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N ABSTRACT ,

)

The thiee-phase to single-phase cycloconverter has @ maximum continuous

\

rating of 250 Vdc at 30 Adc and operates without circulating current (figure 8 current)

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

used for phase-control. Phase forward and phase back iimnf pulses are superimposed

on each cosine wave. An "alpha blanking" circuit prevents the formation of spurious

gating pulses in the range of 180% c<36(;o. A new, high-speed, current zero de'.*ecfor;

is presented which depends upon continuous monitoring of the voltage across each

thyristor in the cycloconverter. Thereare two types of circulating current elimination

logic suitable for 1) resistive or lagging loads, and 2) leading, resistive, or lagging
i ;

-

loads. When the cycloconverter has other than a dc armature load, auxiliary gating

pulses are supplied to the oncoming converter to prevent gaps in the load cutrent. The

transfer characteristics of the bridges have o dead band between them to prevent

current surles after crossover when the gycloconverter is used as a dc armature supply.

A single converter \with a four ‘thyristor reversing switch has been used as o cycloconverter

. ‘;
,Gt 40 HZQ.. ‘V -




ABREGE

) ] e

. \ . . ’ ’
Le cyclo-cpnveitisseur a commutation natuielle triphase / mongphasé

v

3

peut fournit 30 A cca 250 V et fonctionne sans ciiculation de courant entie ses
ponts de thyiistors a six impulsions. Le circuit de commande utilise la technique de

“I'onde cosinusordale avec polatisation dz tension” pour obtenir le terme “arc cosinus”
LY

N

et ainsi rendie le gain constant. Les impulsions de reshiction de I'angle de retard sont

“ e

/ . .o - . «
superposees dur chaque onde cosinusoidale.  Toutes les fausses impulsions de commande
’ 2

/ . o ’ 0 . . ¢
creees dans l'intervalle d2 1807 < o < 360" sont supprimées. L'auteur présente un

3 " Zro" & h i le princi | ill
nouveau détecteur de Mcourant zere" a haute vitesse dont le principe est la surveillance
. .
continuelle de la tension aux bouines de chaque thyristor du convertisseur. |l y a deux

sorfes de logiqué electronique d'élintination de ciiculation de courant: 1) pour les -

LS . . . by . . .
charges resistives ou |’nduchves 2) pour les charges capacitives, resistives ou induc-
‘

+
tives. Quond la charge du cyclo-convertisseur n'est pas celle impesée par I'induit

L sy,

) ' . ope s 1
du moteur a cc, des impulsions auxiliaires sont envoyees au convertisseurt 'amorcage -

4 - .
pour prevenir des "trous” dans le courant de charge. Quand, le cyclo~convertisseur

. . . ’ 7 e e
alimente I'induit d'un moteur @ ¢c, les courbes de transfert caracteristiques. des ponts

«

4 N . . ) U Ty s
sont espacees "(Sysréme a bandz morte ) afin de prévenir des surintensités transitoires

.

W
aprés inversion. Un seyl convertisseur aveg quatre thyristors fonctionnant en inverseur

oy . . ’ .
du courant a €té utilisé comme cyclo-convertisseur pour fournir une frequence secondaire

)

de 40 Hz. .

-
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CHAPTER |
AN INTRODUCTION TO THE CYCLOCONVERTER

1.1 Definition and Basic -Configuration

Modern usage of the term cycloconverter denote®an ac to ac static fre-
quency changer without an intermediate de-link utilizing line commutation of con-
trolled rectifiers. The most com.rq'on cyclcconverter building block is the anti- ™
parallel combination.of two controlled rectifier connections. Figure 1.1 illustrates
the anti-parallel combination of both one-way and two-way (three-phase) rectifier
connections. If'suifobly controlled thyristor gating circuitry is provided, a single
basi¢ building block may be used directly as a single-phase output cycloconverter. )

Or, as will be described in Chapter (1, multiple, anti-parallel combinations may ,

be combined to form a multiple phase output cycloconverter.

A F‘ -
6 O
3 ) Y V' %
/
pt et «
—0
| ,
o ° vl
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OAD Go <"
4 Vo~ N 9
- I | L\A:A/_m |
4 54 7% a /j "o ;
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CNE-WAT ANTI-PARALLEL TWO=VAY | AHTI- P?‘?ALL el

A

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



1.2 The Origin of the Cycloconverter

v

The first practical form of cycloconverter, using grid-controlled mercury
S . N Lo

arc rectifiers, wasdescribed in a British patent application lodged by Hazeltine in

1923. Hazeltine's scheme converted three-phase, 50 Hz voltages to four-Bhase

] . . I . .
voltages at 10 Hz . The first commercial applications were in the conversion of =~

. three—phos/e, 50 Hz supplies to 16 2/3 Hz single-phase at 10 to 15°kV for rc;ilwoy

<3

electrification. Both envelope cycloc9n‘véf’ters and grid-controlled (phase-controlled)

+

cycloconverters were used.

»
.

<
The envelope cycloconverter, now extinct, was svitable for use only

with resistive, single“phase loads. “Any reactive power requirements on the single-
phase side had to be supplied by other means (suach as a single-phase synchronous

condenser). The input to output frequency changing ratio was fixed by the rectifier

Q -
and transformer configuration (usually at 3:1). Regeneration (inversion) of power

from the single-phase side to the three-phase side was not possible. Transformer

3

. 2,3
tap changing was the only method of voltage centrol.”’ ’

1
\ ' »

*

¢

]H. Rissik, The Fundamental Theory of Arc Conyertors (London: Chapmcn
and Hall Ltd., 1939)‘ p. 270.

