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ABSTRACT 

The thlee-phase ta slngle-pf1?~e cycloconverter has a mpximum continuo~s 

rating o~ 250 Vdc ot 30 Adc and opelotes wJthout circulating current (figure 8 curren~) 

between its six-puise thyristor bridges. The voltage biased cosine wave technique is 
r 

used for phase-control. Phdse forward and phase back limlt pulses are superimposed 

on each cosine wove. An "alpha blanki~g" circuit prevents the formation of spurious 
, 

Il 

0' 0 . 
gating pulses ln the range of 180 < 0<360 . A new, high-speed, current zero deiectoL 

is presented which de pends upon contmuous monitoring of the voltage aeross eoeh 

thyristor ln the cycloeonverter. There'ure two types of eirculoting current eliminotion 

logie sultoble fol' 1) resishve or logging loads, and 2) leading, rem,tive, or logging 
'. J 

loads. When the eycloconverter hos other than a de armature load, auxiliary gatfng 

pulses are suppl ied ta the ancoming converter to prevent gays in the load cur'rent. The 

transfer charaeteristics 'of the bridges have a dead band between them to prevent 

current sur~~s after crossover when the core loeonverter is used as a de armature supply. 

A single eonverter with a. four thyristor reversing switch has ,been used as a cyc)oconverter 

ot 40 Hz: 
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ABREGE 

\ / / / " l0 cyclo-cçnv{', tisseUf a commutation natulclle hiphmc ~onot?hase r;., 

• 

peut foulnil 30 A cc à 250 V et fonctionne sons c;lculation de COUlant entre ses 

ponts de thYI istors ~ six impulsions. Le circuit de commande utilise la technique de 

"l'onde cosinusoïdale avec; polatisation d::! tension" pour obtenir le terme "ore cosinus" 

, 
et ainsi rendle le gain constant. Les i~pulsions de restliction de l'ongle de retard sOl)t 

supe,pos~es L, chaque onde caslnusé,d?le . Toutes les fausses Impulsions de commande 
4! 

cre/es dans l'intervalle d2 180
0 

< a <' 360
0 

sont supprimées. L'auteur présente un 

nouveau détecteur de "~oulant zérQ" èl haute vitesse dont le principe est la surve;illance 

continuelle de la tension ClUX boulnes de choque thylistor du convertisseur. !I ya deux 

sortes de logique electronique d'élinrination de cileulation de courant: 1) pour les 

chorges résistivcs ou i,nductiv€s 2) pour l-es charges capacitives, resistives ou in,due- l 

" tives. duand la charge du cyelo-convertisseur n'est pas celle imp0Sée par l'induit , . 
., .l' J 

du moteur à cc, des, imf»Jlsions auxiliaires sont envoyé'es au convertisse\Jr~ l'amoreage 

pour J!H~veni.r des' "trous" dans le courant de charge. Quanq le cyclo-convertisseur 

alimente l'induit d'un moteur à Ç<C, les courbes de'transfert caracté'ristiques.des ponts 

sont espac~es '\ système 0 bond~ morte) afin de prévenir des surint~nsltts tran~itoires 
,. • Il 

apres inversion. Un seyl convertisseur aveç quatre thyristors fonctionnant en inverseur 

du courant a ét~ utilisé comme cyclo-convertisseur pour fournir une fré'quence secondaire 

ode "40 Hz. 
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CHAPTER 

AN INTRODUCTION TO THE'CYCLOCONVERTER 

1.1 Defini tion and Basic -Configuration. 

Modern usage pf ... ~he term cycloconverter denote~an ac to oc static fre­

quency changer without an intermediote d~,link utilizing line commutation of con-

trolled rectifiers. The most comfTl.on cyclcconverter building block is the anti-
\ 
\-' 

parallel combination_o~ two controlled rectifier connections. Figure 1.1 illustrates 

the anti -parai lei combi nation' of both one-way and two-way (three-phase) recti fier . 
connections. I(suitably controlled thyristor gating circuitry is provi.ded, a single 

basié bu i Iding block m~y be' used di rec tly as a si ngle-phase output cycloconverter. 

Or, as will be d~scribed in Chapter ~I, multiple, onti-parallel combinations may 

be combined to form a multiple phase output cycloconverter. 

~ '0 

~---~ .~; 
Y !.\~, 

3 v' 

• + 
LOAD 

.j-

I-r 

o o-I-t---I---t-----­

(,O---+--+ 

" 

1 
Cl' 
<f' 
a 
..J 

1 , 

FIGURE 1.1. BASIC THREE-PHASE TO SINGLE PHASE CYCLOCONVERTER 
BUILDING BLOCKS 

... 

- . 
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1.2 The Origin of the Cycloconverter 

The first practical fortn of cyclocoSerter, using grid-controlled mercury 

Ti"', arc redifiers, wosdescrib'!d in a British patent application lodged 6y Hazeltine in 

1923. HozelHne's schcme Ci:onverted thr.ee-phose, 50 Hz voltages to four-~hose 

l 
voltages ot la Hz " The first commercial applications were in the conversion of ...-.. 

, 

three-phase, 50 ,Hz supplies to 16 2/3 Hz single-p~se at la ta 15"kV for railway 

el ectri f! coti on. Both en,,-e lape c yc 1 oc<?n\t~fters ~nd 'gri d-controlled (phase-control! ed) 

cyclo!=onverters were used. 

<-
The envelope cycloconverter, now exti.nct, was suita61e for use only 

with resistive, singlè-phase loads. "Any reac~ive power require~ents on the single­

phaie side had ta be supplied 6y other means (suéch as a single-phase synchronous 

cond,e!1ser). The input .to output frequency changing ratio Was fix,ed 6y the re~tifier 

Q 
and transformer configuratic:n (usually at 3: 1). Regeneration {inversion} of power 

~ 

From the single-phase si de to the three-phase side 'was not possible. Transformer 

top changing was the only method of voltage control. 2,3 . 

, 
1 H. Ri ssik, The Fundamental Theory of Arc Con-v,ertors (London: Chapman 

and Hall ltd., 1939) j -P:-270. --

2 " 
Ibi d., pp. 24{)-258. 

~ . . 
3 S• ~iyairi and M. Shio;a, "Gate Control Circuit for Thyrigtor Cyclo­

convertor," Electrical Engineering in J~pan (IEEE Translation), Vol. 88, No. 12, 
1968, pp. 31-32. 

> \ . \ 
" '1' 

" ( 

.. 
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However, the grid-controlled, (phase-controlled) cycloconverter uti-

liz;ng grid-controlled mercury arc rectifiers did permit the use of reoctive loads 
, 

without need for any added reactive power source on the single-phase side." The 
< 

frequency ratio wôs adiustoble simply by changing the reference frequency suppliec.1 

to the grid-control circuitry. This meant that for a given cycloconverter control led-

recti fier and transformer configuratIOn, the rati 0 could be chonged From 50 Hz: 16 2/3 Hz 

. 
(that is, 3:1) to 50 Hz:20 Hz (that is, 5:2) simply by çhanging the grid-control re-

ference frequ~ncy from l6;Q/3 Hz to 20 Hz. Continllous regeneration of power 

" ~ 

.from the single-phase side to the three-phase side occurred when the power factor 
, ! 

angle of the single-phase side exceeded 90C? In addition, smooth voltage control 

was possible by changing the amplitude of the reference fr~quenc)( supplied to the . , 

grid-control ci,cuitry. The term cycloconverter, as defined in Section 1.1, appMes 

, , 

ta the grid-controlled (or phase-controlled) cycloconverter rather thon to the enve-

lope cycloconverter. The ~otter wi \not be further mentioned ; n thi', thes; s. 

The cycloconverter, with its mercury arc type of cQntrolled rectifiers, 

gradually Feil from papularity. Its decline was principolly due ta the limited power 

inversion capabi lit y of the mercury arc rectifiers themselves, and to the bulk and 

relative complexity of the. systems at that t-ime. However, a body of the/ory WÇlS de­

velaped that analyzed cycloc6nve~er oper6tian. The classic reference in English 

/ 

4Phase-controlled Qperation of mer'cury ère rectifiers_~SlS traditi~ally 
been ealled grid":control. 'l, 

" 

. , 
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. " 

f.or cycloconverter theory (and po(yphase rectifie'r connections) was H. Rissik's , 
r. 5 
book published in 1939. The standard reference in German for that period is 

< 6 
in an artlcle1by J. von Issendorf pul3lished by Siemf.ns Work.s. A number of 

other cyclo'converter refereP'lces of tne.1930's are listed in the bibliographies 

"', 
of articles ~y R. J. Bland

7 
and L. J. Lawson

8
. 

r· . 
1 .3 The Return 01 th~~ycloGonverter 

ln 1957 Generol Electric announced the development of a soli d state 

controlled rectifier (SCR) n~w known as the thyristor. Interest in the long.dormant . 

cycloconverter concept revived as thyristor voltage,'current, and reliability ratings 

quickry rose. The sm<?11 size and physical soundness of the thyristor made it na-

turally suited fo[ its first new cycloconverter applications in three-phase to three-
-~ 

5H• Rissik,~. s!.!., Chaps. X,XI,XfI. (' 

6 J. von fssendorf, "Der Gestewerte Umrichter [ The Controlled Static 
Frequency Changer J',.Wissenschaftliche Veroffentlichungen, Siemens-Werken, 
Vol. 14, Pt. III, 1935, pp. 1-31. 

7R•J • Sland, "Pactors Affecting' the Operation of a Phase-Controlled 
Cycloconverlor," Proc. IEE, Vol. 11A, No. 12, December 1967, pp. 1908-1916. 

8 l •J . lawson, "The Practical Cycloconverter," IEEE Transactions on' 
tn~}try and Genera!. Applications, Vol. IGA-4, No. 2, MarchJ AprIl 1968, -
pp. T 41 -144 • "' -
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phase aircraft variable - spee1: c~t-freqUency ("~CF) supply schemes, 9" 10 

Closed-Ioop with controlled~\ip speed control of three~phase induction motors 

• 0 • • h' l' . 11 A h ~\ , ln traction service was \, e- next Important app Icatlon. t t e $ÇIme hme a 
'. , 
l , .' 

number of manufacturers were developing circulating-current:--free reversing.drives 

which were essentia'lly three-phase to single-phase cyclo~onverters.12,13 Cha~l~! 
, . 

• -lI 

III will trac'e the development of the m~dern cycloconverter by reviewing a selec- -". 
, . 

te~ group of articles published in English in Europe and North America sinte 1959. . .. 
.. 

9K .M • Chirgwin and L. J. Stratton, "Variable-Speed, Constant-Frequency 
Generator System for Aircraft," AIEE Transactions, .f!:!.t (Applica\tions and Industry), 
Vol. 78, November 1959, pp. 304-310. , 

10K .M. Chirgwin, L.J. Stratton, and J.R. Toth, "Precise FrequenFY 
Power Generation from an Umegulated Shaft, " AIEE Transactions, Pt. Il, (Applications' 
and Industry) , Vol. 79, January 1961, pp. 442-451. " 

11Walter Slabiak and Louis J. ~awson, "Precise Control of a Three-
Phase squirrel-Cage Induction Motor Using a Practical Cycloconverter," IEEE Trans­
actions ~ Industry and General Applications; Vol. lGA-2, No. 4, July/Augu~ 
1966. pp. 274-280. . 

12Franz Wesselak, "Thyristor' Converters with Naturol ,Commutation, Il 

Siemens Review, No. 12, December 1965, pp. 405-410., 

13L.F. Stringer, "Thyristor D-C Dri~e Systems for a Non-ferrous Hot 
Line, Il IEEE Industrial Static Power Control Conference Record, November 1965,. 
pp. 40-~ -

'. 
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1 .4 Thesis Justification and Outline 

The h~storjcal develo~ment in Chapter III will reveal that the 

circulating-current-free cycloconverter is now a·well known device to mony 

firms working in, the o:rospoce, military, and industrial driv~ syste~ fields. 

However, the core, ~f this thesis was first prepared as a con'ference'.paper 14, 15 

. 
in the spring of 1970 for present'}tion at the October, 1970 1 EEE Industr)l- and 

, , 
General Applications Group Annual Meeting. Many papers h9~ ol~eayd been 

, , 

published which demonstrated cycloconverter operatioTl in various drLye systems. 

But of course, these popers tended to be g~arded about the detoils of the 
-..c: 

proprietary cont~ol circuitry'which were vital to the ~mooth operation of their 

cycloconverters. The purposes of the conference paper by T. Hamblin and 

T. H. Ba_ tvyos to discuss cycloconverter control circuitry problems, and to 

describe some portrcu lor solutions using a practical three-phase to single:"phase 

circulating-current-hee cycloconverter os an example. 

6 

14r M.:',,f1amblin and T. ,H. Barton, IlCycloconverter Control Circ~its/" 
IEEE Industry and G,.éneral Applica,tions Group Annual Meeting Conference Record, 
Octobe-r, -196.5,pp. 559-57d, ' ' 

15 T. M. Hamblin and T. H. Barton, '~Cycloconverter Control Circuits," 
IEEE Transactions on Industry Applications, Vol. lA-S, No. 4, July/August 1972, , ( 

~ 443-453. -

\ ....... 

, ' 
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The ihtent of the peper, and of the work leedin,g to this thesis! has bêen 

definitely non-mathematical for two reasons. First, the cycloconverter transf mer 

and thyristor sizing requirements could be reasonably wef'l estimated fr weil 

known exact analyses of polyphase converjers under steady-state conditions' 

wh ich were avai lable in books by J. Schaeffer 16 and H. Rissik .17 Both H. Ri~sik 18 

19 ' 1 

and j. von IsseQdorf had published approximate performance analyses of 

cycloconverters with circulating c;urrent. Hence a new mathematical analysis 

was not really ne1ssary before investigati~g the control circuitry problems of 
, . ~ 

Second"the problem of doinSl- more than on opproximate , 

anolysis of cycloconverter waveform appeared formidable if the three porameters 

è>f frequency, output voltogE:l, and output current displacement factor were to be 

/ voried over their full rang~s. Hindsight shows that,the complexity of successful 

'enalytic or numerk Fourier analyses of the waveforms followed by a logical 

unificati~n of the results would be an accomplishment ~orthy of presentation 

• as a book Or as' a doctoral thesis. Indeed B. R. Pelly"and his colleogue L. Gyugyi 

20 
demonstrated iust that with the publishing ln 1971 of Pelly's book and 

16 j. Scheefer, Rectifier çtituits - Theory end Design (New York: 
--~--~~~--- --- ----

John Wi ley end sons, 1965) pp, 347. 

17H R' 'k' , ' , (55 ( _1 op. C (t • 18Ibid ., pp, 265-270 .. 

19J , von Issendorf,~, cit. 

7 . 

20S, R. PelÎy , Thyristor Phase - Controlled Gonverters~ Cycloconverters -
Operation, Control, and Performance (New York: Wiley - InterscÎence, 1971) pp, 434. .' . -'.t 

) 
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Gyugyi 's thesis. 21 The book eovered the topies stated in its title in sueh a 

thorough, organized, manner that it beeame a standard reference text in the 

thyristor drive systems field almost immediately after its release by Wilel' 

Interseienee"at th,e stad of 1971. , 

The conference paper by T. M. Homblin and T. H. Barton was . 

presented in Oetober, 1970 and hence wos not influeneed by Pelly's book nor 

~y Gyugyi '5 thesis. Simi lorly the vast majority of the experimental work to be 

described in this thesis, os weil os some of the writing itself, was finished in 

1970. However the eompleteness of Pe Ily's descript ion of the operation, control, 

~ . ---
and performance. of eonverters and ~ycloconverters hos had a definite influence 

. 
on the contents of th is thesis os it is now submitted. These areas of influence wi Il 

be'specificolly ocknowledged as they oppear in the text. 

, 22 
Another book on cycloconverters written by W. McMurroy was 

discovered by T. M. Hamblin os this thesis was b~ing,., ihto its final draft· 

form. McMurray's book is sO,mewhat complementary to Pelly's and references 

wi Il be made to it from time to time in the text. 

" 21 L. Gyugyi, "Generalized Theory of Statle POwer Frequency 
Changers!1 (Ph. D. th.esis, University of Salford, October, 1970) . 

. 22 h h - 1 W. McMurray 1 T e T eory o'hd Design'c:..f Crc oconv~rters 
(Cambridge, Massachusetts: TheMIT Press, 1972) pp. 165 . 
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Cpapter Il of this thesis introduces the basic operation of cyclo-, 

converters 81' describing the phase-control of antiparallel cOnvertet bridges 

and the problem of limiting the magnitude of the circulating current between , ~ 

, 
th~m. Chapter III IS a historical review· of how var ious companies approached 

the design of cycloconverter and reversing converte! drÎve systems 'between 

--. 
1959 and 1970. This step-by-step 'tracing of the devE'lopment of the field 

following the introduction of the thyristor by General Electric)n 1958 is 

admittedly lengthy. But hopefully it gives the credits due to the mony 

. 

" 

confributors to the field and 0150 places this th~sjs in the proper perspe'ctive ; 

-
to the papers discùssed. Chapter IV covers the thyristor gating, control, cmd 

protection circuitry used in a three;:-phase to single-phase cycloconverter with 

circ~lating current. The n.ece,ssary logie and detection circuits added to the 

'\Cycloconverter to successfully eliminate the circulating current ore discussed . , 

in Chapter '1. Two' innovations made during the experimental wor~ ore 

described in tb is chapter: 

(... 1 ~ 

1. High speed eurrent zero-drteG.tion (50 os to permit circulcÜing t ' "\ 
current eliminationJ ~y cbnt:înuous monitoring of the existence 

of voltoge aeross eoe~ of the thyristôrs of the eycloconver-ter. 
( 

-2. Auxiliary gate pulsing supplied to.thyristprs in the,on-co;rning 

half of the cycloconverter to eliminaFe gaps in the output 

9 ' 

o 

\ 
l, 
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current woveforl11 immediat&ly after c;.ro'~sover'~y th~,.ihterlocking logic. 
" ;, 
\ 

Ch~pter V deroonstlotes cycloconverter operation \\tith three types of loads: 

'----
, a sin~le-phos? induction motor under open loop control, a single- phase 

o 

~ynchr~nous.~otor under open loop controi, and a dc motor under closed l'Cop 
" \' 
", '" .. 

control .• In addition' this chapter contains the defails of a three-phase to, single­

phase cycloconverter thin use~ only one bridge combined with a c{pdt, thyristorized 

rev~rsing switch. The final chapter (VI) con.toin~ a r~sum~ of the previous 

chapters with sorne suggestions for future wOlk. 

" 

\ \ 

.... 
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Cf1APTER Il 

1 
. BASIC iYCLOCONVERTER OPERATION 

2.1 Introduction 

.., t 

.. 
..... 

y 

This chapter wil! describe the biÇls-shift method of "hase-eon'tral general-.' 
Iy used in mos! cycloconverter schemes. In~ddition, the problem of controlJing .. 
the amplitude of the circulating currcnt possing between the anti-pardllel conver­

~ .. .. . 
ters will be discussed. 

2.2 A"verage Output. Volrag,e Versus 'Firing Angle 

The presump-rion is made thal the reader j,s familial' with the phasê-

controllecf rectifier operation of one-way and two-way rectifier eonneetlon$. Tlfl 
' f il 

(' 1 2 3- LI' , ,''''-
recent articles, 1 and books by Scnaefe, ond Pelly explain phase-co\ol. 

lA. Ludbrook and R.M. Murray, liA 5implified Technique for Anolyzing 
the Three-Phase Bridge Rectifier," IEEE T~nsactions ~ Industry and General 

"Applications, VO,I.~A-1, No. 3, Moy/hlne 1965, pp. 182-187. '" 

2 E. E. ~obek, "Characteristics of Ar:;;. Powered DC Motor Co~trols Using 
Three and Six Cantrolled Elements," 1 EEE Transactions <4!fn Industry and qeneral 

- Applications, Vol. IGA-5, No. 2, March/April 1965, pp . .187-191. 

3 J. Schaefer, Rectifier Circuits (~ew York: Wil~y, 1964) 1 pp. 75-86. 

4 ' , 
. ~ B.R. Pelly, Thyristor Phose-Controlla:l çonverters and CyçlGconverter~ 

Operation, Control and P~rformance (NewYork~ Wiley Interscience, 1970) 
pp. 27-54. . • 

____ ~"" __ ~1 __ ~ ____ ........ 
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Figure l .1 'ShoVJ~d the anti-porallel connaction of one-wei y and two­

way rectifier cil~~rts':- Pha..se - r:ont~olled ~otl~ of the thyr(~ors, combined with 
~ 

the antJ-porolle,l inte'rconnection of the circuits, permits smoof~, cbntrql of the 

amplitude and po'iorlty'oi, the';oltog~ opplied to the lood~ The onti-parallel inter-

. 
conn~ction ollows..bi~directionol current flow in the lood with uni.!direct~onal 

flow through eoch cCrTVert~r. T~e relo~lonship between the firing ongle a and 
\ . . 

the ave,rage outpyt vqlt,oge V
d 

of a c:onverter operatirlg with continuously flow-

. 1 d . Il k 5,6 d b 1 b lria 00 current 15 we nown, on con e slOWn ta e 

Tl V ~: (VTE e. 
d TI 

- ) cos a 
p . 

v ct cos a (2.1) 

1 

where \/2 E = !Î~pk instantoneous output 
, f 

vol tag~ and p = pu ISè number. 

F.or.~ three-'Phase, one-wdy rectifier, . , 

". 
V2E = peak line-'neutral voltage, ond'-~ -=;3. 

l '1 
And for a three-p~ase, two-W?y rectifier (bridge circuit)· 

\12 E == peak line-to-:line voltog~, and p = 6., 

To ensüre that the two converters operated'in anti-parallel (one r~cti.fying, one 

r' 

inverting) hove bolonced output volta'gés, their firir'lg ohgJeS' should be supplementary 

5 J. Schoefer, ~. cit., pp. 75-86. 
". 

! 

oH. Rissik, The Fundamental Theory or :Arc Converters (London: Chop-
man and Hall ltd., 1939) , p. 183., -- --- 1 -J.. 

" 
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as is show~ be low. . , 
, o 

-= 180 - a (2 2) 

2 3 The (/rculot/ng (vrrent Problem 

If the·firln9 ongles are not truly supplementory then a de eurrent will 

\ 

cir.ç;.;late between the eonvert'ers if there i5 a positive ave/age voltage difference 

between them. This current c,an be very large, even through the firing ang~e 
1 . 

enOr callsirlg it is small, because the t irculo'ting current avélids the load and is 
, ( . 

lim/ted only by the low series resistanee of the converters and circulating curr~nt 

limiting reador (Iabelled X in~F,igure 2.3). 

Even if the average converte/ voltages are held equal, there will 

sti /1 be an 
1 -;.J \ 

inherent, alte/nating voltage djfferenee between the eonverters due 
'\ . 

to the shape of their phase-controÎled output-vbltoges". The pui>o'SEl' of 'the 
". . 

circulating cunent limifing reaetor eonnected between the eonverfers is to . 
~ . , .., 

support this sawtooth shaped voltage difference waveform. The reactance value 

i5 chosen 50 as to lim;t the 360 Hz circulating current'pulses due to t~'e alternating 

À 

voltage'.diHerence to some ~,octiQI1', of the-normal, full load turrent. 
1 

~igllre 2.1 and 2.2 are photographs of the~e waveEwtms for Firing 
Jo • , -

ongles of ci~roxi.rt1a.fely a :::: 60 pnd ~ :::: 120~1 under no-Ioad cOr.lditions. Figure 2.3 
" .... 

show~ _:.ntereonnectio~ of the converters a~d wherè each trace was taken .. 

.",' • _ l 

Note that the voltage~ appear+ng at the center-top of the reactor (Trace 3[ Figur'e,. 

'2.2)' is the instantaneous average 'of the two converter voltages becaus~ the,reaëtor 
.. 

r­

" 
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FIGURE 2.1.· CIRCULATING CURR AND VOLTAGE AT NO LOAD 

" 

1 , • 0 

SNeep=5ms/cm;V""'5.0V·o=-60 A-:>.120o 
C '. ' p 

Trace 

Trace 

Trace 

Trace 

-. 

1 : V , 
o 

2: V , 

° 

P converter ; scale == 420 V / cm 

N converter ; scale = 420 V / cm 

3 : V d 1 acro~s reactor ; seo le. == 420 V / cm 

4 : l , circulating current ; scale = 5 A / cm 
c 

l' ... 4 

\ .FIGURE 2.2. 
• 

NO LOAD VOLTAGE WITH CIRCULATING CURRENT 

Sweep = 5 ms / cm ~ V "'" 5.0 V/; Cl -. 600
, ~ =- 120() 

C ,1 

Trace 1 :, V , P conv~rter ; scale = 420 V / cm 
o 

Trace: 2 :' V 0' N converter ; scal~ = 420 V / cm 

Trace 3: VI 1 at-4'eoctor center-top ; scale = 420 V / cm 

Traée 4:1, 1 circulating eurrent ; seate = 5 A / cm 
c 

'l 't 
14 
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<;) aets as a voltage divider. Observing that the eirculating current is definitely 

continuous (Trace 4 Figures 2.1 and 2.2) j'mplies that the firing angles were 
. 

not perfect. Theoretî'cally at CI == 600 and ~ =: 1200 the nO load circu lating 

ClJrrEmt shour be on the edge of discontinlJity, and the reador center-top" 

voltage should be uniformly cusp-shap-ed? . 

• 
Pelly has described a third component which he has named the 

1 f . d d' 1'" '" 8 Th 1. f . f fi se -In uce CHCU atlng current. e requlrement 0 conservation 0 ux 

linkages if'\' the ciréulatirlg eutrent limiting reactor itself may induce a free-

wheeling eirculating current throl1'9h the reaetor and the anti-parallel 

'. 
converters. This self-indueed circulating current will be further diseussed 

in Section 
\ 

of Chapter IV. 

ift Control of Goting 

for the average output voltage of a phase controlled 

perating with eontinuous current was Vd = Vdo cos a. Preferably the 

input cont,ol voltage to average output' lIoltage ratio should be a constant re!ation 

su ch os: 

7 
B. R. Pelly, op.,eit., p. 130. 

-. 
8 ; 

B.R., Pelly, op. ciL, pp. 134-144 and 156-161 

"" ' • 'o.' 

" 

(2.3) 
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where v = input control vol tage. 
c 

} , 17 

A technique for obtaining such a linear relation was originally developed for grid- ./ 

contro'Îled are converter,' by Mittag in.1925. 9 Rissik refers to this technique as 

"bias-s~ft control". The method cansi ,ts of ~di ng a "cosine wove" to the co~trol 

voltage. Gate pulsing circuitry generates ~Ise starting at the instan~ that th~ 
sum of the two waveforms changes polarity (crosses zero). One cosine wave must 

be suppli ed. for eoch thyri st or in a converte r. ' The phasi n9 of each cosi ne 'e"ave 

.. 
must be suc~ that far zero control voltage, the firing ang1e for its particular thy-

rlstor is delayed by 90
0 

( 0-= 90
0

). Thot is, zero control 'voltage ( a = 90°) should 

yield zero ayerage output VO~g~ (cos 90° =0). Du'e to..,.he lineor de transfer 

function of the cycloconverter with bias-shift control, a sinusoidal control voltage 

at a particular frequency will yield an output vol'tage with a sinusoidally varyi~,S 

average value at that same frequency. To obtain a three-phase output, three cyclo-

converter building blocks ore,vsed. Each black is supplied with a control voltage 

thot is one phase of a three-phose' set at the des; red output frequency, 

Studying the phase relationsh ips of Figure 2.4 wi n explain how the bias­

shift control technique might b'e applied to'a cycloconverter bUildinJ bl~ck using 

two, anti-paral1el, one"'-woy connectedcoiwerters. The output of converter P 1$ 

the vliltage from point A to neutrol point n , The voltage from point B ta 

" 

9 
H, Rissik, ~, ;l!., p .. 181 and p. 263', 

.1 
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, 
point n is the output of converter N. Jhe converter output voltages are shown ... 
for the 90

0 
phase bock condition. ihis corresponds with the condition of zero 

.,/'" 

control voltage added to each cosine volroge on the'second trace. It is ass4rned , 

that the firing pulse gen~rators for convert'er P detect the positive going crossings 

of cosines Pl, P2, and P3. Thfè same cosine voltages (but felobellE!d Nl,N2, and 
'" 1 ~, 

N3) are monitored by negative croJsing detectors to generate firing pulses for-

converter N. In total,· three cosine voltfges, three su~mer amplifiers, three po­

sitive crossing detectors, and three negative crossing detectors ore needed to syn-

chronize the cY71oconverter firing filulses. 

, 
The third trace illustrates the effectot control voltage on the timmg 

for the thyristors tied te phase 1 of converters Pond: N . Raising the control' 

voltage phases forward the firing pulse(s} of converter P while phasing bock t~e 

firing pulse{s) of converte~ N. The phase for.ward and phase back movement keeps 

the values of the firing angles supplementary as will now be shown. Using the va-

riables defined in Figure 2 r : 

18 

o 1 

V ;:: V sin Qp = V cos{ 90 ..gp) = V cO\("tIp)' • (2.4) 
c cm cm CA1 

Also, 

V == V sinQN = V cos (900 -QN);:: V cos( l80
0

-oN) 
c cm cm cm 

(2.5) 
, 

or 

v cos op = V cos (180
0 

- ON) • cm cm " 
(2.6) 

" 
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The significant solution is op = 180 - oN 
o 

or op + oN = 180 • Hence, the 

.firing angles of the two Gonve;ters,are supplementary. Fo~ a steady value of 

~ontrol voltage V
c 

and ::;ontinuous curll€nt flow, the average output voltage 

of converter P (from A ta neutral) wi Il be 

-1 V~ 
V d(An) = V do cos op =- V do cos cos V = V do' 

V 
c 

V 
cm cm 

Similarly, th~ average <;>utput.voltage or:a~~erter N (From neutrel to B) 

wi Il be 

v 
c 

V 
cm 

But,·the converters are connected in anti-parallel, sa that the ç,n.-~rage,output 

voltage of converter N From (B to neutral) Iwill be 

• 
" 1 ( Consequently, the'average output voltages are equa and have a linear relation 

(2.7) 

(2,8) 

(2.9) 

ta the control voltage V , assuming 1that both canverters are in continuous'con-
c '. 

duction. 

T rtJce 4, of Figure 2.4 represents the output vol toges of the converters 

(VAn' V
Bn

) correspanding to the value of control voltage io trace 3. 

An alternate scheme ta obtain suppLementary firing angl~i and a linear 

input to ou t"relationship uses six cosine voltages, six summing amplifiers, and 

six posi tive-crossin detectors. Three of each item mentioned are used in each 

• 

_ u 

20 
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converter. An additional unit y gain, inverting amplifier supplies (-V) to the 
. c , , 

input of one of the converters. Since the converters ore in anti-parallel, their 

average. output voltages will be equal. 

f' 
2.5 Oscillos<!ope Photographs of Cycloconvertèr Operation 

~ t 

Figure 2.5 and 2.6 respectively are oscillograph photographs of a three-
• 

phase to single-phase cycloconverter operated both with and without circulating 

, , 

current. The basic building block is shown in Figure 2.7 for the circulating cur-· 

rent case. For operation without circulating çurrent, necessary logic and,detection 

circuitry for circulating current elimination was provided. Circulating-current-

1 imi ti n9 reacto" we~ needed,but cur~en: limiti n9 fus.s were insert"ed in the 

interconnection between the converters as shown in Figure 2.8 . 

The four oscillo~ope traces for the circulating-current case of Figure 

2.5 are (1) the output voltage of the P converter, (2) the output voltage of the 
où , 

. 
N converter, (3) the lood voltage at the cen-ter-top of the repctor, and (4) the load 

current. ' 

The traces for the circulating-current-free case of Figure 2.6 ore (1) the 
\ r ~ \ 

cont;oi" voltage at 0.9 p.'u., (2) the load voltage, (3) the load éurrent, and (4) the, 
'. ,. 

..;.J 
109icai NOR of the firing pu'lses supplied ta the P convertef. For both photo-

graphs the control voltages were 0.9 p.u. peak at 30 Hz. and the 1000d was approxi-

mately (8~7,+ j13.3)" ohms,ot that frequency. The unsdturated impedance of 
" t, 
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FIGURE 2.5'.. WAVEFORMS WITH CIRCULA TING CURRENT 

$weep = 5 ms/cm; Vc = 18Vpp c:t ;30 Hz. 

Trace 1: Vo, P conver~er; scale = 420V/cm .. 
Trace 2: 'lOI N conve~eri scale = 420 V/cm 

Trace 3: Reoctor cen'ter .. tap voltage; scolie:; 200' V/cm< 

Trace 4: 'Lood currenti scale = 20 A/cm 

FIGURE 2.6. WAVEFO~MS WITHOUT ClRCUlATING CURRENT 

Sweep = 5 ms/cm; Vc = 18 Vpp at 30 Hz. 

Trace 1: éontral signal,yc; scale = 10 V/cm 
... 

Trace 2:. load Voltage; scale = 420 V/cm 

Trace 3: Load .curren t; scale = 20 A/cm 

Tracé 4: Firing pulse detector, P converter; scale'= 10 V/cm 
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FIGURE 2.7. CONNECTION DIAGRAM fOR FIGURE 2.5 
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FIGURE 2.8. COt~NECTiON DIAGRAM FOR FIGURE 2.6 
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the reactor to the cilclflating current was opproximately (.86 + ,248) ol-\ms at 

~6.Q Hz. Note thot becouse of the se/f-induced circlTloting curre~t cousèd by 

.--the reactor (see Section 4 9), the impedonce of the reae~r oppeorcd to be 
1 

, ,--'" 
ooly (.43 + iQ) ohms when viewed From the lood. Then, mointaining iàentical 

,. , 

control v~dtage wavef<?,ms and load impedonces for Figures 2.;5 and 2.6 leod to 

almost identicol load ç:urrent amplitudes Theo fOod E:urren't ir; Figure 2.5 IS 

smoother thon in figure 2.6 beeause the reoctor instantaneously oveloged the 

'convertep input voltages yielding an output voltoée which has been shown 10 
~ \ 

to have a harmonic content lower thon that of either canvertel vo'ltage by 

~ , itself. Trace 4 of Figure 2 6 .is the output of ,the positive converters firing 

• 
pulse detector NOR. logie, showing thot the firing pulses in the positive 

converter w~re suppressed whenever the negative convertel, 'Mas in operofioA, 

2,6 $ummary 

.. q 

The anti-parallel parallel connection of the converters in the basic 
11 

cycloconverter building block permits reversai of the load current. The bias-

" 
shift method of p~ase-control provides\ linear~dc tronsfer function os I~ng as 

the load c~rr~ continu'ous: ln oddition..this meJ.hod pr~duceg, s'!RPlementory'" 
, .. 

firing ongles in the two converters 50 thdt their average output voltoge~ ore in , . 
1 1 • J ." .... 

balance. However, slight deviations From tr~e' supplementary operation moy 

c:ouse large de circu lotillg currenfs to flow. The phase-control/ed operotÎQn 
\ 

of the cycloco'nve)ter generotes a sawto6th 'voltage wove,form thot {despite its 

1 
C 
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zero a~elag~ value) forces a pulsatin~ dl{,. cunent to circulate between the 

, ~ 
converters ..• The 'magnitude of t,hi..s G~lc'ulating cUlrent is normally limited by a 

reactor. (or rcactors) between the convertf,'rs H~wever the presence of the 

react~r itself p~oduce~ a self~induced cilculating c'urrent w~'ich f,eewheels 

, . r 
through the the reactGr and the anti"parctllel converters. As the next chapter 

wi 1/ show, the modern approt:r.ch has been to completely eliminate tht:! 

1 
J circulating cunent by mean.s. of életection and rogic circuitry which permds 

\ 

only the alternate operation of the two converters'comp,rsing one cycloconverter 

bujldlng block. 

25 
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C HAPTER III 

. \ 

THE DEVELOPMENT OF THE MODERN CYCLOCONVERTER 

" 
3.1 

As mentioned in Chaph~'r [, Ha7éltine applied in 1926 for a 

what might be considered the dnc~sfor of t~~e modern cycloconverter. 

pater to 

Thr.e-phase 

ta single-phase cycloconvcr~ers for single-phase railway traction motor ~uppliys , ' , .. 

\ 

were buil! during the Twe'lties and Thirtles. But, the use of cycloconverters gradually 

declined, and was quitt· dormClnt by the time that General Electric ann~un~d the 

,c1e-.,.elopment of the thyristor ln 1957. The possibjlity of uSlng this new compact and , . 

rugged controlled rectiFier revived the cycloco'nverter concept. Saon a 'iumber of 
, ' • J 

.-
fÎrms were ;n'V'àlv~d in cycloconverter development work. 

Thi S chapter wi Il trace the develop,ment of the cycloconve'rter sincé 1959 

by reviewing selected orticles published ln English since that date. German contri­

bu ,; ons '0 c ~con" c'ec deve 1 op:e ~ '. hove 'bee n s;gn; f; con'. Bu' ~ ~umbec of 

Germon a~thol\S ~oVf published c/cloconverter articles in'English, sa thÇlt Germ~n 

innovations con be fonowed without needing a reoding knowledge o(Germon. 
J' 

'h 
~ . 

3.2, The Fi rst Aircraft VSCF S c Io-èonverter 

A number of papers on voriable-speed, constqnt-frequency (VSCF) three-

phase airbbrne po;;,eç systems were originally pre:ient~d pt the AIEE Summer and 

Pacific G~nera l' Meet~r1g and Ai r Transportation Co,nference, Seattle, Washi ngton 1 n 

c. , 
·0 

~ . 

p 

, ' 
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lote June of 1959. ,.Ihree of the papers deal i ng w;th electrical means (rather than 

mechonical means) of maintoininè constant output frequfl'lcy were loter published 

~ \ . 
in Volume 78 of the "AIEE Transactions". 

~ 

TJ1~ fi rst paper, 1 .subm i tted by B. V. Hoarcrof the BJei n9 A j rplane 

Company, deseribed the use of a transistorized, three-phase inverter.t0 supply the 

> 

eor,ect value of moke-up (slip frequency) power to the wound rotor of an induction 

~ 

generator. The engine drivent variable speed shaft of the induction mac-hine always 

'/: ' . 
"/ rotated ot less thon the syne-hronous speed corresponding to i ts stator output fre-

queney. This meant thot the inverter alwoys supplied make-up power to the rotor. 

The inverter was not lequired ta reOgenerate power because synchranous speed was 

not exc~ded at ony time. The 6uthor's VSCF systé~ was successful, but the use of 

transistors in-the invertel section limited ifs power lev'el to about 1 kVA. 

The second pape/·wos submitted by K .M. Ch'irgwin a~d L. J. Stratton 
• ç 

\ ( . 
of Jack and Heintz, Ine. in ClevE:land, Oh'io. They described their VSCF system 

development which used a WOUrTd rotor induction generator (operated both above 

~ "C-, 
<, and below synchronous speed), a slip chanrfel comprised of a three-phase to three-

. 
phase cycloconverter (capable of handling power Flow in both directions) , and a 

. 1 B. V. Hoard, "Constant Frequency Varia~le-Speed Frequency-Make-Up 
Generators," AIEE Transactions, i!. ~ (Appl,&tions and Industry), Vol. 78, 
November 1959, pp. 297-304. 

2K .M. Chirgwi n and L. J. Stratton, "Variable-speedt Constant Frequenc)C 
Generat.or System for Aireraft, Il AtEE Transactions, Pt. ~ (Applications and Il"Idustry) 
Vol. 78, November 1959, pp. 304.!.310 . 

1 i 

/ 

, 
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) ~ " synchronous machine. The synchronous 0achine and the induction generator were 

,) driven by the sorne variable speed shaft. The output frequency of the synchranous 

machine WQS a number of times higher thon that of the induction mac~ine 50 t~t 
, 

/t~e CY~IO onverter olv.,oys had a sufficient frequency change rotio fr~m the syn-

chronaus chine side ta the rotor slip frequency side. The rating of the VSCF -l" . 
system as not speciFied, but it was probably about 60 kVA. Thi5; meant that , 
the cycloconverter handled up to 20 kVA plus system losses assuming the shaft speed 

• varied ove,r a 2: 1 range. 

l, 

, After submitting their first paper ta the AIEE'on 0arch 23, 1959, Chir-

gWln and Stratton, in coniunction wi~ J.R. Toth, submitted a second paper 3 
r-- ~ 

on March 27, 1-959, descril:)ing on àlternativ\VSCF system. A high speed alterno:or 

driven !)y a variable speed shah supplied three-phase power at variable frequency to 
• '1 

. . ..- \"', 

a cyclocotlverter. The cycloconver~r fre~ency reference wos a high stability, 

/ three-phase, 409 Hertz ase illatar. The .frequene y stç,bi 1 i ty of ~e three-Pht cyclo­

converter output was equ,al to thot of t(eference oscillator. 

c. 
Chirgwin and Stratton stdrted experlmentation with their first VSCF sys- • 

tem even before th/or rotings were suffi cie~tfy weil ,developed for use in their 

, cyclocor''lVerter. Tl-rey were able to generate several kVA of 400 Hz power from 0 
. t ' 

"-- 3 
K.M. Chirgwin, L.J. Strott6h, ondJ.R. Toth, "Precise Frequency 

Po~er Generation From on Unregulated Shaft;" AIEE Transactions, Pt. Il • 
(Appli~otions a-nd Industry) Vol,. 79, r960 (January, 1961 section)-;-pp.-4421-4~9. 

