oconverter switches. To find the swit,ching points of t,he t,ypical modulator

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

A = slopc of h'(mglJlar wauc VI Sc.c
u V = window width in volts

"'. = "'c'luency of the sinewauc. (which is l'cctified and. Ii

tlsed as thc modulating wal.e)

;,).= ripple frequency of the triangularwat'c •

Equation of the modulating wave, uJ'J,er em'elope and lower envelope are obtained as,

v,. = VRsin",.t

I'; = -uV + VRsinw.t

( 3.1)

(3.2)

(3.3)

where, v,., l~, l i, are the inst,antaneous value of modulating wave, upper envelope a,nd lower

envelope and "'. = 21rf •. First, switching point tl can be found as below,
smce,

uV + l'nsinw.t1 = At
~\' + VRsinw.t!

tl = ---A----
su bsequent, swit,ching point t 2 can be found as,

~ V + VRBinw.tl '-- (-u \/+ VRBin",.t2) = -A
t1 - t2

IRsinw.tl - IRsin",.t2+----------A
lRsinw.tl - IRsinw.t2

A
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An investigation inl.o these equation gives a general form of these equation for any pulse

i( t;) 118,

(3.8)

(3.9)

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

posit.ion of the previous pulse. In I.erms of radians, the pulse positions can be obtained as,

l!i = "'.ti

•
and (6. - 6d gives the 11181. pulse lermination position within half cycle. Solving equation ~

!(3.8) for particular .1.V(window width) and A (",lope), a set of switching points can be

obl.ained, which can be used for waveform construction of the cycloconverl.er.

In the pwm mode of modulator ~peration, the knowledge of I.he switching points of the

modulated wave allows one t.owrite the equal.ion of t he modulated as,
: 'I
.'z'Tii lip

m(t) = 2::,1 2::(-1)':1-1 [u(t.A +t1.A+t.+1)]
A=O,T/2,T .. i=O I

where,

Np = i3 the number 01 pulse3 i'l one hall cycle

T = i3 the period oj one cycle oj fhe input sine wave

Z - 1= i3 the number oj cyde3 oj 3imulafed signal

t.+1 = is the (i + l)th pulse position

mIt) = is the modulated wave

g(t, t1, t2) = is the gate. Junction starting ()t f1 and ending af t,

108



",here,

and,

= Of 01' t :s I!
u(l-t2) = 1 for I 2: 12

= Of 01' t :s 12

(3.10)

(3.11)

(3.12)

To obtain a single phase c~'doconverter waveform, few ot.her switching fundions are neces-

sary.

If the Vi = v",sinw/ is the input to t.he C)'doconverter with period T, and the cydoconverl,er

out.pul, frequency has a period T~,I,hen lei. us define two switching fundions,

~ . T
SIt'! = L. g(t, ti + -, Ii+ T)

2
t i=O,T/2,T ..

(3.13)

B'2:: T
eg(t, I;+ -, Ii + Tel. 2 .

t i=O,Td 2. T e..
(3.14)

SW! of equat.ion 3.13 is a square wave of period T and 8UJ2 of equal.ion 3.14 is a square wave

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

(3.15 )

When multiplied by Ihe modulated signal m(t), equation 3,15 would result IS a rectified
modulal.ed wave,

Vr", = Vr.m(t)

orVrm = V;.8wi.m(t)
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The single phase c)'doconverter output volt.age can now be obtained as,

Vo= V,m.8W2

0", Vo= V;.8tt11.8tt12.m(t0---------tW:-

Equation 3.16 can be used for simulating different. single phase cydoconverter out.pul. wave-

forms for rwdm modulal,ion. Typical waveforms obtained from such anal)'ses are shown in

Fig 3.4 to 3.5 for cycloconverter frequenC)' Ie = 10 Ie = 25 respectively.

3.5 Spectral Analysis of Delta Modulated Single Phase Cycloconverter Wave-

fonns.
The waveforms obtained b)' a,nal)'ses oul.lined in t.he previous sect.ion can be subject.ed to

'I 'Fourier analysis t.o del.ermine I.he harmonic cont.ent,s of the waveforms. The Fourier series
• I

method require well defined peri6~icit.), for such analysis. Bul. as in sine pwm C)'doconverter,
I, '

t.he out.put. waveforms of delt.a rilOdulated cydoconverter also do not, have an)' well defined
, ,

perodicil.y. So any at.t.empt. to apply Fourier series t.echnique would result. in erreneous

result. Imporlanlly any presence of subharmonics (harmonics which are not multiples of

the operating frequency of the cycloconvE'rler) will not be delE'cted in such analysis. HNlce,

as before, discretE' Fourier Iransform (DFT) has bE'E'ncarriE'C'.\out can the waveforms wilh the

help of commercially available MATLAB program. MATLAB uses' fasl. Fourier transform

(FFT) of radix 2 10 find the DFT of thE' sampled waveforms.