21bid., pp. 240-258. |

&

35. Niyairi and M. Shioya, "Gate Control Circuit for Thyristor Cyclo~

. convertor, " Electrical Engineering in Japan (IEEE Translation), Vol. 88, No. 12,

1968, pp. 31-32. ’

-

£
& -
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C . 4 .
However, the grid-controlled (phase-controlled)” cycloconverter uti-

lizing grid-controlled mercury arc rectifiers did permit the use of reactive loads

vithout need for any added reocfive’ power source on the single-phase side ! The
frequency ratio was adjustable simply by changing the reference frequency supplied

to the grid-control circuitry. This meant that for a given cycloconverter c-:ontrolled-
rectifier and 'rrémsformer configuration, the ratio could be changed from 50 Hz:16 2/3 Hz
(that is, 3:1) to 50 l‘:(z:‘ZO Hz (that is, 5:2) simply by changing the érid-—confrol re-

3

ference frequency from ?6;5/3 Hz to 20 Hz. Contindous regeneration of power
i

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

4

angle of the single-phase side exceeded 90°. 1n addition, smooth voltage control
was possible by changing the amplitude of the reference frequency supplied to the
grid-control citcuitry. The term cycloconverter, as defined in Section 1.1, appMes

to the grid-controlled (or phase-~cantrolled) cycloconverter rather than to the enve-

v

’e

-

lope cycloconverter. The latter wil\\not be further mentioned in this thesis.

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

-

gradually fell from popularity. lts decline was principally due to the limited power

inversion capability of the mercury arc rectifiers themselves, and to the bulk and

relative complexity of the.systems ot that time. However, a body of theory was de-

! . . . . .
veloped that analyzed cycloconver;_er oper&non. The classic reference in English

) %

S

-

4 . - - : -
Phase~-controlled qperation of mercury arc rectifiers has traditignally
been called grid=control . y

.
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e

AN

for cycloconverter theory (and polyphase rectifier connections) was H. Rissik's
]

F . ’ 5
book published in 1939." The standard reference in German for that period is

« 6 *
inan orticle by J. von Issendorf published by Siemens Works.™ A number of

other cyclotonverter references of thes 1930's are listed in the bibliographies

N

of articles t}y R.J. Blcnd7 and L. J. Lowson8.

1.3 The Return of the Cycloconverter

In 1957 General Electric announced the development of a solid state
controlled rectifier (SCR) now known as the thyristor. Interest in the Iong-domont '
cycloconverter concept revived as thyristor voltage, current, and reliability ratings
quickly rose. The small size and physical soundness of the thyristor made it na-

turally suited for its first new cycloconverter applications in three-phase to three-
—

}

e

5H. Rissik, op. cit., Chaps. X, XI, Xil. /

6J, von [ssendorf, "Der Gestewerte Umrichter [ The Controlled Static
Frequency Changer ], sWissenschaftliche Veroffentlichungen, Siemens-Werken,
Vol. 14, Pt. 1Il, 1935, pp. 1-31.

7R.J. Bland, "Factors Affecting the Operation of a Phase-Controlled
Cycloconvertor, " Proc. IEE, Vol. 11A, No. 12, December 1967, pp. 1908-1916.

8L.J. Lawson, "The Practical Cycloconverter, " |EEE Transactions on-
Industry and General. Applications, Vol. IGA-4, No. 2, March/April 1968,
pp. 141-144, ] .




g

Closed-loop with controlled-slip speed control of three~phase induction motors

. ’ . . . . . ]] B .
in traction service was the. next important upphcohon. At the 'sgme time a

\
\ '

4 . ;
number of manufacturers were developing circulating-current-free reversing drives

which were essentially three-phase to single-phase cycloconverters.]z' 3 Chap;gr -

5

. . y . . NS
HI will trace the development of the modern cycloconverter by reviewing a selec- ™"
e

]

ted group of articles published in English in Europe and North America sinte 1959.
. -

-

9
K.M. Chirgwin ond L. J. Stratton, "Variable-Speed, Constant-Frequency

Generator System for Aircraft,” AIEE Transactions, Pt.lh, (Applicdtions and lndus}ry),
Vol. 78, November 1959, pp. 304-310. '
] -
OK M. Chirgwin, L.J. Stratton, and J.R. Toth, "Precise Frequency . ’
Power Generation from an Unregulated Shaft," AIEE Transactions, Pt. I, (Applications
and Industry) , Vol. 79, January 1961, pp. 442-451.

; ’ ’
. . ’ ‘/ 2,10
phase aircraft variable -speed, constant-frequency (VSCF) supply schemes, "’ '
J
|
|

‘Wclfer Slabiak and Louis J. Lawson, "Precise Control of a Three-
Phase Squirrel-Cage Induction Motor Using a Practical Cycloconverter,” IEEE Trans-
actions on Industry and General Applications; Vol 1GA-2, No. 4, July/Augusf
1966, pp. 274-280.