, 

) 
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variable speed shaft using simu/ated thyristors in the cycloconverter section of 

their VSCF system. ioch thyristor..was simulated by u?ing thrQe transistors and 

approximately fifteen other circuit componentsl V/hen thyristor ratings had ad-
J \ 

vonced sufficiently, they built a second set of hardware, npf using thyristors and 

'" . 
incorporating other improvements s~ggested by their first experiments.~ 

Ch' ." d S' d'd' ),. h' f' h h j. Irgwln On tratton 1 not mehtlon ln, t elr Irst paper w et er or not 

their cycloconverter operated without circulating cUlrent. It was stated in SecHon 

2,5'of this thesis, and illustr~ted in Figure~ 1.5 and 2.6 that the output voltage 

waveforms of a cycl.oconverter operating with and without circulo'ting currênt are 

, 5' 
different. Unfortunately, the oscilloscope photogrophs of the output voltage ôr\d , 

\., 

current in the '~l,Jthors' first paper are indistinct 50 that no conclusions con be drawn . , \ 
,~, 

on the ~asi s of ose i lIoscope photographs. However 1 carefu 1 exami nation of other 

photographs in the two ptlpers indicates that the. sorne eXPEiz.imental "bread-board" 

" 
was used for the cycloco'lverters in bath VSCF systems. The second cycloconverter 

,. ~'.... ." 01 

defi ni tely was circu lating-current-free as the following paragraphs wi Il show. 

• 

'J' t 
j • 

4ChiJ9Wi n and Stratton, ~. ci t:, p. 308. 

5Chirgwin and Stratton, ~. cit., p.308 

, . 

\ 
\ 

'..J; 
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. Chirgwin, Stratton, and Toth explained t~ot their cycloconverter had 
\. 

three positive groups of thyristors (;hreè f> ~onverters) ,and three negativ~roups. 

Of~ristors (thre~ N converters). Quot'ing 'From their article,: 

/ 

The f}Jnction of the positive grouRs is to carry cUlrent 
during the positive half-cycle of the output frequency 
i[ current] 'wave, ond,the negative groups carry the current 
during the negative holf-cycle of the ouwGt frequency 

'\'.. CcurrentJwave. " 
, . 

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

Thus, 011 that is necessory in order to fabricate a precise 
frequency output wave is to control the delay in the firing of 
the rectifiers in an appropria te manner, to arrange to switch 
From the positive group to' the negative group at the appro­
priate instances and> to fi Iter the output wave. Figure 4 
C in their poper, but similor to figure 2'm6 in this thesis ] 
j Ilustrates that the instant appropriote fDr switching From the 
positive to the negative group is not necessarily the instapt 
of z~ro vt>ltage output but rather the instant of current zero 
in the output circuit. If the switching trom positive to nega­
tive groups always occurs ot the current zero, it is possible 
to transmit real or reactive power in either direction through 
the frequency changer. 6 , 

1 

The' statemeht quoted abové, verified by Figures 4 and 5 in the bodf 

and Figure 12 in the appendix of tbeir second paper confirms that the y had been 

the first to build 0 successful three-phose to three-phase, circulating-current-free, 
l' ' 

6Chirgwin, Stratton, and Toth, ~. cit.,upt>. 443-444 . 

. , 
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thyristorized eyèloconvetter. Other eo~ponies, sueh os General Elec tric 
7

, a were 

a/so working on cycloconverter systems. But Chirgwin, ~ratton, dnd ioth of 

Jack ond Heintz in"Cle-:'eland were the first to achi~ve:.success. ~ 
~! . 

Judging From the submission dates of the two papers by Chirgwin , 

't 

Stratton; and Toth, it is probable that the cyelocon~erter used in their first VSCF 

syster:n pafler also operated in the eirculating-current-free mode. 

Figure 12, parts A, B, aRd C in the discussion of the outhors seeond 

paper 
9 

consisted oi six osei lIoscope photogrophs of vol toge and current waveform's 

for both input to and output From a single cycloconverter buildi~lock. 'Operation 

with unit y, logging, and le~din9 PF ;'~ods wos ill~stroted---.O~g tryese wave-

\ l' 
1 

forms leods to two conclusions: 1 

1. The circulating current elimination logie and detecHon eireuitry was • r 

suitable for leading, unit y, and lagging PF loods. Hence, the opera-

tion of the logie depended only upon thé detection of current zero in 
l • . 

the output "circuit. 

31 

.. 
( 7' . \ 

S.C. Coldwell, L. R. ~easlee, .and D.L. Plette, l'The Frequency Converter 

- 4 

Approach to a Variable Speed, Constant Frequency System/" AIEE Conference Paper 
No. 60-1076 presented at the AIEE Pacific General Meeting, Son Diego, California 
August 1960. ,. 

.. aD.L. Plette and H.G. Carlson, "Performance of a Variable Speed Constant 
Frequency Electrical System, /1 IEEE Transactions ~ Aerospace, Vol. 2, No. 2, April, 
1964, pp. 957-9?O. 

1 

9Ch ' . 5 dT h • Irgwl n, traMon, an ot, ~. Clt., 
-r . 
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2. No matter whether the load PF is leading or lagging,'the input PF 

"), 
is lagging an~ decreoses os the lcod PF decreases. Even unit y PF 

'I 

< lo~ds have on \verage loggi~g input PF becouse of the phèse-controlled 

?pera.;an or). eyelaeonver.", as ;, p<oduees a s;newaveo'ou tp"' vol.age. 

" /IG' 

1 Th . .ri/. Il k . h Th" 1 0, 11 d h h ' e sec~;u pOint was we nown ln t e Irtles, an t e out ors 

f 
referred to the orticle by Von Issendorf in which he colculated the input PF versus 

the lcod PF assuming an infinite number of supply phases and zero commutation 

reactance. Chirgwin, S;~atton, and Toth presented colculations in.fthe aprlnd;x to 

their article showing thot the best possible input PF was À = .843 . )hTb occurred 

for a purely resistive locd fed by a -cycloconverter putting out a sinewave voltage 

of 1 .0 p.u. amplitude. 

The six osc; Iloscope photographs were placed in the discussion section of 

the paper as on answer to a request by R.D. Jesse of Westinghous Electric. Mr. 

l ,'-

. Jesse felt that some test results Il to substantibte the stotement thot leoding loods 
-~~ .... 

have the some effect on the generator qs do la;ging loads'would be of interest. ,,12 

y 

10 J.- von Issendorf, "Der ~esteuerté Umrichter[The ControlletrFrequency 
Changer] ," Wissenshaftliche -t1eroffentlichungen, Siemens-Werken, Vol. 14, Pt. III 
1 935, pp. 1 - B 1 • ;~ 

11 • • . 1 - • 

H. Ri ssik! The Fundamental Theory of Arc Converters (Londoh: Chopman 
andHall,Ltd.,1939)p.267. ~ . 

12Ch' . S d Th' 449 . l4'gwLn, trotten, on ot, ~. ~. i p. • 

• 

" 
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R. D. Jesse and W.J. Spaven of Westinghouse Electric submitted a 
- . 

paper in March, 1959 for presentatr-on ot the AIEE Summer and,.padfic General 

Meeting a'nd Air Transp?rtation é:onfer~nce tn June, 1959.
13 

The a'uth~s pro­

pcsed a hetrodyne or mixer technique in which the fundamental frequl!ncy of tl1e 

. 
converter output vGlltage was t~ibe the difference between the generator frequency 

'i " ,. "1 -

and the switc~ng frequency of the converter. ?ther non-desi-rable freque~cies (~) 
) -, . .-. (~ 

generated by the' hetrodyni ng process were ta be remo,ved by fi 1 teri ng. The paper if) 
l. 

was actually a mafhematical analysis of the voltage waveforms that could be pro-

du-ced by using forced-commutation in IJ cycloconverter rather thon the normal 

line-commutation. Forced- commutation permits sl,lccessful operation with positive 
" 

values of phase bock angle a (as with linercommutation) , and with negative values 

of a (this is not possible with line-commutation aIOne),) _ 

. ~ 

The authors di d not propose any forced-commut tian technique to actual Iy 
~ 

make their schem~asible for use with thyristors. This omi~sion was potnted out 
f ~ 

in the discussion $ection of the Çlu~hors' paper by their re.vi~wersl Chirgwin and 

Stro tton, wh a carL n t. ~ tho t th.; r 1; ne -corn;"u ta •• d c yel oc~ nverte r w a s a prac ti co 1 

success. Indeed !there have b~en many more 1 ine-commut?ted cyclqconver;r (i .e. 

13 
R. D. Jesse ond~W • J. Spa\len f "Con

Q
stant-Frequency A-C Power Using 

Variable Speed Ge~ration, 1 ~ Transactions, Pt . .!l (Applications ancJ ~ncLstry) 
Vol. 78 1 1959 (JanuarYI 1960 section) 1 pp. 411-418 • 

.. 

'. . 
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"normal ll cycloconverter} orticles thon articles on forced-commutated cycloconver-

ters. 
14 

G. J. Hoolbo~f Mc::Moster Univer$it,y, octually bui,lt a frequency 

cha'nger
15 

based an the mixer ;echnique p~oposed by Jesse and S-paven. the" 

cycloconvert,er was only partially successful',ecause f~rced"'commutàtjon was not 

used. Hoolboom concluded that 0 suc~essful c~'cloc'onve\ter opèrating in the mixer 

mode would need forced-commu-tation. 

One interesting a;peçt of Hoolboom's approach was his method of current 
~ 

zero detection. The output lines had powe~ diodes connected in anti-parollel 50 

~ . 
that the diodes carried the lcod current. Absence of voltage across'the diodes 

indicated zero current Flow. The nonlinear volt-ampere characteristics of the 

diodes made the detection of very small currents simple without causrng high power 

dissipation when large' currents were f/o'wing. 

3.3' A Sy~chr~s Motar Drive il 

ln Moy, 1961 D.C. Gr!ffith and R.M. Ulmer of Thompson Ramo WooJ­

ridg~ in CI'eveland, Ohio published a short paper on an 18 thyristor, three-phase 

14
5. Miyairi and 1. Takaha",$i-, "AppJj~ation of Power Modulation Tech­

nique Employing'Thyristors." Electrical Engineering in Japon (IEEE Translation), 
Vol. 88, No. 11, 1968 , pp. 36-45. -

A 

15G .J. Hoolboom, "An Ali Solid State C-ycloconverter." IEEE Conference 
" Paper63-1040, October1963, pp. 1-8 and Figs. l -'l-Sy' --

34 

q' l 



il 

1 

1 

l ' 
1 

• 

• 

• 

" 
16 

to three-phase ceycloco').verter. The unit had 030 kVA ra1ing :md a frl>quency 

range of 0 - 15 Hz for a 60 Hz input .. 

The cycloconverter operate-d with circulating current, unlike those 

made by Chirgwin, $tratton, and To~h at Jack and Heintz in Cleveland. Instead 

of generating constant output frequency from a variable input frequency a's in a . 
VSCF system, Griffith and Ulmer's cycloç,onverter generated-a variablê outpul 

frequency From a fixed 60 ~.z input. Tfte authors used on electromechanical scheme 
. \. ' 

involving a driven,syrc.hro resolver and three demodulators to generate a low fre-

quency set of three-phas~ reference voltages. The frequency and phase rotation 

of these voltages governed the frequency and phase rotation of the three-phase 

cycloc.onverter power output. The controlled motor wos of the synchronous -induction 

type, and operated open loop. No design inform-ation was presen ed, but the paper 

contained several excellent wavefonn photographs taken ot 0.5 Hz tput. .. 

3.4 The Fi rst Leor Siegler Article 

By 1961, a third company i Cleveland, Ohio was working on the cyclo-

converter problem'. R.A. Von Eck of ~eor Siegler, tnc. presented a theoretical 

35 

'< '17 
paper on cycloconverters to the June,~961 AIEE Aero-Spoce Transportation Conference. 

\ 

\ 

16D.G . Griffith and R'.M. Ulmer, UA Semlconductor Voriabl~ Speed 
A-C Motor Drive, Il Electrical Enginee'ring, May 1961, pp. 350-353 • 

. 17R•A • Van Eck, Il Frequency"'Changer' Systems Usinq the Cycloconve~t'er 
Principle ," AIEE Transactions, Pt. Il (Applications and Industry), Vol. 82, Mày 1963, 
pp. 163-168-. - . -, - -

":: . f 
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\ -The pOper reviewed the rela~_nship of cyclocanverter inpU't power 

factor to thé harmonie distortion factor and rhe average phase displaeement of 

the current input to the cyelocohverter. These relationships'had been developed . 
, h TL..! ' 18, 19 d ' ' d b Ch" . S d T h 20 ln t e mrtles an were m~!îtlone y Irgwln, tratton, an ot. 

Von Eck 0150 reviewed voltage drop due to commutation overlap. 

Several paragraphs and one 'figure in the article pointed ouf the circu-

1 . bl 21 T'h k' h 'h' , , 4 , 7.g ,current pr? em.~, en, ma Ing t e assu~ptlon t at.-elLCult. r'eslstar1ee , 

eould be neglected, Van\ Eck developed two equa'tior.ls predicting the maximum 

amplitude of cireulating eurrent to be expected between the anti-parallel converters 
\ . . .-, . ~ 

in a building block. One equation appJied to three-pulse, one-way converters, 

which have maximum çirculating current when op ::;60~ and oN:": ( 1800 _,600
). 

The other equation applied to six-pulse converters (0150 to 12,18,24, .•. pulse) 

o 
which have maximum circulating current when op = ~O 

.. 

18 
Von Issendorf~ ~. cit., pp. l - 31. 

19R· 'k 1551 , ~. 0., Chap. XIL • 

o 0 
and aN = (180 - 90 ) 

20Ch' . éi_ d Th' .'rgwln, lfl'f1atton, an ot,~. ~., pp 446-448 . 

21' 
Van Eck, ~. cit_, r1166 and Fig. 5. 

\ 
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3.5 ~ qerma"n Cyc loconverte, 

ln the November, 1963 issue of the "Siemens ,Review", R.-"~ck and 

... 
M. Meyer described the closed-Ioop speed control of a 30 kW induction motor "".sing 

. l ' f 1 22 a ctrcu attng-cwrrent- tee cyc oconverter. 
~ . " 

Three separote cycloconverter building blolwere used. ... Eoch building 

black had two, Mree-phose, two-way converters cJr~ec«ed in anti -porallel. The 

induction motor had three separate pairs of stator leads, ~o that eoc::h phase was 

isolated, This meant that. the cycloconverter building blacks did not need three-, ' . 
phase transformers ta prevent blocK to block"short circuits of their two-way conver .... 

ters. 

,.l\s will be shown later helein', 

\ 
\ 
) 

the torque versus slip frequency cho~ac-

.. '" i .,. 

teristic of a singly-fed induction motor will be iridependent of its stator frequency 
, 

provided that its airgap f.lux level is maintained ot a constant value despite any" 
.-

cha~ges in stator frequency and cur~ent. Similarly, for constant oirgap flux, ther~ 
" 

is a fixed functional relationship between the slip frequet'lcy and the amplitude of 

the stator current. Heck and Meyer used these rwlationships ta bui'id a cycloconverter 

contro' system with severa(inner Icmps. 

22 
R. Heck and H. Meyer, liA Static-frequency-changer-fed Squirrel-cage 

Motor Drive for Variable Speed and Reversing," Siemens Review 1 November, 1963, 
No. r l, pp. 401-405 . 
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Each building,block had a hiSh speed current loop burlt oround it. 

The thoree-phas~ set of curren~~~references were supplied by a frequeJ'lcy and,am 6 

plitude cbntroller. Hall generators were used in the air gap of thé mdchine ta 
~ 

, ' 

measure the air gap fluX". The actuol flu~ ~gnitude was compa~,d with' the 

• u 

desired constant flux reference in the field controller. The output of the field 

controller adjusted the amplitûde of the three-phose set of current references, 
~ , 

leaving the frequency and amplitude c~mtro"er. Thot is, the,lair gap flux was 

~intained ot a constant value by a feedback loop manipuloting stator current 

amplitude. The frequency and phase sequence of the three-p~ase current refe-

rence set was controlled by the amplitude and 5ign of the output of the speed COn-
1 _ n • ~ 

tral/er. The authots did not comme"f on the control modes of th'e speed contrbller'. 

However, it was possibly of the proportional plus integral type so that zero steady-

state speed error aould be 9,chieved despite various values of steady ~te lood 

torques . • / 
At the conclGsion of their paper, Heck and Meyer commented that, ' 

IIThe-limit frequency of a six-pulse convertor operating on a 50 1.. c7s system is "'". ' approximately 20 c/s . ,,~3 This corresp'onds to a frequency stepdown ratio of 2.5 

ta 1. Several yeors later, W. Siobiak and L.J. Lowson writing about the Lear 

, .'-

Siegler cyclaconverter commented, "Typicallya stepdown freq~ency ratio of 2 

\ 

23 
Heck and Meyer, op. cit. p.405. 

o 
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\ • 

ta 1 1$ used From input-'to-output of the frefluency changer. Wlth a small sacrifice 

in system efficiency of obout 5 per cent, a ratio of 1.5 to 1 may he used. ,,24 1 

D 

Unlike, the Siemens cyclozonverter, the LeCH Sfegler c>,cll')conv~rter dld ~o: ~~ 

# 

to use direct clcsed loop contr?1 of the Induction [notor stator curre,;t. Hcnce, the, 

cycloconverter ou.,tput·could be highe,l forva SJiven padicul~~ input frequency. 

" 
• 

3.6 General Elect.,i'c's Cycloconverter VSCF S'ylstem 

• i 

It was mentioned eorfier in thïs thesis frhat companie~ other thon Jack 

QS 
and H~intz were also wOlking 0[,1 VSCF systems. In 1964, D.l. Plette and H. 

G. Carlson publis,hed an excellent summary of the VSCP ~.ystem development that 

71 

had been carried out over the previous five years in the spe~ialty Control Depart-

26 
ment of the GenetOl Eleé:tlic Company. They started work in 1959, bu,t had 

found it difficult to develop Iqrge, three-ph'ase output VSCF systems. Quoting 

• 

24W . SI-abiak and l. J. L'qwson, "Pre~ise Control oF a Three-P~ase 
Squirrel-Cage Induction Motor Using a Pradical Cycloconverter," IEEE Transactions 
on 1 ndustry and Generel Appl ica4ions , Vol. IGA-2, ~. 4, Julyl August 1966, 
p. 276. . f 

, 
25 

See page 31 her~in. 

26 
D.L. Plette and H .G. Carlson, "Performance of a Variable Speed 

- '. 1 ~nstant Frequency ElectlÎcal"System;" IEEE Transactions ~'Aerospace, Va . 2, 
~o. 2, April 1964, pp. 957-966. 

o 

" ' .' 
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• 27 
From thel r 1964 papel 

1 

• > 

For exhmple, the 20 kVA VSCF generating system shawn i(l 
Figure 1 v)ç) dcll'/ered ta the Bureau oF Weapons by General 
Ele~tric 'H F~orly 1962 aHer nearly three years of intensive de­
velopmenl' and design effort. Although this system was"flight 
tested, the electlical performallce of the equlpment was some­
what below normal power quality ln th~ ar~as cf voltage modu­
lation, vd"tage transients, and voltage imbalance. 

However 9Y 1964, the authols had developed a satisfactory syste,... 

and presented a considerable amount of test dota on it in their paper. The cyclo-

converter output was loted at 30 kVA, 115/220 volfs, tinee-phase, ~O HZ,for 
, - \. 

a three-phase input }/aryi nq From 1333 Hz to 2666 Hz \ The cye I,oeonverter. opemted 

\ ! 

without circulattng current, c~ small'LC output filters were used ta reduce high 

ï " 
frequen,cy ripple. Nego-tive fe'edback was used aro'und each'cyclocon{,erter buil-

" )di~g ~,~ck t]' improve the wave shape and tO'.,~~we~ the canverter impedance. 

• j!" ; 

". 

) 

~ 1 The necès5Clly three-phase, 400 Hz, reference voltages w.ere obtained fram 

a ring counfer trlggered baya high 5tability 2400 Hz oscillator. Individuol phase 
... -, , ~ 

vp,lta7 regulators (thdt is , ORe for each building black) odjusted the level'of clip- 1 

'- .---'--- ... 
ping applied ta the squaie"'wov'e voltages taken From the ring counter. The thrée­'-, 
phase, controll,ed amplitude, square waves were then filtered ta give high quality 

si ne wave references. Three separate vol t6ge regu lators were prov; ded sa that 

bolanced three~phtlse v~ltoges ;ou Id be generated despite the sÎJtlgle phase loads in 

~ 

271bi d. 1 p. 957 

~, 1 
\. 

, 

, .. 
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the alrcraft. 
'<III. 

''\ 
) 

The oscillator, ring-coun!.er, clipper, lowposs filter approac~ of', 

generating the three-phase reFerences is Vf.ry suitable for VSCF systems because 

the/ operate at a fiy'cd outpvt frequency. Later in th is chapter a method 

w,ll be des,,;bed '0 ge·nem.e vodo~ le ~,equency, .h;e/e-phose ,efecences ( 

for use in closed loop, controlled slip operation of induction m~brs driven J three-

phase cycloconverters. 

Plette and Carlson were concerned with meeting existing mi litary stan-

darœ for VSCF systems. Their conclusion From their testing was that the cyclocon-
" 

c~ 

verter system compared favorably with the conventional system. Voltage control 
!..I 

.-
with individual phase voltage regulators was satisfactory. The frequency stability 

depended completey upon the precision of the 2400 z oscillajOr. Amplitude and 

frequency modulation of the output voltage excee d milito'ry standards. But 

the authors feft (quite justifiabfy) that the particul r tost procedures ,and equipment 

specified by MIL-STD-704 were l'}ot reelty applicable to a cycfoeonverter VSCF 

system. The de ~ntent in th~ cycloconverter output was Jess thon 0.1 volts .• 
!> 

. 

41 

The authors found that the outp.}tsÎ6f two'cycloconverter s~stems could 
.. 1 ~_ 

be successfully poralleled, 'and presented an oscilloscope phot<?groph of the syn-

h .. . 28 
c ronlzlng operation. 

~-. 

Appendix B of the paperdiscussed the eHeet of varying load ,PF on 
, , . 

the cycloconverter input PF. The input PF .affects the olternator rating. The 

?8 Ibid ., Figure 11, p. 970. 
'---

.. 
1 

. 
'. 

\ 
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results derived by the authors agreed with those origina~ present&d by Von 

rssen~orf29 and by Rissik .30 

3.7 A Small Reversing Drive 

e, 1?65 issue of IGA Transactions, R.A. Johns~.and . , 
F. T. Thompson described n eight thyristor, singlè-phase to single-phase cyclo-

converter, wi th circula 9 current. 31 'The cycloconverter was alua"y us'~d as 

a reversing supply fo'r a ~ thirsepower motor positioning a steam valve shaft. 

The.authors provided a very omplete description of their system, including black 
/ ' 

diagrams, circuit diagrams, frequency response diagrâms; and oscilloscope photo-

graphs. 

The article is very interesting, and the p'osi tian control system was quite 

slJccessful. Hawever, the firing circuit details are not directl)applicable ta poly­

phase, ci rcu lating-current-free cycloconverters . 

, 
3.8 A Lorge, Circulating-Current-Free, Rev~rsing Dri,ve 

4· 
, ln the same May/June, 1965 issue of the IOA Tran~'tiLns, D.L. Duff 

\ 
and A. Ludbrook presented an important paper on the design of a high performance, 

29 . . 
Von Issendorf,~. cd., pp. 1-,31 • .., 

30Rissik/ ~. dt., pp. 268-270. 

. \ 

, 31 R.A. Joh~s~n and F. T. Th~son, "Throttle Valve Position Control 

~ 
\ 

System," IEEE Transactions~lndustryandGeneraIApplications, Vol.IGA-l, No. 3 , 
Ma yi June, 1965, pp. 19?-205. . 

42 
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circ~lating-current-free, reversing arma~ure supply. 32 The reversing ,suppl y was, , 
in fact a three-phase to single-phase cycloconverter using anti -parai lei two-way 

converters . 
... '" 

The authors first~eompqred, in tabular form, eirculating eurrent ope~ation 

43 

with circufating-current-free operation based on the considerations of cost, effieiency, 

regulatdr response, and fouit susceptibility. 

The eirculating-eurrent mode of operation does have the advantage of 

'. 33 
avoi di ng di seonti nuous armature cu rrent Flow. And as K . G. Black pOl nted out, 

if the motor a~mature current becomes discontinuous (for i nstanee, due to a low tor-

que load or the motor shaft), then the incremental gain of the eonverter drops. This 

loss of gain impairs the transient responst;; of the control system ta sudden load changes. 

However, the system response is still excellent. Duff and Ludbrook chose the cir-

cu lating-current-free mode on the basis of lower4cost, higher efficiency, and lower 

fouit susceptibility. 

They then proposed two methods of eliminati;g circulating current, des-

. 
cribing them as: the biased transfer function, and tl1e coincident transfer function . ~ 

with crossover lo~ic. The biased-rrcirÎsfer function would sup.posedly eliminah:;the ... . 

e 

32 0 • 

D.'L. Duff and A. Ludbrook, ItReversing Thyristor Armature Dual 
Converter with Logic Crossover Control," IEEE Transactions ~ Industry and. 
General. Applications ,Vol. IGA-l, No. 3, May/June, !965, pp. 216-222. 

• 33K . G : Black, "Effect of Rect~fier Discontinuous Current -on ~otor 
Performant:e," ~EEE Transactions on Applications ond Indlf5try, Vol. 2'3., November, 
1964, pp. 377-382.' - -

(J 

• 

J ' 
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• circulating current by placing a deadbond between the input-output relotionships 

of the two converters •. , ~~e outhors chose the second alternative, m?king the 

input-output tronsfer functions of the an~i-parollel converters ,coincident by using 

the bias-shift teèhnique combined with both positive and negative crossing detec­

tors.
34 

Current zero detection and input reference polority were used to control 

the crossover 01 agi c (ci rculati ng-current-el[mi nati on log i c). 

The cycloconverter was put inside a high speed armature current loop. 

The armature'c-ur..r:ent was measured by using seporate sets of oc current tronsformers 

and rectifiers for each ccnverter. Figure 4 in the paper showed that the regulator 

response was fast even when the armotu re ~urrent was di sconti nuous. 

Duff and Ludbrook then outlined how the y used the bias-shift technique 
1" 

for phase control. By using both positive and negative crossing detectors, the 

phase bàCk ongles of the firing pulses supplied to thE! anti-parallel converters were 

kept supplementary, This meant thot the average output vol toges of the anti -poralle~ 

44 

converters would have been in balance (coincident) if the cycloccnverter was operoting 

in the circulat,ing current mode, Of col1P'Se, becouse the cycloconverter was designed 

tp be circulating-curren,t-free, firing pulses were supplied to only one converter at 

a time, The thyristors of the other converter were IMt in their b'eck7'n state by net 

- "". ~+ ' 

supplying them with firing pulses" 

34 
$ee pages 17 te 20 here in 
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Each cosine wave had two "marker" ,pulses electronically superimposed 

on it every cycle. One marker putse guara'~teed thar a àrossing wou./d be detected 

(and a fi~ing pu'lse formed) at a = 00 ev en when the contro~\ voltage (bias voltage) 

exceeded the peak value of the cosine wave. The other morker pulse was used 

as a phase, back limit ta prevent the phase back angle a From exceeding the re-

tardation limit when the ~onverter wos inverting. These marker pulses will be called 

phase forward limit (PFL) pùlses and phase back limit (PBL) pulses in Chapter IV 

of th is thesis. 

Then, under the heading "Crossbver Philosophy, Il ~ubheading "Regulator 

Action" the authors pointed out on important fad about back EMF loads and 

discontinuO\ls current operation. Quoting From the paper: 

The coincident transfer function :;"ould be ideal if, during 
discontinuous current cJn~ons, the rectifier output voltage was 
. " governed by the e~ess~ set down in (1). [V

d
= V

d 
cos a] 

The transFer function breaks oway From the continuous cu~ent 
characteristic at a point defermined by the time constant of the 
load circuit and approaches zero' volts at the 120 degree phase d'e­
lay instead of the 90 degree phase delay for the cOntinuous cur­
rent condition (provided the bÇJck EMF is zero). As th~EMF 
of the machtne varies, the ·charoc:teristic converges.on the value. 
of the EMF instead of zero. Figure 2 shows the transfer curve 
for zero EMF, and Figure 8 reproduced as Figure 3.1 of this 
thesis S~bwS the c~rve for a particular value of back EMF. 35 

\ 

) 

35Duff and Ludbrook, ~. cit., pp. f19-220 
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FIGURE 3.1. 

-.,- _ .. _-- -- ---- ------- .~_._--

COINCIDENT TRANSFER FUNCTION 
(BY DUFF AND LUDBROqK) 

Agoin quoting From the poper: 

It con be se en From Figure 8 that iF the value of the input signal 
to the gating circuit wère to remain the some when pulses were trons­
ferred to the incoming br; dge, the bridge would operate in the 
continuous current portion of the chorocteristic ot a voltage dif­
fering considerably from the EMF oF the machine. To prevent 
the catastrophic overshoot of current which would result, the in­
coming bridge must be phased back before gatin9 pulses are re­
leased to i t. ideal! y, the incoming bri dge shauld be released to' 
operate jûst short of the zero current point. This point js 0 func-
tion of the EMF of the machine wbich must be sensed in order 
to position the pulses correctly. A less sophisticoted but more 
economical opproach is to in je ct 0 signal into the operqtional am­
plifier to drive i ts output in such 0 direction as ta phase bock the 
incoming bridge beyond ,the zero current point. Subsequently, 
th& incoming bridge Îs released to the action of the regulator. 
A very'smooth c:rossov:ft can t~us be obtoined without the need to 
sense machine EMF • 

36 ' 
Duff and Ludbrook, ~. cit./ p. 220 • 
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Figure 9 in the paper consisted of four oscilloscope photographs 

sho ing 0 change in ormotur'. current reference to the ormature current 
, t 

contr 11er, the outp~t of that controller, and the crossover of the armature 

\ 1 \ ( 

current. The change in armature current reference was varied so that ail 

four possibilities of continuous and discontinuous cur~ent operation before and 

after crossover were demonstrated. The dead time during which neither 

conve,rter wos in conduction appeared to vary from 10 ms to 30 ms. This 

dead time was caused by the need to temporari Iy phase back the incoming 

converter oway from the coincident transfer function ot crossover time to 

prevent an, armature current surge. 

Duff and Ludbrook's current z.ero scheme depended upon two signais, 

one,of which wos derived from ac current tronsformers on the cycloconverter 

'\ / 
input lines": However it was difficult to detect exactly when the current 

started and stopped using this method by itself. $0 a second M-shaped waveform 

with sharp edges fOr~ing and clipping the ac component of the 

cycloconverter output voltage was combined with the current signol to give 

a more reliable indication of current zero. 

The circulating-curreht elimination logic (crossover logic) 

eontrolled the firing pulses 50 that only me of the anti-parallel converters 

" . operated at a time. The logie permitted a change of converters when the 

following"three conditions were met: 1} the polarity of the analog reference 
~ 

\ 
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to the armature current controller had changed, 2) zerO current in the outgoing 

converOter, and 3) no gate pulses were being applied to the outgoing convertero 

-
N~te that the ana log voltage polarity monitored by the logic was tàken From 

current controller input reference rather thon From the output of the controller. 
> 

As will be shown in Section S.80f Chapter V the polarity of the gbting control 

'signal (which was the output of the current controller in this case) could have 

0150 been used by the logic if Duff.and Ludbrook had chosen to bias the two 
'\ 

tronsfer functions apart ral'her than using their coïncident transfer function approach. 

The final sections of th~ir paper covered overcurrent protection, 

control cicuit packaging, and applications of the drive. Fouit protection was 

handled by oc breakers, dc breakers and individual thyristor fuses. Packaging 

of the control logic and firil1g circuitry was compact using card racks to hold 

the cards. The cycloconverter system had been used in high performance dc 

motor field supplies from 10 to 100 kW and in armature supplies to 100 hp (900 

ampLe, 460 volt maximum). 

ln sum~he poper by Duff and ludbraok is very ';orthwh;Je , 

bec~use of their discussion of four to~ics: 1)' the advantages and ~isadvantages 
1 

~f c\rculating curren't free operation, 2) the bias-shift method of phçlSe control 

wÎth supplementary firi~g ongles plus phase forward and phase back limit pulses, 

3) crossover logic requirements, and 4) the need to phase back the incoming 

~ > 

conv rter when tJsing p back EMF load. 

,,' 
\ 
\ 
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3.9 Two de Reversi~g Drives for Rolling Mills 

, 
The 1 EEE tndustrial Statie Power Conversion Conferencb was held in 

Philadelphia, Pennsylvania From November lst to 3rd, 1965. At that conference 

L. F .. Stringer 'presented an eighteen page paper de~cribing the thyristorized drives 

bui It by Westingl'louse Electric Corporation for ~ complete aluminum hot mil!. 37 

\ 
The reversing mÎ Il section used two 5000 hp de motors. Eaeh of the 

SOOO,hp motors was fed bY'Q'n effective '12 pulse supply consistfng of two sets of 

circulating-current-flee, anti-paral/el, three-phase, two-way converters operating 

with 30 degrees of phase displacement. The circulating current was suppressed by 

using 'the .biased transfer function techn ique. That ~s, when the fmmon control 

voltage to the anti-parallel converters ~T zero, the phase bock angle of eoch. 

converter wos about 142
0

• Th is retardotio, beyond the normal 90
0 

phase bock 

was provided by independerrt bios v.altoges in each converter . 

• 
The added retordation suppressed the circulating current, but put a 

) 
'-

37L. F. Stringer, "Thyristor D-C Drive Systems for 0 Non-Ferrbus Hot 
Line, "IEEE Conference Record of the Industrial Static Power Conversion Conference, 
34C20, Philadelphia, Pq., No.;ë"mber 1965, pp._ 40-58. 

? 
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deadband between the transfer fun fi f the converters. To narrow the 

deadband and motnimize gain chang ue to disconti nuous load current Flow, , ' 

high speed voJtage feedback loops were put around the converters. Outer 

armature currel:lt loops provided the reference signais For the h~gh speed, inner 

, . 
voltage loops. Final/y, a voltage command controller drilten by a romp function 

generotor provided the-reference to the current eontrollers. Even the block 

diagrom deseribing the control system is quite formidable and if i$ easy to see 

why Duff and Ludbrook rejected the biased tronsfer function approach for their 

~cu lating-current-free drive. 

Actually, the article is worthwhile reading beeause of the vast ambunt 

of detai 1 in the text and illustrations pointing out the problems that must be 

/J 
cOhsidered when buifding a suecessful, de reversing drive system. 

At the same conference, C. E. Rettig and P. J. Roumanis of-General 

El ' d h . 1 • • h Il.' • ~d d' -eetrrc presente a paper on t elr company s expenence Wlt tflynstonze rives 
\ . (f 

for rolling mill applications. 38 Their largest reversing drive had used twcb 6000 hp 

môt~porallel. The armoture suppl y used four sets of 6 pulse, anti-paral'Iel 

bridges fed from delta and wye transformer secondaries (30
0 

displacement) v;(h ich 

38C • E. Rettig and P. J. Roumanis, "Thyristor Drives for Metal Rolling . 
Applications, "1 EEE Conference Record of the Industrial $tatic Power Conversion 

,Conference, 34C20, Philadelphia, Pa. ,-pp-:-59-68. -:-- , 

• 
/ 
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were then paralled through interphase reactors to provide an effective 12 pulse 

supply. The circulating current was suppressed by using a biased transfer function 

. 0 
such that eoch bridge was phosed bock 150 when the gating control signal was 

zero. Agoin 1 a h igh speed inner voltage loop around the converters was used 

for linearization before the current and speed regulating loops were applie.d to 

the drive. 

3.10 German Developments in dc Reversi,ng Drives 

Both the method of coincident transfer function with erossover logie , 

and the method of biased transfer function have been used successfully in 

circulating-current-free reversing drives. In the latter method each of the two 

anti-parallel converters bas its own ,gating control circuit which is biosed back 

far enough 50 that no more thon o;'e converter conducts at a time provided the 

c~ntrol voltage to the gat~ng circutr is steady or varying s~awly. On the-other 

hand 1 if the con~rol voltage swings too rapidly from positive to negative (or 

-~ 
negative to positive) during crossover, then, the oncoming1converter may start 

. 
conduction before the offgoin9 converter ceases, thereby creating a circulating 

current fouit through the two converters. Th~ requirement that the maximum 

rate. of change of gating control voltage be' limit~d then restricts th'e speed to/ 

\ 
which the usual prOportional plus integrol action lineorizing loop around the 

converters may be tuned. The usuol first step to solve this probl,em- is to provide 

51 

• 

--------------------... ....-



• 

•. , 

1 

logic circuits wh{ch block ail firing pulses in the reverse converter if the forward 

.. 
converter is in conduction and vice versa. 1 f nei ther converter is in conduction, 

then neither converter is blocked. The fi-rst converter to start conduction should 

J 

immediately block the other but occasionally this race ends in a tie resulting in 

a circulatina current fouit. A common appr{)ach is to detect ony such fouit with 

a logical AND of the converter current logic signais thereby triggering a flip-

flop that blocks gate 8(}1~es to both converters until the flip-flop is manually reset. 
• ,J , 

Even an occasionol fouit such os this is a nuisance and it would be better to 
wilJ> 

prevent the race in th'e first ploce by permitting only one converter at a time ta 

ottempt to establish conduction, The, two logic signais which may be 50 used for 

the ça~e of convertels'With b~;ad transfer functions are either the polanty of the 

gate control voltage, or the polcrity of the reference signol fed to the linea;~~ng 

proportional plus in~g,ol controller bu'ilt oround the converters. The latter opproach 

is the most common~sed industri'olly, but a comporison between the two will be 

mode in Chapter V. \. 

The eorl iest paper found du~ng the, preparation of this thesis 38. 1 which 
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38. lTh is paper wos actuolly discovered by Geza Joos of McGi Il / 
Upiversity and given to the writer after the typing of this chapter was c~mplete. r 
Hence the footnote numbering scheme has been mod.,fied at this point-to permit 
insertion of references to· the paper. e 
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described tli~ use of contrèl.1ler reference polarity along with the converter current 

, signais to intellock operation of a levcising de dlive was written in 1961 by S . . 
Zu,ehe' of B,ow,; Bové, i. 38. 2 Th~}09iCOI "00 ioblcs involved (one polority 

signal and two CUllent signais) may be permuted into eight distinct states. " . 
For each state there exists cr corresponding con-eet state for the canverter blocking 

signais ta be in. Sy tabulating these, states in 0 trtlth table, Zureher synthe~ized a 

Booleon logie equation f~r> blocking a canverter,which satisfied ail the states. 

He tben\simpiified 
t' / • 

..vith. NOR logic. 

the equotion with Boolean identities and implemented the result 

There ale SOme minor inconsistendes in the paper but these are 

attl ibutable to semontic difficulti,es often experienced when ottempting ta explain 

positive and negotive logie and their implementation with NOR tfr' NAND blacks. 

Figure 3 2 herein is on adoption of Table III, Figure 4, and Figure 8 of the paper 

with more c~sister't labelling of the Boolean variables. Beeause the current zero 

'" 
detection circuits were not'l'.perfect, it was necessary to use the delay circuits to 

'"'" , 
retard tlte unblocking (1 - 0 change) of the,oncoming COflverter by a deJay usual/y e-, 
adjusted to behxeen 6 and 10 ms. Schemes were presented in the pdper usjn~the 

Jogic for the eircJlotf.r.tg-current-free op~tion of IInti-parailel canvefters in 
)<. 

.... 

38·~S. Zurcher, "Two-converter Connections with Suppressed Figu,fe­
eight Current," The Brown Boveri Review, Nov.IDee. 1961, Vol. 48, No 11/12, 
pp. 650-662. -----
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of a paper by : 

f 

i 
• '\>, 1 

S. lurcher, "Two"'converter Connections with Suppressed Figure' .;.. 
eight Current , Il The 'Brown Boveri Revie~, Nov. / Dec. 1961 l' ~ol·. 48,1, 

~ :~GU~~ !31.:~PP~::~.::~~:::~OVER·~~~I~· (B~ z~sr= 
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1) on armature controlled, 7versing drive with an inner current loop,and an outer 

speed loop, 2)'. a Blown BovNi Co~tifl~x drive with leve/sing field supply, 3) a 
"l 

" Q, 

Ward-Leonard drive with rever.sing field supply, and A) a two-quodrant armature 
• 1 

supply combined with a discontinuous re~rsing field supply ta yicld on effective 
• 1 

f0b(! quadrant operation. The fourth scheme re~uired an additiOflo.J ~ 9ate in 

the logic (N~ 3, Figure 3.2) to provide a full in~ersion signaho the offgoing 

converter. full inversion combined with a field forcing ratio of four ta six drave 

the field current to zero within 35 ms. After a delay period of about 10 ms the 

other converter was unblocked and the current rose to its rated reverse value. in 

about 40 ms. 

purcher stafe~hat the gating circuits were controlled an equal and 

oppos,ite amount sa that if b\th were in operation at.~the sorne time they wou/d 

d h' " 1 38.3 S . d' h h f f . pro uce t e sorne mean va t<lge. 'tote ln anot er woy 1 t e trons er und/ons 
/1,; • 

, of the conv rters were coincident. Duff onâ ~udbrook demonstr~ted that ~eéa~se 

."... c. 
of the~, ility_ of di~continuous ormàture cun,n,t (see Figure 3.1 herein) drives 

us i n9 cline i e~ t con ~;~ons f~, funct; 0 n; hod te tempo ror; 1 y ph ose bac k the 

oncoming c nverter beCs gating pu/ses Were unblocked. Fai lur~ ta do 50 

" 
would result in a tremendous current overshoot in thé oncoming conve~ter unfess , 
the offgo ing lconverte~od been 'in 

l' .., ' 
l ' • 

# 38. 3 ~. 1 p. 652. 

/' 
continuous conduc.tion. 