Fig. 3.4 and 3.6 show two waveforms obt,ained for a delt.a modulat.E'd cydoconverter ai, two

cycloconvE'rler frequenciE's. ThE' spectra for AV = .25 V and slopE' A = 3000 VIsec. at

frequencies 25, 16.6, 12.5 and 10 Hz are shown in Figs 3.6 to 3.9 respectively. The spect.ra

reveals that the fundament,al volt,age of t.he oul.put. waveforms gradually decreases with the

increase in operal,ing frequency. And the low order harmonics gradually reduces with the

increase in operat.ing frequency.,

Result of spect.rum analysis for t.he dm waves are shown in I,able 3.1 and in Fig 3.10. Spect.ra

for All = .51l and slope A=3000 VIS spec.tm arE' shown in Fig 3.11 to 3.14 and the result

are shown in t.able 3.2 and in fig 3.15. The t.wosets of spedra have similar charaderisl.ics.
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However, simu\t.aneous innease of ~ V with operating frequeney increases the fundamental

voltage sub8t,ant,ially. In pre"ious works slop" variation of delta modulators were also used

for waveform improvement. An investigation to this for cyc1oconverl,erwaveform shows that.,

t.hough loworder harmonics reduces substantially, the fundamental reduees with variation of

operating frequency. However. simultaneous eharge of operat.ing frequeuey and slope gives

an inneasing fundamental voltage variat.ion. Spect.ro, for £1\' = .5V and slope A= 2500

VIS""". are shown in Figs.. 3.16 to 3.19 and the relmlt of s.peetrum analysis. are ,s.hown in

table 3.3 and in Fig. 3.20. Similarly spedI'D.for,lV = .7V and slope 3000 V/sec. are shown

in Fig. 3.21 to 3.24 and the results of t.hespect.rum analysis are shown in ta.ble 3.4 and in Fig.

3.25. The figures and tables verify the above features of dm eyc1oconvert,er. The variation of

fundamental voltage with inerease of operating frequency for ehanging £1V is shown in t,able

3.5 and in' Fig. 3.26, where as variation of fundaments.! volt,age for changing slope is shown

in table 3.6 and in Fig. 3.27. From'these figures, it. ean be seen t.hat. dell.a modulation ean

be easily used for cydoconverter to' aehieve t,he feature of increasing fundament.al voIt.age

with the inerease of operat.ing frequecny either by having window width ~ V variable or b~'

having slope of the filter variable.

3.6 Comparison of Delta PWM TeclmhpIe with Sine PWM Tecllllillue..

In chapter 2 t.he analysis of sine modulat,ion technique for operating a single phase eyc1ocon-

verter has been presented. Similar aualyses are presented in this chapter for dell,Rmodulated

single phase C)'eloconverter. CompRl;ng the results of t.he two. several distinction between

t.he two techniques and the superiorit~. of delta modulation in cont,rolling a cyc1oconvert,er

in pulse width modulation mode can be observed.

a. Sine pwm techniqe uses t,he eomparison bet,ween a sine modulating signal wit.h a carrier

triangular wave to produce m~dulating signal. 'Ihe generat.ion of modulating signal

by such comparison for cydoeonverter and ot,her power convert.ers are not. easy when

many faet.ors like synchronization of triangular wave with modulating wave and dear. :
definit.ion of swit.ching point, etc! are considered.

i! i

() \Vhereas, in delta modulation the carrier wltve (alro known as.estimated wave) i",a s.elf

generated wave, Dell,a modulat,ion t.echnique itself is simple and easy to implement.
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~; , b. To achieve increased fundamental volt.age with increase in operating frequenC)'. the

modulat.ion index or the carrier frequency may be varied in spwm t.echnique. However.

such implementat.ion is not easy and may become very complex wit.h ot.her conl,rol

requirements of the applicat.ion.

111n delta modulation t.echnique eit.her l,he change of window widl.h or of slope may result

in fundamenl.al voltage increase al. l,he output. of a cycloconverter. Such change may be

incorporated inl,o the modul~for by adive nelworks to cont.rol the uV or slope wit.h a

control signal E. which 'would, a.1~ cha.nge t.he frequency of the cyc1oconverl,er.

c. In drive applications, t.he mo(lulat.or chnTae\.erist.icsor rwdm restricts t.he excursion of., ,
the load curren I. beyond a c~it!l.in boundary. This is due t.o t.he hysteresis band which

limits the excursion of l.he modulator's est.imated wave between boundaries, In spwm,

such control requires external logic implement.at.ion.

d. The charae\.eriBticBof delta modulators described in b) c) above iBequivalent to on-line

waveform synl,hesis. In spwm technique the optimizat.ion of waveforms require 01£- line

waveform synthesis and the switching st.rategy has to be implemented by' dedicated

micro-compul.ers.