Franz Wesselak, ‘Thynstor Converters with Natural Commufohon,
Siemens Review, No. 12, December 1965, pp. 405-410..

13L F. Stringer, "Thyristor D-C Drive Systems for a Non-ferrous Hot
Line," |EEE Industrial Static Power Control Conference Record, November 1965, .
pp. 40-56. :




1.4 Thesis Justification and Outline

The historical development in Chapter t1l will revea! that the
circulating-current-free cycloconverter is now a-well known device to many

firms working in the aerospace, military, and industrial drive syste@ fields.

4,15

However, the core of this thesis was first prepared as a conference'.paper

£

in the spring of 1970 for presentation ot the October, 1970 1EEE Industry and

General Applications Group Annual Meeting. Many papers hag alreayd been

published which demonstrated cycloconverter operation in various drive systems.

But of course, these papers tended to be guarded about the details of the
~

¢

] .
proprietary control circuitry which were vital to the smooth operation of their
cycloconverters. The purposes of the conference paper by T. Hamblin and
T. H. BarMntwas to discuss cycloconverter control circuitry problems, and to

describe some particular solutions using a practical three-phase to single-phase

circulating-current-free cycloconverter as an example.

#

14 LM Hcmbhn and T.+H. Barton, “Cycloconverter Control Circuits, "

[EEE Industry ond General Applications Group Annual Meeting Conference Record,
October, 1965, pp. 559-570,

15 T. M. Hamblin and T. H. Barton, "Cycloconverter Control Circuits,"
IEEE Transactions on Industry Applications, Vol. IA -8, No. 4, July/August 1972, L
pp. 443-453.

1
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The intent of the paper, and of the work leading to this thesis? has been

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

and thyristor sizing requirements could be reasonobly well estimated fr
known exact analyses of polyphase converters under steady-state conditions

\ . :
which were available in books by J. Schc:effer]6 and H. Rissik.w Both H. Ris,sTk]8

/

and J. von Isser)dorf]9 had published opproximo;e performance analyses of
cycloconverters with circulating qurrent. Hence a nev; mathematical onalysis
was not realiy ne?sssary before investigating the control circuitry problems of

a cyclocﬂonver)er' Second, the problem of déin;% more than an approximate '
analysis of cycloconverter waveform appeared formidable if the(three parameters

of frequency, output voltage, and output current displacement factor were to be

varied over their full ranges. Hindsight shows that the complexity of successful

*analytic or numeric Fourier analyses of the woveforms followed by a logical

Unificqfi:on of the results would be an accomplishment v\;orfhy of presentation
os a book or a5 a doctoral thesis. Indeed B. R. Pelly and his colleague L. Gyugyi

demonstrated just that with the publishing in 1971 of Pelly's book20 and

* John Wiley and sons, 1965) pp. 347.

16 J. Schoefer, Rectifier Qtrstuits - Theory and Design (New York:

t

YU, Rissik, op. cif.  'Pibid., pp. 265-270,

WJ. von Issendorf, op. cit.

2OB.R. Pelty, Thyristor Phase - Controlled Converters gnd Cycloconverters -

Operation, Control, and Performance (New York: Wiley - Interscience, 1971) pp. 434.
E - . .
2

] B

-



]
Gyugyi's rhesis.2 The book covered the topics stated in its title in such a

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

A

thyristor drive systems field almost immediately after its release by Wiley
lnferscience‘;‘ct the start of 1971,
The conference paper by T. M. Hamblin and T. H. Barton was -

presented in October, 1970 and hence was not influenced by Pelly's book nor

by Gyugyi's thesis. Similarly the vost majority of the experimental work fo be

described in this thesis, as well as some of the writing itself, was finished in

¢

1970. However the completeness of Pelly's description of the operation, control,

rl ~—

and performance of converters and ycloconverters has had a definite influence
on the contents of this thesis as it is now submitted. These areas of influence will

be'specifically acknowledged as they appear in the text.

B

» " 2
Another book on cycloconverters written by W. McMurray 2 was

discovered by T. M. Hamblin as this thesis was being 4 ihto its final draft
form. McMurray's book is somewhat complementary to Pelly's and references

will be made to it from time to time in the text.

i

»

,2]L. Gyugyi, "Generalized Theory of Static Power Frequenﬂy
Changers” (Ph. D. thesis, University of Salford, October, 1970).

'22W. McMurray, The Theory and Design'of Cycloconverters
Cambridge, Massachusetts: The MIT Press, 1972) pp. 165.




R} .
Chapter 11 of this thesis intioduces the basic operation of cyclo-

’

converters By describing the phase-control of antiparallel convertet bridges °
and the problem of limiting the magnitude of the circulating current between

them. Chapter Il is a historical review of how vaiious companies approached

‘ i

the design of cycloconverter and reversing converter drive systems between
1959 and 1970. This step-by-step tracing of the development of the field

following the introduction of the thytistor by General Electric in 1958 is

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

t
’

contributors to the field and also places this thesis in the proper perspective _

)

to the papers discussed. Chapter IV covers the thyristor gating, control, ond
protection circuitty used in a three-phase to single~-phase cycloconverter with

circylating current. The necessary logic and detection circuits added to the

wycloconverter to successfully eliminate the circulating current are discussed
in Chapter V. Two innovations made during the experimental work are

described in this chapter:

- ",

¢ 'R
1. High speed current zero-detestion (so as to permit circulating .
A ' A

current elimination) by continuous monitoring of the existence

of voltage across each of the thyristdrs of the cycloconverter.