.. , 

This phosing back 
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actIon really implied that the transfer funchons or, the converters were ten1porOrt Iy 

• 
noncolncldent, or ln other words, blQsed apart. The output voltage of the 

proportional plus integral action controller had to sweep across the temporary 

deadband between the converters unti 1 the oncoming converter current started 

. 
and ro~e into regu lotion. The point is that when considering the regulator 

action, there is very 1~'hrJ difference between crossing the temporary deadband 

between 'normolly coincident,transfer functions and crossing the permanent dead-

, , 

band,etween b'iased transfer tun~~~ns. Zurcher very care~ully stated thot a 

distinc'\n had to be made betweeflJarmature supplies and field supplies, and 

h . ... h·:-" 1 h ' h . . 1 38.4 t at ln ail Is~omp es t e current was assumed to cange canttnuous y. 

'- 1 
But becouse he had sepalate gating circuits which could eosily have been ~iased 

apart to pr~vent armatuie cUlient surges, the suspic,i~!1 exists thot Brown Boveri 

, was decl in ing to revea 1 ot that time 011 its knowledge 'about '"Qrmoture supplies. 

ln 1':165 l. Abraham, J. Forster, and G. Schiephake of Allgemein 
" 

. Elektricitats ,,- Gesellschoft (AEG) in' Berlin, Germaryy presented an 1 EEE cbnference 

39 n 

paper describing sorne AEG 1 Brown Boveri, and Siemens developments since 1963. 

38 .4,bid • 1 1 

p. 65/ 

.. 37' 
L: Abraham, J. Forster, and G. Sh'iephake, "German Developments 

in Thyristor' Applicatfon,lI 1 EH Conference Record of tbte Industrial Static Power 
Conversion Conference, 34C20, Philadelphia, Po.,-Novêmber J965, pp. ~t97-203 . 

Î 
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The .authors chose as one of their examples a circulating-current-free reversing 

" 
dlive by Siemens which had dlso been descnbed by F. Wesselak in the "Siemens 

Review" ln lY65.
40 

The drive was an armature supply wlth anti-paralle~ converters and 

an outer speed loop wh ich provided push-pull referer:ces for two porollel, h Igh-

speed, current regulators. Eoch current regulator controlled its own converter 

via its own tiring circuit set. Push-pull references were required because the 

r 

, . 
current feedbock was developed by rectifying the signais from oc current transforme.rs 

which were on the oc line slde of the drive ot a point where they carried the 

current of bath cOnverters. 

To pre vent an overshoot of armdture current when the oncatning 

converter was unblo~ked, the firing circuit set for the bla"nked converter was 

glven an !J1put voltage that corresponded to the ins\mtaneous orm'at~re voltage 

(os indicated by the tochogenerator). Posslbly this was done by sWltéhing the 

current regulator of the blanked converter 50 thot it was forced ta folJow 1he 

toch.om~ter voltage in a manner simi lar to that described by Pelly. 41 When the 

~ 

57 
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40 F. WesseJak, "Thyristor Converters with Natural Comm~tation, Il Siemens 
December 1965, No: 12, pp. 405-410 . . 

41 . 
B. R, Pelly, Thyristor Phase-Controlled Converters and, Cyclo-

:-::--r: - --onverters - Operation, Control, and Pelformance (New York: Wiley - Interscience, 
970) pp, 1 2,1- 1 26 
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sign oF th-e speed regulator output changed, the erossover l'ogie switched the firing 

circuits pf the conduct~n9 converter to the inverter limit 50 that the armature current 

WQ5 quickly reduced to zero. After the current had ceosed, there wos a 1 ms deloy 

during which firing pulses to bath converters were blocked, before the firing pulses 

of the oncoming converter were released. Because the firi~g--C;ngle of the on.coming 

\ 

converter hod ·been matched to the armature voltage by the voltage check arrangement 

whi le it was still biocked, the armature current came into regulation without a 

5urge or long dead period. 

The crossover logie dep~pde'd upon two signais: the polarity of the speed 

regulator output, and the ~etection of current zero in both con.ver'ters. Unlike the 

Brown Boveri scheme described by S. lurcher, the logie was not supplied -.vith 

1 

current zerO detection signais From e~ch converter. Hence the crossover lo§ic .. 

probably used the current zero detection signal as the commands to eith,er set or 

reset a flip-Hop, while the polarity signal sp~c(fi;d which command was permissible. 

The l ms double blocking period could have'been produced by addlrg a deloy circuit 

to each f!ip-flop output. Each inversion signal which drove the offgoing eonverter 
o 

to the i~~:sion_ limit could have been formea by a logidbl AND of the pofarity 

signal (or else ifs inverse) and one (or else' the other) ~Tf},e flip-flop outputs. 
-

Siemens produced a simplified version of their drive using a single current 

1 cl f fJ 0' l" , Il 1 b 'cl ·42 regu ator an one set 0 ring circuits to contro two antl-para è ri ges. 

l' 
42 H. Geissing 'and G. Moltgen, IIThyri,stor Convertors for Do' C. ... '. l 

Reversing Drives,lI Siemens Revi~w, Oetober 1965, No. 10, pp. 330-333. , 

" r, 

; 

" 
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The gating pulse:s from the firing circuits were routed ta either tre forward bridge 

or tMe reverse bridge by logie gates under control of the crossover logie. Again 

the criteria for the crOssover logic were the change of polarity of the input of 

the speed regulator and detection of current zero in bath bridges. When the 

polarity changed, tne logic clamped the output of the speed loop ta zero and 

injected a negative reference into the eurrent regu lotor. The negative refer.enc~ 

" 1 

forced the regulator output in such a diree.tion that tHe firing circuits phosed boek 

ta the inversion limit and quickly reduced the armature current to zero. Once 
() 

the current zero was deteeted the crossover lagie blocked the gate pulses to bPth . 
converters for 5 to 10 ms. At the end of"h is delay period the pulses to the 

oncoming converte~ were unblbeked, the speed loop was une lamped, ?nd the 

negative current refelenc:e was removed. The a(matur~urrent then rose into 

\ -

regulation without a surge. Hawever there was a short deadtime beeause the 

converter had been phased back weil beyond the zero current point. Siemens \ 

C?lso had similar 10gic for armature supplies that had a single converter combined . 

with electromechanical reversing contactors. In addition they had experimented 

""<,ith, bath approaehes for reversing field supplies. One point thaf Sieme~s 

.. neglected to mention in their articles ,is that the' gaï"n inversion (that is, b factor 

1) 

. , 

of minus one) caused by operoting the reversing switch had to be compensated by. 

synchrono:,sly 

' .. 

inversion ot some point in the speed loop. 

. 
J . 
1 
~ 

.. 
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This foct is more clearly exploined in SectioQ 3.11 below . 

3. 11 A~ÉA de Revelsing Drives 
, / 

1 
/ 

A more recent example of European proctice was the neC series of drives 

announced in 1968 anèl described in 1969 in the ':ASEA Journal" br}. Lidberg.
43 

The family of thyristor converters wos structured on a funetional module basis to 

moximi ze flexibi 1 ity wh i le min imizing assembly time and cost. 

One type in the series, the YMtiC, was the elassie anti-parallel 

combination of three-phose, two-wat converters operating without J:irculating 

current. Change of leference voltage poJority to the inner Ciment loop and 

detection of current zerO Mlere the criteria for the blocking module (cireuloting 

current elimination logie) to interchange the blanking of the anti-parallel canverters. 

,."The current zero signal was derived From ac current transformers on the input side 
... ,\ 1:> 

-~-n;.f the drive. Voltage motching of the incoming converter voltage ta the Clrmature • 
-..oltage wos corried out over 0 10 ms intervol during which the lood current was 

zero and b·~th converters were blanked. This is in ~ontrast wit the scheme used 

irUhe Siemens de reversing drive where the voltage matehing wos supplied to the 

-'fi :in9 clrcu i ts in the blonke~onv.,t.r for it; full blonking period. Consequently, 

Siemens wosrlble to moke the eurrent zero period (that is, the double blanking 

peri od) much shorter (1 ms in length). ASEA could have used the some scheme as 

Siemens, but they wished to maintoin the interchangeobility between the blocking 
. ~ 

43 '. '\ ' fi' 1 M ' 
K. Lidberg, 'INew Series of Thyristor Converters or ndustno otor 

Drives, 20 - 5~O kW," ASEA Journal, Vol. 42, No. 5, 1969, pp. 63-68. 

a 
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modules for types YHMC and YHMB. 

Type YHMB used a single, ~hree-phose, two-woy converter combined 
1 

with a four thyristor armature reversing switch. The control logic was very similor 

Q 

to the duo 1 converter case, and the changeover criteria were identica 1. The 

difference was that the problem of eliminating the circulating current had' changed 

to the problem of operoting the reversing switch at the right moment so as to avoid 

9 

short circu iting the single' converter. 

Becouse the single convèrter and its firing circuits were olways in use ~ 

~' -

61 

during armature current flow, the on Iy possible time to carry out the voltage matchihg 
~ 

in the YHMB type of drive was during the 10 ms period equivalent to the 10 ms 

double blanking period of the YHMC dual converter system. And,. as mentioned 

obove, the voltage matching for the YHMC dual conve'rter was carriecl O!Jt during 
" 

the 10 ms double blanking period 50 that the blocking modules would be interchangeable 

between the two types. Actually, the YHMB blocking module 0150 contained control 

logie and an oscillator for providing gating pulses to one pair (at a time) of the four 

thyristors in the reversing switch. , 
Reversing the armature connection at crossover time ditf-,\ot affect the 

stabi lit y of the inner current loop because its curr~nt feedback was th'j rectifieç 
; 1-

vers.on (of ter isolation by oc current transformerS)'of the three-phase currents to 
, , 
;.. t 

the three-phase, two-way canverter. But, reversing' the armoture connection dic!. 

invert fhe sign Ôf the gain of the outer speed loop ~t that point in the tronsfer 
" A 

function block diagram. However this inversio~ wos canee lied by connecting ot 
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the output of thé speed regulator a unit y g~in, inverting amplifier that cotTld be 

inserted Or bypassed synchronously with th~ armature connection reversai. Chapter 

~ VI in .this thesis wi" illustrate the a Iternate approach of inserting thç unit y gain,--~ 

~ inverting amplifier inside the current loop (the ar-m1ure feedback'current is I)ot 
~ , 

rectified), using a thyrj~tor reversing switch to switch the armature connection, 

and leaving the outer speed loap alone . .. 
~ 

Lidberg conc/uded in his "ASEA Journal" article that-h1ecause both the 

YHMB sit!gle convefter with thyristor armature reversai and the YHMC dual con-
..J • . . 

ve~ter had exactly the s,ame control characteristlcs, the choice ~etwee(1 them should 

'b~ l5ase~ ufon -cr;;st. ASEA·s experienc'e was that thyrist~r armature reve~1 had 

,the lowe~ost at current levels for, which the armature reversing thyrîst?/s did not, 

have ta be paralleled. 44 This meont the YHMB armature reve~sal type ~as generally 

. 
uSé,çi at pOwer levels from 20 to 140 kW and the YHMC duol converter type from 

125 ta 500 kW. 

3_.12 Cycloconv.erter Speed Control of Run-out Table oc Motors 

The usual arrangement in a hot strip mil~ is that run-out tables, with 

. 
each table roll driven by a single motor, are plac_ed an either si~e of the reversing 

44 Ibid. , pp. 67-68 
-' 

, ,[ 

" 

, ~ 

\ ' 
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roughing mil!. The run-out tables support and transport l1e slab os it'is elongated 
• l" , " 

by the reversing roughing mil/. They are then used to support and tronspornhe 
... 

rO\,Jgh strip'as it enters thè continuous finishing milf~ The run-out tables are also 

used to spot the slab for the initial head and tail end trimming by the t.ropping 

, 

s eor. It is important that the sJ:leed of the run-out'tables be synchronized, first 

with the reversing (ough ing mi Il, and then afterwqrds with the continuous fin ish ing 
\ 

mill. At the conference in Philadelphia in November, 1965, R.A. Hamilton and . ' 

) 

G. R. Lezan described a General Electric instal/at' n with four circu/ating-current-

free cyc /aconverter variable frequency suppl ies contro 1 ing a total of three,hundred 

, 
2.6 hp induction mators rotàting individual run-out table rolls locoted around a 

1. 

. '11 -45, 46 revers mg ml . 

63 

45 R.A. Hamilton and G. R. Lezan, "Thyristor Adjustable Frequency Power' 
Supplies for Hot Strip Mill Run-out Tables, Il IEEE Conference Record of the Industrial 
Static Power Conversion Conference, 34C20-;Phi ladelphia, Pa., No~ember 1965, 
pp. 69-77. 

46 R.A. Hamilton and G. R. Lezan, IIThyristor Adjustab/e Frequency Power 
Supplies for Hot Strip Mill Run-out Tables," IEEE Transactions on /ndustry cind General 
Applications, Vol. lGA-3, No. 2, March/April1967, pp. 168-175. -

J • 
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~ The use of a cycloconverter to control multiple ac induct,lon motors 

rot~r thon ° thyd,to, de ,eve,,;ng ddve to eont,ol multirle de ,hunt moto" hod 

three advantages: (1) elimination of brush'and ~ommutator maintena~ce, i (2) bett~r 

tracking of the,mill tachometer since tf-e induction motor slip under acceleràting conf 

ditions was less than the comparable IR drop and speed droop in a de motor ; and 

(3) lower shoot-through fault currenls under inverting conditions because of the 

higher i-nductance of the induction motor combined ~_ith the commutating ability 

f h 'd' 47 ote 1 n uctlon motors, 

Despite the increased çomple~ity of the cycloconverter hardware over 

that of the thyristorized de reversing drive,. the overall system costs were estimated 

to be the sorne for several reasons : (1) the cost of the ac motor \oVas about one-half 

that of a comparable dc motor, thereby leaving more money available for the cyclo­
(-

converter de;elopment; and ~2} the ac motoTS specifications inc/uding frequency, 

phase voltage, number-of poles, number of phases, and allowable current ripple 

level were made with a view to lowering the cost of the cycloconverter itself.
48 

Four c'ycloconverters were built, each supplyi ng a number of two-phase 

64 

~ 

....... 

six pole induction motors. Two, 60 Hz input, three-phase, one'way converters 

\ 

were connected in ânti-parallel in each cycloco~verter building block. 

47ibid , p. 73' : 

481bid , p. 69 

Depend;.ng J 
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1 •• on the rQting of the cycloconverter, orie 6r more trays of power thyristors were used 

per buildJng block. But the cycloconverters always had two buil~ing blocks becouse 

a two-phase output 'NOS requ i red. 

A bi-pol'r d'c referenee voltage From th~ mil! speed eon;,ol reference wos 

supplied to the sine~ave reference g~nerating tray in eaeh eyeloconverter. The 

eireuitry in the tray sensed the reference amplitude, polarity, and rate of change 

providing a two-phase oùtput sinewave reference to the eycloconverter. The 

frequency of the sinewave reference varied From 13 to 0 to 13 Hz depending On the 

\ ~ 

amplitude of the de signal, with ifs phase rotation dependent upon the polarity of 

the de signal. The two-phase referenee amplitude depended upon both the amplitude 
o 1 

rate of change of the de. reference si gna 1. 

High speed current loops were pl~teçl around eaeh' eycloeonverter bui l'ding 

, 
block. The output of' de eurrent fransformers was used to compare with the referenee 

tray sinewave output. The output currents were controlled proportioneJlly to the 

sinewave references. Adequate motor torque was available for aeceleration of the 

motors beeause the sinewave reference tray sensed tht~atè of change (accelerotion) 

as weil as the amplitude of th7 reference signal. 

1. Hamilton and Lezan did not mention thè criteria they ha'd used for cir-

ctJlating current suppression. An induction motor is a la99in9 load even when re-

generating power to the line. Consequently, current zero 'det.ect· alone J Or current 

zero detection combined with the chongebver of the sinewave refere ce polarity to . 
a cycloeonverter bui\ding block cou,~d have been used. The authors displayed •. , 

.. 
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.' 

seve ra 1 ose ;110 9ro ms ~e end of the poper s two":p.~ase voltage and 

current waveforms which occurred with mator rev-ersal, flrst From i1 Hz and then 

From 11 Hf' The period of current zero during chongeover fi'om one converter ta 

another appears from the oscillogr~phs ta be about 10 ms . ) 

!n summory, the paper by Hamilton and Lezan did not reveal al'ly details 

of cycloconverter contlol circuitry. However it did present an example of a 

cyclocanverter system in an industriol application that,was bath a technical and 

economic success. 

ln OctobE:I, 1964 J.C. Guyeska and H E. Jordan of Relionce Engineering 
1 

i~.CI~velond, Ohio published a-paper descri4,ing their use of a cycloconverter in a 

similor run-out table application. 49 The cycloconverter aperated wlth circulating 

current,' had a three-ph,ase output, and used the anti-par~lIel combinatio.n of six-phase, 

one way converters in eâch buitding block. No power ratings were given for the 

cycloconverter~ The ac motols on the table rolls were supplied with two forward and 

two reJerse speed frequencies plus a stop position under manual control . 

.. 
3.13 The Lear S iegler Cycloconverter System Papers 

Earlier in this chapter, a paper written by R. A. Van Eck of Lear Siegler 

Inc., Cleve-land 1 Ohio was introduced under subtiHe 3.4,05 "·The First Lear Siegler 

~rticle". The paper, presented at ~he 'June, 196'1 AIEE Aero-Jace Transportation 

Conference '0 d;d not ment;~~ ony p mct;ç~"I, work earr;ed ~ut jear 

4? J. C. Guyeska and H. E. Jordan,' "Static A4ariable Frequency Drive, " 

f1roc. Nation'al Electronics Conference., VoL 20, 1964~. 358-365 .. , 

.J 
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Siegler, nor did it disq~ss how circulat.ing current might be eliminoted. 
<T 

ln 1961 the U.S. Army Tank-Aytomotive Center in Warren, Michigan .. 
started, development Vlork on a cross country, 'wh-eeled vehicle. In 19tJ2, the 

" fa 
contraet for the electrrc drive system was awar~ed ta Lear Siegler. C.J. Amato 

loined the Power E.quipment Division of Lear Siegler ifl February, 1962 as a 

Senior Engineer. As weil" L.J. Lawson joined the Lear Siegler Power Equipment 

Division as Chi~ Prolect Engineer, Electronic~ in 1962. Amato, Lawson and 

W. Slabwk of the U.5. Army Tank-Automotlve •. Center wen: involved in the 

dev~lopmeQt of the electrle propulsion system. 

t', 

At the No.vembcr, 1965 Industrial Static Power Conversion Conference 

in Philaselphio, (.J. Amata presented a paper deseribing the variable frequency 

closed loop, controlled slip operation of o~three-phose induction motor.
50 

ln a 

companion paper ,51 W. Slabiak and L. J. Lowso~ described the control systems 

't 
for the heavy-duty , gasoline engine powered, highway and off-highway vehicle 

thaf had been in full scale operation for neorly h:"o and one-holf years by No-

vembe r 1965. 

~OC. J. Amato'; "Variable Speed wit~ Contr~lIed Slip Induction Motor", 
IEEE Conference Record Ç>f the 1 nqustrio/ Sta.tié Power Conversion Conference, 
34C20, Philcu:lelphio, Pa-::Ncvember 1965, pp:-TIIT-185. 

67 

51 W . Slabiak ond L.J. Lawson , "0p timizing Control Systems for Land.., 
Vehicles, Il IEEE Conferenc.e Record of the Industrial Static Power Conversion Conference, 
3,4C20, P-kfl-;-dëipnia, Pa. NovembarT965, pp. 188-189.--
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At that time the Lear Siegler cycloc.onveJter systems had reoched full 

1 \ ~ 
maturity. Their basic ~uilding block wos the anti-daroilel connection of [wo, 

,la '1 ' 
, 1 1 

t~ree-i'tlGSe, tNO-Vl!)/ Cé:Jnverters. The tVd::lve 't:,/rlstol5., Viere m~unted ln on 
), 

1 

elg1ît pound, 3.0 x 9.51 11.5 inch ~~àoqe USi~(' c11~minum hcot sinks thot 

,were insulated From each oth'èr. With 1'4-0 CFM of forced air coolln9 ot SOoC , 

~he'!'ingle build"'q plock wJ, w'ed a' 100 kVA with a 440 val' 'h,eè-Phase~). 
, i - l- -: 

MQunted olong the'11 .5 Inch ~dge wérp.:six log~c rrJodules using inle-

, 9'r~ted c,;';cy\ts t~ gen~~ate the 'firin~ pu.lses 'fo~ th/i12 thyr;s;ars . Six firi~J mo-
h" ~ l '.' ' L 

ftt", .""'. 

dules êo~t~r.n.ing 12 pul:e tran~fo,fmers o,n~ other eomr<jne'nts tD ~b?pe 'thf{ pulses were 
~.,' f' ,.. \ ,,\ 'f' 

~~l-int-ed bésiqe tnetr 10gi~,mo'dUles. ~ At one end 'Ct t,~ 1'1.5 inch si~e r~as thè 
• "t \ l , , ( 

ï .' ... 1 ~ 

If sin'gle-biahkï'ng
l 

modu!~ ... _'It'h;ç;~~\9~Fli;~at'ed th~ bl4\nki~g logie f~r ih'oe an~i-parcil1el 
" ..', \ ~ \' ' 

68 
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~ . converters. The blanking module USèc1 cunent zero det~tion olone as its criterion -. ' ( 

" 

forci rculating-current-elimino;on. 52 An orti'cle by Gr Pinter of Lear Siegler 

.~~:w: f:~:; ~h~:::' ~:e ;;::';'::: : ~c:~~;::::u:: :~: 9'0 1 
ci 'cu '~ ,i :e, befo ce 

, ,. (' " , 
The exp.errmentol vf?hicle had sh wheels; Eoch wheel was provided wirh 

If ' '" ~ (\ 

a ,thll'ee-phase to three-phase cycloconverter çlriving an 6r'-cooJed, low slip i'l1duction 
, .& '. 'I .,' 

motor weighinq 167 !!lo6nâs"and,liaving a ~ontil'1uous rcfin~ of 200 h~,\at 12,000 rpm. 

• , '. , , . 
~ • • 11 \ 

~2 ~ \ 
_. ~ W. Slabrak and L .. J. LQWSOI'1'r"preéise 'CQntrol of a. Three-P \ se- Squirrel 

C~~ l,nducliQn /';Aotor Using a Practi~dl Cy I.oconverter," ItH Trarls~ctiëns on . 
" AppJications and Industry ,Nol. IG/,\'-2, !..Jo-. 4" July/ Aug~~}', 1960 , p. 77. 
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j Design, ,June 23rd, 1966 
"The Cycloconverter Adjustoble 
pp. 4-11. 

Frequency Drive Il Machine 
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Each cycloconverter was manipulated by the cofltrol system built around it s'o \;' 

r. 
as to maintain essêntiCllly cpnstant airgap flux level in its induction motor des­

t 

cO'1trol, 

( , 

mclltb's paper showed thf torq~r of an i:ducttion Equation 

where .' T 

, , 

. , 

',T 0(. 

2 . 

(
ES) \J SL R2 

'1 ~ ,.' R,·2 + ( L .)?' 
) 2 wSL 2 

-', 
the electrical torque , 

(3.1) 

) 

the oirgap voltage; that'is, th~ motor termina~ voltage le;s 
• , 1,'-

,'the statbr impedance drop:' 

Ws 
:;;; the stator elect~ical frequency 

r 
w

SL 
= the electrical s/;p Frequency in the r?tor 

R
2 

= the rotor"r'esista,ncè 

L
2 

= ' the rotor leakage irrdùctance, 

l~ i" cf 
If the ,airgap v"oltage wa~ made directly proportip'nal ~ the stator 

.. 
.. ". 

fr~qlJency as , . • ~ 

.. 
) 

ES = k EB ' . 
J 

1 ) (3.2) , '-... /1 \' , 

.t. .~ 'lIo.,... 

• ~ 

\ " 

l" ,. 
" 

" 
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.. (3.3} 

whe.re 

and E· 
b 

= 

Ihe statOr base frequency 

the a!T'gap ~se vol ~age at wb ari.d for some specified value 

• of stator ,current 

, , 
then torque equation (3.1) 'coulç! be rewrtt'ten os 

\ 

T DG ( ;,:' r . 
.' ~ 

R 2 + (' L)2' 
2 ;.. wSL 2 

" \ 

(3.4) 

Equation (3.4) sh~ws that the torque of on induction motor is proportionol only to 

70 

t 

\ E 
the slip freqliency, w

SL 
1 provided thot the vbolts per cycle ~otio ~ remoin con- ,. 

E. .. wB 
~ liB Of .. . oJ' l' Siont yequa to -. course, mOlntalnlng a constant v ts per cye e ratio 

wB " .. 
maintains the airgap flux at a constant level. 

Hence, closed loop control of slip frequency w
SL 

.f while holiing the 

airgap flux level constant, is equivalent ta, e '-osed loop control dt the induction' 

" .1> 

motor torque. Amato presented Figures 3 and 4 in his paper, reproduced here ,os 
.. .' 

Figures 3.3 and 3.4 respective~YI to illustrate fhes'e fads. 
f' ~.. 1 

Figure 3.3 is a normalized torque versus normalized slip frequency curve . , - , 1 \ 
\ . . . 

appli,c~ble ta qny indue,t.ion motO)pr~Vided t~ot its oi,rgap flux level i~ held, ~onstont. 

The curve is volid and anti-symm~tricol for positive an'(l negotive values of slip • 

,­
• 

" 
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lll-lll[R5Al INDUC1ïON MOTO~ 

TOR;:;U~. SLIP CURVE 

, -·C.J. Amato, '''variable Speed with Controlled Slip Induction Motor, " , 
IEEE Conference Recatd of the lndustrial Static Pow'er COr)version Conferel1c~ 1 

"34C20 Phi lodë1pJiTO;-Pa -:- ,-Novernbe'r 19o:J,f1 gure :3 on p. 18'3. • , , 

.' 

The basic black diogram of the leor Siegler coMrallecf slip system is 

J ~ • 

'shawn in Hgure 3.4. The three-phase frequency canverter wos made up of three, 
" . 

" ( 
100 kVA, three-phose ta single-phase cycloconverters described ear/ier. The 

, 
three-phase 'indu~tion motor (also described eorlier) had an internally mounted 

brushless tachometer whose output signol'was useable over the entire spe~dJonge, 

. 1" d' d 55 ,.,C u '"9 zero spee .' 6 

The s!tp fr'equency generotor wos used to chqnge the"torque commond ,ta 
. 

a slip'frequency reference. Torque limiting (ta ovoid exceeding the maximum point 

55 . 
Co.). Arno to 1 ~. C j t., p. 185 0 

\ . , 
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on th~ torque-si ip cu rve) and other torque opti~.ng operotons
56 

were also 

performed in this block . 

The control signal generotor (Iabelled as a mixer-demodulafor in onother 

57 ' • -, 
paper ) produced a three-phase set of reference signais for the cycloconverter. 

~ 

The frequency·of the three-phase set wasequal to the algebraic sum of the mechanical , , 

frequency plus the reference slip frequency. The phase 7tation ,of the set}depended 

~n the polarity of the algebraic s~m of those ~r:ùencies. Finally amr~,ude of/' 
Je '" , 

the r;.eference vol tages was programmed t~ bf" pro~~rtional to fhè-j r frequ~ncy. This 

kept the airgap flux le,vel approxirrdtely .constant. 

\ , 
l'1ie' induction mac~ine ;:Orque Qnd slip frequency\ followed the forque 

, . 
, ",. 

command signal in close~ loop (ashion.~MQtoring oper~ti~,n cou'd_~~ c~ange'd ,to 
t .. 1 r- ~ \' 1 • 

ge~rati,ng ope ration simply by changing the polarity of th; 'torque ~ommand, ,thereby 

.,' , 
.. revEirsin'g th~ slip frequency referen~e, w

SL
" The scheme could be used a~ ap 

inner 'or~:ue loop in a speed control ,system (for example) by obtoining the torque 

command from the output of a SP-=~d regûlator. The inputs to the speed regulator ,. 

would be the reference speed and the tachometer feedback signol, w 
, r 

of an outer speed loop and inner torque (slip) loop for i~duction,motor control çr 
, 

.. ~. ~.f,. 

~ 
56W . Slabiak and L. J. Lawson, ,'tOptimizi n9 Cpntro'l Systems for Lan~ 

Vehicles," IEEE Conference Record of the Industrial Static Power Conversion 
Conference, 34C20, Philadelphia, P;:, Novembe~ 1965, p.188. 

a ' 

57W . Slabiak and L.J. Lawson, "Precise ContrQJ of ~ Three-p'hase .,,1 
Squirrel-Cage Induction Motor Using a Practical CycloconV:erter," IEEE Transacti~s 
~ Applications and Ir:dustry , Vol. IGA-2, ~4, July/August, 1966, p. 274. 

, . 

-' 

~, . 
• '1 

~: ... ; .. 
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, . , 

, . 

•• 
) 

is exactly ana/ogous ta the use of an outer speed loop and inner torque (armature 

. . 
.*C.J. Am!i;t~, "Variable' Speed with·Cti~tr.olled Slip Induction Matar, " 

IEEE ea~ference R~cord of the Industrial Static Power Con'versi on èonference, 
. ~~;-P!11radëTphia ;Po-:-, Nova'm6erT9~ Figur;4: on p:--f8:J.---:--

-t- ---------- --"---'-- - - 4-.--______ -- .. - ---~--'-'-"- - -_._----" 
• '1 

.FIGUItl: 3.4. INNER TORQUE '( SLIP) LOOP (iV AMATO) 

, 
There is 110 qu~stion that the P.ower Equipment Division af leor Siegler 

• 1 1 • • .. .. , 

hod produced an e~cel Lent cyèlacan.verter package. Thei r effort' after praducing 
..., 

'the package was in developing new applications. L .'J: Lowson listed ten appli-

. 
cations with sixteen reference articles. Quating From his paper "The Prectieal, 

Cycloconverter": , . , 
The new frequency CC~1Verter has been applied with success to • 
the following systems described in the references: 1 

, 

1) oc electric vehicle drives far land veh ie/es 
2) ai-rcroft VSCF generating systems 
3> servo-controll ed antenna drives (both torque~'di fferential 

antibakclash, and direct driven) 
- , - -
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[ continuing the quotatfon J 
4) fuel cell cycloinverter 
5) shipboard power systems 
6) hiah gain power omplifiers 
7) por table gos turbine generoting sets 
8) ropid transit drives 

9) odlustable speed industrial drives 58 
10) locomotive and multiple-unit railway car drives. 

v, . 

The articles are 011 very simil~r in contents, differing only in the 

particular use to which the cyclo&nve;ter w~s put. Lear Siegler revealed ail . -
th~ informatio'it intended to releas~,about the cycloconverter iJ'~elf in the first . .,.,." ~ 

two St~ti'1Power C~nver.siQn''conference pàp.ers presented i.n ·}Jt65. Actuall~, 
, , 

• '1{ .. 

some popers hod alreody.been-published éarlier in 1965 re'veolir:9 mu~h 'the same' 
." " , " • • - , J 

i nformatlon , 
~ 

.' 

3,14 The AEI Cycloconverter Inducti't:m Moter'Drive 
• 

, . 

" 1 

• 1 : ... 

P. Boyvler of Associated Electrical Industries, 'MoncheJte;; Engl~nd 
~ 

• of 

pr:esented a paper d~scribing control/ed slip ope'ration of al3induction mot9r M . , . ' 

• 1 

. . 
the IEE 'èonfe'rence on Power Applications of Controllable Semicondu'ctor Devjces' 
l ,. 

held~ November lOth and 11th, 1965 in London, England.
59 

The ~ame"cyç1o-

5'8 . t 

L. j. La'wson, "The Proctical Cycloconverter ," IEEE Transocti9ns on 
Industry and General ApplicGlti(;ms 1 Vol. IGA-4, No. ,2, Ma~ch7Apr.l, 1968 ,­
p, 144. . .... 

~ 
59p • Bowler, ':The' Application of a Cycloconverter to.-the Control of 

Inductio,! Motors," Power Applications ~ Controllable Semrconductor Devices, 
IEE Co~fer~nce Publication 17, Part l" November 1965, pp. 137-145 . 

(' , 
/ 

-"".0 
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conve~ter system was also described in the November/De~ember 1965 issue of 

"AEI E' ." 60 nglneenng . 

The bosic bu il di ng block wos th: onti-porollel c c:ombinotioh ~\ two, six-

p-trme star converters \~'ith interphase transformer. Circulating current limit reoctors 

were provided, but circuloti ng current suppressi.on wos provided. 

\ 
" \ 

~uoti ng From Bowler's conference paper: \ v 

~ 
Two' methods of control [of circuloting current J ore used: fi~tly a 

on-overlop method wheré one or the othe;r group is fi red. Seco~dly 
.a overlop rnethod whele the :oo~ current is detected and used to \remove 
firing pulses From the unwanted group of thyristors. The firing pul~e 
gating circuits must r.lot operate on the ou-iput current ripple and to achieve 
this a'thrès11Old lev~! is to be built into t~ system. ~he~ the outp~r­
rent is b'e1ow thjs threshold lavel, both gv6up's of thyristors cônd~ft and " 
and inrer-groù" reoctor is used to limit the circV"'ating current. oJ 

, ') ~ . 
The cycloconverter system operates with an inner tC'rq~ tslip)~~ctly 

75 

/ ' ~ 'i 
as did the lear Siegler scheme. An outer speed loop wasJarran~ep oround tf\e innar to:que 

loop. Positive and hegÇltive limits were provided on the ~ufpuJ of the speed regulator, 
" v· 

.. 

limiting its output to l'ais than the.pull out torque (sli~) of the i~ductio'n mo't0;. The 

. i cp . -- 'f, 
voltage amplitude of the three-phase reference signais was of the f - V == a' + K f 

• . s , , 

where ~s was the frequèn2y of the ~eference signais This kept the airgap flux level 

approximately constant as the stator frequency was va"ied. - '~ 

60 p. Bowler, "The Speed Control of Induction Motors Using Static Frequency­
Convert~rs, " AEI Engi neeri ng , Novembel/December, 1965., pp. 286-291 . - , 

, 61 ',' 
. P. Bowler, "The Application of cr Cycloconverter to the Control of Induction 

Motors, Il Power Applications of Control/able' Semiconductor Dèvices, 1 El: Conference 
Publication 17, Part l, November, 1965"p. 138. 

, ' 
" 
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" 

• 

Bowler briefly described the AEI technique for g-enerating the three-phase 

referer/ce voltages. First, the motor sp~ed voltage From, the tachometer wa~ added 

t~ the torque (slip) dE:mand voltage to form a'control voltage. Then, quoting From 

B 1 l , 62 
ow er s paper: . . 

The control voltage i~ convért,ed to a variable frequency three'-phase 
voltage of constant amplitude by the block labelled "v~ltage to frequency 
converter". This is an electronic circuit using a fixed and a vari~ble 
trequencyoscillator, the output,being the difference frequency. The 
conyerter being static, has a fast response and ca;,lèperate throvgh d.c. 
with a range of 100 cls . The output reverses its phase sequence as the 
input "contro! voltage" reverses polarity. 

1 t is likely that ail the developers .of cycloconv~rter controlled slip systems 

, \ . ::\ 
tJsed the sorne basic scheme. Black diagrams of the scheme for two-phase and th'ree-

phase .output w,ill be provided in C~aptèr IV. j • 

~ \ . . . ..... "-, 

Bowler did Ilolspeci.fi cany mentfon t~e' ûpper.(requency' 1 i~it of the cyclo-, , , 

• . • . _ .":..1 ., ,..' \ 
converter , but-an osei lIogram wos in 'the poper showing. inqucti6n motor revéfsal frOm 

, "" \t ' 1 

20 ~z: Th i s co"espondeJ to ~ 2.5 \0 l' st: ~~n roti 0 "Irom .the po~~r 1 i ne i npu t 

, • .. ' CI 

freq~encY to t~e cyclo\\O~verter output fre,quenc.y. ., 
; . -f - ,.~ 

~ 

" 
• • - <!. 

.3.15 A Second Siemens Cycloconverter Inducti'o';, Moto; Drive 

The first Sieme'ns cycloconverter, described b~eck a~d Meyer in 1,963 

usèd Hall effect d&vic~s tô meb~ure the airgop flux. 63 The airgap flux was th~n 
. \ 

62 lbid , p. 138 • 

63R. Heck a~d M. Meye~," A Static-frequ~ncy-changer-fed S~uj rrel-cage 

76 ' 

.. 

Motor Drive for Variable Speed and R~.versing, " Siem'ens Review, No. 11, November, 1963, p .403. 
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cantro lied directly 'by vocying the a,l,p l, tude of the curcel. refere~ce 'ignal~ in 'uch 

a woy thot the mag~de of the oirgap flux wos kept cojstant. Closed loop current 
., 

control wos used On each motOr phase. 

F. Wesselak described a second, circulating-current-free cyclaconverter 

operating on inéiuction motor in the controlled slip mod~in his artic1e- "Thyristor 

. " 
, Converters with Natural Commutation..'.64 The airgap flux leve'l was kept constant 

f 

by using subordinated stator control. Induction mator theory shows, that for a given 

machine with constant airgap flux, there exists a functional relationship bètween 
~ 

the si ip frequency and the amplitude of the stator current 1 independent of the stator 

65 
frequency. 

Using this fact, the Siemens cycloconverter was controlled with its 
" , ... 

induct.iôn ~or .using on inner t'Orque (slip) loop and on outer speed loop. The Le<:r 
f ~ .. 1 • 

S'iegler'~-nd A~ sc'h~m~s 'adjus,ted the statorvoltage -amplitude on aF'\.op~n loop bosis 
~ ... (' .' • Q \ ~ 

ta rT!,aintain opproximately'"Çon.stant airg,pp Hux with changing stotJ:H freguency. 
~ . . 

Hqweve,r ' .. the Sieme~s scheme adiusted the stator éurrents on a ~sed loop .basis in 

Q~es~ons.e to'1he tor'lue (slip tr~qu'ency) command'ot..the outpu't.of the speed regurotor. 
l , ~ • 

" . 
.' • 1 

-"64 . 
F,' Wesselak, "Thyristor Converters with Naturol Commutation," 

'Siemens Review, No. 12,' December,'1965, pp. 405-410. 
----~. r 
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. ~5 A. Schonung and ~. Stemmler, IIStatic Frequency Chongers with "'. " 
Su~~armonic Control in Conjùnction wHh ~eversiblecV!Hioble-Speed A. C. Drives;" • 
The Brown Boveri Review, Aug./Sept. 1'964, Val. 51, No. 8/9,.pp. 567-577 . 
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Alli three scheme Because èach stator current was under closed 
1 

loop control, the Ighest output freque,ncy wos limited by Ioop stability considerations. 

viesselav present.ed c rrent and voltage waveforms for one stator phase (10 Hz, . 
Pf = ,91 lagging, motol Î . 

\ 

3.16 A ,single-Phase to'Sing 

S. A. Schwartz and 

D. Fleming proposed some novel control c)rcuitry for a single-phase ta single-phase 

cycloconverter.
66 

On the basi Jof their 'use ~f J 7 transistors, 11 linear IC 's, and 
~I l ' 

31 d,jgitol lC's ta control the eight thyristors moking up the two, anti-parallel r 

.. . 
singlè-phase bridges ,of the cycloconverter, it might be concluded that they were 

. 
ot'tempting te!> develop a new mar'ket for Fairchild semiconductoJs. The multiplicity 

-~ , 

of components would probably make their scheme uneconomical. Th~ circulating 
..-

current elimi~otian lagic was to operbte with current zero info~motion olQne 'making 

it, ~ui table for leoding, res Î5tive! ~ 1,0"99in9 loads. However no ac.tuol osei lIo~cope 
'woveform5were pr~sented,n the p~er t~ indicate that the unit had"been su~cessfu!ly 
tested. , "" , 

3.-17' . The First McGi11 Cycloconver~er 

. , 
1 

Ba rto~ and R. S.' 

r 
, . . ' , 

Birtch of,Mc...,.Gill Uni~ersity published an article . , 

. 66 <' • , • • f 
, /..,:5 ,BA. Schwartz dnd D. Fleming, "Single-Phase Control for CyclocQnverter ,II 

Fairc:hild SemÎ<!hnductor Appliçation Bu,lfetin, APP-132, Au~~st', 196i: ... pp. 1-~, , . 
" 

.' 

'. 

• 
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• 

1 in Apri l, 1967 describing a th'ree-phase to single-phase cycloconverter operating 
1 \ 

with circu/oting current. 67 This cyc/ocon~ertel wos fu//y described by 'R. S. Birtch 
t:. 

ln his Master of Engineering thesis \lA High Powered Servo-analyzer" submitted ln 

Oecember, 1965 to tf1e Faculty of Graduate Studies and Research àt McGi11 

University From the Electrical Engineering Depadment. 

Two, three-phase, two-way converters were connected in anti-parallel 

1 
through a cent~r-topped current limiting ~eactar. The bios-shifted cosine techni4ue 

was used to ensure a 1 in.ear d. c. transfer function und~ open loop conditions when 

continuous "converter current was flowing'. Operation in the ci rculating curr~nt 
".". 

mode ,ensured that eurre'nt was flowing continuously in each convertér,' aven when 

• 
a moter armature (bock EMF ) load was used. The maximum ratings of eQch • 

eonverter were 250V at 30 A average . 