The comparison described above is inferred on the basis of t.heoretical results obtained and

detailed in chapter 2 and 3. The experiment.al verifical.ions of these observation areQlimited

according to presenl. facilit.ies available at. our labs. However, a small scale implementat.ion of

l,hedelta modulation in controlling a cycloconverter has been undertaken and t.heprocedures

followed and l,he results obtained from the experiment.s are presented in brief in chapl.er 4,

3.1 Conclusions.

The operation of a single phase cyc1oconverter by delta modulation t.echnique is shown in

t.his chapl.er.A comparison between delta moduJal.ion and sine pulse width modulal.ion

(spwm) is aloo made. From t.he diBcussion it is clear that delta modulation has snperiority

over sine pulse widt.h modulat.ion. Cycloconverter waveforms can be improved b;r variat.ion

of eit.her window widl.h tlV or by variation of slope A in the dm t.echnique. In t.he following

chapt.er, practical dm cyc1oconvert.erwaveforms are considered with our limited lab facilil.ies.
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Table 3.1

Results of spectral analysis of dm waves for~v=.25 A = 3000 where
V IS the window width & A is slope V/sec.

.................

frequency Harmonics
In
Hz. 1 2 3 4 .5 6 ?

25 .15 0 .15 , l)~) .08 0 .05
16.6 .16 0 .16 .Ot:, .08 0 .05
12.5 .18 ,05 [) . (lEI .15 .05 .1
10 " 0 .U6 U .05 0 .05.1:..

Table 3.2

Results of spectral analysis of dm waves for AV=.5. A = 3000
V/sec.

frequency Ha.rmonics
In
Hz. 1 ;'. 3 4 5 6 ?

25 .28 0 ':) .O!"j .08 0 .04.1.:.

16.6 .32 .05 .2 .02 .16 .05 .1
12.5 .38 .08 .1~: 0 .08 .2 .05
10 .39 0 .12 0 .08 0 .08
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i I

, Table 3:,3

Results of spectra.l ana.lysis of elm waves for AV=.5V A = 2500
V/sec.

765431

. 1..... . . .
Frequency Harmonics

in
Hz.
••••••••••••••• _ •• _H __ ._._ ••••• ............. ... ....... - ........ -.. _ ................... _ .. -'. ................................. ---.- ..- ...._ .... - ...... __ ...._-._ ..._._ ........... -.........

25 32 0 25 05 OS 0 0
16 6 35 05 2 03 18 04 14
12 5 4 1 15 0 08 2 05
10 24 0 2 05 1 0 08

Table 3.4

Results of spectral analysis of elm waves for AV=.7V A =
3000V/sec.

..... _ ... ................................ - ...........• - ............ -_ .......................

Frequency Harmonics
in .

Hz
. 1 2 3 4 .') 6 7

...._- .....- .............. - ...- .......................

25 33 .05 12 04 2 02 08
16 6 .4 1 12 0 08 08 2 I
12 5 .42 0 15 0 1 0 1
10 .42 0 15 0 1 0 1
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Table 3.5

Fundamental voltage varia.tion with frequency for AV=variable and
slope A=3000 v/sec = constant

frequency V = .25 V = .55 V =.7
25 .15 .28 .33
16.67 .16 .32 .4
12.5 .19 .38 .42

i10 .2 . : .39 .42
I

: I,
I ', I

Table 3.6
,:
: '

Fundamental voltage variation with frequency for A=variable and:: ,

constant c:.V ='constant = ..5 v/sec
........ _. ............. - .. , .......•................ _ ..... __ ._~. ................................. " ,-.._ ..... __ ..-

frequency A= 3000V/sec A=2500V/Sec
25 28 32
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 syccessful 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 Circuit Using dm.