"2. Auxiliary gote pulsing supplied to thyristors in the on-coming

half of the cycloconverter to eliminafe gaps in the output

\

°

A}




. ~ r

current waveform immediatedy after gid$sover by the Jhterlocking logic.

T
Chapter V demonstiates cycloconverter operation with thiee types of loads:

"o single-phase induction motor under open loop control, a single- phase

. ¢ . - "
synchronous ‘motor under open loop control, and a dc motor under closed toop
L4 .
4 l‘( N &

_control. \In addition this chapter contains the details of a three-phase to single-

phase cycloconverter thit uses only one Eridge combined with a dpdt, thyristorized
, reversing switch. The final chapter (V1) coptains o résumé of the previous

' 3

chapters with some su estions for future work.
| gg

“ t

10

Ao

e

@,
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CHAPTER || . m e
{ ) )
> * BASIC;YCLOCONVERTER OPERATION } N

A
!

2.1 Introduction - '
' ‘J“'h
This chapter will describe the bigs-shift method of phase-control general -

P

ly used in most cycloconverter schemes. In®ddition, the problem of controlling

the amplitude of the circulating current passing between the anti-parallel conver-
' .
: .o ?
ters will be discussed.

S 2.2 Average Output- Volrage Versus Firing Angle L

L

»

The presumption is made that the reader is familiar with the phase-

controllied rectifier operation of one-way and two-way rectifier connections. T"%“
2 /

. £

recent cmicles,]':2 and books by Scnaefe'?éznd PeHy4 explain phuse~coq{ol.

<

]A. Ludbrook and R.M. Murray, "A Simplified Technique for Analyzing @

the Three-Phase Bridge Rectifier," IEEE Transactions on Industry and General

‘Applications, Vol. §GA-1, No. 3, May/Xne 1965, pp. 182-187.

2E.E. Rabek, "Characteristics of AG Powered DC Motor Coktrols Using

Three and Six Controlled Elements, " 1EEE Transactions €n Industry and General (
Applications, Vol. IGA-5, No. 2, March/April 1965, pp. 187-191. g

3J. Schaefer, Recti fier Circuits (New York: Wiley, 1964), pp. 75-86.

kS

4B.R. Pelly, Thyristor Phase-Controlled Converters and Cycloconverters
Operation, Control and Performance (NewYork: Wiley Interscience, 1970)
pp. 27-54. o ) .

~




Figure 1.1 showed the anti-parallel connaction of one~wdy and two- \

’ ¢

i
S . . . . . .
way rectifier ciiguits s Phgse - controlled gohﬁg of the thyritdtors, combined with
. ' .
the anti-paralle] interconnection of the circuits, permits smooth contrgl of the g

omplitude and po.Torx?y of, the' voltage applied to the load, The anti-parallel inter-

~

connaction allows. bi~directional current flow in the load with uni<directronal
flow through each converter, The relationship between the firing angle o and
. H ¢

- : * - . . .
the average output voltage \/d of a converter 6perating with continuously flow -

. . 5,6 )
ing  load current is well known, and can be shown to be :

-

t

where \V2E =

v
S

pepk instantaneous output voltages and p = pulse number.

For.a three-phase, one—wc)y rectifier, oo e T Q
& hl -

V2E= peok line-neutral voltage, ondE 3.

7

And for a three- -phase, two-way rectifier (brldge CerU]f) , oo

'\ V2 E = peak line-to=lire vol'rage'; and p‘= 6.
ey
, , L ]

To ensure that the two converters operated’in anti-parallel (one rectifying, one

N -

inverting) have balanced output voltagés, their firing dngles should be supplementary

5J. Schoefer, op. cit., pp. 75-86. .7
°H. Rissik, The Fundcmenfcﬂ Theory of Arc Converters (London: Chap~
man and Hall Ltd., 1939) , p. ]83

) i — (;:"‘




<2.2) is the instantaneous average of the two converter voltages because the reactor

. H
as is shown below. .

O 2

V= Vg, cos a = -°vd2 = V4o €0s P provided B = 180" - « (2 2)
23 The Circulating Current Problem . v
If the firing angles are not truly supplementary then a dc current will .
. ) A . . - R f’-‘
cirgulate between the converfers if there is a positive aveiage voltage difference e
L
between them. This current qan be very large, even through the firing angye \ ’
eror causing it is small, because the tirculating current avsids the load and is =
limited only by the low series resistance of the converters and circulating current
limiting reactor (labelled X in'Figure 2.3).
Even if the average converter voltages are held equal, there will A

. o - e

still be an inherent, cl;‘emcfing voltage dgfférence between the converters due
to the shape of their phose—controf[ed output-voltages. The pugpose of the

circulating curient limiting reactor connected between the converters is to .
N .
] ° v ’
suppoit this sawtooth shaped voltage difference waveform. The reactance value

-

is chosen so as to limit the 360 Hz circulating current’pulses due to the alternating

~ A —— Fad

voltage' difference to some fnocﬁomy‘ of themormal, full load ¢urrent. '

i \ -

Figure 2.1 and 2.2 are photogrophs of these waveforms for firing

. g -
angles of op{mximctely a=60andp = 120° under no-load conditions. Figure 2.3 .