• 
~ 

The paper contained oscilloscope pho.togrophs of voltage" and current-

wave'forrns of the eyclocaoverter output te a passive, logging lood ot 0.5,5.0 

79 

and 50 Hz" The poper a Iso presented some d. c. mach ine frequency response plots ,~ 

showin'g i II~shotin9 th1i I;,y of the cyc loconverter 0; a 5ervo-onalyzer, 

T. H.' Bartan and R. S. Birtch concluded that their seheme wos robust 

67' " 
. T.H. Bortan and R.S. 'Birtch, liA 5 - kW Low Frequency Power 

Amplifier,of Impro~véd Frequency Response, ,.4 IEEE Transactions,on Industriol 
Electronics pnd Control Instrumentation, Vol. IECl-14, No. l~April 1967, pp. 3j-39. 
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and working remarkably weil. However they felt that the thyristor gating pulses 
' . , 

'" were too wide, thot the circulating current was somet,imes excessive,' and that 

rmprovements were nc:edf::d ln the Currcnt Ilmlt clrcultry, 

3.18 The Brown Bover i Gearless Tube Mill 
.. 

Ac motor drives have .generolly been applled ln situations where the 

. ) 
characteristics of the oc motor itself were definitely required, despite the possible 

lower cost o,f a var,iable voltage de supply compared to à variable frequency'and 

voltage oc supply. Exomples presented up ItO nowchave inc luded thos
e 

with 

odverse'hrtotor environments and high drive performan.ce"criterio such as stee,l ~II 
« run-out tables and individutll . 68 . 

ntry vehicules. Howê,~r r 
in very large drives, the combination of the risi ~osf of the dc motar and the 

, 
possibility of commutation problems with the huge arm~ture ,currerlts may again .. \ 

tip the scales ln "vour of oc motors. 

1 

ln 1969 Brown Boveri published a ser~s of articles describing an ,8700 
, , 
hp (61400 kW) cycloconverter - synchronous motor drive for a tubè mi 1/ gri11ding 

. 

1 

,. 

" 
o ' 

68 
See Sections 3.d2and 3.13 he.rein, 't 
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ceme'n~,~clinker at a Ciments l~mbert-Lafarge pianI' at Le Havre in Fldnce,,69, 70, 71 

\ ... 
Th~~a'l"ge horsepowc' Icqu,red p,"Ccludcd using tJ geared drive, and sa the 

synchroro,us mot~ was c~r1ce'ltrlcolly 'mop'p'ed oround one end of the m"l, The 
~ 
'-

mill i\self was 5 m l'l clarncler by 16 5 f'l'In Jength and the"motor oirgap dlameter 

wos 8 m' • The rot(llt and statol were contolned ln one ~;r/wate; cooled, du5t proof 
, f 
1 

assembry. under positive pressure, while the sliprings an~ corbon t.rushes fOI ~he <A 

rotor field were in onothel , 
• 

81 

The norma 1 ~oxi mum operotlng frequency la'!.. 5.5 Hz, wh ich corresgcflded . 

, 

to 15 r/m,in for tht! 44 pole machrne, The full speed [ange was contÎnuously odjvstable 
1 l ' '" , 

.. "" v • 
From a maximum of 20 r/min (7.3 Hz) down to stdndstill'for irching the~mill. ". , Each cycloconverter output phase had its own transfor'mer with parall;led 

~ ~ ,~ 

100 + ovg, 3.fkV peak, merculy-ole.,; ~ontro,IIed rectifoiel'S orron?eâ in 012 pulse, . 
ÇJ' 

.. 
69E., B~quenst~in, "The Fi,st Gearless Drive for a Tube Mi Il,'' The Brown 

" . 
Boveri Review, Morch 1970, Vol. 57, No" 3, pp, 06-105, -, 

~ , ,J . 

-

'.. 70 J. Longer, "Sta,tic Frequenèy Chqnge-r Suppl~ System for Syl1chrç>nous 
Motors Driving Tube Mi Ils," The Brown Bbvéri Review, March ~970, Vol. s?, No, 3, 
p'p. 112-119. -,----

1 
71' -<!' \ ' 

H. Stemmler, "~ve System and E lectr~n ie 'Control Equipment ofl'he , 
Gearless Tube Mill,lI The Brown Bover~i Review, March,1970, Vo. ~7, No, '3, 
pp, 120-128. - , J ' 
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circulating-current-free, H connectlon The motor windings VIere connected ln 

thr,.ee \VIre star ta supprc% any thlrd harmonie cUlrents,when runnlng at normal 

-( 

-spt;ecs H~w(:vcr Il .'/OS 'lu_'--ésarj' to lire f'he cycloconvcrter and motor star pornts 

together thlough an impodance far about one-half second whon Inltializing Ù 

conduction in the thlee cycloconverter phases. 

The contlol sys1f:.'m, descr'lbccJ by H 
72 

Stemmler was very ingcnious. 

Tho' speed, f, of the ~yr~ch ronous motor and mlll was meosu red by an oc tachome>t,er 

consist ng of a smalt thlce-phasc mochlrlP excltea with 50 Hz, so thot 

ris output was at (50 f\ Hz These voilages wele then th'ree-phase demodulated 

ln a cOrlputrng unrf W1lich Ylelcled a thr0e-phase slnusoldal signol of constant 

amplitude 01 f'CqUt'11Cy,f, \"hlcf; was ln phase wllh the d - aXIs of Ihe rotor The 

o 
comput ng unit 0150 prOVldCd a second th,ee-phose set at 90 From the flrst set. 

Th~e 'wO sets of 5'gnols 'S,e sent to the "stotm cu"ent deSHed v~ue unit" which 

modified thelr f{hase positron and amplitude ta form a single three-phase reference 

set. Thisfreference set'was fed ta the three cycloconverters, ca ch ofwh~c~ had 

closed loop control over one stator current phase. The stator cunent desired value 

w 

unit was controlled by two dc 'analog voltages feptesenting the desired stator current 

72 
H, Steçnmler, op., cit., pp. 125-127. 
'> • 

o 

" 
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amplit-ude and the deslled stator cunent phase with respect to the d - axis of the 

rotor, The deslred CUlrent amplitude signal fed two func.tion generators. One of 

the generators prov,ded the dcslled stotqr current phas.e wlth lespect ta the d - axis 

. 
of the rot?r (as just mentioned obove), The other genelotol Plovided the cutrent 

reference ro the thYI istor cOnvei tel supplying the ,otor field 
.' 

The function 
r 

generatdr? were designed sa th:H for any grven deslled stator current amplitude, 1." , ,of 

the s~"at~: cu'" ent phase and 
~~~-, ' 

rotOl field CUI rer~hm1pl,tude would be ad'ius~ed ta keep 

1) 'th~ magnetrc statol flux linkage at full rated value (except for operating with 

above (Jase speed, f'cld-vveakenmg conditions), and 2) t~e stator curlent and 

voltage In'phose Under these cllcumstances S~emmler demonslrated that the 
, ., __ L 

motor talque was dlrectly proportional ta stator current amplitude and not limitetl 
• 

73 
byo pull-c1ut torque 

" 
-, Tf1«' ob/cet of the control scheme was ta control the mtll speed, hence 

• 
d reguloting out~r loop with dc tachometer feedbock was used ta provide 

," 
-'.. ') 

e 'desired stotOI eurrent a~plitude signal. The speed 100p output was seoled to 

limit th,e maxtmum t~rque request to 1,6 ti mes the rated torque. Beeause 'the 

control system fOI the desir:d stotor ~urrent amplitude and phose ef~1i4ly took 

J ),' 

~3<H. St,emmle r , op. ciL, p. 124. 

" 

.,. • 

\ 

" 
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one of d~ leferences"os the d-oyis of the lolor itself, tfw...rnotor could not be pulled 

" 1 .,. 
~ 

out of s/nchronism The cOI,tlol system suppressed 0/1 hunting tendencies and rotor 

~C'rq,er y,I"di· g5 \'Iél'_ 'let l''?éoed The PF of the machine lemolned at unit y for, 

al~ speeds and loads rOI j':lV/ci speeds the system PF wos low because the cyclo-

converter peak voltagc ",as correspondingly low. However at nOlmal speeds of 13 
j 

ta 15 r/min the e1cloconveder output voltôge was trapezoidal ln shape sa that the' 

system rF el,mbed ta 0.86 The tlllee 'Nlle star connection of the motc.ir suppressed 
l ' l ' 

the thlld harmonie CUllent whi~h otherwisc would have been high due to the 

trapezo,dal waverorm . The lud of dampel wlndlngs further leduccd current 

hal mO'l1 cs ln conc lus '0"" the cyc loconver ter -synchronous mach Ine driv~ described 

had eontlol plopelfies l'CJual to those of a de drive but wlthout the limi'tations imposed 

by the commutato! 

3.19 The Second MeGl1i Cycloconveltel 

• 
At the Octobcr, 1970 IEEE Industry and Generql Applications Gro~p_ 

Meeting, T. M Hambl in presented a papel written with h is coauthor T. H. Barton. 
, 

which wos repvblished in the "lA Transactions r, . 74, 75. The' paper titled "Cycloconverter 
1 

Control Circuits" forms the core of l'he materiol ta be presented in Chapters IV and 

Vherein. 

. " 
74T . M Hamblin. and T. H. Barton, "Cycloconverter Control Circuits," 

IEEE Industry and General Applications S7roup Annual Meeting Conference Record, 
October, 1965, pp. 559-;570." ~ 

75 r . M. Hamblin and T. H~ Barton, "Cycloconverter Control Circuits, Il 

1 EEE Transactions on Industr y Appl ication~ Vol. !A-8, No. 4 r July/ August 1972, 
PP:-443-453. 

,. 
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~.20 A Note On Polyphase Sinusoidal References 

Polyphase cycloconveltels require polyphase reference signais with 

controllable amplitude and fi equ.ency And as explained in Section' 3.18, 

synchronous motor drives requlre that the phase'of the reference set be adlustable . 
as weil. An excellent method of obtalnlng ail these contlols for synchronous motor_~ 

76 
f):O~been descrrbed in detbi 1 by H. Stemmlel and revlewed hereln. 

FOI contlol/ed slip operation of induction motOls at variable ,frequency 

the problem is ta generate a controlled amplitude, polyphase set which i~ ~~flârQted , 
, -

From th~ motor speed frequency by the deslred value,or'slip frequency. One modern 

approach is to have the polyphase lefelence set values stored ln large read only 

memolles The memory contents may then be repètitively interrogated and converted 

with digital to analog convertels to Xield a stepped approximation to a polyphase 

sinewave set. Analog multipliers afte'r the convertels may be used to provide 

amplltud~ control. An FET dpdt reversing switch located between the outputs of 

the digital to analog converters and the inpufs to the ~ultipliers may be used to 

reverse the phase sequence. The control logic for sequence reversai should be 
,-\ 

designed sa that it cannot op~rate the switch un less the ana log ampl itude control 

. - )' 1 

'r :"has reduced the sinewave output From the multipliers 'ih an acceptably smàll fraction 
\, , . 

! 
1 

76H . Stemmler, op. ciL, pp. 125-127. 

.. 

1 
/1: 
• 

.. 
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of full output. 

Th~ method used by most cyc loconvel ter d, ive monufacturers hos employed 

the prineiple of polyphase mlxing Or demodulation. 7~, 78 The familial trigonometric 
"~I'..l~ ... ~ , 

identdy for the plOdu,-f of t\"to sincwaves IS 

Hence by multiplying two sinewaves together in an onolog multipllel and passing their 

ptoduct through a lowposs filter ta attenuate the sum Frequency term, d sine;V>'ave 15 

. 
obtained wh,ch has 0 f'~quency equal to the difference ~n f,equency of the two 

sinewaves. 

If a single sinewave is multiplied in three sepOlate ana log multipliers 

with a set of sinewaves at a eommon frequency, but having a thle~-phase • . 
. displacement, (that is, simply a three-phase set), then the three di'fference frequency , 

si~ewaves'recoveled oftel the three lowpass filters will also b~thlee-.phase.79 

Whe'1 the frequency of the single sin~wove is exo.:::tly equal ta the flequency of the 
1 

-.... 

7 

77W . Siobiok and L. J. Lawson, "Precise C'ontrol of a Three-Phase 
Squirrel-Cage Induction Motor Using a Procticel Cycloconverter,Il IEEE Transactions 

on Applications end Industry, Vol. IGA-2, No. 4, July/August, .1966, p. 274. 

78p . Bowlcr, "The ApplicqlJo~~:Of a Cycloconverter ta the Control of 
Induction Motors, Il Power Applications of Controllable Semiconductor Deviees, 1 EE 
Confe"rence Publication 17, Port 1, November, 1965, p. 138. 

79H . Stemmler/op . .0..t., p. 126 . 
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tDlee-phase'set, ,t,h~n the th/ee filte/ed outputs will have de values whieh depend. 

upon the phase displdcements of the four Waves. And besf of otl, the phase 
'1 

seauence c-F the threc flltc/cd outputs leve/ses when the sign of the diTt~rence 
-~ 

ftequency changes f~orn positive to negative 0/ vice versa 

If square waves with th/ee-phase displa'cement o/e supplied ta the ana log 

multiplie/s, cedain additional components will be c/eated at frequencies higher 

thon the sum frequenc)' But 011 the high f1eqlj.lcncy components will be attenuated 

by the lowpass filte/s so'that again only the thlee:-~hase differer'ice flequency will 

be leccbveled. Indeed, if th/ce-phase squale wave signais arc to be used with the 

sinewave, then the anal0g multiplle/s may be leplaced with on-off, solld slale 

, 

choppers w/th no change in results. Or, One author has demonstrated that' the 

. 
filtered outputs WI" agoin be th/ee-phase ff a th/ee-phase set of sinewaves ore fed 

30 
to thlee choppels whlch ore driven by a s~ngle squarewave .. 

... 
The'butputs of a ring counter arranged ta divide its trig'ge!ing pulse 

87 

frequenc.y by six may be used os the S'Ource of the three:"phase squarewave set (or t. 

the three, choppers. These triggering pulses may be created by a 5table'linear 

8°S. K. Datta, liA Novel Three-Phase Oscillator for the Speed Control 

of AC Motars, " IEEE Transactions on Industry and General Applications, Vol. IGA-7, 
No. l, January/February 1971, pp:- 61-68. -
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\ ' 
vOltagv co trolled oscillator. ,!he smewave is usually ,derived from a high purity, 

hi9h stabili ,fixed flequency oscillator. Kltefnately the ring counter may be 

arronged to iVfde by fouf, and On Iy two choppels used so thet a, two-phase 

l , . . 
sinewove is ob 'ined after làwposs frltel ing. The two-phase signais may then tJy 

~ , ' 

used to create a three-phase set by uSfng operational am[<i'iifiers to odd on,d.subtract 

~ the t;vo phase components in a manner analogous to the Scott trtmsformer connection. 

The latte\ method has been described very weil byA. Schon~ng and H,{ ~t~mmler.81 
1 

ln additlon the author presented three alternative schemes for variable frequency, 

controlled slip opefation of an induction motol. His description of the function of 

the component blacks related very weil to an analysis in onother part of his paper 

88 

of the steady state characteristics of an induction motor operated at varjable frequency. 
" 

3.21 Conclusions 

It would be possible to continue reviewing articles right up to the present 

. 82 
date. However, the oppearance of B. R. Pelly's book on converters and cyclo-

converters in eaf Iy J 972 left very little unsaid ln the thyristor drive field. His . . 

" 
81 A. Schonung and H. Stemmlel, "Static Frequency Changers with ,. 

Subharmonic Contro 1 in Conjunction with Revelsible Variable-Speed A.C. Drives,'" 
1 The Brown Boveri Review, Aug./Sep~. 1964, Vol. 51, No. 8/9, pp. 573-576 

--r --- --- , -
S2' , 

B. R. Pelly, Thyristor Phase - Controlled Converter~ and Cycloconverters -
-:-:-...---:-: ~---7"~ T-:-::: ' 

Operation, Control and Performance (New York: Wiley - Interscience, i 970) pp. 434 
---- < 

"~ 
'1 

f ,1 , . 
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description and depth of coverage of'clreuit configurations, expected waveforms, 

éliscontinuous current operation, firing pulse circuit',Y1 harmonie analysis of 

l '1 

waveforms, and drive component sizing were ail exclelient. 
l , 

" 83 
W, McMurroy's book On cycloconverters was iust in the final stage 

of prep-aration when Pel/y's book was publ ished. McMurray acknowledged this ln 

the preface of his book and stat~d that, 

.. , . the emphasis of Pel/y's wor~ 
differs considerobly from the heotment 
presented here, and there is SUI prisingly 
little duplication considering the" similor 
sub,ect matter. 84 

McMurray's book provides mOle information thon did Pelly's on mode Il ing of.the 

cycloconverter for simulation of the drive. In addition he plesented proctical 

information On thyristor snubber design, on choosing thyristor latings, an,d on a .. 
number of other items ta be considered when designing cycloconverte~ dr~(veS: 

t. 
Several of the papers reviewed ln this chapter have been reprinted in 

( 1': ' 
an IEEE Selected Rep'tint Series two volume collection titled "Power Semiconductors 

p , 

/ #- • 

Applications".85 The ço"ectio~ provides an excelle~t survey of the thyristor 

drive industry and also included an extensive bibliogràphy of papers not reprinted 
i .g 

in the collection. 
b 

83 
W McMurray, The Theor.y and DeS'ign of Cye loeonverters,( Cambridge 

Massachusetts: The MIT Press ;1972) pp. 165. -

84lbid . , [Preface page]. 

8SJ ,D."'Harden, Jr. and F.B. Golden (edif~rs)j Power Semicor\Jucto.!. 

Applications ( New York: IEEE Press, 1972), Vol. l, pp. 555 an.~ Vol. Il, pp. 344. 

89 



• 

.' 

• 

o " 

Because of tne attempt to ~oint Out in some detail the progres; made 

by various compan~e~ and indlviduals, this chapter has become quite lengthy. 

ln fact perhaps these contributions have been obscured by the detail, 50 the 

list below is plesented as a summary of the more importànt points: 

l, ln Marc.h: 1,959 Chirgwin, Stratton, ar:d Toth of Jack and Heintz in 

-Cleveland, Ohio submitted the first description of circulating-

. 
current- fl-ee cydoconvertels for use in VSCF systems. 

2. S. Zurcher flom Brown Boveri deséribed their circul'ating-current-

(ree, revelsing supplies for armature or field contro-I rn Navember 

1961. 
" 

,3. Heck and Meyer of Siemens Works ln G'ermany described the closed 

.. " 
loop speed control of a thre'f-phase induction motar using a 

t 
,c i rculating-curr en t-free cyc 18con~erte" in November 1 ?63. • • 

~ 
4. In 1963, Amato and Lawson of Lear Siegler in Clevel~nd# 0hio and 

~' Slabiak of the U. S, Army Tank-Automotive Center' perfected the 

·4 . 
çontro~led-slip methq9 .... of torque control of an irtduqtian matar 

'cannected ta a ~irculating-current-frée cyciac0nverter. Starting 

in 196$, Lear Siegler employees published a flurry oi papers d/scribing 

..' -various applications for their cycloconve/ter ~ystems, 
_ 0 

• 

) 
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" 

5.' Duff ând Ludbrook of Canadian Westinghouse published an exc~"ent 

adicle in Jun'e 1965 describing thei-r circuloting-current-free~ de . . 
reversing drive which wOS u,;cd as a power amplifier in dn armature 

- " 

current control loor, ' 

6. In November, 1965 Bowler of A~E, Englond published a description of 

an AEI.cyc loconveder wi th suppr essed c ircu lating-eur rent operating 

, 
an induttion motar in the controlled slip mode., 

7. Wessèlak br Siemens V/orks published a paper on' D~cember, 1965 

describing a similor drive with inner armatu'~ current loops and an 

91 

outer spccd loop The sorne paper or;~ described a Sremens circulating- ' 

s 
current-free cyc:;;loconverter system for eontrolled slip operation of 

.. an induction motor. 
1 

B, Hamilton and Lezan's paper in 'Nove,mber, 1965 reloted General 
, 

Eleç:tric 's expetience wi th the open loop speed coontrol of runout table 

moto" in ° hot st, i p m ili· us ing ,0 two- phase Ou 'put c yc lo:oove'tec . f 
~" 

9. In 1969 Lidberg reported on ASEA's new circulating-current-free dtc, 

reversing drives. The YHMB style of drive was unysual ln that it hbd 
1 , . t 

One convertel't followed by a thyristoriz.ed, armature reversing Swi~é~ 

fo permit ormoture current re/versol. , 

,f'JO' .\ 
' .. 1 

t, 
j 

/ 
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10. Books by B R. Pelly and W. 'McMurray published in 1CZ71 and 1972 

. respe~tively gave conved~r and c;,ytloconveder design On a firm 

pra~tical and thc0retlcal basis. Two volumes of se/ected reprints 

hy the !EEE Pre~, titlcd IIPov/er Semicondudor Applications" publ;shed 
~ , 

\ j 
C) ,(in 1972 blought mony voluable papels'togethel'in book fo~at. 

) 
" 

1 " 

; 

, , ' 
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\ . 

CHAPTER IV 

~ ( " 

C~CLOCONVERrOR 'GONlibL CIRCUITRY FOR OPERATION 

,Introduction 
/ 

1 r 

'NITH '\CI.RC~L(lTIf"lG CURR~T 
. " ... 

r , 

! 
~. ,. 1 

'. , 

1 • 
Thebasic tc~hnlque of blos-shift phasc:-contlol was dlustrated in Chapth ". 

, 

'wrth 5evera 1 dlaglan~sJ~ùsclllos<;ope photographs, and accomponyrng wr Îtten descrip­
/. 
/' 

~ / 

tlon. The photO.glOph~ showed the op~lotion of a successful thlce-phase to single'" 

< 

phase cycloconvertül botb wl~h and without circulatlng current This chapter will 

descrlbe th~ thyr,lstor ootl'n!;J cllcuitry of that cycloconvertol fOI 0perotlon ,in tlle'former 

. , 

\ mode This clrcuil-r1' hos been plevrously presentéd ln block drogram form ln on IGA 

, , 

(l, 

conference paper "dl'Ien by T M Hamblln and Dr 1 T.H. Borlon, and the'text'and 

i'llustrations of this chapter' follow c1osE'ly'thàse of the pap'er. 

4.2 The Cycloconvertol Connec tion 
Il 

Figure 1. l rn Chapter 1 gave the "two configuratiôhs .possible for a three-
r 

phçse ta single phase cydoconvel tor connected to a single, three-phase tran"sf6rmer 
;1 

seconda ry. Howeve~ 1 the cyc loconv.er.tol described in th IS G:hapter uses two, ~ree-, 

phas~.secondaries connected as in Figure 4.1. This connection has no definite ad-

• 1T.M.H~mb·lin andT.H. Barton, "CycloéonvertorControl Circuits~', .. o 

lEÉE CoMerence 'Rec~Hd c:i the 1970 ~iflh Annual Meeting of the IEEE Industry-and 
General .Applications Group, 7ü-CSIGA, Chicago, Oct,ober 1970, pp. 559-571. , ---.-

, 
" 

.. 

.. 
.. 

, 
d. 
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vanfage over that of FigtJle 18, exccpt that d permits separation of the con-

.IIertors for other uses ln fact the convertors"were bur\t aS a matched pair, and 

each was mounted ln its own cabinet' (f:igule 4.2). Note that only one current 

Ilmlhng reactor IS needed in thls connection because the seporate three-pho~e 

. Green Converte r 

In~ût 
op. amp 
OA7 with 
10 turn' 

biosi ng 

potentio­
meter - ---

30'-208 V 
Power 
terminais· 

...... 

ri 

~ - - - Black Convertêr 
, ,... , # , ' 

, f 

1 
~. 

Mu hmer'l;W ~ 

t! 
......::: - . de discon.~e;t switch 

_- - - Bridge graphie with 
de voltmeter and 

ommeter 

graphie 

oc disconnect switch, 

, 
! 

" 

" - 'i' 

, '. 
THE CONVERTERS (FR0NT VIt:W) 

t, 

) 
.) 

r .. , 
'1 • 

"'" 
'Seconda ries ~orte the 360 Hz (fundarue.nto! component)' ç ~~cuIQting current com-' 

~ . , 
pletely through both.br~~dges .. On the oth"er hQ~d,.the·'c~t'Inectio.n ~f Ft~ure 1.lB 

1 • 

\~ 

" . 

• ,. 

1 

1 

··1 
1 
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• leqùlr~; two reactols, cach.of wh,ch handJe cllculating current wilh bath l@O Hz 

and 360 Hz fU,ndamenfal flequencies. , 
4 3 Thyr,stdr Flri"'2 ~U15è Generation Circûltry 

\~ ../' 1 

The bias-~shift mc:;.t~od of phase co{'\trol; as outlined in Chapter Il, has 

the advantage of prov;c/lng a 1 rneCfr conhol voltage to àverage conVertor output .. 

y' 

voltage relationsh,p v.'hel~ the COnvertor'culrent is c~ntinuaus. Hence if both con-
~. 

veJtors ln Figule 4 ", {.;.ove continuous cunent Flow, then their ou'tput voltages at 
, \. 

the load terminais will be ln de balance. This balance IS due to the anti-parallel 

\., r / 

connection comblned wilh the use of the ncgativli of the master cOljvertor ~roL 

voltage as the contlol '.oltage fOI the slave convertor. Because of this dc balance 

cOl"dition, circulatl')9 cUllert between the two convortors will be at a minimum. 

Of course, balance can'l;c maintoin.d- stcodily only if the control voltage {V·) 
, c 

is itself a constant If the control voltage is varied sinusoidally (or otherwise) with 

increasing flequency, then there will be a general trend to increosing circulating 

cwent (compmed with the load ë;;CCènt ampli,t~de) due to the ~isc'"te natu,e of t( , 

conveTMr firing pulse 'occurël"lces and the increase of the se If- induced circuloting 

2 
current. 

.. 
~See Sec tions {3 on4 4. 9. 

• 

" 
.. 
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The bottom half of ji gure 4. l shows in black dlagram form how the blas-

shift method of phase control was actually implemented. The negative of the control 

volto3e, V \l'las suppllt: .. d through undy-golTl Inverttng amplifier OjA7 to SIX sum-
ç r· ~ 

mlng invertors ü/A l ta O/A6 in the moster convertor. A six phase set of cosine 

.' wave voltages was fdtered by LCR low pass filtels which contnbuted negligil51 e 

97 

•. phase log at 60 Hz Each inverting summer odded the negal>ive of the control voltage 

to its particular filteled COSfne wovefolm (,gnoring the -tPBt and, -PBL signais for 

the moment}, 'Each of the SIX positlve-,golng cl05slng detectors (or level detectors) 

" .-
triggered its own one-shot multivibrator art the Instant of positive going voltage zero 

crossing ot the output of its particular inverting sUlmmer. Each one shot pulse was then 

amplificd, passed th,ough the double pulsing card (to be described lated, further 

amplified, and flnally sent through an Isolating pulse tJonsformed ta gate its thyristor. 
~ 

The circuitly of the slave convertor IS identical to that of the master convertor except 

that the output of its unit y-gain inverting amplifier a/A7 do es not run back ta the 

othe,r convertor. 

details 

Plates land 2 in Appendix are wiring diagJms showing full circuitr~ 

for the operational amplifiers and the firing circuit cards. Each firjng cir-

cuit card contains a Schmitt trigger type of. zero crossing detector (01, 02) fC?,llowed 

, 
bya one-shot multiviblotor (03, Q4, 05). The operotiory of these 'circuits i5 COm-

plete'ly'explained by.Millman and Toub în the;r book and therefare will not be de-

, scribed herein 3 The purposes of the several diode gates, two amplifying ~tages, and 

3J . Mi"man and H. Toub, Pulse Digital ond Switching Waveforms (New \ 
Yo,k : McGraw-Hitl, Ine., 1965), Chopters lOandl1). 

,. 

L 
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, 

\ 
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an additional one-shot multivibrato,' wh,ch appear on the board will be eXplained 

in Sections 4.6 and 5.5. 
o i 

INote that the above 5C'heme i5 onalogous ta the "alternote opprooch" 

for the three-phose, one-woy connectlon mentioned On page 20 of Chapter Il ,r _ 

since on Iy ~he positive going voltage crosSlngs ore detected. Using both positive 

... ~.... 1 ~ 

and negotive crossing detectors os d~sc~ibed in Chapter li (and os by Duff and 

ludbrook 4) would have eut in haH the number of Invertlng summers and crossing 

detectors. Figule 4.3 demonstrates how this may be done. The.cosine wave re-

lotions would be identical tQ those in Figure 4. l and the thyri~tor numbering 

"'. system was shown in Figure 1. lB. 

FIGURE 4.3. POSITIVE AND NEG~TIVE CROSSING DETECTION 

4 
D. L. Duff and A. Ludbroov 1 "Re'lersing Thyristor .~rmature Dual 

Convertor with Logic Crossover Control", 1 EH Transactions on Industry and 
General Applications, Vo/. IGA-l, No. 3, Ma'y/June 19657 pp. 216-222. 

\ 
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4.4 Phase Forward und Phase Bock Liïnit 
1 

Figure 4.4 is on oscilloscope photograph of the thyristor firlng circuitry 

waveforms with the control voltoge he Id constont ot +5.0 volts (0.5 p.u.) to 

yield 0 phase-bock ongle of a == 60
0 

in the master convertor (0 = 1200 
in the 

slave convertor). The four points in the circuit y correspond,ng to the oscilloscope 

FIGURE 4.4 HRING CIRCUIT WAVEFORMS 

o 
Sweep == 2ms/cm; V c- +5V, hence a = 60 

Trace 1: - (V 1 + V ), scole lDV/cm. 
cos, c . 

Trace 2: Schmitt t'rigger output~ sta~e = 10 V/cm. -;'_'" 

Trace 3: Double pulsed firing pulses; scale :::;. 5 V/cm 

A Trace 4: Convertor output voltage; scale = 420 V/cm 

/ 

1 , 

traces have been morked On Figure 4.1. T,ace l, the displaced cosine wave equal 

. , 

ta-the sIJm of tV and -(cos 1)', hos been modified by the"':z~n~r diode clipping 
" c ~ _r~ :1 

r 

circuit a~ound inverting summer 0/ Al and by the addition of phase-forward and 

...-.-- .. 

1-
\' 

,1 
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1 -

phase-bock limit pu1ses (+PBL and -PBl) ot the summer input. The latter pulse 

is not visib-4e..i-,n~irace 1 because of th~'zêper clipping at +11 volts. If hGlwever 

V had been -5,0 volts (0 -= 120
0 

in'*'the master convertor) 1 then the -PBl 
c 

100 

. 'pulse/would have b,een visible while the -t'PBl pulse wos clipped. 

') 

The troiHng edge of the +PBl pulse octs as a phase-forward limit by 

ensuring thot a positive going zero c.rossing will occur dt the detector input nO 
( 

eorlie! than the instant 0=0
0 

even thqugh the control voltage V may be equal 
" " . c 

.'" to or'gl'~,ater th an th, peak value of the cosine wave (normolized ta 10.0 volts 
" 

peak), The lII'Mf[ pulse aets as a phase-bock limit by ensuring that a positive 

.. t 

going crossing sholl OCCUI no loter than its leoding edge even when V is more 
• 1 C 

negative thon the peak of the cosrne wave, The front edge of tha'-PBl pulse is 

readily ad just ob le and is nOlmally set for a == 165
0 

to limit the maximum phase 

bock angle so that the necessary volt second morgin for successful commutation 

• 
will always exist\ 

\ 

" 

:;-
The twe Ive seporate pulses needed per convertor (six + PBl and six '~-PBL) 

li' 
were generated On thyee phase-bock limit (PBl) cards, one of which appears in blacK . 
di.agram form ~ith explanatory wavetorms in Figure 4.5, Note that the four outputs 

• • 1 

taken from one card supply two thyristors which are cQnnected to the same three-phose 

l,' supply line. Hence flBl ~rd 2 supplies thyristors 2 and 5 ÇJnd PBl card 3 sup-

- . " 
plies 3 and 6. Plate 3 in Appendix 1 is a schematic diagram of the PBl cardo 

/ 
, . 

Comparisan of this Pldte with Figuré/ -4.5 shows that diddes Dl and D2 form OR1, 

.,,' 
" . ,. 
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and differential pair Q5/ and Q7 make up crossing de.tector Xl. Also, Ql is 
l '\ 

inverter Il, and Q4 is the ~ositive lagic ta negativ~ logic leve 1 changer Ll. 
\ 

1 

\ , 
The second hdlf of the cord is on NPI'-rto PNP mirror image of the first. Study 

l :' ~ 1 . 
of .the ideal waveforms will quickly teveol how the +PBL and -,PBL pulses were 

generated ta suppl y to 0/ A 1". 

LCR filters (not shown in Figure 4.5) identical to the cosine wave filhers 
1 

were vsed for the fI voltages while the -El voltog~s were left unfiltered. AI-
, 

'1 

though no noise prob!ems wei e encountered rn the pBl cards it wou Id have been 

prudent ta tqke advohtage of the 30
0 

and 60
0 

leods ove i lable From the 12 phase 

supply ta permit the use of RC log filters to supply voltages +Ell.,~Jond -El. A mOre 

modern opprooch to the P8l card design would be ta use IC zero crossing detectors 

ta square the previously filtered and phase shifted sine waves. Then gates, 'inverters, 

and logic level changes ta generate the four pulse.s per card would be arranged to 

follow after the crossing detectars. 

4.5 The Double Pulsing OR Matrix . 

The detection of the positive going zerO cressing of Cl svmm~r amplifier 

Ou tf:>u t (Traces 1 and 2, Figure 4.4) triggers a 200 tJ sec. firing pulse (Trace 3). 

This pulse, after amplification and isolation, gates its thyristor (Trace 4). Examina-

tion of Traces 3 and 4 indicates that a second pulse is then applied ta the sorne 

thyristor when the next thyristor is'gated in the normal (1,6, 2,4,.,3,5) bridge . . 

.J 

.. 
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cbnvertor thyristor, gating sequence. Indeed, in arder to ensure that a Iq6d current Î~ 

path exists through both the top and bottom halves of the bridge convertor for ai 
) . 

leaot the duration cf tf,( thyristor gatlng pulse, a second pulse is alwoys app~ied 

sirnultaneously to the thymtor last gated on the other holf of the bridge. Since the 

firing sequence is fixed, th is double pulsing operation t; corried out quite simply , .. ' 

by the diode OR mO~llx outlined in Figure 4.1. Hence, when thyristor 6 is 

goted 0 second pulse is automaticolly sent to thyristor 1. Then, gating thyristor 2 

wi Il regate thyristor 6 and sa on. 

It is possible to avoid the double pulsing scheme by l;Jsin9.JI9~,~ :iring pulses 

(greater thon 60
0 

\·;;de at line frequency) so thot the pulses overlop when the phase 

. , 

bock angle a is stc;ody. However thele are three advantages ta be found in the use 

of the double pulsïng OR scheme with short fi ring pulses: 

1 .• The pulses always overlap nO matter how rapidly the convertor is 

being phased bock. 

12. A smaller pulse transformer may be us~d with shorter pulses. 

- , . 
3. It is prudent when operating a cirqdating-c,urrent free cycloconvertor 

(to be discussed in Chapter V) ta consider a convertor ta be lion" 

4thenever its thyristors ore' being goted, qeven though the lood current 

,of .thot convertor may be zero ot that moment. 

minimi~ès the length of such intervals. 

\ 

The use of short pClses . . 
( 
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HQweverr iF wide puïses and double pulsing are combined there is much 

less tendency for a cycloconverter norma"y opelated with circulating current to 

drop out of conduction on 1 ight loads thon if narrow plJlses and dOlJble pulsing were 

used. / 
Plate 4 in AppendixJ is a schematic diagram of tht:: double pulsing OR 

matrix card. Note that the purpose of the six firing 'pulse delay circlJits on the card 

'bs 

will be discussed in Chapter V sinc;'they ale required only for circulating-current 

free operation. 

4.6 Alpha ,Blankin~ 
... " 

The normal.range of phase-bock angle 0 is From the phase-forward limit 

of 0
0 

ta the aLljustoble phase-bock limit usuolly set ot 165
0

. Outside of this range 

there are no positive 'J0ing,zero crossings to be deteeted when the control voltage 

has.Q st~ady de value. However with a sufficiently rapid positive increase in control 

voltage, it is possible for the ~utput of One Or more of the summing invertors to crOss 

zero volts in the positive direction during the interval which would correspond to 

180
0< 0<360

0 
for that particular firingtircuit. 'This pos-itive cfossing would 

• . cause the· ~imultaneous generation of a least two spurious pulses because the first pulse 

wou/d be dup/icoted by the diode OR r'natrix. Of cours~, ot the same time legi'timat~ 

firing pu/s.s (0< 0 <165
0

) may oceur due ta the sudden increase in cantr~/ voltage. 

•• 

'.' 

'.:.' 

'. , 
L 
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"\ If the o'ler lor ln time of legrtÎmate and spurious pulses affects two 

thyristors connected ta t~c same input phase of a convertor, and if the convertor 

~cs beer Invertl'rg ~~ ;/' .:::d to the oc Ilne immediately beforf? the positive change 

~ , 
in control voltagc, tl,cn an inversion shoot-through fouit will Occur through those 

1> 

two thyristors. Thal'is, the lood current wdl bypass the convertor transformer and 

flow directly th,oufjh the tv/a thyristors establisf~ing a frec-wheel path. This type 

of fouit may be very severe if it occurs ln a three-phase to single-phase cyclo-

conve.rtor conneclecJ ta an'cctlve/ low impedqnce lood su ch as a mater armatule. 

For three'-phase t.o thlec-phase cycloconvertors drivrng induction motor loacJs, the 
l 

mdgnitu,de of the foull cuitent will bc smollcr becouse of the reactonce of the motor. 

However, in eithel co<e it 15 still very dcsiloble ta prevênt any spulious gating. 

"The ovellop of legitimate.and spurious firing pul~s Occurs more readily 

with long thon with short pulses because the control voltage need not change as 

, rapidly in order ta Cause the Over lop. HÇ>wever even with very short pulses, if a 

is near 120
0 

, then Illst a sma Il i ump in control voltage occuring at exactly the 
1 ~ ~ .. 
f 

wrong moment will c.ause Q)shoot-th,ough~ Figure 4.6 ï"lIustrates _how the positive 

/ 
step of control voltage created legitimate firing pulses land 5 plus spurious 

, -
" 

pulses 3 and 4. Since thyristors land 4 are connected to the some (orange) input 

phase on the "bridge, the active invetti.ng loa'a will immediately establish a free-

wheeling Joad current through them. The amplitude of this current may in turn be .. 
~:. 

large enough to cause a commutation foi lure wfren thyristor 6 is goted. A ror~e 

105 

braking torque will probably be applied to the motor before the fouit is cleored by ':'" 

. ~ 
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one or more of the following occuren'ces: thyristor foilure, individuol thyri,stor fuse 

clearances, dc breaker tdp (if one is provided), Or natural commutation. j:xcept> 

~or the natural commut~tion '>:Ose, the motor will ,be ot leas! temporarily disconnected 

From the convertor because of the fouit. 

o cROss' .... ., L>ErEcro~1 

o 

_"";;0 ___ ..11 citou 1 .. 00 Dia rEC ro~ ., 

2 3 
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~, , " 
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3 

FIGURE 4.6. SHOOT THROUGH, a -:: 120
0 

•• 

1 • 

/' 

'j The production of such spurious fi ring pulses is supp,essed by the.aipha 

blonking.l'tard in eoch convertor. This card generates six separate blanking signais 

" 1 • 

\ 
" 

" 

... 
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thar ore supplied ta NANDgotes ln eoch of the six fi ring cI/cuits. The alpha. 

t (L' 0 0 
blanklng signais ole o'longed ta be ot the loglc zero level for 180 < a < 360 

50 CS to b!C'lf any . 1 r'-.) pU~ée scnerate:-:1 ln a glven cord dU'flng thot Interval (Se~ 

-~ 
Figure 4 j and PI~t(; 5, Appendlx 1). Diode clamp AND] connectl?d to the • 1 

output ob;:>nc-shot rnLJlti,/~<\)lotor 051 
~ ~ 

ln Figure 4.8 (0150 see diOde D9 ln Plate 2, 

Appendix 1) blocl s "II puk~s dunng th!.: forbidCfcn intclvol. Similor Iy AND3 sup--
o~ t 

presses the output of tll(': r'lemory one-shot. This one-shot i's needed only for cil-

culatlng current fre;c operation, which will be descrlbed Ir} 'the next chapter. 

4.7 Thymtol GO'lllg 

When l'he .cy.e IQconvertor wao first constructed, long frring pulse6 (ap-

-"'" ,. 
proximately 75

0 
VII(:0 af 60 Hz) w~r€ used fOI.' triggejing purposes.· ln arder ta 

9 si-multaneously pravlde a gating'pulse with short r ise-time (Iess thon sevelal 1-'5) and 
. 

, '0 

long dUlation (75 -- 3"80 1-' sec.) each pulse tr<:t-q~former waS'w~ On an Arnold 
....... .- .. 

J "-"....... .J ..... '\.. 'II 

.1 Engineering 4 mi 1 De Itamax toroida 1 cOle type 3T5233::D4-AA ~11~ 1 .5 inch out-

side diameter and 
. 2 . ,. .... . 

. 094 ln crO~S sectiOn. A terhary wmdlng connected to~n 

effective constant cUl/ent SOurce provided a reset MMF to prevent saturation of the 

core by the unidirecti'Onal firing pulses. The 250 turn primary, 275 turn secondary 
, . 

and 150 tur~ tedloly windings were each dishibuted complefefy over the' 

core to minimize leakage inductance between them. The three windings were in-

su lated from edch other by two layel s of Scatc!. brqnd electrical tape between each 

• wind·ing. When the gatin9.scherrte was chÇln~ed to short double pulses (200 IJs each) 

• 
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... 
the Iransfolmers'werc not reciuçed ln slze because the pulse rtée-time was a~[;e9dx 

, • t ~~ 'b ~ , . 

suff'ciently short tO· ... ;·'ulc efficient Ihylisto~ gatlng. Plate 6 in App~n~ix IS 

E ét.,!,c cTPI,flC" ocv·cr suprli'cons!tont current supply, .' 

puisE' ampllflels, an(~ ri Il L' trol1sformcrs . Design dotarls on thyristor <]otlng rtsclf .. , 

5 6 
moy be found'In scvllolthyristor application manuol;"" , 

4.8 CurrcntLlrrl't 

• 

ln mony c()',c,(, cycloconve1tol dllve systems (both oc ond d~) are se~ up 
" 

wlth the cyclocorl\~"'o, illSldc.a ê:yrrent contlol loop 50 that the\e 15 no ne,ed fO,r , 
l ' '. fi. 

, 
a ~rlll-oVCI type of :::.u'fcl1t-llfTlll ln the 1r 1t/lvidual con~rtors. HoweV0r since this 

'particulor cycIOCOrl';r 1'01 IS 'often opertotcd opcn-I<,op in the labolatoly, '0 spi/l-
" \.1. ~ 

over curre'it l'mlt '(Piote 1, Appendix i) has been pe~manent/y instolled'in each 

convel'!ol. Current lionsformers CT1, CT2, CT3 have wy~ connected seconda~es 

(matching the d~)to 10 wye power tlansfo.mer) 50 'that tHe convertor output current 
• ç , • 

, 

waveform is coneedl reassemb/ed by the diode bridge Dl to D6 with minimum 
, . 

, . 
'pos5.ible ripple. Cl combined with R30 provide a wide range of current feedbock , 

~ , 
signol.filtering Ganging R2Q, R31, and R32 keeps the current limit knee point 

'. 

,5. /' 0 • 

F.W.:Gutzwille.r (ed.), The GE SGR Manual 

General Elec'tric Company, 196~Chapt;;;-4:---
1 

(fourth edition • Chicago: , , 
, (. 

<.. , 

f 6 R: MUlloy, J[. (ed.), WQ..Stinghouse Silicon Controlled Rectifier Desi nets
l 

Handbdok (first edrrion . Youngwood, Penn Semiconductor Division, Westihghou e 
1 ~ 

~Iectric C?tp,?ratibn,~ 1963), p. 5-? 

. . 

- . 

" . 
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1 
-.• 

(set by R33) approximately constant as the Filter time constant is adjusted. Rheostat 
~ , 

R38 sets thè dc garn 1'1 combinatlon will, R30 and R31. The 0.5 vo'lt cutin voltage 

o~c!iode DB ~0r;:pS tr'", ':u1rtnt I,rnd slgf'Q1IJn€ cO"lpletely "èlean" when the 

convertor current lirnd IS below the cUl/ent limlt knee. In proctice, the current 

\. k~ 

limit is very easily adjusted for a new type of lood wi1,hout ony need for preliminary 

anolysis of the control system stability. Vlhen the cJ4Cloconvertcr forms part of the 

, .~ -
inne r cunef't loop Fo' a dc' armature supply, the k~ee points of the spillover 'éurrent 

limlts built Into the convelter must be sct above the maximum cunent demand 

that can be made by·the outer speed loop. If Hm is ~ot done, il! defined limit 

'cycles may be CaU5f'c! by the intcwctron of the cUlrent loops. 

" 1 

4.9 Protection AqaiDst Fouit Currents 

, ' . 
The cycloconvelter described herein relies upOn the int;rnal spillover 

current limits to~keep 'the nor,mal lood current witbin the continuous çati~s of the 
\ 

\1 , 
thyristors. Fouit curlents caused by such things as load short. circuits are interrupted 

f 

by Chose - Showmutt A25X30 Amp Trop thyristor fuses. Th.e coordination of the . . ~ 
.; 

~ . 
thyristors and the fuses wos performed by R.S. Birtch when he built the1first.MCGilj 

cycloconverter. As fle'exploinedJ th-e thyristors, fuses, and cur~er~.Hmit must be "', 

~oordinoted tog'ether on a cl.lrrent~ersûs time basis. 7 " 
" 

'ta-
') 

.' 

t 7R. ~.-Birtch, liA High-po~€red Servo-onolyser"(M. Eng. Thesis, McGill 
1 • Universih~!, 1 0.5) pp. 22-24. 

• • 
'-
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The fuses were placed on the secondary of the delta-wye transformer as ?hown ln 
* 

Plate 8. Because these fuses Ole not ln the path of InverSion faults (shoot throughs) 

which may occur with counter EMF loads such as motor armatures, additional 
t 

A25X30 fuses were connected on the dc side ;f the convertets as shown in 

Figure 4.8. The dc side fuses .remained in the some positions for protection against . 
., 

inversion faults when the drive was used in the circulating current free mode which 

did not~equire the circulating current limiting leactor to be usèd. 

,--------- --~-----.---
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/ \ 

\~--------
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FIGURE 4.9. ONE LlNE DIAGRAM SHOWING FUSING 
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The Jusing and CLJrrent 1 imit scheme described above has worked weil 

and there has never been a thyristor failure de'spite mony fàults cau'sed by human 

, 
errors during testing, developm~l1't, and laboratory ùsoge. However it is not vncommon 

t 

, 

, 

, . 
) 

\ " 

~ 

\ ~ .. 

\; 

.. 1 

./ 
( 

F 

, 
. . . -

1 

. r 

) 

) 



• 

l ' 

• 

" 

for very large dlivesdo coçdain sevelal hundred thYlistors, each with ifs own 

1 
fus~ It i~s not acceptdhle un~er such 'circiumstances to make the fuses the first 

Ilne or defence ~g:J"'~t foults. Most manufacturers follow·a carefulJy coordinoted , 
. \ 

scheme involving oc cI/cuit ,breakc,s on the oc side, individual thyristor ~uses, 

~' 8-11 
and de breakel s on the dc s ide of the convel tels. 

4. la Protection Against Voltage Transients 
..L....--1l 

112 

At the power lovel chosen (250 V~c, 30 A dc maximum) there was no need ta 
\;>, 

\ ~ 

ta operate thyristols in series ta increasc the voltage bVocking capacity, nor in 

parallel ta increase the cu'nent c~Jlying cap'bclty. Hence the parai lei resistlve 

'''' 
dividers ta force vo lioUe shal ing and sel ies inductors ta force ,current sharing by 

combination of thYli~to,s we/e not requile~ >either. 

Howevel it wos necessary ta Ljse LRC networks ta prevent dy/dt trigger1ng 

of thyristors which were supposed ta remain in 'the blocking condit'ion while thyristors . , 
were commùtating' i·, other parts of the bi idge. The leakage indùbances of the three 

\ 

8 
F. W. Gutzwi 11er (ed.), Th~ GE SCR Manual (fourth editioni Chicago: 

The General Electric Company, 1967)-:-ëhapter 14 t 1 
9 , 

D. L. Duff and A. Ludbrook, "Reversing Thyristor Armature Dual 
C~nverter with Logic (,ossover Control, Il IEEE Transactions On Industry and 

Genelal Applications, Vol. IGA-l, No. 3, Ma,?June, 1965, pp. 216-222. 

1 OH. Pisecker, "Semiconducto~ Converters for Electric Drives, Il The 
Brown Boveri Review, October 1966, Vol. 53, No, 10., pp. 685-686. 

11 L. F. Stringer, "Thyri-stor D-C Drive Systems for a Non-Ferrous Hot 
Line, "IEEE Conference Record pf thé Industrial Stotic Power Conversion Conference, 
34C20, Philadelphia..r Pa., November 1965, PP" 43-44-.--

o 
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phase transformer oct os o~ inductive voltage divider during the cOn;lmutotion of curre~t 

from,one t.hyristor to the next, This means that the output voltage of the bridge hos 

t;-,e rcmlUIj{ C0mmuTo·,:.n rlotches, n,c r'0ight of the step to the notch !S one-half 

of the phose-to-php"(' comrr'utoting volto::JC which exists for that porticulot firing 

• 
angle (neglecting transforme! ,series resistances). Exomining the circuit voltages 

>' 

arbund 0 100p·rhloUSl" the blid~ shows ~hat fhis notch voltage also appears, as a 

positive going voltage step 10 the thyristor in the other balf of the bridge which 15 

>-
connected to the samc phase os the thyristor entering condu,Çtion. If the firing angle 

0( is 120
0

'or marc, the thyristor in the other half will be alleady blocki'ng a 

forVford (positive) voitaGc when the posi'lve 90in9 step is applied ta il. The rate /\ 
-. 

of rise of the voltog',: (d'l/dtYapplicd to the blocking thyristor exleeded several 

hu'ndred volt, per mlclosecond before a choke 'was put in series with eoch lhyl istor 
1 • 

os shown in Plate 8 of Appendix 1. Neglecting the capacitor of the' RC snubber 

across the thyristor permits colculating the initial dV/dt which will be found ta 

depend upon the line-fo-line secondory voltage, the transformer !f;)Qkage inductanc~, 

th~ inductance in eac!1 thyristor leg, and the resistanèe volue in the RC snubber. 

Two excellent a"rticles, One by J .B. Rice and L.E. Nickels of AI,lis ChalmerlS and 
, . 

the other by G. Irminger of Bro.wn Boveri explain how the circuitry of the bridge 
v ' 

12 13 . 
may be simplifie'd for analysis of the initial dV/dt.' The latter orticle 0150 

12J . B. Rice a'nd L.·E. Nickels, "Commuta.tion a/v/dt Effects in Thyristor 
Three-Phase Bridge Converters," 1 EEE Transactions on Industry and Genera! App'ications, 
Vol. IGA-4, Nov./Dec. 1968, pp. 6é;5-668. - -"--

13G 1 . ' "Th' . t C' . '1 Th B B . R.' 0 t b . rmrnger, 'yrr$ Or rrcultry, --= ~ oven eVlew, ç 0 er 
1966, Vol. ,53, No. la, "PP. 663-664. 
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had an equivalent circuit which proved that the thyristor leg inductors need not be 

air core types. Satulating inductors ale almost as effective os l'inear ones. For . 
this reason the th;c:sro; Ie'g inductors for the cycloconverter desclibed herein were 

wou;:;-~ on sma" tOloidal Dcltam~x cores without airgaps. The final circuit values .. 
for the RCsnubber '/vele chosen by experiment to be 15 ohms and 0.25fJF. The 

rnductor consisted of 19 tUlns of numbel 12 AWG'cop'pel in Flameseal insu lotion 

on an Arnold 3T5387L4 Delta,max core. The dv/dt to the thyristor did not exceed 

114 

J 5Y/f.ls with these comrarient val~es Not attempt,was made to optimize the 

d " b . lib . 1'" 14,15,16 
~eslgn, ut altle es 10ve een wrltten on t11S tople\ 

, 
\ 

\ 
Because of the thalge stolcd ln the junction legions of.a thyristor 

during its conduction peliod, it does not immediately go to the blockirw state 
r • , 

when th'e current thlough it reaches zero. Instead, driven by the commutating, 

lh~~_ current rE1verses and '}qntinues changing at the same rate unti 1 t~e stored charge 

has b:en swep; Out by the current or abs~rbed by carriér recombination. 17 

14J . B. Rice, "Design of Snubber Circuits for Thyristor Converters, Il 

Power Semiconductor Applications, Vol. 1 (New York: IEEE Pless, T972),pp. 21'"'24
1
• 

--, - -- 1 

15W . McMurray, IIOpti mum Snubber's for Power Semiconductors," Power 

Semiconductor Applications, Vol. 1 (New York: IEEE Press, 1972), pp. 33-4r-. -- -

16W . McMurlay, The Theory and Design' of Cycloconverters, (Cambridge, 

Massachusetts: The MI T Press ,1972), pp .100- 1 05.-

17J . B. Riee and L.E. Nic'kels, dp . ~t., p.}68 . 

} . 
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, Once this has occurrecJ the blocking capability is quickly regained and the turrent 

snaps off. The snap off is.so rapid that if the RC snubbers were not placed across 

the th;nistor, the th/i .• tor:; c:luld possibiy be destroyed by overvoltageS coused 

by the Icokage inductonces of the Îransfol mer. In addi tian the sudden rise of 

voltage may cause dV/dt triggering of th8 thyristor.in the other half of the bridge 

~ \ 
which is connected to the same phase. Riec and Nickels have established that 

the dV/dt indl!.eed by the thYlistor reverse Iccovery transients is generally less 

• 18 
severe thon that induecd by turn-on. Consequently the ~CR.snubbers for the 

/ . 
turn-on transient dV/dt wi" 0150 handle the turn-off transient. ;, 

.... 
The six diode bridge with RC ioad in Plate 8 is used to protect the 

thyristors ogainst ovetvoltage when th~ primary supply to the transformer is dis-.. ,~ .. ~ 

connected. The bridge a Iso helps to suppress overvoltages due to the reverse-

recovel y snapoff.of the thy~istor current. Sometimes RC networks without the 
~ 

diode bridge are attached to the transformer secondary, , decouple the leakage 

inductances;f th'e transformer from the snubber circu'its of the bridge. 19 These 

. 
did not prove t~ be necessa'ry for the cyc loconverter described h.~re in. 

\ 

. 
( 

\ 

18 Ibid ., p. 669. J ) 

19G . Irminger, op. cit., pp. 670-671 . 

\ 
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4. 11 Metering ord Pad-aging 

• 
Ext~nsi .- ~""er'''''g capobiliticô were provided in the cycloconvert~r 

.1 

power circultry ta hellitote its use in 0 university laboratory for both experimental 

and demonstrative pUlposes. Plate 8 in Appendix 1 shows the use of curre~t 

transfortners and polential hansformels on bath sides of yhe delta ta wye power 

transformer. A dc avclage reading ammeter and zero-center yoltmeter monitor'ed 

each convedor output, and smoll tesistors (made flom pCHoliel strands of No. 12 

AWG resistonce wlle) Plovided a millivolt output fOI oscilloscope monitori)lg of 

the output current woveform. Similar smoll resistols were f!>laced in series with 

each thyristor for oscilloscope observation of the thyristor current waveforms. 
(ftt 

Voltage attenuatols (21:1 lotio) simplified oscilloscope monitoring of the thyristor 

voltages and the output voltage. Ali of the above items oppeor in full grapric 

form on tbe front panel power circuitry mimie engraving (Figure 4.2). Also . 
, 

visible in -Figure 4.2 is the mimic of the circuitry for input operational amplifier 

a/A?, whose schematic diagram appears in Plate 1 of Apl?endix 1. The zerO centre 

meter ta the top right of the convertors is wired to a 12 point rotary switch (8 points 

in use) with various voltage multiplying resistors that permit a rapid check of six 
1 _ 

, 1 

of the corwertor de power buses. The first two positions of the switch connect the 

meter ta the bias offset voltage (0 to + 10 volts) supplied to the input of operational 

~mplifier a/A?, and ta the output voltage of a/A? The other points monitor for 

l16 

the * 10 volt regulated, + 11 volt unregufated, and ± 15 volt reguloted power sl:Jpplies . . 

f 
'", 
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An atterrpt vias made to make the packaging of the' dri've as "industrial" 

"" as possible. Thot is, the unit Y/as built in subassemblies which were interconnecte'd 

) 

by cob les termlnati r '0 (5'1 barrler strips or other 'non-sofdering type connedions, 

The flring Ci'CUlt cO/d,., phase back /imit cards, c~ss?ver /ogic cards and auxi/iary 

, /ogic card were mounted in a card rack. The card rack was~nted on a rack plate 
, > ~/-. 

which a/50 had the ± 1S V power supplies atld the oper~tiona/ amplifiers mounted on 
l 

it in another asserubly, Some of these features may be seen in the equipment photo-

grophs in Appendix Il, An honest oppraisal of the packaging is that If is good but, 

not as good as i,t cou/d be. One person can'strip a single converte; to subassemblies 
~() .f' 

in about two houls 1 but to pM it back tooether takes severo/ times that period. If 
, .' 1 

the cyc/oconverter wCle to be bu",/t again, Plobably Q pull-out drawer configuration 

wou/d be favored rathel than' the present rack and panel configuration, Possibly 

grea/ter use would be made of plug and socket connection between subassemblies 

ra the, thon barrier sh ip and cable l lug connections. 

1 

4,12 The Self-(nduced Component of Circulating Current 

.. 
lhe bàsic circulating current problem wos discus'sed in Section 2.3 wi'th 

Figures 2.1 and 2.2~il/ushating cycloconvert~r operation with circulating current 
l' 

when the control voltage was constant 'and the load circuit was open. A sawtooth-

.~haped., zero average, 360 Hz voltage difference forcéd a cusp-shaped circu/ati,.g 

current to -flow between the conv-ertors. The amplitude of this circulating current 

) 

.. 

• 
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" , 

was limited by a centJtopped cilculating current reactor interposed between the 

.. 
convertors. The Inhoduction of the~octor did limit the 360 Hz circulatin,g current, 

. (' ' 

out unfodunotely ~he presence of the Tcocror itself p~uced a new component of 

circulating cUIrent at the cycloconvelh!r' ou,tput flcquency. 

This second component was tClmed the "self-induced" circulatin9 current 

when it wos desclibcd by ~ ~elly. 20 The circulating current rea<i..tor induced 
, A 

the circuloting CUllent by ottempfrng to mointain its flux linkages steady ot their , 

peak v~lue, even though the load CUITent drawn thlough the center-top of the 

, 
'reocto~ wos not stcady. Maintenance of flux linkages required thot ony decreose 

in load current in one-hdlf of th~' leoctor be made up by on increase III current 

in the other half of the leactor. This increase was, in fact, the self-ir{dueed 

~irculating cunent bec ouse ideally (ignoring the 360 Hz ripple frequency eirculating 
..;} 

current) there should be current flow in only on convertor, and hence in only one-, 

half of the leoetor ot a time. 

118 

Storting \Nith th~ ossumption that the totol MMF of the eirculatin/g current 

reactor does remaÎn constant ot whatever its la~-gest volue was in the past 1 expressions 

for the eirculating current and the individuel conqrtor currents are easily made 
" 

in terms of the load current. The'following development is similor to thot by rtelly21 

, 

,20B. R. Pelly, Thyristor Phase - Controlled Converfors or,d Cycloconverters' 
{New York: Wi ley Intedcience 1 197~pp. 134-142 and 156-161-. -

21'bid . 
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and the eurrent polarities o'rl as shown in Figure 4. la,. 

Tolal MMF 

" 
:::: 

1 'AI 
P 

n - ... 
1 

2 n 

n " Af 
"2 

-::. 
1 .. 
0 

n 

2 

.~ 

where 1 ::. the irrstantaneous. eurrent in the positive convertor 
p ) 

1 ::: instahtaneous current in th"e negafive convertor 
n 

1\ 
i t = the peak lood current 
o 

n = the total number of turns on the.een,ter- tapped reaetor 

,... 
Hence 1 = 1 + i 

o n p 

(4.1) ( 

\ 

(4.2) 

Noting that the in$tohtaneous load current 1 is the difference between the currents 
o - . 

ln the positive and negotive convertors yields: 
) 

1 = 1 - 1 
0, P n 

Then 1 =: 1 +i 
P 0 n 

But 1 == 
~ 
1 - 1 

P 0 n 

~ 
+i Th~n·the positive eonvertor's current . 1 

f ::: 0 0 
P 2 

, . 
And the negative convertor 1s current 1 == 

\ '. n 

l:-
I - 1 
o 0 

2 

The circulating current is the current in the negotive convertor when 

eurrent is positive, arrd viee versa. 

Thus: 1 ::: i when i > O' 
c n 0 

, i 
, c = i' when i <. a p 0 

where . h' 1. 1 . 1 ::: t e Instpntaneous clrcu atlng current 

.. 

1. 
1 

a 

• ,. 

, 

(4'.3) 

1 
(4.4) 

(4.5) D 
"(4.6) 

(4.7) 

the load 

(4.8) 

(4.9) 
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. 1 , 
The above resu 1 ts may now be lJsed ta explQin the wov~far ms of 

FigurJ 4.10 wh ieh wer c abta rned wi th the cyc loeonvcr tcr eanllected 'as' shawn 
1 • 

~ \ 
rn Figure 4.1 T Tlaee 1 is the load voltage as seen ot the eenter-tapOof the 

cireulating CUllent reaelor As k)J19 m Ihe MMF level of Ihe eilculating CUlrent 

"-
reaetor is eonstar,-t or non-rncreasing, the centel-tap voltagc is essentially the 

q,. 
instantaneous avelage of the terminal v~ltages of the t~~ tonvertors. rore~ver, 

changes in load eurre~t may oc~ur instontly by. using part of the reselve MMF 

of the reaetol, That 1$, as long as the load current does not cause an increcise 

ln total MMF ln the reaetol, the cycloconverter-output Impedance is essentially 

zero (except fOI Icsistive drops). But i,f the load eurrè8t ';S Jor:::mg an increo\e 
,4 

in the reoetor MMF., the cyeloconvel tel output impedance is then approximately . \ 

\, 

L/4, where L is the total" inductance of the two reaetor hafves in se-rres corinection. 

Note that in most cases the thlee-phase line inductance ond the cycloconverter 

, 
transformer leakage inducton'ce are ml:lch smaller thon that of one"'half 

of the reactor (L/4). 

. , 

The second andJourth traces in Figure 4.10 are the positi~e ~onvertorls . / . .,,/ . 
current i and the negGtïve convertorls e\J~,Int i . The third trace is the load 
. p (. on . 

current i " and 011 three cUlrent traces are displayed 6t approxi'\Ilately B AI ~m.' 
o • 

Note that the pos-itive and negative peaks of.#. load'current i ma'tch'reaso"nably 
o 

with the peaks of the positive convertor1s current i and the negative con,vertor ls1 
, , ' p 
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FIGURE 4,10 

Sweep 

, Trace 1: 

Trace 2: 

... Trace 3: 

Trace 4: 

p 

' .. 

FIGURE 4: 11,, 
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SELF-INDUCED CIRCULATING CURRENT CASE 

~ .5 ms/cm; V = sinewave at 30 Hz 
oc. 

V 1 at reactar center-top; scale - 200 V/cm 
o v 

1 1 P"çonverter; scale 8 A/cm ~, , 
P 

l , load current; sc'~re 8 A/cm 
o 

l , N cOhverteri scale 8 A/cm 
n 