The delta modulation technique requires relativel.v 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

input of the comparator A I and carrier VF' is generated in the following manner; whenever

the output voltage of A2 exceeds the upper or lower window boundary (present by ~

ratio), the comparator Al revernes the polarity of VI at the input of A2. This rverses the

polarity of VF at the output of A2.Itforces carrier wave to oscillate about the reference. ( ",.,

waveform. Once this switching waveform is obtained, the signals for the switching devices of

the cycloconvetter 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 signal obtained by dm modulator. The inverter section with

thyristor switches were simulated in the lab by two dual dc-dc converter connnected 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

producing the signals of Fig 43 is shown in Fig 44 (25].
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4.2 Experimental R.esult",
This section deals with the description of the experiments performed. 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, finally a single phase cycloconverter was run successfully by

the. dm switching strategv. Ty~ical :waveform obtained at the MOSFET switch after the
•., ,I I

rectifier is shown in Fig 4.8. T~tse oscillosc,?pe pictures show the output voltage waveform

at the top and the current w~vrform at the bottom of the trace when the output of the

MOSFET switch is Oconnected to a resistive load. The two traces show the affect of varying

modulation parameters on the waveforms. In Fig 4.8( a) the number of pulses are more than

in the waveforms of Fig 4.il(b). Fig4.9 illustra.tes the waveforms of the delt.a. 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
A

not be evaluated experimentally in terms of harmonic contents due to thejmavailability of

a spectrum analyses. Also the ?n- line optimization circuit of the cycloconverter could not

be realized in time for reporting in this thesis work.
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Fig: 4.8(a)

Fig: 4.8(b)
Fig: 4.8 Waveforms of modulated rectified wave at the output

of MOSFET switch at the front end of the cycloconverter
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Fig: 4.9(a) Modulated cycloconverter waVefOrlTIfor f= 16.66 Hz
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Fig: 4.9(b) ~odulated cycloconverter waveform for f= 25 Hz
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Chapter - 5

Summary and Conclu"ioD!'

The objectives set at the begining to investigate the use of delta modulation technique for

a single phase cycJocoverter has been satisfactorily realized during this research. Simple

analyses have been carried out oil phase controlled and sine pulse width modulated single
, '

phase cycJoconverter waveforms. :;rhese results were compared with those obtained for single
: 'I "

phase delta modulated cycJoconverter.' Delta modulation proved its better performance in-i: ' I :

terms of controllability and imple,!,entation over the other techniques. A method of on-line

waveform sysnthesis of pulse widt:? modulated cycJoconverters using variable step rectangu-

lar wave delta modulation has be'en proposed. Compared with conventional cycloconverter

waveform sysntheis, computer implementation of this technique is not mandatory, instead

easy hardware implementation is possible.

The features of delta modulation in the operation of a single phase cycJoconverter, 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 is easy to implement.

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

c. It allows on-line waveform synthesis possible by hardware implementation. The features

of controlling window width.a. V and slope of the filter can be used for this purpose.

However. controlling .a.V with frequency change gives a better performance.

d. Fbr a.c drive applications, cycJoconverters are usually used in slow speed applications.

In slow speeds, a.c. drives require constant flux in the air gap to achieve constant torque

operation. Such a control is possible with delta modulated cycJoconverter without

additional control. It requires the vari1J.tion of .a.V or slope as needed for waveform

sysnthesis mentioned in C above.



e. nectang;ular Wa.H' Jplt.a llH.>dulatcd cydOC()(l\'C'Yt.er lilnit~t.he excursion of output. current

waveform for indudiye loads. Such a featn re achieves hyst.eresis current. control of such

loads wit.hout. addit.ional control.

f. Ddta modulators, specia.lly the rectangular waye delta modulators ate efficient and

their responses to sl"p changes a•.•.•fasl [2:,].

g. Swikhing points or the numner of plll,,'s vary automatically m delta modulation al-

lowing the commutat ion requirements of COl1\'erters.

All the features mentiond above are also obtainable by convent.ional pulse width modulation

technique. HOIVeyer,they can be incorporat.ed int.o the system with much complication of

the eout.l'ol circuif.ry and at tilll('S with addit.ional c1osr.d loop control.

Future Work:.
Delta modulat.ion tpchnique has been I>leviollsly report"d for conl.rolling tedifier, inverter

and voltage cont.rollers. However. its applicat.ion in cydoconwrter control did not appear

in literature so far. This research cfrort. is the first st.ep towards this goal. Fut.ure work may'

inclnde the implement.a.tion of elm t.echniqne in t.he control of a. poly'phase cycloconverter.

Fut.nre work may also inclnde t.he performance of inelnetion and synchronous mot.ors run

from a delta modulated cycioconvertcr. i'iow,a-,iays it. is also yery common to implement

Yarious switching technique; "'it h the 'help of microcomputers. \1 icrocompnt.cr generation of

single and tltrec pl","e switchin~~wavef'ol'fns using dm techlliqlle approach can be undertaken

in fnturc works, In the waveform synt.hesis are", simuitanc'Ous variation of window width

and slope can be C'xlllnillC'd ('xteTl~i\'('I~..
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