’

shows 'infercormection of the converters and where each trace was taken. -

-‘ *

Note that the voltage’ appearing at the center-tap of the reactor (Trace 3, Figure -

b »

1
+




FIGURE 2.1." CIRCULATING CURREMT AND VOLTAGE AT NO LOAD
Dy . = 4n° -~ °
Sweep = 5ms/cm ; Vc 5.0V q =60, 120

Trace 1 :Vo , P converter ; scale = 420V /cm

Trace 2 : Vo , N converter ;scale = 420V /cm
Trace 3 : Vd , across reactor ;scale = 420V /cm

Trace 4 : | , circulating current ;scale = 5A /cm
C .

}
[ 2N -
~
v \ FIGURE 5.2. NO LOAD VOLTAGE WITH CIRCULATING CURRENT
y Sweep = 5ms /cm ;VC°’5.0\/('; a“'bOO, B = 120°
Trace 1 ; V, s Pconverter ; scale = 420V /cm ‘
" s Trace:2 ¢ Vo , N converter ;sccle: = 420V /em
| Trace 3: V| , atxeactor center~tap ;scale =420V /cm
‘ Trace 4 :. Ic , circulating current ; scale =5A /cm
] v .
. 5
4 )_ .
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FIGURE 2.3. CONNECTION DIAGRAM FOR FIGURES 2.1 AND 2.2

4



5

acts as a voltage divider. Observing that the circulating current is definitely

continuous (Trace 4 Figures 2.1 and 2.2) implies that the firing angles were
not perfect. Theoretically at a = 60° and § = 120° the no load circulating
current shou&d be on the edge of discontinuity, and the reactor cenfer-tap

voltage should be uniformly cusp-shaped.

»

i Pelly has described a third component which he hos named the

* bt 8 » *
self~induced circulating current. The‘requ»rement of conservation of flux
linkages ief the circulatitig cutrent limiting reactor itself may induce a free-

wheeling circulating current through the reactor and the anti-parallel

converters. This self-induced circulating current will be further discussed

FAN

in Section 4.1 of&Chapter v,

2.4 Bias- Shift Control of Gating §

quation (2.1) for the average output voltage of a phase controlled
converter pperating with continuous current was V4 = Vy, cos a. Preferably the

input contiol voltage to average output voltage ratio should be a constant relation

such as: Vg = K1Ve 2.3

" .,

78. R. Pelly, op..cit., p. 130.
%8. 8" Pelly, op. cit., pp. 134-144 and 156-161

(Y



. where \%
<

= input control voltage.

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

‘ 9 )
controlled arc converters by Mittag in-1925. " Rissik refers to this technique as 3

-

. "bias-shift control". The methoad consists of afiding a "cosine wave" to the control

)
)
|
\
)
|
\
|
|
|
|
|
|
f
|
o P
|
|
|
\
\
f
|
|
|
|
|
|
|
|
|

volfage.' Gate pulsing circuitry generates dffrulse starting ot the instant that the

) ~ -

sum of the two waveforms changes polarity (crosses zero). One cosine wave must

, be supplied, for each thyristor in a converter. ' The phasing of each cosine wave

-

must be such that for zero control voltage, the firing angle for its particular thy-

-

ristor i$ déloyed by 90° (a= 900). That is, zero caontrol'voltage (o = 900) should
yield zero ayerage output vof\tige (cos 90° =0). Due to"the linear dc transfer
function of the cycloconverter with bias-shift control, a sinusoidal control voltage

) at a particular frequency will yield an output voltage with a sinusoidally varying

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

converter building blocks are.used. Each block is supplied with a control voltage

&°

x that is one phase of a three-phase set at the desired output frequency.

?
y

Studying the phase relationships of Figure 2.4 will explain how the bias-
shift control technique might be applied to a cycloconverter building block using

1% - .
two, anti-parallel, one-way connected converters. The output of converter P is

. the VBltage from point A to neutral point n . The voltage from point B to

-

9 , R
- H. Rissik, op. cit., p. 181 and p. 263.
’ 1
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1

point n is the output of converter N, ]hciconve'rter output voltages are shown
for the 90° phase back c;ndifion. This corresponds with the condition of zero
control voltage added to each cosine voltage on Afhe'second trace. It is cssu,lmed
that the firing pulse generators for converter P detect the positive golng crossings
of cosines P1, P2, and P3. The same cosine ‘volto‘ges (but felabelled N1,N2, and
N3) are monitored b;t negative crossing detectors to generate firing pulses for~
converter N. In total, three cosine vo|f‘39es, three summer amplifiers, three po-
sitive crossing detectors, and thre‘e negative crossing detectors are needed to syn-

L)

chronize the cycloconverter firing pulses. 4
/ kY

The third trace il|usf‘rctes the effect ot control voltage on the timing
for the thyristors tied to phase 1 of converters P and. N . Raising the control’
voltage phases forward the firing pulse(s) of converter P while phasing back the
firing pulse(s) of ;:onverfeF N. The phase forward and phase back movement keeps
the values of the firing angles supplementary as will now be shown. Using the va-

riobles defined in Figure 2{1 : ‘

VC = ch sin OP = ch cos( 90°~9P)/= chco\s&ap). *(2.4)
Also, l ' (
’ V =V sin 9N = ch cos (90° -0,y =V cos( 180°—aN) (2.5)
or
' V_ cosap=V__ cos(180°: o) - | | (2.6)
-> . '~ .