~~~ 
-.L_. + 

f ~ '10 

" ~---. o 

.(.P, 
, 0 L . n 

, '. >. 

~ 

. , 

CONNECTION DIAGRAM FOR SELF-INDUCED 
CIRCLJLATING CURRF.,NT CASE 
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'. 

r 
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e. 

o 

current i And as the amp~,teJd~ of 1 ra"~ below i,ts pe~k value; the amplitude 
On' - P • 

of i in'creases From ze,0
2

.2- 10 maintairl4lthe MMF level in the circulating current 
n '. - .\ 

b 
~ 

reactor, The load current 1$ sinusoidal cxcept fOI a ~mo" 1 Ipple ~omronen~, one! 

hence it moy be exples~r;d as: 

... 
A " i 1 

.. 
wt (4,10) 1 sin 

0 0 

"", 
ihen the current ln the positive c~nvertor must be, by substitution in equotion 4.6: 

" A 

1 '1" 
Jin ~t 1 0 b 

P 7" L 

(4, 11) 
) 

<> 
;; . ' 

Simi larly From equ6hon 4.7; , 
1 -1\. ,... 

i 
1 1 

sin o - 0 (Jt (4, 1 2) 
n , 

T ""T .. , 

f> 

ComparÎsq,n of Equations'4 . 11 and 4 . .1? with the convelt9r waveforms 
-

in 'Traces 2 anç;/ 4 of Figure 4.10'yields a good agreement (neglecting the ripple 
~, , 

This conf.irms that the constant MMF concept corlectly describes components) , 
<,f' ' . 

the self-:;induced cif"culating current mechanism . 
• t , 

• \ 1 : By using .EqLJatto";s 4,-8, 4.9 and 4.10, the circu ating current 

expressions ore 

y r.- '" . f" \- ,/ 1 0 - 0 sin wt 
,c '2 2" ' 

. . . 

r ~ for i~?' 0 . 

l' 

. } 

(4 :13) 

22ActuollYI th~ o"verage firing angt~s of tt'le two cO'4vertors v:,ere not 
quite comp~em~n.tar~ ~~en the ph?tograph fo; Figuré ~. W; wos token. Henèe i 
and i did not dro!,<coRlpletely to zero, ~ • ' p 

en ~ . Cl. t: a \'" 

.. -~ 
û' 
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\ 

'\,\ 
A Â 

\ , . 
"-

and i - 1 1 
0 1 0 SI n wt fGl r 1 < 0 C 
L 2 0 

(4.14) 

'v--
Th .. alr~rqge '101u~ (,r tr r: clrr:ulatlr'g CurC(:nt 15 

( ~;-'.) 1 ~#. 
~ 

(4.15) 1 
l:t:/~ c 0 

~ .. "-
load " Â 

which 15 0.571 ti meS the avelage(outpul cUllent: 1 ~ .1 0 
(4. 16) 

0 

From a dlHelen! \ leV/point, If the self induced circulalmg current were not present: 

, 1 
the average convertcr cUlrent would bc leduced from 0 

t 
10 0 

v 2 TI 
n.eglectlng the c 

circulotlng rlpple ar'ci overaglng ov~r 9 rull cycle of output load t:urrent. 

ln surnrnar/, Intelposi~g the ~lrCfulatlng curl>cnt leactor between the 
/ . ,/ 

conveilOrs d'd SUpplC.5S the 36Ô-H~- ~'I~~l,loting curre·~t Ilpple But the presence 

of the reactor'caused a self-Inèluce? circulatmg CUitent to flow, the amplitude 

of which depended dlrectly upon the peak amplitude of the load current. This , 

puts a SUbsl;0' ~attless load lJ,po~e c~eilors. Hence tf-j,e,pur'l circulating "1 d • , 

-'cufl~nt mod f operation 1$ a luxury u,s~alfY permitted or'lly :vhen it Îs absolùtely . - . 
necessary t'o have a vely linear 1~lationship between cont/ol voltage. and cyclo-

41" 
, . ~ 

converfer output v?ltage on an open' loop basis. B. R. lileUy proposed a compromise 

• ,\ ' t 
between pure c~rculati,)g current op:ration 'and .<X5mpletely circu1o{ing-current:-fc:ee 

, ~. ) 
operation that ~volved using a smaller circuiating current reacto'i'lcombined with'" 

. 23 
a controlled fil ing pu I~e over"ap period between the two e:onvertors. 

<-
, _. 

J , 
23Ibid ., pp. 190-198. ~c 

, • u 
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" c: 1 

l,he cartralled overlap opproach oppeared to yield s~per";<?~ wavefo~ms without 

~ , ~ 
increasing the ove/age cOnver ta/ cUrient by a signlficant amount, The'~rossover 

" ' 

distortion VI/th LCR loads was substantially lower For the cont/olred overlap 
.' . 

1 

ar/ongement thon wlfh the cl/culating CUl/Cllt F/ee a/rangement. SeGtion 3 14 of 
~ ~ 

this thesis desc/ibed the AEI cycl,oconverte'( which could be ope/ated either without 

circulating curl'ent a/ cise with circu/ating cu/rent and a conhol/ed fi ring ~ulse 
''1 

overlap, 

o 
Summcyy and Conclusions 

• 
" 

The cilcultry of~ succe~sfui tl-Hee-phase to single-phase cycloconverter 

" 

Each converlor waS supplied Flom its Own delta-wye transformer 1 
/ 

50 that the steady-state ci/culating çu/rent ripE,/.e fundamenta/ was at 360 Hz rather 
~ 

, 
thon 180 Hz. 

, ; . 
An independent gating èircuit set wos provided v:.ith eac.h convertar, .. 

j 

The bias~d cQsine technique waS chosen for phase control s~that th~ input ~o output ,L 
tra~sfer function was linear as long as the output èurrent was coiitinuous. Phase 

'. ",forwOJd and phase bock limit pulses were added to the cosine waves to ensure that 

a firing pulse a/ways occured somewhere between the limits no matter what éxtreme 
( 

value the control voltage ompl itude might have. Double p!Jlsing w~\h short.firing 
, . 

pJlses wos used. However it was possible to use double pu Ising with longer pulses 

to permi~ sf"Oother o~eration, The Alpha blanking ctlrd suppressed ony firing pulses 
t 

which might have occurl'ed ln the forbidden /onge 180°<.110« 360
0 

if the rate of 
/ 

~ 1 

l 
, . 

.. .. 

\ -

1 

a 

.1 

, , 
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• 
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'. 1 
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0 .. 
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• 

t 

1 
change of contlol voltage had bccn lopid. An easily adlusted spillove, current limit 

wo' p,ov;J..r;n "och c~'r'. Fou;,\cuncnt p·,otecl;on wo' p,ov,ded by fu,e;, bu' 

refclcllcl'S weil' Illodc 10 mail' Lomplctc r,olcclion schclllc'i u:,cd in indu'ihiol dlives. 

The mClhod of supplesslon of v61tagc Iionsients due 10 commutation was dlscussed 

and refelcnces weil' mocfê\to detailed adicles on the topic. The rnetering faèilities 

and the packagi-ng of the convertors· were drscu~ed The conclusion wos that the , \ 
t. 

met yI mg was good wh,le packaging wos on Iy odequate-" A detoi led explanation of 
) 

l, 

125 /' 

the self-IMuced cilculoting cUlient wos made which followed that made by B. R. Pelly. 

, 
Thi.~ co~poncnl of clrc' u latlng cUllcM wos shawn ta odd 0 subst~tial curr~nt load to 

"the convclJol~, Howevci lefell'ntes WCll' made to a complomise solution which 

permitted, cilculating cUlient to flow oilly when the Joad CUllcnt was below a smoll, 
<II. ~ 

1 cset value Chaple, V, n(')w toQfollow, will desclibe a. sch-e'me to completely 

elirpinbte the circuloting cunent. 
0, 
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CHAPTER V 

ELIMINATION OF THE'~YCLOCONVERTOR CIRCULATING CURR'ENT 

5. 1 Introduction 
" 

The plevl~us chapter described a succl~sful cyclocanv~rtor t?bt operated 

with cllculating CUlrent between its anti-po,oliel convertolS. However the modern 

- # , 

Clpprooch to cycloconve,rtor design starti'lg with the VSCF system cyc loco~vertors 

described by Chirgwin, Stlatten, and Toth 1,2 (see Section 3.2 of th,s\hesis) has 

b~e'l to completely eliminate the cilculcting cUlrent. This has been don,e with CUI'-.. 
rent de:ection and IO§lc circuitty' thât per,mits only the alte/nate operation of the 

~ , ", ~ 

pair.:;...,sf onti-parallcl convertors making up a polyphase output cycl0corwertor. ..1\, 

'. -
The alternate conduction ratller thorll simultaneous'conduction of the c."'''·'Pr~l)rs elimi-

~ J 

notes 'the circuloting cUlrent by preventing the establishment of 0 completed series , ~ 

poth fOI drculating current through both cOr)vertors at once. Thus, the bulky cir-
" 

\ 

" 

'\ èulatlng-current timlting re?c.t0rs.ma'y be disc:arded, the~e?y eliminating the large t 

additional wattless lood ipposed by the induced circul~ting current i~ them. In 

addition, the requllement for motching of the pnti-parollel convertors' average (de) 

1-' 

l K.M. Ghirgwin and C.J. Stratton, "V~riqble~Speed, Constant-Freque'ncy. 
Generator System for Aircraft", AI EE Transactions, Pt. t!,11 (Applications and Indus.tIY) 
Vol. 78, November 19~, pp. 304-310. -. 1 - • , ,,-, - .' 
~ , ) 

2K.M . Chirgwin, L',J. Stratton, and J.R. To'th, IIPrecise Frequency Powe/' 
Generation from on Unregu/a'ted Shaft", AIEE Transactions, Pt. " (Applications 000 
Industry), Vol. 79, .1960 (January 19?1 section), pp. 442-449. - . 

'. 

• . \~ 
\ 

-~, 
/ 
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otJtput voltage need not be as strict becouse the c~clocon\!erto.r ~ood circuit poth 

" 

woulç! probably be more'toleront of 0 smoll dc offset voltage/thon would the cir-" 

culoting current cirtluit path, 

As in Chapter- 1\1, the developmënf of the teKt and illustrations in th is 

' .. 
chapter will follow elosely on IGA conference paper written by LM, Hamblin 

3 
and Dr. T. H. Barton 

) 
5.2 

. ~ 

5uecessful"circulating-current free of?eratio~ requires that the eliminoti?n 

}li 

logie receive rel iable and rapld Indication o,f the zero lood CUI rent condition in -eoch 

anti-:parallel eonv~rtor pair, Several articles (see Chapter III of this thesis) have 
t 

deseribed the use of oc current transformers on the input side 4,5 of the cyclocon-

vêrtor, or dc current,tronsformers on the output side
6 

to isolate the detection circuitry 

1 

From tge' power circuitry. The isola,ted.current zero'detection ci{cuitry must then 

correctly respond to a wide ronge of current amplitudes varying From full output down 

.. 

3 - "' r.M. Hambftn and T.H.-.:aàrton, IICycloconvertor Control Clrcuits ll
, 

IEEE Conference Record of the 1970 Firth Annual Meetin.g of the IEEE Industry and 
G;ne;al .Applications GrO'u p ,' 70-C5(GA, Chicago, qctoh;rl970, pp. 559-5rr:-

4 . " 
D, L. Duff and A, Ludbrook, IIReversing Thyristor Armature Dua 1 Convertor 

with Logic Crossover Control Il, IEEE Transactions on Industry and General Applications, 
Vol. IGA-1, No. 3, 'May/June----r965, pp, 21~~22.-- --

Review, 

, -
5Fraonk Wesselak, IIThyrsito-r Convertors with Natural 

No. 12, Deoembe,.r 1965, pp. 405-410. 

• 

Commuta-tion", Siemens 

, , 

(' 
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to the holding current of the thyristors. Duff and Ludbrook' (see Section 3.8 f 
this thesis) approached the problem of correctly detecting the minimum current by 

f -/ 

reetifying the oc eompClnent of the de output wove of their single-,phtlse output 

eycfoconvertor type of de armature supply. This extra signa/ was combined with 

a signal derived flom ac current tronsformers on the input ta provide a re/iable 

curr&nt zero detection system . 

The thyristor voltage monitoring technique, now ta be described, 'relies 

upon voltage sif]~als alone and hence avoids thé difficulties with wide ranging Gur-

128 

rent amplitudes commOn ta other schemes that use current transformers. The absolute 

value of the voltage ~cross each of the six thyristors i~ a co~ertor is continuously 

monitored. If the voltage across eac~ and every thyristor hos been 10 volts Or 

, 
1>greater for not less thon a certain timing interval. (adjustable from 50 to 400 fJs) 

the shoped output of the curre/nt zerO detection logic will change from low to high 

, 
signqjling that the bridge current is zero. If the voltage across one or more of the 

thyristo,ps becomes less than 10 volts, the shaped logic output will quickly revert to 

!oow os the timing capacitor is d'ischarged to the zero bus by the clamping action of 

NORî in the current zero timing è'ircuit of Figure 5.1. ThÎs /ow voltage condition 

will occur whenever one or more thyristors is conducting, Or for a short period of time 

6R•A . Hamilton and G. R. Lezon, "Thyristor'Adiustable Frequency power 
Supplies for Hot Strip Mill Run-Out Tables", IEEE Transactions onllindustry and 

General Applications, Vol. IGA-2, No. 2, Marçh/April 1967-;pp. 168-]75 • 

" . 

! 
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whenever the voltage ,across a blocked (non-conducting) thyristor crosses zerO. 

" 

130 

. ~ 

Thot is, the voltag~ monitoring scheme will give some false 'indications of current 

fiow .during actual current zer~ condltiot.\s (but not vice velsa). These false in-

dications are not a Ploblem becbuse the circulating current elimination logie 

depends upon the true indication of the cUlrent ~ro condition for a pe;iod only 

long enough ta operate alogie flip-flop. 

Two floating voltage monitor cards in each CO'lvertor (~igure 5.1, and 

Plate 9 in Appendix 1) check the thy, istor voltages with respect to the positive 
, , 

.nd negative buses of the convertor. Since both positive and negative thyristor 

c 

voltages mU,st be monttored, PNP lnvertols 12, 14 and 16 (02, QS, 08 in Plate 9) 

ore combined wlth negative ta positive logie I~vél chongers Ll, L2, and L3 (Q3, 
~ 

06 and 09 in Plate 9). The remainder of the circuit use~onventional positive 

logic ci rcu its with NPN transistors. 

, 
1 

A chopper card with chopper and isolating pulse transformer c8uples 

eoch current zero logic signal from its floating voltage monitoring cord to the 

current zero timing circuits. This scheme, using a toggled flip-flop to feed NAND 
1 • 

, . 
"g~ates that have a commOr. push-pull pulse transformer load, wqs developed in 1968 , , , 

a~ has worked reliably since that time. Since then however:, a number of monu-

,fcrcf.urers have introduced inexpens,ive p.hoto-electric digital isola!ors pac7~es . 

(using GaAs light emitting diodes illuminating photo-transistors Qrtphoto-diodes) '" 

that would replace t~e chopper very nicely. In fact, they are .ir'lexpensive enough 

50 that One isolotor (plus attenuator an~ four diode bridge) coul.d be used to monitor 
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each thyristof"'llvol toge. Isoloted (flootlng) power supplies would not be necessary 

and the combining log~~ ta obtoin one current z~gnal could be done with 

.. 
the photo- transistors Or photo-diodes. 

\ 

1 

T~~ chopred .'agie signais arc th en rectified at the s~con\ries of t~~e 

pulse tronsformers (Plate 11, Appcndix 1) before being combined in suèh '0 ~ay\ 

that on integroting (tlmed) logicol AND is performed on them. Both top,and ) 

bottor11 of the bridge rnust be monitoréd I)ceause the Re snubbers circuIts prè'vide 

alternote paths for thYI istor cUllcnt flow so thot ,the top and bottom of the bridge 

may not olwoys eeose eonduc;tion simultoneously. The ehopping-isolating opera-

tian i5 fOII-safe fOI the ease of flooting power supply foilure beeouse thymtor 

c~rrent flow is indlcated by the obse.nce of a chopped logie signai ot the pulse 

transformer seeo~dary. 
.. 

The output of the -t'urrent zerO shaping circuit (Figure 5. l and Plate 12, 

Appendix 1) remoins low until the output of the current zero timing romp rcoches 

the approximately three volt switching point set by the six diodes in series with ~he 

input to transistor 04. The slope of the timing romp is set by rfieostot R18 (Plate 12), 

fixed resistor R9 (Plate 11) and capoc i tor é1 (Plate 11). 

1 
Figure 5.2 clearly demonstrates the speed of the tQ,yristor voltage moni-

,,-' -

toring t~chnique of cur[ent zero deteetion. Even with the timing liet for a 100 fJS 

integrotion time, the shaped current zero àutput (Trace 2), signalled the end of 

thyristor conduction before the load current (Trace 3) had stopped rin,ging th~~h 

1 



• 

•• 

• 

. . 
the Re snubbers connected across the thyNstors: The actual moment at which the 

thyristors stopped ccnducting. is pinpointed by the start of tirTling in Traèe 1 which 

coincides with the infleëllon in the output voltage wavef~rm (Trace 4). Figure 5.2 

0150 shows that the start of thyristor current flow was détected rapidly as weil. 

FIGURE 5.2. 'CURRENT ZErb DETECTION. V = "1.6 V, 
c ,f 

HENCE 
o 

a = 99 , RL LOAD; 

Sweep = 200 ~ sec/cm. 

,Trace 1: Timed current zero signal ~ scale = 10 V/cm. 

Trace 2: Shaped curr~nt zero signal; scale = 20
o

V/cm. 

Trace 3: Convertor looa currenti scale = 2A/cm. 

Trace 4: Convertor output voltage; scaTe = 210 V/cm. 

Because the anti-parallel convertors ore ~nf'ed in separate cabinets, 

" ' \ , . 
eoch convertor has its own complete current zero detection system. The circulatin9 

.', 

/ 

, 
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\ (' 
current eliminati6n 10gic requires that the current in bath co~t~rs be simultaneo~ 

zero, b"efore switching over the convertors, henc.~ an AND circuit ln the master COn-

vertor is usetJ t0 ç::lrrb'IlC the two signais yl8/ding 0'1e total current zéro '~lgf1al. If 

the anti-parollel eonvertol~ had .. been.pclmancntly connected together, then the AND 
• '" 

operati:o,n- between convel tors could have been performed by using a single current 

zero detectol 'for the two' convO'rtQrs. Two va/toge monitoring cards, cach one covering 

six thyristors con,nectcd to a bus, would have made up the detector. Note that in 

/clther case, the 

voltages alone 

vo llag/monitoring cOlds must be eon'nected to check the thyristor 

Thot is, they should not De connected aCI~ss the series combinarlon 

of a thyristor and its dv suppression reactol if the response time of the deteetor is to 
dt 

be at a minimum. 