¢ A
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Fd

The significant solution is ap = 180 - ay ©r % + ay = 180° . Hence, the

firing angles of the two converters are supplementary. For a steady value of

control voltage V  and continuous current flow, the average output voltage
: c

of converter P (from A to neutral) will be

Vv \ -
_ - -1 e | c
vd(An) = Vdo cos ap \/docos cos o Vdo' A (2.7)
cm cm

v
- ¥

Similarly, the average gu?puf'voqlfage of'/c;nverter N (from neutral to B)

will be o ,
vc
vd(nB) = Vdocos(]807- oP) = - Vdocos ap -(« -Vdo . Vc—m (2.8)

f

But, ‘the converters are connected in anti-parallel, so that the gverage output

voltage of converter N from (B to neutral) iwill be
Ve
Ve T Vdo VT Vd(an)

cm

(2.9)

. Id
Consequently, the average output voltages are equal and have a linear relation

S

to the control voltage Vc , assumingrthat both converters are in continuouscon=-

-

duction.

Trace 4, of Figure 2.4 represents the output voltages of the converters

A

(VAn ' an) corresponding to the value of control voltage in trace 3.

An alternate scheme to obtain supplementary firing angles and o linear

input to outpyt relationship uses six cosine voltages , six summing amplifiers, and

six positive-crossimy detectors. Three of each item mentioned are used in each




£}

converter. An additional unity gain, inverting amplifier supplies (-V } to the
. c

§

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

average output voltages will be equal. -

N

j\« »

N .

3 A

2.5 Oscillossope Photographs of Cycloc.onverfer Operation

lﬁ. "A
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 current, necessary logic and detection
circuitry for circulating current elimination was provided. Circulating-current-

'
limiting reactors were ngt needed,but current limiting fuses were inserfed in the

interconnection between the converters as shown in Figure 2.8 .

3

14 3

The four osciltloscope traces for the circulating~current case of Figure
2.5 are (1) the output vgl'fcge of the P converter, (2) the output voltage of the
N converter, (3) the load vol;age at the center-tap of the reactor, and (4) the load

current.

r

The traces for the circulating-current-free case of Figure 2.6 are (1) the
confr.ql- voltage at Q.9 p.u., (2) the load voltage, (3) the load current, and (4) the .
. o .
logical NOR of the firing pulses supplied to the P converter. For both photo-

graphs the control voltages were 0.9 p.u. peck ot 30 Hz. and the load was approxi-

mately (8.‘7‘+ i13.3) ohms at that frequency. The unsaturated impedance of
3 p;

' \
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FIGURE 2.5..

Sweep =
Trace 1:
Trace 2:
Trace 3:

Trace 4:

FIGURE 2.6.

Sweep

Trace 1:
Trace 2,
Trace 3:

Trace 4:

WAVEFORMS WITH CIRCULATING CURRENT
5 ms/cm; Ve = 18\/pp at 30 Hz.
Vo: P converter; scale = 420V/cm
Vo: N conver“ﬁer; scale = 420 V/cm
Reactor cenlter~fop voltage; scaole = 200 V/cm'

‘Load current; scale = 20 A/cm

WAVEFORMS WITHOUT CIRCULATING CURRENT

=5 ms/cm; Ve =18 VPP at 30 Hz.

control signal, Vo:  scale =10 V/em

-»
Load Voltage;  scale =420 V/cm '
Load Current;  scale = 20 A/cm

Firing pulse detector, P converter]; scale'=10 V/cm

)

-



) FIGURE 2.7. CONNECTION DIAGRAM FOR FIGURE 2.5

I om e

I 1
- . L ‘
‘ FIGURE 2.8. CONNECTION DIAGRAM FOR FIGURE 26
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o : A
kA . >

the reactor to the ;:iuculoting current was approximately (.86 + 248) obms at
360 Hz. Note that because of the self-induced circulating current causéd by

. ¢

o

. “he reactor (see Section 4 9), the impedance of the reactbr appeared to be '

1

' 7
only (.43 + j0) ohms when viewed from the load. Then, mointaining identical

- ¢
w 1

control veltage waveforms and load impedances for Figures 2.5 and 2.6 lead to

almost identical load current amplitudes  The 1ocd eurrent in Figure 2.5 is
. ‘ |

smoother than in Figuie 2.6 because the reactor instantaneously aveiaged the

10

1 AN

' ' . . 3 JO . { -
convertet input voltages yielding an output voltage which has been shown

3

to have a harmonic content lower than that of either converter voltage by

! Y
.

itself. Tiace 4 of Figure 2 6 is the output of the positive converters firing

1

pulse detector NOR logic showing that the firing pulses in the positive . .
. N 3 ' \/‘ -

. ! i L2 C
converter were suppressed whenever the negative convertei, was in operafion.

-

2:6 Summary

i
. . ' '
The anti-parallel paralle!l connection of the converters in the basic

L3

cycloconverter building block permits reversal of the load current. The bias- ‘
- L

shift method of phase-control provides\c linear; de transfer function as long as

v

the load current is continuous.” In addition this mefhod produces supplementary

firing angles in the two converters so that their average output voltages are in
7 . b «
[ S . ey 5
balance. However, slight deviations from trye  supplementary operation may

o «

cause large dc circulating currents to flow. The phase-controlled operation

of the cycldco}werfer generates a sawtobth voltage wcveform that {despite its

A

/[

‘ o

B. R. Pelpry,_?g_. cit, pp. 311-313.

3 E



. ~

I zero gveiage value) forces a pulscfing de curient to circulate between the

o © ! v n N ,‘
converters. , The magnitude of this ciculating current is normally limited by o
g g b4 Y

M reactor (or reactors) between the converters Ho\wever the presence of the
. ° 3

reactgr itself produces a self=induced ciiculating current which fieewheels

L : (
through the the reacter and the anti-parallel converters. As the next chapter |

will show, the modem approach has been to completely eliminate the " J
& ,
v circulating cunent by means, of detection and logic circuitry which permits
anly the alteinate operation of the two converters-comprising one cycloconverter
¢ *
bujlding block. ) )
o
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Ct CHAPTER 1N
» \ \
THE DEVELOPMENT OF THE MODERN CYCLOCONVERTER .
. f
3.1 Introdudiern ~
As mentioned in Chapter [, Hazeltine applied in 1926 for a poter]t to
what might be considered the dncestor of the modern cycloconverter. Three-phase
to single~phase cycloconverters for single-phase railway fraction motor éup‘pli@s >

v -

were built during the Twenties and Thirties. But, the use of cycloconverters gradually

-

declined, and was quite dormant by the time that General Electric O””‘f‘mc@d the LN
f,'i

dewelopment of the thyuistor in 1957 . The possibility of using this new compact and

el

&
-

[ 4

rugged controlled rectifier revived the cycloconverter concept. Soon a number of

4
firms were invalved in cycloconverter development woik . g

span "
Y

This chapter will trace the development of the cycloconverter since 1959
by reviewing selected articles published in English since that date. German contri-

butions fo cy®pcondrter development have been significant. But a number of ,

-~ 7 -

German authoss gavp published cycloconverter articles in'English, so that German .

innovations can be followed without needing a reading knowledge of German. .

- . al

f ]
b '
®

3.2, The Flrst Aircraft VSCF Systems Using\the Cyclotonverter
/- .

- *
o t .

A number of papers on variable-speed, constgnt-frequency (VSCF) three- :
phase airbbrne power, systems were originally presented at the AIEE Summer and
Pacific General Meeh’ng and Air Transportation Canference, Seattle, Washington in

o »

3 '. : L
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late June of 1959.  Three of the papers dealing with electrical means (rather than

[

mechanical means) of maintaining constant output frequency were later published

in Volume 78 of the "AIEE Transactions".
\/\,‘ ]
The first paper, ~submitted by B.V. Hoard®of the Bd’eing Airplane
Company, described the use of a transistorized, three-phase inverter to supply the
corgectyvciue of make-up (slip frequency) power to the wound rotor of an induction

)

Y
generator. The engine driven, variable speed shaft of the induction machine always

7 rotated at less than the synchronous speed corresponding to its stator output fre-

quency. Thismeant that the inverter always supplie d make-up power to the rotor.
The inverter was not required to regenerate power because synchronous speed was

not exceleded at any time. The &uthor's VSCF systém was successful, but the use of

transistors in the inverter section limited its power level to about 1 kVA.

The second pcperz‘was submitted by K.M . Chirgwin ahd L_.J. St‘mﬂon
of Jack and Heintz, Inc. in Cleveland, Okio. i’hey described their VSCF system
development wh\ich used a wound rotor induction generator ( operated both above

" and below synchronous speed), a slip chanrfel comprised of a fhreé-g;f;::se to three-

phase cycloconverter {capable of handling power flow in both directions) , and a

4 +

1B.V. Hoard, "Constant F'(equency Variable-Speed Frequency-Make=Up
Generators, " AIEE Transactions, Pt. 1l (Applj’éﬂfions and Industry), Vol. 78,
November 1959, pp. 297-304. R ] .

" 2K M. Chirgwin and L. J. Stratton, ' Vorlcble—speed Constant Frequency

Generator System for Aircraft,” AIEE Transactions, Pt. il (Applications and lndustry)
Vol. 78, November 1959, pp. 304+310.

N l i




w————v—.f J
. | 28

N

® ’
ioe
. F synchronous machine. The synchronous machine and the induction generator were
o L
) driven by the same variable speed shaft. The output frequency of the synchronous .

machine was a number of times higher than that of the induction machine so that
\
AR cyclogonverter always had a sufficient frequency change ratio from the syn-

chronous glachine side to the rotor slip frequency side. The rating of the VSCF

systemYwas not specified, but it was probably about 60 kVA. This meant that

5 :
;) the cycloconverter handled up to 20 kVA plus system losses assuming the shaft speed \
(
. varied over a 2:1 range. e .

3

. :
. After submitting their first paper to the AlEE-on March 23, 1959, Chir-

’

( 3
. gwin and Stratton, in conjunction wu’{’w J.R. Toth, submitted a second paper ,
r— \ o |
; on March 27, 1959, describing an alternative VSCF system. A high speed alternator

L]

driven by a variable speed shaft supplied three-phase power at variable frequency to
0 - . -

o a cyclocoaverter. The cycloconvertr fre§uency reference was a high stability,

A three-phase, 400 Hertz oscillator. The frequency stq}bility of‘tbe three~phafe cyclo-

o

converter output was equal to that of t@eference oscillator.