5.3 Circulating CUITent Elimination Logic far Unit y and Lagging PF Laods 

As sta/ted in Section 5.1 of th'is tnesÏ's", the circulating current eliminafion 
-; 

logic prevents circula~ing.current between anti-pora~lel eonvertors by never permitting 

them to rie in simultoneous conduction. To prevent simultoneous conduction, circu-

!oting current elimination logie suito~le fo.r r~sistive and logging pf loads de pends _ 

upon the logic AND of the following three conditions Si set the correct moment to 

1 \ r, 
release thyristor firing pulses tp the previously blocked (non-conducting) convertor : 

~ 

1. The control voltage'P0larity has changed to that which would 

now operate the pre;iously noncanducting cdnvertor os a 

rectifier (thot is, 0° < a < 90
0 

Y 
.. 

* 

( ( 

, , 

.' 

.. 



• 

• 

2. 

3. ' 

The load,current h zero, or I~ss restrictlvely, ail the thyristors .. 
ln the anti-palallel pail ole nonconductmg. 

No gate pulses aré ~curing ot that moment ln the previously 

conducting conve! tor. 

..... 

L. 
The loglc AND of these'conditions is used ta trigger an RS type fliP-flop,tu,e ' 

outputs of which d, ive gating circuits thot (1) immediateJy stop further firing 

pul;es to the f:lreviously conducting but pre~ently ntlnconducttng convertor, and 

(2) after a short delay permit the normal transmission of firing pulses to the ~n-

com;ng conVe"oc. ,') 

This particulor scheme is fundamentally sulted to resistive and lagging 

loads cantroll,ed on either on open loop Or closed loop bosis beco~se the zero 

crossing of the control voltage, which is essentiafly ln phase with the "fundamental 
r .. 

134 

component of the cycloconvertol lood voltage, will be detected elther in advance of 
• - j / 

or at the sorne time as the load 'current zero. H'owever with leoding pf loods, the 

) -
lood curren"t ~ill go to zero first causing on undesirable gap in the lood c~rrent until, 

,~ 

the cont~oJ voltage polarïty changes to satisfy the logic AND gate ln the'circuloting 

current eliminotion circuitry. -
Figuré- 5.3 is a bloc~ diogram of the main section 9f the crossover,logic 

card (or éircula-ting current elimination lagie card) used for unit y and lagging pi 

loads. Invertor Il 

.to AND 1. AN Dl 

supplies"'the ~omplemeni of t~e contrd'I voltage polàrity signol 

l' 
plus AND2 check the three candi tipns for convertor current 
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" . 
"crossover befole gating the fllp-f1op NORT, NOR2 'TfTe outputs of the AND gat~ 

j .. . 

.cannat !Je' sllIllJltaneously tlUt' (/li~Jll) hccausc of the complerilentin9 octior1 of Il 
. \ 

P.ulses ftOm sinçJle-shot nlultiviblOtols OSl and 052 dcfin~ the "double bionklllg" 

peliod -(,et to 50 fls) at Clo~~ovel dUI ing wh,ch tlme thytlstol flring pulses ~n l~oth 

bridgcs ole blonkecf· (Hwt IS, suppres~cd) The (row) outputs of gates NOR3 and 

, NO~4 hlank the mostel and the slave DI idges respectively. Small C;,opacitor deloys 

were ad~jed to NOR3 and NOR4 to suppless timing laec spikes that briefly un-

bl;nkcd the on-comil10 conveilol as the flip-flop chahged stales. Plaie 13 in 

Appendlx 1 shows the Intelconnection detail of the mastcr 1onvcltol_ to slave con-

~h 

verlor loglc sÎgnal col)le plus certain lumpers requ.Hed in the Illaster convertol. The 

"extra" logic gates shown on the crossover card in Platc 13 (but not ln Figure 5.3) 

'will qe descrl,b'êd in Section 5.10. .. The use of the artificial current limit circurt, 

(on the ouxilioly log.re car?, Platrs 12 and .13) will be described in a lotér section 
, ~ 

L ~ ..... _ ... _ 

of this chapter. The voltage cros5ovèr detector (Plates 12, 13 onp Figure 5.3) is a 

simple regenerotive level detector with a (zeroing) input bias signal ond adjustable 

,lr 

hyst:resis which is nOlmally set to a width of 0.1 V 

Figùre 5.4 shows the output waveforms of the cycloconvertor when feeding i~;"; 
.9 

'a single-phase induction motor at, 45 Hz. As is normal for an induction motor,. tf1e _.~ •• ~. 
) \ . 

current (Trace 3) lags the motor terminal vcltage (Trace .2), which is e~sentia"y in 

phase with the cycloconvertol ~eferencè' vo'rtage (Trace 1). Trace 4 is the output of 
" 

the fir~ng pulse defector NOR in the master convertor v (P!ates 4 and 13, Appendi'x 1). 
) 

Examining the waveforms confirms that the logic crossover did indeed occur when the . 
three neces~ary logic,conditions previously mentioned wele simultaneousl>: satisfied. 

< 1 
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o 1 

This type of crossov'er logic is weil suit~d to induction motor control because 

the current always lag~ the motor voltage, even when the motor IS rotated faster than 

1 

..../ • ...,...J... 
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.< 

~ts sy nchronou5 spe~'bl t~1C legenelatlve action of its'mechanlcal load. Figure 5.5 
, > 

a 

is a double exposule showing the cUlient lagglllg the- motor voltage whcn the Four-

pole Il'lducl'on rnOCf,I"l \,os rnotorJrI~ 01 'S20 :pm, and when il V/os bemg drlven at 

. c;30 rprrl 'mlh a 30 Hz cycloconvertor OU\plIt frequency ln both Instances . 
.-

" 
5 . .::1 Fil In9 Pulse Delay and Double"Pulsing OR Cald 

The absence of fil ing puises ln the off-going convertor is one of the condi-

.... 
tions that must b~ satrsdecl bcfole tl'9Vl:'llng the interl~~ lng fllp-flop en the crossover 

loglc COId. Howcvel clue to vallOUS cilcult deloys, thele,is a periad of aJ.proximate~y 
1.5 flS oE'tween the sta'~ of the fI'p-flop tr'ggelJng actIon an'd the rime at\hlch the 

'" 'firlllg puisE' blan~,ng becornes effective 111 the (Jff-galn~c .. convertor. If by coincidence 

, " 
a firl'l9 pulse has Sjded in the s~pposcdly off-galng convertol dUJlng this peflod, 

\ 1 
... ,,, -1f" .... "" . 

, then a segment of it up ,,; b maximum of 1.5 f-1S ln length will be transmitted through 
1.1 

th'e double pulsing 'OR gates to two thyristor~. It is possible thot this slloy pulse will 

successf.ully gale one 01 both of these thYI istors in the supp05edly blocked and off-g'ting 

1 • "'-"" '--" 

bridge. ~Dr tha cycloconve/'tor connecti~!. Figure 1. la and 1.1 b (but without 

"V,e circuloting .current limi;tl'eaclols X) a line-to-line circuloting current fouit then . 

Occurs when the first (auxlliary) firing pulses are applied ln the on-coCming convertor 
\ 

at the end of the 50 fJS double blanking peJiod ~h~ne (or bc .;,) 'of the thyristors ln " , \ 

the supposedly off-going convertor i~ still c'onducting. With sepa/ate three ph(se 
~ ~ . . ~ 

transformér~ os in Fi.flure· 4.1 (but less the reactor)~ thelfault c-annot Occur unless both 1 

".:, ...... 
1 

of the Jhyristors ~re stll/ conducting . 
" . ; 
When si mulating t.lle cyc loconvertor connection 

. .' , 
.' 

" .... 
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FIGURE 5 4 

5 

ftGURE- J :; 

/"""'\. • . . 

SINGLE-PHASE INDUCTION MOTOR LOAD 

Sweep 

Trace l, 

Trace 2, 

TlOce 3: 

Trace 4: 

.. 

5 ms/cm 

V 
e 

5 o V peok, 

Load voltage, scale 

Load e(jllent, s~le 

Flling pulse detEj!ctor 

40 Hz SlneWQVe, scale ... 
220 V/cm 

20 A/cm 

NO~, (Master), scale 

AT" 30 H Zj N syn - 900 RPM'; - V 
c 

50VPE,AK, 

-Sweep: 
o 

Trace 1: Laad current (30 Jogging), 820 rp'm, ~cale 50 

Trace 2: Load voltage, 820 1rprtr; seale,.210 V/cm 

Trace 3: laod valtoge, 930 rpm; scale 210 V/cm. 

10 V/cm, 

20 y/cm 

Tr'ace 4; L~ad cOrrent (13.fla gg tng), 930 rp~! sc,ore ~ A/cm. 
... 

/ 
f 
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, xt 
of Figure 1. lb (Iess reactors X) by tying the tlllee-phase transforl')1er stor points 

together ln the connectlon of Figure '4. l (Iess the reactots), clrculaling current 

~ faults wele audible every few seconds os saon as the double blonking period was cu'" 

ta less thon 1 bO)1s. 

• l ' 

The sllay pulses causlng the faults ere eliminated by applying a la fJS 

delay to each flling pulse of tel If had posse the firlng pulse detector NOR. Thot -- ~ 

is, If at any instant the firing pulse detector NO~d,cated that no f~ring pulses 

wele occurr ing, then a· flrlng pu Ise cou Id reach/thyristor no soonel thon 10 fJs after 

,/ 

that instant. This la fJS Interval provides su'Hicient time for the crossover logic 

.fl'p-flop ta opelOte and the firing pulse blanking ta become effective ln supp'ressing 

, 
ony firing pulses. Figure 5,6 and Plafe 4, Appendix 1 show how the double pulsing 

OR matrlx card was successfully modified. Re filtels combined with 'regenerative 

switches opelating at an 8.0 volt th,eshold p,ovided the ,'equired delays.· A silic6n 

contlol~~'d switch (SeS) could be used to replace each 2N3702, 2N3704 combination 

• 
if desired. The switches had a vely consistent threshold level combined with a rapid 

1 ( 

regenerative break-over ta give a fast rising leading edge on the delayed'firing 

l
, 7 

pu ses. 

\ 

7The wlitel gratefully ~owledges the assistance of M,. P.A. Morrison 
of MC<:;ill University who first observed the fouit phenomenon" devised the cure with 

The writer, and th en built the delay circuits. 
, ' . 
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FIGURE 5.6. FIRING PULSE DELAY-DIODE OR CARD. ; 

5.5 Auxi 1 iary Pu Ising _~ 
------~----~~~~ . ) 

The croSsOver of lood current From one onti-porollel con'vertor to the'other 

140 

~. , 
mdy occur only after the ..detec.tion of current zero. Then ofter a short double blonking 

pe'riod during which no thyristor firing pulses a.re permitted in either bridge, the firing 

circuits ln the on-coming bridge are unblonked. 'However the fir:st normal firiQg pulse 

• 

.... 

1 J • 

<"-

j 
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w,ill not necessarily occur immediately after the unblanking ff the on-comin~ conver-: 

tOI, so that relatively large gaps m,?y appeal in the cycloco~vertor output voltage OId 

current waveforms thelebY',llmiting the maximum usable output frequency. 

\ 
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To minlmize such gaps ln the wavefolms, each f,ring ~ilcuit cald (Figure 4.8 
\ 

and Plate 2 , Appendix 1) 15 provlded wlth a "memoly" one-sI/lOt multivibrator 052 

that produc~s a pulse 55
0 

wide (Ielative to 60 Hz) whcn higgeled by the fall of 

the original firlng pulse flom OS 1 on the cald. The end of the double blonklng' 

period triggels an auxi/laly one-shot in the on-comlng convertor (AUX OS, Figule 5.3) 

that generates a 200 fJs pulse which Is.sent to the auxiliOly pulse input on each fi ring 

pu_Ise card in the convertol. The card th<ft has p,odu~~d-~ fi ring pulse (and hence a 

memory pu Ise) with in the last 55
0 

wi Il then ploduce a 200 ~s fi ring pu Ise at the out-

,.put of AND2 (Figure 4.8). This pulse is handled ln the usual manner by the double 

pulsing OR matrix to ploduce a second pulse for the other half of the bridge convertor. 
1 • - . 

The oscilloscope photographs for Figure 5.4 (wlth auxiliary pulsing) and Figure 5.7 

(witho_ut) were both taken with 5.0 volts peak, 40 Hz sinusoidal cycloconvert?r 

control voit~ge and the same induction motor load to show how the auxilialy pulsing 
. . ( . 

improved the putput waveform. In some cases mOle than oné fi ring card wil~have pro-. . 

duced a firing pulse wj..thin the last 5!J° (at 60 HZ)I ~ shoot-through faults have· 

been traced ta thi;êause. Note Ihat AND3 in flgule 4.8 aets'as an alpha blanking 
1 

gate to suppress any auxiliary firing eulses that miQht appear in 

180
0 

< a < 360
0 

• 

the forbidden in~rva 1 

J 
." 
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FIGURE 5.7. 

, . 

l' 

SINGLE PHASE INDUCTION MOTOR (WITHOUT 

AUXILIARY PULSING) 

Sweep: 5 msec/cm. 

Trace l : V == 5.0 V peak, 40 

Trace 2: Loaci vol toge i Iscole 

, Trace 3: Lood curtent; scole 

Troce 4: Firing pulse detector 

scole 20 V/cm. 

, -

H~ s~ewove; ,scaJe 5 V/cm. 

220 V/cm. 

20 A/cm. 

(NO R), master bridge i 

5.6 A Reversing DC Armature Drive 

Although three-~hase to si~gle-phase cyclocon'jrtors moy be ~s_~d for 

single-phase inductior: motor drives~, their mo~t common application, as outlined 

in Chapter "l, has been for dc irrotor arp1ature suppl ies. Induction m?tor and 

synchronous motor cycloconvertor drives have consiste.n~ly had polyphase outputs 

50 thëirthe motors could be controlled at any speed and i~ either direction '(un-

like single-phase motars). Ward-Leonard systems have been almost çompletely 

14-2. 

, .. 

" 
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di sploced by thy,i s ta, d, ives in new voc i ab le Sfl€~' cve i nsta 110 tians becouse of the 

higher effieieney, reliability, and lower welght of the latter. However there are 

certain problems th"at must be faeed when using a thYI istor supply for a de motor 

armature. These (three) problems will now be outllned and referenees will be made 

to articles whieh diseuss them ln detail. 

The fmt problem is the 1 educ tian of de' motor armature commutation obi 1 ity 

-caused by the large hormonie ripple supel imposed on the dc avelage value of almo-

tUle eUllellt becouse of the high hOlmonic content of the convertor output voltage . 

. 
The motor torque is related to the average value of the eUllent, but the higher rms 

value of the c,ullent de termines the eopper and eddy cUlient losses, while the still 

'>higher peak value of cutrent limlts the motor armature commutation ability. The 
1 

phase shift and distortion of the intel pole flux by the eddy cUlret1ts dliven by the c;on-

vertor voltage har.monlcs may dlostically reduce the black-band
8

,9 range of sporkless 

commutation. However C. S. Robinson pôinted out that lamination of both the inter­

pole and' the motor flOme would declease the phase shift significantIY.,lO ln addition 

• • 
,l 

8 
R.M. Dunaiski, "TheGEffect of Rectifier Power Supply on LOlge D-C 

~ Motors", AIEE Tlansactions, Pt. J.!! (Power Apparatu$ and Systems), Vol. 79, 

June 1960, pp. 25'3 258. 

, "An Application Guide for the Use of D-C Motors on 

Rectified Power", IEEE ansoctions on Power Appolotus and Systems, Vol. 84, 
October ,1964, pp. raOb-10G . - -- -

10C . E . Robinson, "Redesign of DC Motols fOI Applications w'ith Thyristor 

, , 

( 
\ 

r Supplies", IEEE Transactions on Industry and General Applications, Vol. IGA-4, 

5, September/October 1968, pp. 508-514-. -

1 

r ' 

) 
" 

l 

J 



• 

'. 

, , 

• 

" 

h~ proposed that the best 4-pole motors for rectified power should tend to larger 

\, .. 
çJi~meter armatures" shorter core lengths, and armature' windings lequiring more 
'i" • 

, 11 
commutator bass and fewer turns pel coil. In qfher wOlds, dc motor design may 

be readjusted to prooide adequate operation under convertor power. 

The secon~:.rroblem is brought about by the characteristic soaring of the 

\ . 
convertor output voltage in a positive dilection with decreasing current amplitude 

once it has fol/en low enough to become discontinuous. As long as the ccnv:ertor 

output current is contirlUous/ the bias:-shift method of phase-control Plovides a ... , 

lineor relatronshlP (see Equation 2.1 ) between in'put control voltage V and 
l , C 

the average output voltage V
d 

of the convertor (neglecting commutation and 

resistive drops). Howevel, decreasirïg the current 50 that it becomes discontinuous" 
'\', 

couses an upword swing in the ~nv5l'{tor regulotion cUlve (taken for any constant 

a), and this change in the regulation characteristic presents two difficulties: 

(1 ) 
.k 

~he (non-linear) voltage gain of t convertor operàting with 

"'., 

c~P(Unuous current is drosticolly less thon the (linear}-gain of 

the convel tor operating with continuous current. Th is decrease 

in gain adversely affects the drive system response to ,impact 

loads striking when the convertor i~ in the discontinuous current 

'l< • 

region. A saturable reactor 'may be ':Is.ed in the ~rmature circuit 

l.llbid./ p. 514 . 

\ 
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(2) 

\ 
... 

<'to 'decrease the size of the dlscontinuous regio~, 12 or various 
-V 

c~ loop techniques
13 

may be applied ta mir.lÏmize th~ 
eff~ct of this gain change. 

If thé motor current IS switched. from one anh-palallel con'vertor 

operating as a rectif;er with disuontinuous eUlrent ta the ~ther 

1 
(pleviously blocked) eonvertol ready to act as an invertor while 

keepi'ng the contro"1 voltage constant, 'there wi Il be a disasterously 

large initial ovelshoot of CUllent thlough the Invertol before its 

current limit circuit has a chance to funetion. This'over current 
fi 

appears because the motor armatule voltage will.be initially nearly 
, 

equal to the rectifying convertor voltqgc..Lunning with discontinuous 

cUlient, while the Inverting convertor will come on with continucus 

.. 
current and hence, a lower output voltage. The surge current is limited 

only by the (Iow) impedance of the armature until the motor speed in-

creases to compensa te or the cvrrent limit eilcuit takes hold. A similor 

sit\Jation would exist when sWitc~rom inversiofl to rectification 

with the rectifying convertor starfing with eontinuous current flow and 
• ) 

( ___ ~_a_,_~ _o_u_tp_u_t _V_oltoge h;ghe. thon the ;n;Hol moto, OImotu'e vOlto g:. As 
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12·K. G. Black, "The Effect of Rectifier Discontinuous Current ~~ Motor 

Performance", IEEE Transactions on Applicati~ns and Indl./,try, Vo~. 83, NovE;mber 1964, 
pp. 377-382. - - -

13E. A. Wi Iketi and P. J. Wi riz, "Fre.quenct, Response Compensation of D-C 

Drives", 1 EEE Conference Record of the 1969 Fourtl-! Ann't.t.al Meeting of the IEEE 

, . 

\ 

ustly and General Applications-Gt'tJup, 69 CS-I-GA, Detroit, Michigan, October 1969, 
pp 117-123~ --

" 
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, described ?n pages 45 and 46 of Section 3.8 and page 57 of Section 3. 10, 

1 \ 

the oncoming convertor shou Id not be unblanked un less it has been 

phased back beybnd the point of zerO current.
o 

Th is point depends 
1 

" upon the level of armatu;e voJtage ot thot time,. so thot some 

manufacturers use a voltage matching scheme which senses either 

h 1 h h 1 14, 15 
t e armature vo toge Or t e toc ometer vo tage. Du ff and 

Ludbrook of Canadian Westinghouse preferred net to use volta'ge 

" 

match ing but te tempotari Iy phase bock the oncoming ~onvertor 

• weil beyond the zero current point by injecting a signal into the 

16 ~ 
current regulator. When used as an armature supply, the 

cycloconverter de~cribed herein has a permanent de1ban~ between 

4-he convertors provided by phosing bock the individu,1 goting 

circuits ,«ith fixed bios signais . .., This permanent deadband pre vents 

armatu~e 'currenl' surges just as did the temporary de ad bond used by 

Ouff and Ludbrook·. r 
'-

----~--------------
14 . . 

F. Wesselak, "Thyristor Conver tors with Natural Commutation, Il 
1 

Siemens Review, Oecember 1965, No. 12, pp. 407-408. -. -..::::::::: 
\ 15 K. Lidberg, "New Series of Thyristor Convertors for Industrial M~ 

Drives, 20 - 500 KW," ASEA Journal, Vol. 42, No. 5,1969, pp. 63-68. ". 

160 . L. Duff and A. Ludbrook, "Reversing Thyristor Armature Dual 
Conv~tor with Logic (rossover Control, 1\ 1 EEE Transactions on Industry and General 
Applications, Vo/.' IGA-I, No. 3, Mayl;June 1965, pp.219-220. - . 

.. 

1 , 
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The final problem fOI the thyristor dl rve desrgner is declding on how ta 

model the thyristor drive itself ~Ol calculation or simulation of drive performance. 

Wilkes and Wirtz'suggested that the use of a ficticious output impedance in the 

,convertor mode 1 wou Id oid in the fi equcncy r esponse ëa leu lotions when the can-

e" 17, ' . 
vertor entered the dlscontinuous cu: rent mode. But a second complication in the 

mode-lling process is the sampling action of the phase-controlled thyristor gating cir-

CUits whlch introduce a valying transport log into the system. Porlsh and McVey 

18 
viewed the system as a sampler foliovlëcfG y a palliai zeIO-Or(lt~1 hold devlce 

~ 

Then, assuming that the ovelall control system Vlas-Iov; pass with an open loop cross-

over flequcncy weil below the sa"rnp1ing hequency, the conveltor Todel coi.J\d be 

, --
reduced ta a transport delay equal ta holf th~ve,age conductIOn pcriod of ca ch 

thyr istol. Thus for six-pulse, 60 Hz ope'ation :with contlnuous canduction, the 

d, r Id b 1 f 1;/720th d convertor mo et wou e a transpolt de ay 0 s.econ . 

simple modcl should bc sufficient, but R. D. Jackson 1105 suggested a describing' 

function app',oach to expl70ined CUII ent osci Ilot IOns that may OCCUI when 

, 19 
only one convertor is used ln 0 non-reversing Olmoture drive appflcotion. Also, 

. \lE.A. Ik ' Wi es and P.J. WiJtz, op. cit. 
} . ~ -..... 

, 18 
E.A Pallsh, Jr. and E.S. McVcy, liA Thcoretical Madel for Single-

Phasc Sillcon-Contlol/ed Rectifiel Systems.", IEEE Transactions on Auton:atics • 

Control, Vol. AC-12~ No. S, October 1967, pp. 577-579. -

19R D J k' "0 '11' . S' 1 CD' "P - • d' . . oc son, SCI atlons ln Ing c onveltor rives, rocee Ingo. 

.::!. the ~ Vol. 116, No. 4, April 1969,·pp. 633-637. /' 
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F. Fallside and A. R. Former ~O have developed describing funêtion techniques, to 

predict subharmonlc instabilities (1/2, 1/3, etc. of 360 Hz) when the overçll open 

, 
loop bandwidth is not low in comparison to the sampi ing frequenèy (3&0 Hz). 

Recently G. De and A. K. Mondai pu~lished a paper on increment~:d describing 

functions for the analy~is of su ch subharmon ic osci l'ation. 21 The intloductory sections 

of the ir paper provides a good review of the work done by others in- th is field (induding 

Fallside and Former) .• De and Mandai ploposed thatoat the subharmonic frequencies 

. the converter cou Id be modelled as an asymmetrica 1 csatulOtion type non linearity ln 

series with\a lineor black whose foctQrs depend upon the,number of pulses of the 

converter and the arder of the subharmon ie. 

The' de drive to be deseribed h~rein uses the eireulating-current-free 

eycloeoQYkrter detailed in'Chapter IV and this chapter as its power amplifier. 

V. Stefanovie of MeGill University has opplied,the drive os palt of a high power 

servo-analyzer in his research on the stability of an induction motor with a variable 
. , _.l - <, 

frequency supply. The speed an,d current. regu lators of the'dr~ve were port of the 

experimental apparatus used by G. Joas of McGili University in his research on 

thyristor drive modelling, s4m0lation, and compensation. Beeause the work of 

designing and tuning the regulators i" the drive was p~'rformed by G. Joos, the 

'20 -; --
F. Fol/side ond A.R, Former,' "Ripple Instobility i.n Closed Laop ~ystems 

_with Thyristor Amplifiers, Il Proceedmgs ~ the-IEE, Vol. 114, N~. 1, Januory 1967, 
pp. 139-152. 

21 G . De and A.K. Mandai, "lncrementa1 Describing Function Analysis of 

Subharmonic Oscillations in Contrôl Systems with Thyristor Converters," IEEE 
Transactions on Industrial Electronics and Control Instrumentation, Vol. IECI-20, ----- - ... -- ,------
No. 4, November 1973, pp. 229-235, 
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. 1t 

following disqussion wi Il avoid that top i ë 1 Instead it wi Il concentrate further on the 

effect.of disconJinuous current upon the converters' dc transfer function and on a 
J 

comparison of methods to prevent armature current surge following crossover. 

5.7 Three Methods of Preventing Armature (urrent Surge aHer" (rossover 

c, Figure 3.1 on Page 46 oo( this thesis showed that the output voltage of a 

, 
converter moves away from the straight line transfer funçtion when the converter current 

becomes èliscontinvous. Tbe converter current will cease completely when the arma­

Â 

ture voltage exactly 'matches the peak converter vortage.· This peak voltage is a 

~ 

function of the control voltage to the converter. Using this information, the boundaîies 

of the ~ansfer function of a single onverter ore shown in Figure 5.8. The abscissa 

and ordinate scales were function for which the converter 

was designed. That is, a control signal of " 10.0 V should phase the converter full-

forward 

~:es. 
(a = 00

) yielding 1.0 per uQit output eglecting commutation. and resistive 

EquDt ion (2. 1) on Poge 1 ~ here in sto t€d '0 t t~average output vol tage 
1 

\(d of a six pulse bridge converter with continu~ curre t is 
, 1 

= 

or = 

where ./2 E = 

• 

1 

( /2 E) ~ sin ( 6
TT 

).ç os a 
TT • 

(5.1) 

~. (5.2) 
1.045 

the peak value of instantaneous output voltagê of ~ 
convezter. ( This is equal to .the peai<. 1 ine-to-line ~ 
voltage for a six pulse bridge converter ) 

~ 



, 
'Ù 

J 

• Consideration of the output wavefor:ms for peak 

Yleld a, peak output voltoge V re'lation 
p • 

and 

V 
P 

(i)1 0 0 
V c: ../2 Ecos (0(-30 ) for 

p 

rect~ion (not shown her,ein) wi Il 

) . 
o 0 

for O~oc~ 30 (5.3) 

(5.4) 

The phase control cir~,.uitJY' uses the wiased 20sine wave technique so that the firing 

angle is ..), 

cos - f\ l 
tlO.~ 

(5.5) 
(? 

Hence the average conve'd,,, output voltage V
d 

defined ~y Equation~(5.2) is lineqr 

with respect to the eontrol voltage V between the phase forward Irmit (7) and the 
, c 

phase b,?ck limit (6). The phase bock Irmit atC<= 165
0 

is necessary to ensure 

sufficient m~,gin ta com~lete cotnmutation when the converter is inverting. The so~e 

150 

phase bcicK limit also puts an inflectio~, (4), in the peak voltage I~cus. Phasing the , 
Co, 

,-.. 

--~-

convel'ter forwQrd increases the peak vo Itage un ti 1 (0(= 30
0

) is reached. Provided 
., .. 

firing.pulses longer than 30
0 

are used" th~ peak out'put voltage then rernains constant 

- 0 
untild:::: 0 . Further increases in the control voltoge V do not ,change the firing 

c 

angle atter the,phase forward ~ulse Iimit at 0
0 

has been reqch~. Hence the peak 

• --'---v~ects the point (l)'ilnd then remains constant for increa(in g values of V .' 

,,' ~,' ' c 
- .-__ 1 

. '\, 

.. --
" 

" 
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1 

If the' jnverter is supplymg a motor armature on' an open loop basis, then 

the cQnverter volta'ge will move from point (A) in Fi"gure 5.~ ta point (8) when t~e 

Q 

motor load is removed 'AIh i le keeping !he COQtlol voltage constanL The motor speed 

a 
and armature voltage rlse conespondingly while the motor armature current falls. 

The curre~t woul d reoch Zft~ if thele were no lasses plesent. OnG the other hond, if \/" 

() Çl 'Z-'> • 
the m~.tor speed is held constant by an avxillary matai whlch ,91adually acquires the 

,--- ' 

, load as the control v~ltage V IS dccleaS'Cd, then the convertel vo,ltage remdins constant 
c 

and the almatul~Ulrent 91adually declcases to-zelo os path (C) ta (0) IS traced. 
't . . 

More rea Ilslic is .the poth (~) ta (F) wh ich 
T 

leplesents the dccrease of converter output 

, 1 

voltage and control vÔ'ltage under closed loop speed conliol as the Joad is removed 

" from th'e matai. 
i 

The closed loop con!t"ol systcmwill declease the control voltage in 

an attempt to match the motor speed ta the ,setpomt speed. 

from the motOI ln one of severa! ways: 

. 
t 

1. 

2. 

The motor may be followlt'tg an upwald speed setpoint ramp' v.:hich 

suddenly levels off. 
" l' 
/~ 

At· 

The motor speèd and setpoint ale 

setpoint 'is maqe. 

.. 
.. 

co~~"'til a step ,edùction ,n 
"if"'" A ! 

3. The setpoint speed is constant but the \notor Ioad has an over-hau4 ing 
o. 

c~~cteristic . " /. 

• l, ~o, speed is not under regu Jatipn by the time the zerO armature çurrent point 

,,1 

( 
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(Fjïs re<;Jch«:d, then the contra 1 voltag~ wi Il decrease sti Il further towords (F) wh i le 

. j 
the motor cOasts downward in speed. If the performance requirements of the drive 

t stringent, then this coasting condition may be tolerated provided that the 

[èmovol of lood from the motor was due to reoson (1) or (2) os iust déscribed. But 

if the performance requirements are stringent, Or if the motor lood does have on 

_ overhau 1 ing''15~baroderistic, then once point (0 h~s bee'n .reached the mator torque 
~ { 

~ be revelsed ~y leversing the armature cu'rrent (field reversaI wi 1/ not.bÇe discussed). 

1 f the transfel functions of the two conver ters ale coincident, 'then the crossover to the 

,eve~se con vede r ~i Il Ga."s~ ';';,-cun en t sU'ge as th e va 1 ta~e i mp,essed u pan the 

armatur~_.c-it{;lJit by oncoming'con\J~~~r wi Il b~ at point (G) on the continuous 
-----~ , 

------- " --- , t conduction locus. This is exactly the case descri!1!ed by Duff and Ludbrook and! 

quoted on Pqge 46 of ~his thesis. They solved the problem by iniecting a signal 

'into the curren~t J egulCftor du ring the per iod that both converters were blanked so 

, 0" 22 
that the oncoming converter WQS phased bac k beyond the zerO current point. 

Thot is, the cunent regu'lotoJ output WQS dl iven beyand the peak voltage curve for 

th~ reverse converter (only partially show~) and then released ot point (R). The 

regulatorvhen continued decreasirlg the co~trol voltage sa thàt reverse armature 

22 
• • D.L. Duffond A. ludbrddk, Il Reversing Thyristor Armature Dual 

Conyerterwith Logic Crossover Control," '~Transactions ~ Industry and General 
Appl Ïèaticns, Vol. 1 GA-l, No: 3, May/June 1965, p. 220. ' 
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~ " 
~urrent first started to flow at point (S) and 

i 
f 

the system seHled intel continlJous current 

" 

(assuming this was required) at point (T). i 
;1 , 

Duff and Ludbrook chose to moke their converter j onsfer characteristics 

<. 

coïncident by using the bias shifted cosirre wave technique mbined with both 

• 0 d 0 0 cl 23, 24 Th 1 l d Ob d 0 h' poslttve an negahve crosSlng etectols. e cyc 0fonverter escrl e ln t IS 

thesis used two identicol firing puJse generators, each usts positive erossi0g detectors 

r 
only. However because the conhol voltage to the revelse convertér was supplied 

<1 0 

<1 
; 

by a unit y gain invertel 50 that it was always the negçftive of that for the forward 
. 0 , 

1 f f 0 f 0 : fi o. 0 • d 25 converter, tne trans er uncflons or eontlnuous curlént Ow were ogam cOlner ent. 

Because sepôlate.~ filing pulse generalors Jere already in each .... onve-rter, it was 

p'ossible ta either fallow th~ sorne scheme as Duff and Ludbrook (or a similor scheme), 
,1 

'" ~,... 

or else to put ci permanent deadband betweeg 'the converters by phasing bock each 

converter with ifs own biosing signal. 

1 On Page, 55 and 56 of Sect;an 3. 10 hece;n ;t wp' orgued thot Duff 0"-==-=--- -
Lud ook's s-cheme of iniecting a signal \into the current regulator wos really 

e ùivalent-to putting a temporary deadband between normally coincident transfer 

functions. 

23 Ibid., pp. 218-219 . 
-L.-

24 17 . oSee pages ta 20 herein. 

25 
See pages 20-21 and 93-99 "ere in 0 

, 

j 

. -
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ln fact prov.lsion has been made in the cycloéot:Jverter delscribed herein ta put an~ 

actual temporary deadband between the converters at crossover time. This con be 
tl 

done by iniecting a single sawtooth shaped artificial current limit (ACL) pulse into 

the current limit line of the oncoming converter starting at the beginning of the 

155 

double blanking period. During the pulse decay after the end of the double " ,-

blanking period, the regulator cf the inner current 100p should capture the on-

"f.?ming converter as it enters conduction after being initially phased off. 

Comparison of this scheme with that by Duff and Ludbrook will show that in each 

case the temporaly displQcement of the regulator output voltage with respect ta 

the transfer char6cteristic of the oncoming corwerter Îs the some. • 

It was also proposed on Page 56 helein thât thele is very little differe~de 
) 

ot crOssover time between having the c'ulrent regulator integrate ocross an equivalent 

temporary deadband between two normally caine ident transfer characteristics and 

h-aving the current regulotor integrate across a permanent deodbond between tw.o 

cons.tantly bi.q.sed apart transfer choracteristics. This is true provided the system 
\ , ' 

is behav';n~ at that moment in such a way"thqt the regu Iqtor output will be driven . 
" 

fully across the deadband and that the deadband has been adiuste~ ta the same 

width in each case. A reosonable assumpti.on is that Duff and Ludbrook i,mplemented 

their scheme by injectiri9 a phase bock pulse (whose polarity at the reg~ator output 

~'--~I ,,/ 

depended upon which ~ridge!was oncoming) into the input of a proportional plus 
/ 

,1 •. 

" • 

, 

, . 
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integrél current regulator. The width of the pulse, and hence the rise time of the 

regulator dutput step, probably was the same as the double blanking periodof the 

converters. The heigh.t of the regulator output st'ep, and hence the width of the 
Cl 

deadband, would then depend upon the widt~ and amplitude of the phase bock pu,ls~ 
,( 
( 

and upon the open loop step response of the regulator. Therefore any odjustment to 

. 
the current regulator open loop response would necessitate a compensating adjustment , 
ta amplitude of the phase back pulse, assuming that the double-blanking period was 

kept constant. If instead, a sawtooth artificial curr~nt limit pulse were used, as is 

possible wlth the c;ycloconverter desclibed in' this thesis, then an adjustment of the 

current regulatol' lesponse would requile a cornpensating adlustment ta the decoy rate 
1 

of the sawtoot~ and perhops ta its amplitude in order ta keep the deadbond width 

effectively t~e same. The permanent deadband scheme, unlike the two tem~y 
1 

decdband sihemes just described,.,does not have any interaction between the current 
1 

reg~lato/t:ldlustments rnd the deadband Width

r 

~diustment. The width desired may be_ 

obtainec;d by 1) cla~ping the firing circuits' control voltage input to zero after dis- ' 

connecting it flOm t.~~ curtent re'gulator out~u't, and 2) changing the firing angle of 

o 26 0 0 
each conv~rJer from (0 =,90 ) for zero con!~pl voltage ta a value (120~ a~165 ) by 

" 
adjustment of the bics input in the thyristor gating circuit set of each canverter.' The 

~ . 
current regulatar moy now be tuned w1thout ony futther adjustment to lhe deadband. 

-, 

26The phase b~ck limit (PB~) pulses have been odjusted toi 165
0 

for the 

-! cycloconverter described herein. 

l-' 
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That is, clthough ail three schemes should be equally effective in preventing 

armature current surge in the oncoming converter, the permanent deadband scheme 

is the easiest to adiust. 

Except f<?r dc armature supply applications, the design, construction, 

and testing of the cycloconverter described in this thesis was completed in 1970. 

By that time the A<;L pulse clrcuitry had be~n put on the auxiliary logic ~ard 

(Plate 112, Appendix 1) and provision had been made in the crossover logic cabling 

and jumpels to handle the ACL pulses (Plate 13, Appendix 1). However, the ACL 

pulse scheme had not bt.tJn tested in a c/osed loop armatule drive and cOI~sequently 

no mention of it WdS mode in the conference papel 27 written by Hamblin and Barton 

at thot time. No further expelimental work was done with the cycloconverter by 

T.M. Hamblin until eally fall in 1973. At that time G. Joos and V. Stefanovic of 

McGill University wished to use the cycloconverter aS a circulating-current-free, 

. 1 . h' . 28 6 f' '1 . d reversmg, armature supp y ln t eu experrments. E"<cept or on easl y repaire 

, 1 

fault in one power supply, the cyclocohve~·te, was functional. Joos and Stefanovic 

at first used only one converter as a non-revelsÎng supply or ,else operated the two 

convÉnters with circulating éurrent as a reversing supply. T.M. Hamblin prorr:rised 

them he wou Id connect the con,rrters as a circulating-current-free reversing armature 
\ ,\ 

supply after h is ret,~rn flom the October annua 1 genera' meeting of the Industry 

J 

27T.M . Hamblin and T. H. Barton, rrCycloconverter Control Circuits,," 
IÊEE Industry and General Applications Group Annual Meeting Conference Record, 
October 1965-;-Pp. 559-570. 

28 
See page 148 herein. 
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Applications Society of l'he IEEE. During part of h is return trip he met A. Kronk 

and A.C. Stevenson of the Drive Systems Group at Canadian General Electric in 

Peterborough, Ontario. After discussing some of the papers they had heard at the 

convention, T.M. Hamblin osked th~m their opinion of the temporary deadband 

scheme as plesented by Duff and Ludbrook vel$US the permanent deadband scheme. 

A.C. Stevenson felt that the simpl~r/more lel[able apploach was to use two,sets of 

gating circuits-with a permanent deadband between them. The regulator loop around 

• the converters would automatically sWing in the cOlrect direction th/Ough the deadband 

to maintain control, and there was no need fOI switching circuits (which could be 

misadjusted) to in je ct a signol into the current regulator during the double blanking 

'\ 

perJod. Stevenson thought that the two schemes would have identical results for a 

complete' crdssover From one converter to another. However he suspected thot the 

permonènt deadband scheme would behave more naturally thon would the temporary 

deadband ~cheme when feeding light, variable loads which couse the drive to ru~1 in 

.diséontinuous cunent and to move in and out of.the deadband without necessarily fully 

. 29 
crossing It. 

~ 

Wh~n 'reconsidering the above discussion ofter his return to' Montreal, 

T. M _ Hambl in agaîn concluded that the effective action of the Duff and Ludbrook 

scheme wou Id be the same as that of a permanent deadband scheme. Th is wOu Id be 

true even on light loads provided that 1) the phase bock sitnal injection period 

29Summary of a conversation between T .'M. Hamblin, A. Kronk and 
A. C. Ste~enson when travelJ ing by car from Toronto tQ Peterbororough 1 OntariQ on, 
October 11, 1973. 

, 

,-
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'.'1 coul~'~e kept short compared ta the step !esponse time of the ~urren1 reg-~Iator, 

2) bpth schemes hod identical loads and regulator tuning, and 3) the deadbanW 
/ • -i 

, ') 
widrhs were identical. On the other hand, T .M. Hamblin realized that the ACL 

1 

pul~e scheme which he had provided in the cycloconverter described herein would 
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l'lot have the same effective behaviour On light loads. Figure 5.9 A shows a traiectory 

'" 

, . 
Of falling output voltage as the control voltage decreases and is about to enter the 

If 30 
deadband. Provided the current regulator refer'ence voltage has changed sign, 

the double blanking period will begin as soon as there is a sufficiently long çurrent 

zerO period. 31 During the double blanking period the ACL pulse tQ the reverse 
f 

converter wi Il mave transfer cha~acteristrc R away from that of the fqrward converter 

as in Figure 5.9 B. The grodual sawtooth' decay 'Üf'the ACL pulse slides t'ransfer . 
characteristic R bock towards coincidence as shown by the arrows. Normally the 

current regulotor output va l,toge would saon intercept transfer characteristit.. Rand 

armature ~urrent wowld start in the reverse converter. If however because of a 

pecularity of the load at thot moment, the speed re~lator output (which is 0150 
,. 

the current regulator reference input) chaf)ges sign, t~,en the current regulotor 0tJtput 

swing wilÎ reverse as in Figure 5.9 C. Because the armature current is 

o 

deadband, the reversai of the cur-rent re.9ulator reference voltage will immediately 
, \\ 

, ~'-

trigger another dou91e blanking period. During t~is period the ACL pulse to the 

f. 
0 

30 . 
1 See' pages 48, 58 .and 60, 

'31 
See pages 131 and 132. 
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COINCIDENT TRANSFER FUNCTIONS 

1) ContinuolJs current . 

2). CUllc'nt Icgulator reference ha's changed 
sign. F converter current stops. Cross­
oYe 1 logic blanks F and R converters. 
ACl pulse to cOl1verte~ R phases it • 
bock to give case B. 

REVERSE CONVERTER PHASED BACK 

2) Current regulator butput \S crossing the 
d~adband towards the R charactel istiç 
which is sliding bock to coincidence. 

3) Cuncnt regulator reference changes sign. 
Crossover logie blanks F 'and R con­
verters. -ACL --pul~e to converter F 
phases i t bock to give case C . 

FORWARD CONVERTER ALSO PHASED BA K 

The direction of the current regulator 
put swing reverses ofter the regulato 
reference chonged sign. -

ut-

If the F characteristic had no bèen 
phased bock, the F 'converter w uld have 
been in continuous conduction ~ point. 4 . 
Current will restart in the- F cOr\verter 
when the F characteristic sliding back 
tow.ards coin~idence is intercepted by the 
swinging regulatot output somewhere be­
yond point 4. } , , 

ACL PULSE ACTION DURING PARTIAL CROSSOVER 
t 

f_ 

1 .. 
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• forward converter will move its transfer characteristic F to a new phased bock position. 

At the end of thé double blanked period the output of the current regulat9f will be 

J, 
moving to intercept characteristic Fas itslides down the sàwtboth of the decaying 

ACL pulse. But because the reverse eonverter never entered conduction, there wos 

na need ta phase back the forward converter. Thot is, in this case the performance 

of the ACL pU,lse scheme is not as good as that of the per mOQent deadband scheme. 

There is no danger of a current surge under these clfcumstances. Quite the 'opposite . -, 
problem eXlsts; the deadband is wider thon need be because of the unneccessory ACL"'" 

pulse applled fo the fOtward convertet. .. 0....::.'-," 

On the basis that the ACL pulse scheme was ptobably not os good as the 

permanent deadband scheme on light loads, and that it would probably not be as 

easy to adjust, the çJectsion was made to put a permanent deadband between t e 

converters. The sc)oeme did prove simpl~ to adjust and satisfactory in ope ation as . . , 
J.. • 

the Ose; Iloscope photographs in the next section wi Il show. Admittedly the voltage 

'matching schemes referenced on page 146 herein con provide a shorter dead period 
J , 

at crossover, but the per manent deadband scheme was quite adequate for the servo-

l ,.. . dl"' h . 32 ana YZ,er app Icalrlon mentlone ear ter eretn. 
'. 

5.8 An Almatule Supply with Deadband between the Converters 

" (For, reasons explained in Section 5.7, the declsion was ~de to control 



• 

o 

• 

• the armature cu'rrent after crossover by putting a deadband between the converters . 
. 

- 0 
Origina/ly the drive wos set up with each converter phased fully bock (of = or :;:c 165 ) 

~ . ~ 

when the cydoconverter control voltage was zero. The signal line to the voltage 
.. 

crossover det~ction was disconnected From the output of the mas ter convert1er input 

operational amplifier (ü/A7In Plate 13, Appendlx 1). Instead the detector waS 

connected os shown in Figure 5. to except that the SPDT sWltch was in position B. 

Also the b'as voltages were eaeh -1 OV and the Input reslstors were 25 kil instead of 

33 kn. 

ihe drive operated ~atisfactorily f,om the curlent surge suppression point of , 
j , 

view. But the dead time, whieh was in the older of 100 ms, seem~excessive. 
, 

G. Joas felt that the deadband coujJ bc reduced safely by readjusting the b,as 

voltages until fOI (V' == 0) the firing angles wele (of':" a -= 120
0

). This is less thon 
C r 

1 the (€If == or = 142
0

) point chosen by Stl inger 33 Of the (Of '-= or == 150°) point chosen 

by Rettig and RourTlOnis.34 However, both ci these reversing dllves relied er;zirel y 

upon the width of the deodband to .eliminatc circulating eurrent between the eonverters, . . 
whi le the drive described herem depends entirely upon the erossOver ./ogie. G. Joos 

; 

convinced T.M. Hamblin of the validity of using the narrower dea?bqn9 by developing 

for him a dimensloneçI sketch of Figure 5.8 which they, together,Jith W. Scott ~( -

• McGili University, modified to form the bqsis o~ figure 5.11. The higher slope of 

93 " 
__ sëe page 49 here in. 34Se,e page 51- herein. 

.. 

, 1 
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\ t 
the converter voltoqe v~rsu~ control voltaqè characteristlC ln the latter Figure is' 

~, -
•• 1 

,'\ 

due to the use of Cl 33K rather thcin Cl 50K Input 
.. '\ / 35 

papel hy Hag~Je~fy, Maynard, QJ1d Koe.nl<J 
1 

is similol to Figure? 11 hereln/, 'Jut .the 
If 

former I~ not dlmens'ol;ed, The input resistol o'nd hlos valves in :Igure 5,~re 

chosen s~,'l'\at peak v.oltOlJc cUlves. of the an1'1- pOlollel, si'x thyriJ-ors bridges wele 

... 
0) point . l , 

r., 

Figule's 5.12,to 5.16 ale multiple e:xpo'sure oscilloscope ph,otogr,aphs, 
.• 1 

\" t /, (' ~ J 

"'. ' cr0ssovE;r actIon of th~ d~ivrv,hel1 the speed referencli was \tOI led 
. , 

1 ) supplied br' q 1) 
Vias wei f above the 

:, 

3 e' -.!,.. , 
J . ". • . ' • J 

J~K. Hagg~rty, J.T, Maynard, an1 ~.A. Kot:nlg, "'Application FG1q;ors 

fü; Thyristor ç,o~werterDC Motor Drives,LI IEEE Transàctions on Ind~stry qnd Generâ'f". 

AlJpl,cations, \701'1A-.7.,.NO. 6, Novem,er/Dècem'_'er 19;r,p~-. -
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REGULATOR WAVEFORMS WITH 100 V .CE,MF Ai CRbsSOVE~ 
, 

SNcep/ 20 m~ / cm; 1 6w
R 

cc 2 V at 6 H~I w
R 

== 84Q..f /min 
, pp 

CUllcnt zero timing period - 150 f-I5-"'. ->ob4/' t& < • .J 
~ \ 1 

Double blan~ing pcriod - 200 f-IS 

F~T V 0 V 1 oF a 120
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CONVERTER WAVEFORMS WlTH 100 V CEMF AT''CR05S0VER 
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Candi tiôns sorne os for Figure 5.12 above. .. .v' 
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c\osed loop band width of the system sa tha~ the resultant speed change (Trace 2) 
~r~ , ' ~ 

w,:s only 20 r/min peak to p~ak. The swing of the speed reference was large endugh 

to dri;~ .the curlerrt regulator output (Trace 3) Into saturation at t 10 V which. -~ , ..,. - ~ 

corresponded to ~o25 A of armature current (Trace 4), The internai spdlover current 
~ 

limlt of ea,ch GQnverter welc set to' 30 A to avoid interactidn wlth the curreflt'regCJlator. 

, . 
The output d the' current regulator '(Trace 5) val ied b_etwe~n -.1 Y' and t6V when 

1 
s0inging from ÎnvelsÎon tq rectification. The armatLJre vohage (Trace 6)~ rem'tlined 

\. ' 

\ 

close to 100V during Hwelsion, dea~tlmc, ond rectification because the aètual spe-ed 

ch'al\ge (Trace 2) was.only -.:.. 1.2~~ of the avelage ~peecJ of 840 r/min. Traces 6 and 7 , , 
show th.at the alternating slant of the sawtooth of the outpl.lt voltage wavetorm corres!onds 

. '. 
1 - • 

to the altertitlting,pola~ity of the prmatule current. Trace 9 is the firing pulse blanking' 

l' 

'siqnal to the slave I::ridge. The crossover 'ogie used dependr upon the Ie>gical ~ND 

of the output voltaqe crossover detectol and the detectlon of current zero. The current , 
~ . . 

• t 
. '. q • 

zero ~etecti()n timing was ~O}Js and the dou9le'blanking perlod was 200'ys for Figures 

5.12 'a 5.16 The voltage crossover d'etector input was connected ta the oufrput of 

the s~eed ~7g.ulator (Trace 4) via posltton A of the SPOT switch (Figure 5.10). 

'Compt"lson of ... Trace 3 with the ar,mature clJr~ent (:races 4 and 

lo~ic +a~J)erforming\c'orre~tly. Examining the output'~oltage 
• J 

7) shows that- the crossover 

(Trace 6), the armature 

curre'n~, (Traces 4 and 7) ?nd cycloconveltel ,:ontrôl yol,togeVc (Traces 5 and 8) shows 

, 

thot-system was f,?llowing a locus. mOlked with the end points A and B in Figure 5.11. 

'tJhe 51 ight hy~ter~sis, in the 

'" 

! • 

locus occured becausfl·the crossover log i c blanked the, 
... -

" 
. \ 

,~ , 
, 

• 

/ 

( / 
" 



• 

î 

, 

• 

" 

", 

offgoing conver:er firing pulses os soon as the cro;sover conditions were satisfied, 

The arrows on the ends of the transfer characteristic baundary 1 ines ln 

1 
F'gure 5,11 indicate that once phase bock and fQl"ward Iimits have been reached, , 

control voltage V c may be varied without affecting the convertel flrlnS' angle. In 
, . , 

'f~ct th1 c ha~acteri'6t 1 cs o;Jfhc forwOl d and rGverse ~onverters cros~ etlch other. Hence 

if the system has l:Ieen operating at point C (Figure 5,11) then the reverse converter 
• 

, 
should immediately el'lter dlscontinuous conduction once It IS unblonked fol10wing . ~ 

168 

1\ 

blankiF1g of the offgoing forward convel tel, However when srarting bock From point .. 

Q ib Figure 5.11, the oncoming forward converter cannot enter disconfinuous 

conduction a fier unblanking until the contlol voltage V chas increo\.ed eriough to 

pass thr~ugh the peak voltage chara~teristic boundary. ihe val idity of the path between 

J 
.. C and D in Figure 5.11 is demanstrated by the immedièlte stalt of discantinuous 

conduction in the reverse convertel (Trace 11 ct Figure 5.14) when the reverse 

converter firing pulses are unblanked (Trace 12). Once con.tral vo'ltage V c (Trafe 13) 

• 
dropped to approximafely 2 V, the reverse cpnverter entered continuaus conduction. .. . , 

During bath the discontift'UousC?nd continu,?us pariod, the re,verse converter was 

invertifîg power .bock ta the three phase,ac,line, Trace 14 shows thet the po~itive 

going ,zero cr"ossing point detected by Sch'mdt trigger 1 in the reverse converter was .... ·1 .• l 
t" ~ .. .. 

initially hefd at (0( = l~??i.trt:tI;Ye~t·,pulse superirryposed on the sum of the contrôl 
l J'. -fi il " 

.. .P'e .. .. ~ 

" 1 

'1(')1 toge allfd the çosi ne wav'e for that th/ri stor, Th'en as the control vol t~ge moved .,. 

\ 

~owards zer.9, the zero crossing points and consequènt flr,ing pulses phased torward, . 
, 

thereby increasing the current ampl itude in thè reverse converter. ., \' 

" ) 1.; _ 
1 

( 
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fiGURE 5.14 • 
, .' J 1 

CONVERTER WAVEFORMS WITH 200 V ctMF AT CROSSOVER 
J • • 

o W = 1680 r/min. Other- ëonditi@l)s sarT\f as for F:gures 5.12 and !). ~3 
. r -e,' 

The parameters of the speed control systém were kept the same ln 

Figure 5. 1'3 ~S' they were fir F igu~~s 5. 11 and 5. 12 except that the ,""verage motor 

speed was raised'to' 1680 'r/min for Flfgure 5:13., T~i~ rrresponded t'o an average 
" ~ J J 

armature voltage of 200 V which placed path CD in Figure 5.11 above the peak 

voltdge transfe~ characteristic ,and below the continuous current transfer ch~ratteristic 

of the reverse converter. Increasing the average speed reference raised the average 

motor speed and armature voltage 50 that path. CD was raised towards the continuoûs 

,1~ 

current transfer characteristic of the reverse converter. Th~t is, the amplitude of 

o _1. f/ l~ 
th~ diséontinuous current which"o'ppeared immediately În the reverse conve'rlel" 

~ J 

follow'1'J9 unblanking :nf:;reosed as path CD VIas ele'/ated. '1lhen' CD matched or 

) 

'. / 
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, . 

, 

, 

lay above the fontinuous, current transfer charactedst.ic, me current appearing 

1 

immediatély in t4f,e reverse converter was· continuous. No inversion shoot throughs 
\ ' . 
\ • ." -. ., "!.. .... 

'lfere expe~ienced due, to the amplitude of the immediatt:; currenr in the reve,rse 
, 0 .. 

, t::. • ~ fi( 

.convert~/ , However, ,it might prove :néèe~ary ~ith -other cbnv"erters havi'ng higher . . 
\.' , 

commutat1tl~L~eaétan4es te) retard the phase forward 1 imit in etlch converter i~ or.der 
...... '. 

to more c'Iosely mt:Jt~kthe,maximum volues C?f't~e voltag,e transfer.choroct~ristics of , 
: ___ ~ the converters. 

/ 

tr .. ~ r 

If was mentioned <?n·pàge 162 herein that the'drive was originally set up 
.(\j - • 

, ;. 0 "'t..o::.'t 
50 that each converter was fully phased back (O<f ::: o<.r ~ 165 ) when cYtlocon~erter 

. ~ _:1 

d control voltage V c was zero. The voltage crossover detector on the auxiliar~ Iqjic 

card checked the polarity of the control v.oltdge via the SPDT swi'tch (Figure 5. 10J 
1 

whi~h was in position~ B. The rise of cu~rent in the oncc1ming converter was sm~oth, . 
but the deadband seemed exèessive. In order to decrease the deadband, the ,bias ing 

... -. 1 ... ;.J 1) f (' 0 

was modified s; thdt ~ch converte; was phaseq bock to (ot.'f = c:X.
r 
~ 12,~0} for zero 

, ~ , 
0<.0( 

control voltage. The system still operated satisfactorily, but th~ mot or armature 

170 

" current (T.races 4 and 7 in Figl:Jres 5.15 and·S.16) seem~d tO,start with a jump when, 

the re-.;erse converter entered conduction. In .contrast l' the fOI ward c9,.nverter entered. 

\. 
conduction smoothly. Examining the blanking signal (Trace 9 of Figure 5.16) showed 

1 • 

\ 

that current in thè reverse converter (Traces 4 and 7) commenced exoctly when the 

control voltage (Traces 5 and 8) beca~rne negotive thereby releasing' the cro~~over logic. 

1 o 

At this time the 2perating point (Point B in Figure 5.17) in the reverse c.onverte'r hod 
\ 

-------
, ,. 

" , , • " • 
( 

,,' 
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RI;.GÛLA·T~ ~AVEFORM'S ~H IOGV C'E~F' AT CROss6vER 
ANO THE SPOT SWITCH QF FIGURE 5'.10 IN POSITION Er 

, - 1 

Other: cOr;1diti ons sorne as for Figure. 5.12 . . 
" '. ""' 

, . 
. ~. 

0> 25A/c.m 

'i) 5~cm 

'. 

" f.IGURE: 5.16. CONVERTER WAVEFORMS WITH lCOV CEMF AT CROSSOVER 

.. , 

" AND THE SPOT SWITCH Of FIGURE 5.10 IN POSITION B 

Other conditions somœ'''os for Figure 5.12 
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\ 
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" 

, 
already passed the peak vol'tage characteri'sti c boundary,s6 that the 'current amp~ tude 
'\ ,', 

imrr\.rdiately iumped up from ~ero :vhen the converte( firing pulses were.reletlsed .. 
\. 4. , 

How~'ver the forward converter current started sn;oothly because the for,ward con vert er 
j ~ 

. 
was[eleased oy the crossover logic weil before the'peak voltage characteristic of the 

.6 

forward converter was rea ched. 
,. 

1 

. .. 

There is no danger in this type of operation provided t~t the motor armature 
\, 

voltag'ê is less than 0.5 PU -output voltage: Path ABC in Fig~re 5.17 matches the 

operating conditions of Figures 5.16 and lies below 0.5 PU output voltage. Comparing 
" . 

t·he armature current Traces 4 and 7 of Figvres 5.12 and 5.13 with those o(Figùres 5.16 

and 5.17 shows the lott,er ar~ almost like th!t former exceplthat a wed~e of reverse 

- " l '" ' • \ ~ • 

armature current is missinQ in the .latter. If however poth CDEr wos followed in Ftgure 
:/ 

5. 17 bè~ouse;the armature ~oltqge' wos obove 0 . .,5 PU, t'hen there woul-d have' been·a 
~ J 

defihite initial overshoot of cur;ent whe(\ conduct~on in the reverse Jor:ry~rter ~tarte'~ 
, 

,ot point D., This overshoot moy be almost as bad os if the two converter transfer 
( , . ~ , 

charocteristi~s were,nôt s~parated at ail (Figure :5 .. 8),~ Henc~, it fs definitely befter 

.. ~ 'J '. l 

o to' connect 'the voltage cr.os?over detector to the armqture cU,rrent reference sign01 as 
• 

shown in Figure 5~ la with'~he SPDT switch in ppsition A. 
, 1 . , 

5.9 Circulating Current Elimination Logic 1 depe~dent of th'e Load PF 

ln Section 5,3 herein circulating c':lr'rent' eliminotion logic w~~. descri bed. 
, • , ,'~1 . ; 

whlch was suitable for resistive foads and logging loods control/ed on either on open 

. 
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loop ~r closelioop, basis. Theo crosso,ver logic dep~ndeçJ up::m lJ the change of ~ 
j' 

ëycloconverter' control voltage ~olarity, 2) the defection of the current zero 

tondition, and 3) an ab~~nce of firing pulses in th~bffgoing converter. This type 
, ~r 

of Ipgic is exc~IJent -for induct i011 motor control because the motor current 'àlways lags 

the motor~oltage eve~ when it operates as an induction generator. Figure 5.5 ... . 
, '1' () • \ 

showed both s'ingle phClse' induct i;n motor and induct ion generator operat ion under 
~. . 

• • 
control of this ty~ of crossover logic. Section 5.8.herein demonstrated that tlris 

J " 
cr<>s50ve~" logi c wos 0150 suitable for closed loop control of dc mataf armature cur rent 

provided tOOt 1) d sufficient deodba~d ~as p'la'ced getweCn the conv~rters, and<'2) .' 1 l, 
• '. ' •• ' " 4'> 

the voltage cross~ver detector monitore~ the change of",poTarity of the armature . ." 
current reference rathe~antthe armature current controll~utpull. The dc mo"or 

/ 

armat\.lr~ 
,.. .. .. , 1 

may' bé·regarçed.~s.o leading 10ad 'which was contl\oll~d s.uccessfully b~cau.se 
.(1 ... 1 »0 ,., " 

'~f the.ciosed loop pût around it.' 
r ' 'f 

~, 

... 
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, 

\ 

.' If .hoyvev"'è.r it is desired te}. contrat other leadinglloads on an open loop >" 
tI " "" 1 

, basis, then -the crossover lagie should ~epend upon thé logica! AND of only n. the 

• '1 , <[, 

detection of the curren't ~er9. condition, and 2) an absence of fid'ng pulses in the oH-
1 • ~ ~ ~ 11: 

'(~-_.----- . 
going con",erter. '3ecause the logic does not depend upon detection of the control 

'*' - .a ') 

.... - . 
voltage polority, the output current may cross through zero ahead of the output 

/' 

voltage and the control voltage without causlng large gaps in the current waveforms. 
J . 

- " 
r'he PF independent cross<:l7e.rJogic implemented on the cycloconverter 

... 
<' 

.. .} 

,) 

, " 
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• 

described herein controls the alternate op~",otior> ()f the conyerJers in the follbwing 

manner: 

,,1. The detection of the current zero signal for 100)1:; AND the absence 

of fiJg pu~es in the offgoing conyerter will t0991e the i"nterlocking 
Il ' 

flip-flops. 

2. ' Toggling the fli.~flo? will start a double blanking peri~d fixed at 50)' s, . 

, 

, ""' 1 

3. The end of the double blanking period is normally us~d to/trigger , 
ouxi~iary pu'singl~n th: onconiing conyerter (Section 5.5 herein) . 

.. 
4. The detection of curr'ent z;ro is not permitted to c~use togglinQ of the 

, . 

, ... 
, 

" 

'. 

/' 
intçrlocking flip-flop again until the end of d timing pulse which 

• • .. , (> 

• b~gins wit.h t'ne ~n~ o$~ t}1e, f,ir:t fir.in~ :ul~e ,appl ied.'~): ;'1e o~cO~ing 
- <;0 Rvrrter , thi, Hminl pulle ,1 imitdhe max imum rate at wh ich-ie 

,. . {. 

- ' . " . • ~ l 
interlocking flip-fl,op may t09,gle while qttempting to set up a steady 

-
current flow ~n one or oth~r of the anti: paroli el éony~rters. , . , . 

Figure 5.18 is a logic diagram of, a crossoyer logi e eard ~h.iQh satisfi es , , 

• 

. ~ 

the aboye four requirements.~? Plate 17 in Appe-ndix 1 a\ld Ph~tog~ph ~ in ARpendix 
1 

2 show the éord os it wos finall.y ~onstructed. The 08ditionol logif.ele!11~nts shoW'fl in 

175 

'plate 17 will r ?escj-iljed later he~e,l~since th~y do n~t app1y to the presenf discu:; sion. 

" 

• l 1 
,( 36- •• ' • 

The writ~r gratef'ully acknowled~~s the assistance of, Mr •. P. A. Morrison 
of McGi11 University ,in designing the PF independent crossoyer logic. cardo 
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FIGURI; 5.18. CROSS~VER LOGIC CA&, PF INDEPENDENT 

810,,1( 

(S) 

ln addition; the logie is so dcsiqned that it ignores any in~ications <!lf current fl~w 
, ' 

,!hdt might appear between the start of the double blanking per)od an~ the end of 

'the first firing pulse in'the oncoming con~erter. This '(os don~ becaüse "the current 

1 

, 
\ 

. , ~ . " ~'. ~.. ~ " 
z~ro deteçto; s'cheme. (S:'cHot;l 5 :.2·h~re in) w9t b~~d 01; mon'j tôr ing' thè voltàg'és. ocrç'ss 

• ail-the thyri~ors of each conv~rtèr. Hence it may give Vaise indicatio~s of éurrent 

\ 

flow during actl!al current zero conditi'Cms'{~clnotv'ice versa). Figure 5.,19 is a 

flow diagram which explains the state~ through which the crossover ~ogic passes. . , 

Note that NOR 1 and NOR 2}orm a latch (NqR ,2 output Joigh) d~ring the double 

bl:nked 'state and the latch~ci~ate to prevent toggl ing of FF 1 by the rise and fall 

of aQY false CUITent zero signais. The end of the first firing pulse in the oncoming 

converter t.riggers OS 1 through NAND 2 plus AND 3 to stor.t the holding stotes 
1 CI 

4' 
·during which FF 1 still cannot be t0ggled. Only after the OS 1 pulse has ended may, 

~ 
1 ' .. 

a h.igh output From AND 1 toggle FF 1 to initiate the current crossover. And of 

course the AND 1 output wiil not be ~igh unless there is à current zero detected and 
1 

no firing pulses areoocç:urring; 

.. 
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~ . . 
If by 5=han~~ S1 f,rrng pulsc start\ln the-offgo·'ng converter just as FF 

is toggled, t'he removal tr the ~pû\se.i~y th~ double bJanking coction moy 
\' " 1 

trlgger OS 1 prematulety, However this NilYrJPt ~dversel/'affcct the chongeover . 
~ of ë-onverters orovided that Jhe first f,r'l1~ pulsé ln the ()IIComlr.~ c;onverter oppears' 

Defore the end of the OS l pulse'. Il ueslred,"t"hls proujem may be avoided Dy taking 

,the inputs t~ NAND 2 (,om add,tiona'~ ftrlng ~Jrsc Jctector NORs to be connected • , 
- c 

at the e'mitter follower outputs of thef,ring fJulse delay circuits (FlgUrc 5,16 on 

P...age 140). 

'~ ; "" 
J 

Figure 5.20 is a double exposed olcillosc<!>pe photograph of the waveforms 
, .~ , , 

o(a si~gle phase synchrono~s motor suppl ieJ wit'h 26 Hz ~ingle .phase power ttom th~ 
1 • 

" , ' ' ~ 

cycloconverter v-.:he~ uSTn'~ ~'he#PF independentbcrossover logi'~, The:op tfl,-ee'tra&s' 

.' . ./" ,'"' 

,show t~ motor operoting as a l-eadlng 1001' Tro,ce~3, cycloc,on~erf~r control, voltage 
• - / f'. : 

V C l ,«as 'super i mposed dur ing th~ se tond ex posure. He(1ce the bottom rhree traoces 
• 0 

\ ,. 1 C, , • \" 
which show the motor operating with logging PF may be dfrectly compared .j'Ji,th the , , . 
top traces showing lectding PF operfion. Ji! 

j"~ \. '\ . '. , 
• If the comoi,nation of· thé c;f~trol ~oltage a[.ld load' is such tha'" the load 

... - 11:' • 

. .' ." (II '. , h.f PF'''''' ÎJ '. " 1 . /1 current 19 not contmuous ro OWlng crossoveç, t e Inoepen'fent crossover 9glc 
. , . . . , 

• « 
will alternat!ô!ly coll on t~e two converters until one of-them managfs to estoblish. 

continuous current .. Thi; t pe oT behavlou~ IS seen.Jn Figure ·5 . .2~ :/her~'rrthe' 
~ 

cydoconverter 'contro 

'\ 

Jo 

• 

, 
v,o-~ a '~V pp' 9 H~ sinewav~ ,all,d the load NQS Q.' 

, . .. , 

• 1 , . 
.. -, 

) 

, . 
\ 

, . 
• # 

.. 
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, 1 
.~ . . 4:3.0. resist~lJc'e in'seri ... s with a 9 mH indudan.ce. In Figure 5.22 ail circuit 

. . ~."'" . . . 

conditi~ns ore the sorne except 'that t~~ PF 'in-deperydent crossov~r logic c~'rd has 
1 of ~ I!! , 

• .. , .G " • 

been rer:noved and the crossover !ogie card suitable fol' resistive and logging PF 
. , 

" , , 

. ~ 

loads swbs.f,ituted:_ Comp'a~ison of the two Figures shows the advantage of using 

the latter co~d 'if Jh'e I<;>od PF is known t~ never be leadin.g. Alternately 'th~ pulse 
" 

From' OS l in fhe PF' inde-pendent çrossover logi,c moy be len,~thene~ ~fi~ientl~ tc" 
, ' , 

permit ~ore thCU'l bne firing' puIse by the oncoming c;,nverter whe~ it, is attempting 

to estdbl ish contlnuous cUrr,.ent flow.' 
) 

" 

1. 

i, 
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FIGURE 5.21. PF ·INDEiPENDENT CROSSOVER LOGIC ATTEMPTING 
TO ESTABésH é::ONTINUOUS CURRENT 

',' 
J , ---~~ 

Sweepl.! = '10 ms/cm '-:~~ 

'y C :::' 3.0 Y peak, 9 Hz' sir=ïëWave; Load = (4.3 + i 0.51).IL' 
Currént zero timing'= ] 00 ",us; Double blanking = 50 r S 

Troce 1 = Loadvoltogeat210V/cm ~ 
, • ,.,r 

Trace 2 =. Load cUITent ot 10 A/cm ,.-
Trace 3 = pne shot 051 (short period).rt 20 Y/cm 
"(race 4 r. Firing pulse detedor NO~I master briqg~/at.20 Y(cm • 

'tI.... ~ 

D. 

·Cf 

~IG,URE 5.22. WAYEFORMS WITH CROSSOV.ER LOGIC SUITABlE 
" FO~ RESISTIYE AND LAGGING LOADS 

Conditions sorne as for Figure 5.21 
~ , . . 

Ttace l = 'Load voltage at 210V/cm 
T ra ce 2 = Load cwrrent at 10 AI cm 

" ] 80 

, 

. ( 

lTroce 3 = Master bridge blanking sig~al ot 20V Icm 
Trace 4 = 'Firing pulse dete~tar NOR 1 mo~ter bridge 1 at 20 Y/cm 

1 

, . 

-, 

\ 

2 
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, 'Exomining Plùte 17 in Àppendi~ shows that provision_was made for 

generat"ing ACL pulses when using the PF ind~perydent crossover ~ogie. For reasons' 
, . .... , 

explàined on"'Page"s 159 to 161 of Section 5. 7 herei~, the ACL p~lse seheme has not 
, '. ~ . / - . 

been used with either type of erossover logie. However, the PF indepeodent erossover'" 
. , 1 

" l • ~ 

logie was tested in the ,closed loop armaturE! supply dfi!seribed herein first with a IJ6~0 
, , ' 

biasing deadband and then 
1 • 

with a 120
0 

biasing déadband. N.either experimehr was, ' 
. - . 

worthwl<lile. Th~ d,eadband b~tw~en the convc;rters did prevent armature c~rrenLsurge, 
. . ~ . 

but beeause the crossover.logie Was contÎ'nuall}" making_lJnsuecessful ottempts t0 start 
. , -

turrent in th~ ot~her eonverter wh~rieverthe armat'ure c~,rent became disGo~tinuou~" 
,l, ~"V' "f ,.. 

" ' l ' 
the armature current puls~s appeared in unpredi ctable' bunches. Hence the cross over . . 
IJie suitabl~ for r.esist~ve and logging loads is t~e preferred type for elosed_l,?op, 

de armature suppl ies. .1 

5,10 A FouI Thyristor Reversing $witch 

-r f 

The forward and reverse convertèrs of a single-phase, circulating,,:,current-

'. , ' 
> ' 

, ' ., 

. , 

,U 

free cyclocànverter,are only' used alternately. Hence- it would appear to be poss ibl.e to 

torm-.:: si:ng!e-pha~e cyc!oconverter by combining cr-sing!e converte.r wi!h-a ~ufficiently rapid, 

, ."our thyristor reversing' switch. The sw(tch perm'it~ reversaI of the load d'urrent without 
li 

rev~rsal.of the eurrent ln the single converter .. The control !ogie problern changes 
• ) j. 

frQm pr.evénring the flow of circulating current between two convert~rsto prevehting 

the reversing switch From short-c:~cuifing -the single converter. And because the' 

. / 

," 

.. 

01, 



J 

• 
, , 

.' 

• 

, , 

slave ,converter of -the cycloconverter Îs ~ormally co.ntrotled by the negative of ot he 

control voltage to the master conve;ter (s~e Figure 4. 1 on fb'ge 94), then there 

11 , 

should be a correspondirig rlJeans of inverting the control signal to the s.ingle 

converter wheneyer the reversing switch is in the reverse ,position . 

• 
'The'analog gotes tV'control t./1e inversion of t~e control signalwere 

1 f> 

• • 
being constructed in 1969 when K. üdberg publ ished his arti cie in the "A~A 

1 ~ J G f • 

,h, ? 

Journal Il describing the-ASEA type .YHMB dc drive w.hich hac;J one convert:r 'and 

< " 37 
a four thy'ristor reversing S'wiich. . The ASEA drive used on outer sp!=e<;jp loop and 

-. • b 

·182 

inn~r armature current'Ioop~ ·During the JO ms double bltmking i'nter~al at crossove;, . . . . 
the current regulator output was ma.tched to the 'scaled tachometer voltage 50 that 

there was n'o tendency fpr armature C!urren.t s~rge, T-he current feedback'signal was 

obtain~d 'by rectjfyrng the current transfw~er signais on the oc side of t~e single 

. ~ 38 
converter:- Hence, as explainèd earlieç herein, reversing the arMature connection 

'at crossoyer time <,iid.not affect the st~bi'iity of the current inner loop, But r.eversing . \ . " 

the ormature connection did invert the sign of the gai~f the OlJter speed !oop ot rhat 
, , "!) , 

point. This' inversion was l'hen '~ancelled by conn'ecting aUhe output of the speed . 

re,gul6tor a unit y gain, inyerting amplifier that could be inserfed or bypossed 5Y[1-
\ - 1 .. 

• '\:> 

chrqnously.with the armatur; connection reversai. 
J . 

/ ' .. 

37 
• K. üdberg, ,"New.Series of Tnyristor Conv,erters For.lndustrial Motor 

Drive~1 ~O - 500 kW, 11 ASE~ Journ~I, Vol. 42, .No: 5, -1969, pp .. 63-68. 

38 .' 1 

See Fbses 61 and 62 in Section 3.}1 herein • 
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l.ocating the analog control signol reyersing swit.ch inside the si~glÇ) 

. , 

• j 

converter described herein permits the conv~rter and four thyri.stQr reversing swit c~ 
). , 

,to'be used\for either open loop or closed loop operation. ,However this 0150 implies'. 

, , 

that the load curr~nt feedbackl' if any, must cho~ge polÇlrity iust os the lood, current 
, \ 

cloes; H~nce a chopper-'is<;,jator or phoro- isolotor :nu~t be used if it is 'desir.ed to 

; \ 

isolate the control circuitry From the ~ower circuitry. Ferhaps then if the system 
• 

oP 

will be usèd only for closed-Ioop applications, the ASÉA scheme is p,referable. . -

Fiot~_.~ . .? in Appendi'k l shows how t'he crossov,er logie sign~I~~hould be 

interconnected when using the-single converter' with the'four thyr.i~for reversing 

switch. 8elow operational, ompl ifiers OA7 and OA8 the analog signal reversi ng 

switch' is repre~ented by two SFST swi'tjch symbols. When the (~ii ::: Normal') 1 ine 
, " 

a. 

is true the "Normal" switch con'nects the analog signal from fbe .output OA7~ to • 

summers OAl ta OA6.via the "Normal Bus!', C~nversèly, when the (Hi::: Revèrse)' 
'\ ' . 

line is",true, the output of OA8 is cannected ta summers 01;1 to OA6 via the . ' ... -- , 
"Re'ferse Bus", The "Normal" IOflic.signal is se~ true when7ver the foùr thyristor 

\. , 

rever~ing 5wltch is-commonded to be in th~ forword posItion. Flote 19 shows that 
.> ,,' 

'39 
each SFST switch was actuo"lly implemented by using~o six diode onalog gote. 

\ . 
The gain of the gate was made very close to unit'y and 'luite 1 inear by pr0'per 

choice oF the ~~cuit values and carefuJ ~otching oF the diodes, The FG)ur 60V 

\ 
39 0 

, J, Millman 6nd H. Tau'b, Pulse Di,gital a'nd Switching Wavef'orms 
( New 'york: McGraw Hill, .1965), pp. 646 - 647. 
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. ' 
power supplies for the diode switches are visible' at the top of Photograph 1 ln 

p • • 

Appendix 2. The ona,log signal swit~hes and drivers are (noun~d beneath the 

'i 
horizontal plate whieh supports operational omplifiers OAl to OA9. Diode gates 

J ~ ... f\ '.(, 1 

oWere used rather thon FET gates to switch the an~1og signais because the :FET gate 
o' 

'package.s w~re not eommon'ln 1'969. 8owe'ver their simplieity and1ready avoilability' 

/ 1 

'today makes them preferable to the more :-:o~plex diode switehes. 

.01 

PI'ate 20 is a sehe'matie of the four thyristor reversing switeh and its ~ . . "- ~ 

gating eircuitry. As presently conneeted; the forward pair of thyristors (Tl and 
.' ' 

, 

T2) each receive a contjnuous~gaJe signal as"ong a~ the crossoyer logi-ç~is.cblling 
. . ",,,. \) 

...for forward (normal) eurrent. During the double blonking perlod neither pair of 
,... VJ ., 

, 

thyristors is gat~d. Theo the reverse pair (T3 and T4) reCeiYéS c~ntinùous gatJng 

signais when the logie e~lTs for l'e~rse' current. ThEf~.square wave ea,rrier frequeney 
. . ~ , ' . 

gating'~cheme described by Turnbul(l-O was u·s.ed to proYide 'Ion~ èlura;:io~, isolated 
" CI .. • • • • \ . , 

gating pulses without saturating the. pulse' tran~ormers. Plate 21 sho.ws how thé 
. ........ . 

square waye carrier was, ger.lerotèd by an astable mul tiwibrotor 1 div ipe-hy-twÇl ):'1 j p-

flop l'and push- pu11 power ampl ifier'. 
, < 

They may' be 'ssen in Pho'tograph 7 o{ Appentlix 
. . ' 

, , ' 

2 mounted along with the pùlse transformers and. power 'supply on the bbttom of the 
.. 1 - ,,~/ ... \. ' 

1" 

chassis on whieh the four thyrrVors and heat -sinks are 'mounted. 
...... 

" , , 

T84 

40 . . ' . , 
Fe. G. Turnbull f 'lÀ Carrier Ffeque~ey Gating Circuit for Sta'tk Inyerters, Il 

\ 
\ 
\ . 

\ 
A' 

/1 ,'. 

IEEE Tran;aotibns on MClgneti cs, Vol" 'MAG-2, Mareh 1966, pp: 1 ~ 17, ' 
-- ' - ,~ ""'","" Q 

~ ........ ~ .. 
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'Once the converter"ond ·rev€rsing switch' were qperatir)g,successfully, 

it w~s reàlized that continuous gating'of the thyristor:-pairs in the reversing switch 

\ was not necessary. Ail that is required Îs 'to use.'short firing p'ulses con~u'rrent with 

the firing pulses in the single conver.,t~r and dir,ected tc either the forward~or the 

1 
reverse pair as required. One dirèct method of making the pulses concurrent is 

1 ... , • 

ta derive Them fro~~ an C:>R gate c~:lnQecte~ 1'0 the six outputs of the Jiring pulse. 

delay a~d do~ble pulsing OR card (Figure 5.6 ;n fbge ~40). -However this 

modificafion has not' been made. The only precaution °taken has been ta let1gthen. - '. 
the curre~t zero timing period to 760JLs'and the double blanking peri~d 1'0 150fL§ 

~/ 
to.ènsure l'hot the thyristors in the switclh are definitely nonconduoting before 

cfossovet even tf:!ough they do not have tbeir pwn current zero detectors. Figure 

5.23 shows the w~veforms of the single conver..ter and reversing swètch dr'iving a 

passive laggir:a~ loo~d Q~ 40 Hz. Trace l ~emonstratès the gati~g action. of the 

'. 1 .diode gcrte conne~ted to the "Normal Bus" (Plate 18 )'. During the time that one 

.' • 
diode,gate was off, the other was oh ,os mely be see'n by the C0nverter outpj.Jt 

voltage in Trac~ 2. The load y~ltag.e (Trace 3) and Joad current'~r~,ce 4) reversed' , 
p .. 1 J 

smoothly with a short deod time. The !luxiliary pu.lsing was not used when pfgure 

5.23 WdS mad~. Hen<:e the deoo time yaried from 450)15 tp sevér~1, times :.et 
1 ~... .. r )or • 

val~e' dË!pending UpO\l circuit conditions.ot 'crossover t'ime. , 
.. ' 

o • 
) . , . 

v • 

, . 
" 

, , 
? ~ 

'! 
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FIGURE 5.23. 'FOUR THYRISTOR REVERSING SWITCH WAVEFORMS 

1 . 
Sweep' = 10.'mslcm , 
V c :;:: 8V peak sinewave ot 40 Hz ~ ,Load = (12 + i22) ohms 
CUiTent zero timing period = 300 JAs 

; DoublÏ blonking period = 1 ~O )-ls ' 
Trace 1 =' Diode SW :'normal" output line ot 10 V/cm 
-T~ Con,verter vsltogr before R~V swit'ch ot 210 V/cm 
Trace 3 ~ lead voltage ?ftl~r REV swit-ch, at 200 V/cm 
Trace 4 = Load current of ter R~V switch, ot (A/cm 

Q 

Although no oscilloscope photographs are presented her~in, the converter , 

;< 

and re~ers,ing switch have also been tested successf~lly with other 'active and passive, 

lagging and I~ading loads. Jhere has been no attempt to use the conver~er and swifch 

~ 

• 

in a close/d loop de armature supply. However the problem of preventing armatur e eurr-ent . .' 

surge after cros'Sover could be solved by using the ACL pulse scheme, or by int;oducing , . , 

an adjustable, phase:'back, biasing signal into operational amplifiers OA1 to OA6. 

. 1 



.,-------:---------------------------------------------. 
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'. 
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.. 
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\ . 
It woulêl be ogital in the jatter c6~e" to disconnect the front panel fo turn biosing . . . 

~ ... .. f • \ 

poten.,tiometer ( igure 4. 2 "~)!I Fbge 95) from the input OA7 (Plate l8·in Appendi~ 1) 

and instead connect it to the six operational ampl ifiers v ia six· l 00 knre~istors·. 
, . 

If the feedback resistors of OA 1 to,OA6,a're doubl ed to 100 \11:, then a + lOV signal , , 

. 187 

') 

• 
." " 

. 1"" 0 

.:::::, ii:::::,f i:hs:tC::::~~~( p~:~::::o:~:); :;. m:k:~: ~ ~:o~:::~ 1::r:::i~lOS · 
solution would b.e to adopt one ~ f~el1'inçJt~re voltage 'or. tach~meter voltage 

mat~liing s-chemes referred to earl ier~ 

5. 11 Summary 

C~apter IV des,cribed the features (i)f a three-phase to single-phase 
, l ' 

cycloconverter whi ch oper'ated with circ01ating current',between its converters. 

Châpter V has dea(t with the ad?itional circuitry required for. cireulbting 'cJJrçent . ~ 

free operatio~ ~ith various types of activ,e and passive loads. " 

" The ke);' ,to su-ccessful operation pf a.circulating current free eyelo-

" " éonverte~is the rapid, absolu~ely. reliabl'e operation of its'current,zero ~et-ector. 

The"thyristor voltage monitoring appro,ach described in Section 5.2 is very fast and 
.. 1 1 0 ~ 

worb perfectly over the complete rangE;! of con~erter current Çlmpl itudes From 
~ 

e ' 
greater. than full output down to less thal1 the h(jlding current of the thyristors. 
, , . 

This, extremely wide?'ampl'jtud~ range gives a very definite advantage ovér teochniques 

. ma~ing use-of oc dr de eurrent transformers 

" 

./ 

, . "', 

I~ 
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The'crossover lo~i-e---s-uitable for r'esistive and lagging loads·(Section 5.3) . 
1 • 

tlepended upon ,three eonditi on's to choose t~~:~rossover tim~: 1) the -chang~ of 
.;l . ' 

polarity of the cycloeonverter control voltage (or el~ the current (egulator,re': 
, ~. 1 

- Il ..... D Q 

fe.rence voltage in de ar'mature supplies) i 2) the detection of the current "zero' 

condition il10 the cor:vert~rs, and 3) the absence of gating pulses at that Fme. 

Chapte'r 111 herein e'stablished that these three conditions are èommonly u.sed by 

thyristor drivé m~nufacturers .• Qsci lIoscope photogrÇlph~ were preserted of-the 

, 
cycloconverter,described herein using thï's type of logic to control 0 single-phase 

induction motor at 40 Hz. 

~ 

The da.velopm~nt of the Hring pulse/de,lay circuits removed' the last "bug" 

from the operation of the cycl oconve r ter. 'U~ti 1 that, time the transfo'~mers of the . . 
converters made very ominous grumbles 'ând g~owls when the cycloconverter ou.tput 

fr~qu~ncy approached '60-Hz., 'P,H,?wèver once the need fOI the pulse delay 'cil cuits 

hod'be~n reqli·zed,and met;s describad in S~ction 5.4, the cyclocbnverter operated' 

smoothly and quietlt ·through 60 Hz. 

r J \ 1 1 
'Because.""the first normal firing pulse in the oncoming converter is unlikely to 

, . 
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1 • 

, -

. , 

" 

occu'r immediately after the erossover doublè bla.nking period ends, unnecessary gaps· 
.., - / . 

, . 
1 " '0 

,may OGcur in the vohtlge and current waveforms of the eycloconyerter thereby limiting 
, 0 • - t\ 

its Ilil'axim'u~ usabl~ outp~t frequéncy. T~e auxi 1 i~ry. pu'lsing s.c~eme of Secti on 5 '4-5 

• 1 

providèd a method of producing a'n immedrate'firlrig pulse in.the oncoming converter 
l , • 

'i 

/ Î '" 'I 

~ 

) 
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, . 
,. ... ~~ - . ':., , .' 

.f~1 !o";ing: t~e ~nd of the double .bl~~ki~g peri ad", 

. 
\Th~ aux'i 1 iary p.u Ise ~~ generated .. f ,'. ,.... 0 , 

~ of 1 ~ \. 

only if thE! onçoming.,converter\:,ould h,!ve had a firing pu~se within the previous 
, . . . / 

55'0 '(ot, 60 -Hz) hdd 'it nef beenl bltlt':l.~e.d ~'ff by the ~rà5s"ver 1 ogi~', - A c~porison 
ft' 1 ... ~ l'J '"'} 

• 1 • 

of tWo osbiUo~'c;pe photogrophs (Figvre~ 5,4 and 5:7), _sh~wed the imp-r~vem~nt-'in 
t " iii ~ .:-- ., 

r .. l ' '\ ,". i{ 

the waveforms because of the 'au~iÎiary pu1sirg, Aùxil.iary'_pulsins is not used .with 
- 1 :... ~.. / ~ , # .... 

li .. ~ ""1 -~ 

dc àrmature, supplies' beea~se of the possibility of armature.cutrerlt surge followlng 
. " 

crossover j .. 

~ ~,I .. . 
'Section.5;6 discussed three ~sic pro,?lerns ccneerning reveJsing t~yristor 

. ., 
armature suppl ies, The problem' of moto~ heating and decrease' of commutation 

ob~lity due. to the high' hormClnie c~ntent of the converter output voltage wove'form has . , 

been solved by revision of the de motor desig'n by the manufa.çturefs. 'The second 
.. ,,'....:r. ~ , ..... 

/ .' ~ . 
prdblem, that of the rise of eonverter output vol tage From the average va 1 ye of the 

l' 

voltage waveform towards thè'peak'value of the yvoYef~orm QS'the.load currentbeeoJl1es 

m~re- and more ~iscontinuousl had two- implications, The Joss of voltage gain in' dis-

contin'uous current èould be allowed for 1'0 some exrent by careful reg,ulator compensa-
~ " 0 f ~ .. ~ 

" -", 'CI 

tion techniques (see Page 145), . Or, a recent articJe' by M . Johonsson and 

• 1. 

J. Gustafss'on has mentioned that"in ASEA type YOMt reversing drives an adoptive . , 

\ 
1 

• co~troller is.used to compensate fqrJ:he loss in converter gpin.
41 

The Se cond iJTlp 1 j ca- , 
J • 

t 
, .. 

41 1 M. johans~on and J, Gustafsson, "Ne':'" hi gh-power convertors for d. c . 
• r" ~otor-drives, 1\ AS'EA Journal, Vol. 45, Nol. 3, 1972, p. 85', . 
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1 

;i~n 'was 't"'h~t t'he rise' of voltoge cO\,Jld ~ause a d;sast'ou~ ovéréurrent surge fol rowing 
.. \ ,dl... \ ~ • 

1 . , ,. :r ''1 ~\ '\ f;, .... ' 

cros'sover becau~e -the .motor armature'vol tagè woulcl nOt ~atc,h jhe vol tage of the 'on- " 

.. tom! ng c onv~,:e:\~ Ie~, '. one m~ nufo ctù,e f ~od. ~ 'Y,"~ m' ,~ ,h i ft ,h e . iu ne n' ; .. 
• 'p , ~; V ~ . . D • 

" 

, . 

,.. 

.~ 

regulator outp.ùt in suSh- pq.ma,nner" during the double blon~ing period thot the oc;lcoming 'r 
• ~ J 

c'onverter volt?g~ ~oûld match the armaJure vol,tQge, . ~owever this ,opproach- V;as not· f 
, q" ,. 7 ..... ,"" -:'. \. .. ~ . , 

, ~ . .... """ ~ 

. taken and 'insteacl three alt~rnative'method6 'to pré'vent current sûrge were discussed in . '. 
1 - 1 A 

, 
.Secti9n'5.7, The final'probleOi ment,ioned i,n Secti'on -5.6 was tha't .of moèle11ing the' 

.J "fff' .4 . 
' . . 

> 
drive for the study of system stability and response: Severol referê'nces to theOliterQtur: 

iere made b~t thè tapic.,#as·~o~ pû,r~ued further because the"designin!;1 and turin\3.of 

, .. _.t,.0 '.' - -, 
the: regulalors in the drive' d~scl ibecl 'her.c'in had been performed by G. Joos. 

1 \ ' 

J-

Section 5.;;: revi'ewed the cause of Jh~ qrmature surge problem in detaH and 

• t~ree opprc::9ches to solye iL AII·three methcds involved'i:htroducing either 0 tem- , 

1 porary È>deadband between the converter characteristÎcs ot çrossover 'time, or eise 
v ~ . ." 

. introducing a permaneflt deadband between th~m, The [otte'r method ~as chosen ~ 
o • 

• ' ~ , "J .. , 

,~ because the cyc,ltcpnvener os if was designed'with completely"separate gating circ'uit~y 
• 0 ° , . ~ . 

for' ea2h ~onverter lent '~tse If naturally ta puttÎng a permanent phase-Ijâck bias' into 
o • 

eclch converter , Also the adiustmenLof the permanent deadbancl s~ze, unlike the . , 
t6fT"!porary ~eadba~.d s j ze, had 
. Il 

',' ,n '.J. 1. ...... 

no interaction with the tuning 0f the cu~.e-R{. regulator 
• j 1. 

, 1 

around'~he cy,~I.oconl/erter', ,\ ,( 
1 

" .. 
Qscilloscope ~hotographs in Saction 5.8 .illustrated the crossover acti-on of, : 

o \ - ..-

", 

~ • '. 1 
the drive withovt armature çurrent ~urge and with 0 dead tÎme of approximately. 20 ms, 

~ , . 
, . 

'ç 

• 0... ' 

. { 

1 
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Figures 5.11, and 5:.14 a~.counted for tbe crossover bèhaviour when the motor 

, 
.r 

" armature'voltage was higher Jhon't;he peak voltage choracteristie of the oncoming in-. ~ 

1 , 
ver-ting c~nvèrter, It was demonstrated thaf for 0 .de armatu,re 'supply the best 

• <J 11 .. " 
• t. " 1 

'place~t~ conT,le~t the vol~ crossoyer detèctor in~ut was tq the armature eurra.nt 
, ., , 0" .. "!l ~ 

regulator referenêe input (i.e. th~ speed 'regulator output) rather t.hari ta th~ a~ma-
. ~ 

i 91 

" "Il ture currElnt reguI9tor.~utput (i.e. the dyclbconver.ter input). . .. 

'. 

Certain dt -Ioads, such os synchronous motors moy prese'nt a leading PF to 

'" . 
. 'the- èycl acon verter". ln brder to' prevent.:larse gaps in Jhe load current at crossover 1 , - . . . 

•. the crossQver logie for suoh'leading foads sho~ld depend upon only l)! the detection " , , . 

. . 

.. ft ...., f ~ 

, . 
of .f,urreJ;lt zero and ?J the ahsence of firing pulses-in the.t)ffgoing'converfer., Section 

5,9 deseribes such.a- crossover card, whidïalso allowsJôr the periodic 'fa Ise fndications . ." ~ " 

, 
of. cur-rent flQW prodl3èed by the thy1:istor.voha&Je 'monitoring type of current zero detec-

• 
J "P' 

A,dou,ble exposed oscill oscop~ ph,otograph <J>f Cl single phase synchronous moter 
, • 6 

tor. 
Il 

opera't~d ~it\b bbth le'adin~ 'qnt! la.gging PF or 26'Hz' proved out' actio.n of the PF 
- ,). 

1 

indepëndent crossover logie èô..r~, The .Iogi'\: ms:y ,be de,scribed as PF independent, 

" 
becouse if als;'Wor'ks "for reststi've and laggi,ng 1 oads. However if the lood i5 known 

, • t 

, t n " 
C ,. ., " 

ta neyer be leading , !he crossoyer logic suitoble for res,i$tivè'qnd log9;'ng looGt;' sh.ould 
• ' • <'1 

be ,used bea,cuse ft y'je r cls a s.,moother crossover acfi9n thon doe~ the~' PF i ndep~nde~t 
-""" Q 1 

crossover logie when fhè food eurrent is discontinuous bround the ~rpssoYêr point.-

Exp,eri;"en~s show~d tho.t the for~er lo~i~ ~ 0150 p~eferoble<f'or the ~OMr;~1 of.Q dc 
~ ... ~ • .;0 ~ ',," "/Il • ... 

", 4 

armatuçe suppl ies. ~ ~ 

, .. 

• • ~ . 
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• d ., 
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~. ....' 1 J ( • 

curr,e t-free ~ycloconverter are only used"ol~ernateIYI-~it is p~ssible to for!l1 ~ sihgle-
j r: r 

dl, '0 ' • ,\ 

phase cycloconverter by combining a single c',(mverter"witn a fast 1 four thyri$to~ .. 
This has be~n do~e by .ASEA ' in their Y'~."v\B 

, 
dc armature sv pp 1 y'~ reversing switch. 

l' • '. and by this writer as described in Secti on 5.10 herel'n. In <the latter case tfre 'con-
o , 

..• ;Ve.rter a~d reversing switch ~,ave ~e~n used as Ob cyc'oconvertd<':It 40 Hz for ~èfiye 
, r 

'an~ passiver leading and·lcrg'ging tic load!i" The combina'tion h!=ls not been used'as 
a 

p l, 

a ~k armarure supply 1 but suggestions were made on ~ow this cou Id be clone, «"' ' ~' . ' . ". "\ " , " 
~ c ~ ~ 

(J/' ~ 1 1- ~I'\..flr ... 

BeCQuse the performancè of the two conver.ter cy·doconv"èr.,ter and ~he single cgtlv'1ècter 
~ , ~ ~ 1 j;i1 1 

~. ,with reversingoswitch ~yclooonvefter is almost 'Id,~tical, the choice betwe~n the two 
, 

'.may be made stri:ctly on' a' c;st basis ... As menti~ned ea'rJ ier on Page 6z-:.of Section 
1 \ 

( 

3.1'1", herein, 'ASEA's expe~ience wos that the single converter, and reve'rsi~g swit,Çh 
, '. l '. ' ) .. 

had a lower cost ot current levels for which the ~e\lersing syvj'tch' thyristors cIid not have 
, .. , ~ , n • . 

'to be po[olleled 
\ \ ~ 0 .. 
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.:;~ ~ CHAPTER VI 

ÇO~CLUSIONS 

6. 1 Review of the Chopters ,1 
-- t· 

, --~.. <-

~ ~t ' 
..t ... "....-_.~!(~ ~-;:~.rz~ , 

The -cycloconv,erter wds defined in Chapter of this thesis to be an ac 

t· 

to ac 'stati c frequency changer 1 without' an intermediate.J ink, util i zing line commuta-
l ' 

ti<:n. of controlled rectifiers. The first commeréial applications' of cycloconverters were' 

in the conYeJ,sion.of three-phase 50 Hz supplies to single p.hase 16 - 2/3 I)z- ot 10 
Q 

" ~ 

• to 15 kV 'for r~l:~vay electrificatioii. The use of cyèloconverters feIJfrÇ);n popular)ty 
- "'- . '" . . - .-

at the',end of the Thir~ mainiy because of the limj-~ed inversion cap~y of"'the' . 

• " l ' .. 
mercuryarc rectifiers at that time, and because of the relative,bulk and complexity of 

the à.(c~ Oconvel ter systems. Howev~r before the decl i~e of the Icyc.loc~mverter, 'the 
1 

" 

theoretical operation of converters and cyc!oconverters with c~ntjnuous current11Od.,bee~ 
- 'l,. ' c-

,,"\ • t ..J..' 

reosonabl y weil' analy~ed. Int~rest in the dormant cyclocon'verter concept wOfS'quickl"y 
il 

o l , ' ',a. 

revived following the onnounceme'nt in'. 1957 by the General Electric Company of ~. 
~ j 

" ~ " .' 

developm~enf of the thyristor. T~e fi,fSt appl ications of c~c!o,converters' were -in three-
, . 

. ph.ose t6 three-phose, variable-speed l, constont-frequency supply (VSCF) -syst'ems fOI 

.... \j ~ • 

aircraft'. Closed-(oop, controll~d-slip~ voriabte-freguency, ind~ction mptor'.drives 
... ~ ~ ( 

~ 1 
quickly follo":,,ed. pl\t·the sc:me ti~ a number of manufacturers were developing circula-

" . 
-1 " , ,( 

ting~~rrent free, ,reversing , de a~moture sup~lies ~hich wer~ baSica," Y t~ree-phase to 

singie-phase cycloconvérters. The activity of the manufacturers in'tl)e fjeld has been . 

.. indicated by the p~·blico\!i.on' since' '1959 of severat hvndred pap~rs in English, and, in "'9 
o 

. 0 

• 1 

" 

\ a 1 



• 

\ 
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otherlanguages",on converters and--eycloconverters. Finally, bqoks by B.R. Pelly 
,. , 

ih 197} and by W. McMurray in 197~ added new performance analyses~hile tyi'ng 

tog~th'er already publjshed information to finally put eyclocbnverter design on ci com-' 
~ '. (' 

ple.ly Finn theoretieal and practica,l basis: 

Chapt~r Il reviewed som{e fundomental characteristics of converters and 

cyclo~onvérters. As long as the c9nverter current was continuous, the average output 

voltage was proportionol Jto the,cosine of"the firing angle. 'fhis implied that Hle two 
, . , . 

on~j-parallel converters'of a'single-phase output cy~l~con~erter sho~!d have '5upplemen­

\ tary firing angle~ for their average voltages to be in balance.. However os~illoscope 
b .- 1 

phofographs of the wavéforms for constant control ~oltage ,showed that €l 360 Hz" 

Q 

pulsating, circulating current flow~d bétwee6 the 'converters because of the sa-...ytooth 

instantaneous voitage difference between them even when their average voltages were 
, ' -' \ 

in balance" Th;s circulating' current wa. usoally li"mited by a circulating current ' 

limiti,ng reactor, The weil known bias' shifted cosif'l'e wave method WC3S used to mÇlke 

the firi~g angle.of a converter proportional to the inve~se co~ine of the per u~ît control 

. ' 

\ voltage. This linearized the,average voltage .tronsfer characteristi,:: for continuous' 

current operation ond 0150 provided an eosy' method 'of keeping the firing angles of the "', 

converters supplemen.tarY, Oscilloscope phot"ographs compared the waveforms of a. . ' 

'6ingle-phase output cycloconv~rter operating both with and without circulatrng current. 

The load current for tne.circulating current case appea:e,~ to have a lower harmonie' 
. '\...r 

content. However it was stated that because of various problems ~xp'erienced in k'ctlp- ' 

" . 



ing the ci~ul?ting c4rrent amplitude ùnder control\ "the most popular approcich now is 

t.o completely'eliminate the circulating c'urrent by ljl1eans of detection and logie cir-

cuitry which permits only th\ alte:nate oper~'tion cA the two anti-parollel/convérters. 

Charter III traced,in some detail the development of the modern cyclo,,:, 

converter'following the introduction of the thyristor by Ge'neral Electric ln 1957: 

J Pages 91 t'a 93 Qf, that Çhapter contaln a summary of sorne ~f the important coritl'i-

. , 

butions to the field. , , Probably' the most remarkable achiev@(l1ent was that of Chir~win, 
, . 
, 

Stratton, and Toth of jack and Heintz in Cleveland who werè able to generate several , , 
~. 1 

kVA ,,?f 400 Hz in a VSCF system using simulated thyristors ih the cycloconverter ! , ' 
/ , 

Once thy-ristor ratings had increosed suffic'iently they built a second cycloconverter 1 

r 
this time using r~al thyristo~s, and described~t in 'their J959 and ,1961 papers. Their 

cycloconvert~r operated without circul~ting current and became the prototype for the 

Leor Siegler 'cycloconverters following their takeover of Jack and Heint~·in the earl'y . . 
'Sixties-. Th&,~ear Siegler cycloconverters were devefoped largely with mili~ry and. , -

\ .-
aerospace, appl ic;~ti ons in 'm ind 50 that bL 196~ - they had {a complete 100 kVA three-

p'has'e to single-phase cycloçonv~rter in an eight pou~d, 3.0 x 9.5'x 11.5 inch .. ,_ 
, package. However other mo-nufactures continued to follow more conventional indus-

, , 

trial construêtion techniqU'e~. ln) 963 Heck and M'1er dt Siemens Works described 
';-l oC" f \ .. • • 

their ~O kW circu,lating-current-free cyc!oconverter driv\-'which powered on induction 

motor with controlled slip and motor airgop Hu·x. An ovè;view ,of the papers discyssed 

in Chapter III suggests thot the European manufa~turers h'od an advantage for seJeral 

19.\5 



" 

/' 

• 

• ~, t-

ye,!rs in the the ory and practic,e of designi~g v~rialJle frequercy control systems for 
• 0 

induction ~otor.? and synchronou: mOhi)rs.' ln 1965 articles by Ouff and Lud~roGk 

'. 
196 

\ 

of Canadian W.estinghouse and by We.ssel~k of Siemens Works showed that lhree-phase 
• 1 ) ~. 

ta single phase, circulating-éurrent-free, de qrmat~re supplies were w;11 established: 
. . 

The series of Brown Boveri ,articles in, 1969 on their 8700 hp, gearless" cycloconv~rter­
1 

, 
synchronou$ motor ceme~t grinding mill drive dllmonstrated that 'methods ~f constructing 

1 

and controÎ 1 ing very large three-phase to three-phase cycloconvertershad olso reached 

maturity. Finally, books by B:R'~ Pelly and W. McMurray in 1971 and 1972 put 
, 1 ., .. • 1 

cbnve-rter and ~y.cloèonverter design on equai Iy firm theoreti<;:ol and p~actical bases. 

1 

J. .. 
The circuitry' of a successful three-phose ta single-phose cycloconverter 

was described- in Charter IV. Eoch canverfer had a continuous output reting of 30 A 
\. 

, ,~':.erage ot up to '250 Vloveragè. ~cause one wye-delta tra/nsfor,mer wos used ln 

,a c h ca",? r te t m th" than 'a\; or th e twa an'; :pa ra Il e 1 canve r te rs .. th e f" ~damènt,a l, 
frequencyof the steady-state circul~ting curr~nt was 360"Hz rother tj1an l~O Hz. 

Each converter had Îts own firing pulse ge'nerator se,t using the biosed cosine w~ve 

prine,iple which linearized}be average v~ltage transfer function as long as the,output 

,èurrent wos continuous. The converter chorocteristiC$ ~er~ usually very slig~tLy'over­
lA 

lapped 50 that the circulating current kep·t bath converters in dontinuous conduction. 

Phase forward and phose,<bock limit pulses were superimposed on the cosine wov~s to 

th t h 1 f " 1 1 d' h ('00 < "0 < ,165° ) ensure a t e regu ar Irlng pu ses 0 ways"Çlccurre ln t e range 

no matter what the amplitude of control voltage might be. The 165
0 

phase bock 
1 



• 1 im"~t was chosen tO,ensure successful commuta,tion âuring inversion with a 30 A 

IQQ~.' Short firing p~l~e~ with double pulsing OR gates were used. But it was 

1 • 
possible to use I~nger pulses with double pulsÎng OR gates ta ensure smoother c~on-

, '. 1 0 

~ 

tinuous current operation on light loads. An Alpha Blanking Card suppre,ssed any, 

irregular firing:pulses which might have occurre~ in' the ~rbi~den range 

(1800 < a < 360
0

) if the rote of change ~f control voltage had been too ra'pid in 

the positiv'e dire'ction'. 
, . 

'An easi Iy adjusted spillo~er ~urrent 1 imit was provided in 

each converter 50 that they could be used individually on an open .Ioop basis if de-
r , __ \ , 

sired. Fouit current protection was' provided by f'uses, but references· were made to 
, . 
~, 

the hlucg more c~~plete proteètion schemes requiied in industrial drives. 
" 

Standard 
1 

197 

o techniques for sùppression of voltàge trorlsients due ta· commutation were' followed and 
1 • J 1> ~ \ .. , ,-

references)were: made to detailed orticles on the top le. " A detai let:l réview ~f the ' 

; <>" Q ~ , 

phen~menon of self-indtJced circuldting current wos made which~followed the e,xplano-
l,' 

\ 1 _<1- , 

tion of B.R. Pelly and wa~ illustroted -:Vith an oscilloscope photograph of the 'Ioad 
, ' , 

c:.Jrrent and the converter currentli. The substantial additional load imposed by the 

\. ~. ' ,. . 
self-induced circulating current,is one of the main reasons that f!\ost modern cycl,o-

conv~rters are designed' ta be circulating current~free. , " 

Chapter V d€scribed the additional control cir.çuitr{' required 50 

that the cycloconverter described in Chaptel IV,. éould operate witho:Jt circulating 

. <> 
currenl whi le driving various" types of active and" passive 1 oads. Tne circ~lating 

1 
" . 

, . 
current was el iminated by permittin,g the onti-paraHel c-onyerters te condüct only 01-

1 

,1 

j 

1 
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~198 

1 • 

• ' .. 
ternately. Thes ~eant.that the detedion of c:;urrent z~ro w~en ne~ther conv~rter 

. li" &' ' "" j 

.lit '!r. ~"z .. ~ • 

WClS co~d~eting pQd to!.le very, fast and'ob~olutely reliable.~_ 'The thyrist,or ~oltagé ': 
" 

-, monftoring'type of èur"rent zero detector described in Choptér V satisfied thesè re-
l t ~ J li ~ , 

J. 

~ quirem,ents ove'r th'e ç;m~lete rdnge'of 'converter current amplitudes From greater thon 

full outpuJ down to less thon the'hoTdi'ng current ~f the thyristors. Two types of cros.s-
f) G Go 1) r } 

, • . • , f • 
over logie .were presented. r.he first type depended bas-icaJly upon thè deteetion of 

. . 
eurrent zero and the~9f polarity of t~e cycloconve~ter c'ontrol :oltog~ (or 

". , '. , 

else thr eurrent regulator refé;'e~.ce voltog~ in de ,armot:ure su~plie~ ). This type of 

~ . J 
' logic v:a~ ~uitobl~ for det~ve or pa~~i.ve loads with unit y or logging'. PF " ItJwas 0150 • 

suita.ble for IIde armature supplies-hoving' a~ inner armature curJrent loop and an outer 

. 
speed l''oop. 'The second type of crossovedogic depended basically only uppn the de-

. , . .(' 

tection, of the current .zero and hence was independe'nt of the load PF. This was 

~ 

demonstrated by an oscilloscope phptogroph ofc:e:"srngle phase synchronous motor operated -

ot bôth leoding and lagging' PF driven by the cycfoconverter using the PF indep"endent 
': 

1 

1 crqs'soyer logie. However other oscin~scope photographs demonstrated that if the 100d 

is known to a Iwoys be nonleading', then it is better to use t,he crossoyer logic sui table 

, for unit y and lagging PF loads. This type of logie provides a sn)oother crossover,:When 

the lod~ current is discontinuous around the crossover point. When the:::::ç_yc~v~rt~r 
. . 

hod other thon a de mator armature IOC:d, auxiliary firing pulses were appliedlt~~ 

oncoming converter immedlotely foll.owing the end ohhe double,blanking'period. ,This 

generally reduced the gops in the load cur'rent at the crossoyer. Three basic problems 

concèrning reversing thyristor armature suppl.ies were discussed. 'Th'e problem of motor 

• 
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\ " 
heoting and the .d~clease of commutdfio1.l abil1ty. due to the high har~qnic content of 

\ n • • , ... 

• \. • ~ 4> 

the converter outpl.1t wav~form has been solved by revision"of th!? de molor oes'ign by 
- \ l ' 

, \ 
the motor monufact0rers . The seçon9 p!Qblem 'fa~ the 1 oss "of .vol toge gai n qnd ~he 

soaring of the converter, outpu,t voltag~ From the over9ge value to~ards the. peak 'v.alue 

of the 'waveforma·s the current beqJme'discQntinuous. ' Th"e 105s of volta~e CQuid b-e 

~ , 

allowéd for to some extent by careful ceguletor compen?ation techniques. 'Als'o, one . , 

199 

manuf.acturer· used an 'adaptive control 1er te èomRensaté- for 'the 'Ioss in converter gain ." J, 
1;;(,' () • . , 

The voltage rise when the current became disc~r)tif1uou,~ c~uld 0150 lead to a disastrous 

overcurrent sur ge'following'ci ossovel because the voltage of the motor'armature would" 

not ~atch fhe voltage of t~e oncoming converter. .Sev~ methods of ~rev~nting this
J 

surge were·disc~ssed. On the basis of,simplicity of adjustment combined with.reÇlson-

" 
able drive re,sponse time, the choice was made to plJt a·permanent deadbarid between 

o .. • , 1 

the char'acteristics of the convE;rters .. Oscilloscope plrotogrophs were presented showing 

a typical dead time at crossover of 20 ms on an al ma t,ure load, Because the, two con-

velt.ers of a single-phase cycloconverter are used only al ter nately, it is possible to form 

a single-phase cycloeonverter by eombining 0 single conyerter with a four thyristor reversing 

, , 

switch. The circuitry needed to do this was described and o~. oscillo~pe photograph 

, . 
Ç) of 40 Hz cyc 1 oconverter operation was presented. A comporison was mqde with the 

" . 
, , 

d ASEA type YHMB reversing de armature supp ly whieh a Iso used a single 'converter 
r 

and a four thyristor' reversing 'S~itch. ., . . '" 

" 
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The converter and cycl~co~vertef'portion of th~ t~yrist,or drive industry 

o 

. ,i~ now close to fl!11 maturity, ',Ail the major man\Jfactlkers have the ability to build 

cyc,loconve'ters From the very small sizes (e .g" L:ar Siegler at 8 pounds, 100 kVA') 

to th'e very large' (e. g., Brown Bov,~ri at 6400 kW). And if ~ cyt'Iocon~~rter (DE 

.espeCiallya converter) is desired in a medium power range between these design . ,-

..' '-'j' t. 
. ext~emes, then probably th~y can supply an almost s.ta.rdard,package:, The package , , 

. , . 
'wi'll be no more than al,most sta9dard·bi1~a~.sé it wilÎ probably have to fit in,.as part of '" 

a m~ch larger control ~ystem wit~ other drives, ana log con:rols, and,sequence. inter-

lôcking; , r~e ability of. a ;;'anufact,u,er ta, se-II his driv~ may 'depend m~l,e on the' 
'. , 

e~cerle,n~e of h-is' r'eputation 'for meeti~g çlelivery ~ehedules and suc!cessfully starting up' .. 
, • 0 • 

• 
the total cqn,tr~1 system t~:ln on the techni cal apvonces in the control circuitry of his • 01 

.. 1 

parti,cu l'or converter 'or cye 1 oco~vérter. This n~ establ ish,ed repu~~'tT'On may 

.explain w~y certain manu'fa'cturers ma.intained their shore of the market ;ith ~I;ghtl-y 
~1" • 

inft:rior but def.initely working drives whi le others with, high Iy deve 1 oped dr ives put 
, 1 .. 1 

uneStabl ished reputàtions were unable (.to take a shore of i t. , . 
t v • 

At'present most of thé monyfacturers use the biased cosine method of phase 
',' 

control with sQ,me type of phpse forw?,rd and phase-bock li-;"it: on !he firi~g angle r.pnge. 

'" 
The phas'e bock limit clrcuit moy be the type that adiusts its angle partiptil' or fully 

, -~ , ... 
----~ ~ 

to match 0 cha"'nge ih the load current amplitude. Or it may be fixed as is the phase 
t .. • , • ~l 

'b.ack'iimit pul~e'eircuit described herein'. Firing pulses'outside !hat range are blocked 
, 0 
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bya circuit of equiyale,nt e:fe~t ta the Alpha ~Ionking circ~"JÎt describe,~ herejn. The 

current z.er~ detector is generally based on dc or a 7 sid~, /cù,rent tr~msformers rather < 
w 

than the thyristor voltage monitoring principle described h~rein. 
, , ' 

But the appropriate 

sa,fety factors in timing t and so fOJth, are taken 50 that the 'current zero derection 

f~nctions relia'bly. The crossover logic generally depends upon the detection of 

... \ ~ .. 
current zero and a change oLan analogue control signal polarity 'unless the l<?Cd PF 

.. is known ,to be sometimes le.::ldiog ~ ArfTloture current surge a-fter cr?ssover may be 
" 

.eliminated by arn;J~tlJ~e orotochometer voltage motching techniques or by deadband 
" . 

techniques" If there is a 'cost odv~~~l" -a single converter and" fovr thyristor revers-

-ing switèh r:nay be used instead o~. t'fa converte:rs. 

" 1<" 

Controll'ed-slrp, controlled airgap 
, • f ," 

"': flux, variable frequency drive systems for induction moto'rs have been described by 

~I 

severol manufdcfur~rs.< Similarty the Brown Bover~ articles on thl=!ir 8700 hp J ~' ____ __ 

, 
cycloconverter-synchronous motor drive.had a very complete" d=scriptioh" of their system 

to·controI the synchro~ous,_motor magnefic stator flux linkage to a cons'tant value while 

keeping the stator current and voltage in phase with eoch other and at the saine speed 
- , -

/ ., 
as the rotor. The net effoect wos thai the motor cou,ld npt be pulled out of synchronism 

and the drive ran at the best P?ssiblè PF . 

The manufacturers naturally differ in their methods of packaging- of their 

.. 1 
drives. They olLare attempting to make the!r drives as modulor os possible to maxi-

mize the ease of maintenance and expandability. And of the same time they are 

attempting to minimize the ca;t of materiols and ossembly.. The number of power_ , 
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9rilOdvies ~eroted in 'Parai le'! by' a manufacturer depends upon 'his estimote of the lbad 

. 
current tim~ profile, the capacity 9f ~is individuol'thyristors cons"id'ering t,he.estimated 

. ' 
lood current time profile and their cooling means, and his past success in forcing the 

thyristors to shore the load c~rrent.' e Chapter Il t .brieHy described sorne of the 

rer:narkable paralleling done on I~rge dri'ves, but each manufacturer learns his limits . 
by experienc~. Compone~t current rati"ngs ve.rsus load current for converfers Kave 

been w~1I e;tablished since H. ~is~ikIS book, 1 and the book by B.R~ pell/ 'has'_ 

clarified the special current rating problems that cycloconve~ters have due ta trye beàt . 
frequeney subharmonics and the higher quadrature currents inher'ently caused by the , , . ' 

way -they fabri ~ate the i r output waveform. Of course some sort of safety margi n must 
1 

sti11 be left in case the estirnated load current rime profi le is .too low, 

, 1 

Th: degre~ of protection prbvided against IMg term overloads and 

agai,nst fouit cur~erüs varies depen'di~g upon the dri\(e size. '-\tlllay consist simply of 
1 

fusès in very small drives such as the cycloconverter describ.ed herein. Or the scheme 
/0 

'< may ine-'ude individual thy,ristor fuses, high speed de br.eakers, and high speed aÇ/'/ 
') 

~. " .... ~ 

brebkers ail car.efully coordinated 50 that it hopefully is not necessary ta replace 

l -
/ H. Rissik, r.he Fundamenta 1 ~heory ~ Arc Converters (London " 

Chapman and Hall Ltd 1 193'9) pp. -.,l29' - 13 . - . 

, . \ 
51 2 B. R. PEelly, Thyristor Phase-Controlled Converters and Cycloconverters 

t_ Operation, Contro-I, and Performa;:;-ce T New York7 Wlley'::'lnterscience, 1971 ) 
pp:32a:-:ms -. ,--

,~ 

._---.-
~ 
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'. 

several hundred fuses lollowin~ a ,fouit" ' ln oddition current limit circ~its ~~d 
~ • '. 17, 

thermal ~verloads ~f ~arious_ types provrde pr.~on pg~)~t iong term overloads., 
, . . , 

Transient voltag~ protection using LCR network~ fs a necessity recognizeèfby.all" 
- "l, • ; ." ,,' . ' / ' 

drive manufbctu'rer~ b~cause thyris.tor drivis simp'ly do not.op~rate relidbly wi;hoJt ' 

" 

'" 7 .. / 

'them. Aiso the choke portion of the LCR network is an aid rn forcing current 
.) . ... . 

/ . 
sharing o"mong t,heç parallellèd thyristors of 0 large drive. 

1. 

."\ .. 
/ , 

'0 

/' 

-
6.3 SUgge\ions for Fl1fu,re Wor.k-

1 • _ 

" ..., 
'As explai~ed ~n Pages' 7 and ,8 "Of Chapter 

, 
~e.rein, the intent of the 

" . 
~ 1 ...' 

work leoding t? this thesis has always been,non-mathematicor,: . And onc.e B.R. Pe~l'y 
. , " , ' , . ,/, 

r " .. 3 . ('" 
had p~blished his book in early 1971 ofter his'colleague L" Gyugyi had published 

l ' 

his thesis
4

' in latè 1970, 'there wos very little about: cycloconverters ,"Ieft fer othe-:-

,mÇltical anolysis, However as ~oted ~n Pogas' 147 and 118," of Sectio~ 9 h~retn, 
o , 

the 'problem stilf exists' of h'o~ to ~est mod"el' the ~risr~r qriv~:'and t~ t n pre~ict its 

. " 

stabi 1 ity I.imi tt, A recerit parer by G. De ordo A.K. M~ndal remento). desGribing 
( , 

/ 
/ 

• / ? 

3 / 
B. R. Pe Il y, op. ci t. -- --, 

! , 

.( 

'/ " 

4L. Gyugyi, "Generalized Theory'of St tic Power Freque~cy Changers" • 
( Ph. D. Thesis, ~niversity of,Solfprd, Oètober 1 1970) 

" 
" .. . / , \ 

. " 

f -
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, ~ . . , ./ . ;. . -

funeti.o~s for the anolysis~of s'ubh'armoni~ oscil1oHons inethyristor drives has a good 
# l , . ' : .-

" di;cussion of ltibÙographX'on reloted papers.'5 " 
,. t ...., a. 

. 
M~. Johansson and J'. Gustafsson briefly menflpne'd in their paper

6
. that . ~ 

.. . 
. ASEA uses an adaptive cont'roller to .countera,et the 1055 of conx,erl"'er gain when the 

, ... • ~ • L , ~ 
."''' n ~ ~." ~ 

1 oad ,CI)I"rênt beeomes- discontinuous. ' There would appear to be. room for some theore-
, , '"' \ 

" 

ti,cral ,afld'experimerttal wor~~n t~is approach. 

! Chap:ters 9,and 10 of B.R . .,p..elly's 50Qk
7 

dealt wi;h the théor~tieal 
• ,01, 1 ·0 . 

'" ~ 1) ~ " 

:. ,: ", pr'ine~~~fu~cti~~1 schemes (~r~ thyristor fidng pu,lse 'circuitry. ,H'~· 'first 

,~P;;~d thQt the c~~m'orÎly use,d biased e~si.n'e 'wav*: type of 'phase"eontrol produee,s the ~.' 
, . . . 

théoretieally mir.limurri possible ·ov~rall· rm's harmonie dist?rtion of the output voltage 0, 

, • 1 

. .., 

, '. 

, ' 
. ... 

~ . 
•. ', /4 ~', .5G .· De and A. K, Mandal,i' "lneremental.Qesc(~~~ng F~netion A!1~lysis" of, 

. , 

.SubhQrm?~ie Oseijlqt1-ons in Control Syst~ms with'Thyristor ço~.~rters, "IEEE TrtmsC'ctio~s 
, 'on lndustr~al Eleetronrcs and Cor'ltrol Instrumentation; Vol. 1 Eèi8-'20" Në.4'"; NovemGer ~ 
~T9~3,Rp.22~s.- - , . 

6 '. 
M. Johansson and J. Gustofsson,_ "New high-power conV,"erters f9r, d.c'. 

" motortlrives,'" ASEAIJo'url1~l, Vol. 45; No. 3, 1912, p. 85. 

7·, ' 
• B.R. Pelly, op.~, pp, 22'9'-'277. 

, .. 

, ' 
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Sùt he also pr~sen(ed two"other types of firing'circuits. 
-

One w,os ca lied 
- .. 

, Il 1 1 

il~nteJ:Jr,al contl'olll becouse its basic prinGiple was te generàte d firing p.ulse each -
time t~e integrol of the differencë betYV'een the control voltage:ond the (suitably 

" 
~ .. ~ # 

scaled) converter.output voltage 'lias equqJ" to zero ~ 'The other type ofi,firing circuit' 
. "' 

used 0 phase-Iocked osc~ latoe 'with feeçlback fr~m the 'converter output v.oltage h~ing 
, '. , • 1 • / 

" , 

",' compared with the' referen,ce v~ltage to y'ield a difference signa'i whid,. 'Iocked the ' • 

f3 > l' • 

osci Ilotor:. Both of these methods "were much less s~nsiti,ve to, ac 1 ine noise thon was' 
• 

the b;~se,d cosine waveform fi~ing circuitry, ln pqr'tic~rDr the . lIin;e~ral. control" 
. . ~ -. . ,. , .. , ,;. . , 

Il .... ~ 1. .,J 

sch.eme lent/itself to VSCF syst~ms because~it_was n~ sensill'ive to ac inpu}.frequency 

" ~ 
changes eHher. The functionçd scheme for the biased cosine wave was! more" complex 

l' rhan i;ne~ded to be; but this ~o; d~ne ;0· t~ot it woul~ ~e the same type of ·R,~lse . 

oLftput a:s d'id the otber twÇl schemes: D Pellis approach lis .inter;sting and 's~ould 
be .tudied by onyon~ i~terestèd in b~i;din? 0 cycl~nverter" """: 

;' ~ , 

d~scribed in this thesis wete rebuilt following the sa~e general prin~ipl~s, then ~ull 

use would be mC!de of modern hardware .. This would mainly tnean 'Using anal?9 and . ' 

digitaMnte'gra'fed cir'tluits as weil as FEr. analog .9~tes instead ~f dis .. crete compon~nt:. 
e to fi' e 

Pull-out dr~w:~r constructiotl m·ulcl be used t?improve acc;essibility. Ar.;rolog com"" 
\ ) '"'' a 1 ~ ) 

'po,nents and rJlayÎng use~ for the dc armaturè.supply regulat;xs would,be Qùilt into 

~ 

one of the "dro ers. Greater use V/oulcl be made of plu-g and socket connections rother - , - . 
~/ than barr?er str pond, toble- lug eonn;c~ons pe'twe~n s~bossemblies.·: Certe~ other 

. suggestion~ Jor' mprovements have been made in the' body of this thesis . 
, ': \ CI;J ~ ~ '" 1 

. " \. ::""1' 

} 

,." 
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PHOTOGRAPH 5. FIRING CIRCUIT CARp 
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