<

»

Chirgwin and Stratton stdrted experimentation with their first VSCF sys~
tem even before th)yor ratings were sufficiently well developed for use in their

«F
\\ > cyclocohverter. They were able to generate several kVA of 400 Hz power from g .
' r -~

]

'_ 3K.M. Chirgwin, L.J. Stratt6én, and J.R. Toth, “Precise Frequency
Power Generation from an Unregulated Shaft," AIEE Tronsactions, Pt. 1l ¢

(Applications and 1ndustry) , Vol. 79, 1960 (January, 1961 section), p;442-4¢9.
!

e

K ~

.
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. variable speed shaft using simulated thyristors in the cycloconverter section of
their VSCF system. hoch thyristorawas simulated by using three transistors and {/

approximately fifteen other circuit components! When hyristor ratings had ad-
' 2 \ . . .
vanced sufficiently, they built a second set of hardware, npw using thyristors and
- ; -
- incorporating other improvements suggested by their first experiments., .

»
Fs

) . '
Chirgwin and Stratton did not me)htior\ in their first paper whether or not .

.

their cycloconverter operated without circulating cuirent. |t was stated in Section

i

2.5 of this thesis, and illustrated in Figures f.S and 2.6 that the output voltade
waveforms of a cycloconverter operating with and without circulating current are

. . . 5
, different. Unfortunately, the oscilloscope photographs™ of the output voltage and
v ) ‘ v
current in the aythors' first paper are indistinct so that no conclusions cor} be drawn
o,

r

on the basis of oscilloscope photographs. However, careful examination of other

photographs in the two papers indicates that the same experimental "bread-board"
o+ f

-, o

was used for the cycloconverters in both VSCF systems. The second cycloconverter

v

definitely was circulating-current~free as the following paragraphs will show . \ . .
' :

ol

’ - e - . 4 »

4Chi]gwin and Stratton, op. 9_}_?.‘,‘ p. 308.

5Chirgwin and Stratton, op. cit., p. 308 . |
v "



A
5

N

Chirgwin, Stratton, and Toth egplcined that their cycloconverter had
\ IR

/

-

three positive groups of thyristors (three P converters) and three negative¥groups -
’%nsfors (three N converters). Quoting from their article

The funchon of the positive groups is to carry cuirent
during the positive half-cycle of the output frequency
«{ current ] wave, andithe negative groups carry the current
during the negative half-cycle of the ouf,pﬁf frequency
[ current ] wave.

-----

Thus, all that is necessary in order to fabricate a precise
frequency output wave is to control the delay in the firing of
the rectifiers in an appropriate manner, to arrange to switch

from the positive group to: the negative group at the appro-
prlcfe instances and to filter the output wave.

Figure 4
illustrates that the instant opprOprtcfe For switching from the
positive to the negative group is not necessarily the instapt

[ in their paper, but similar to f\gure 7] ¢© in this thesis ]
of zgro vpltoge output but rather the instant of current zero

“ar

in the output circuit. If the switching from positive to nega-
K

tive groups always occurs at the current zero, it is possible
to transmit real or reactive power in either direction through
the frequency chc:nge'r.6

a

o

The statement quoted above, verified by Figures 4 and 5 in the body*

o,
A

and Figure 12 in the appendix of their second paper confirms that they had been

o
Y

the first to build a successful three-phase to three-phase, circulating-current-free,
>
A

Chirgwin, Stratton, and Toth, op. cit., pp. 443-444

LR
-
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thyristerized cycloconvetter. Other companies, such as General Electric”’" were

also working on cycloconverter systems. But Chirgwin, t{frotfon, dnd Toth of

i

Jock and Heintz in Cleveland were the first to achieve success. |
{‘.

7

Judging from the submission dates of the two papers by Chirgwin ,
h
Stratton, and Toth, it is probable that the cycloconverter used in their first VSCF

system paper also operated in the circulating-current-free mode.

Figure 12, parts A, B, and C in the discussion of the authors second

9 . - . .
paper  consisted of six oscilloscope photographs of voltage and current waveform?

a(‘_

for both input to and output from a single cycloconverter buildi(ﬁ:k . "Operation

with unity, lagging, aond leading PF lxads was illustrated.~Obsetving these wave-

/

i

forms leads to two conclusions: ./

1. The circulating current elimination logic and detectlon c’ircuifry was
suitable for leading, unity, and lagging PF loads. Hence, the opera-

tion of the logic depended only upon the detection of current zero in

7S.C. Caldwell, L.R. Peaslee, .and D.L. Plette, MThe fFrequency Converter
Approach to a Variable Speed, Constant Frequency System," AIEE Conference Paper
No. 60-1076 presented at the AIEE Pacific General Meeting, San Diego, California

August 1960. »

K . 8D.L. Plette and H.G . Carlson, "Performance of a Variable Speed Constant
Frequency Electrical System," IEEE Transactions on Aerospace, Vol. 2, No. 2, April,
1964, pp. 957-970.

LY

the output Tircuit. s

9Chirgwin, Straton, and Toth, op. C__.i,f" p“ 450. '




$ ],QChwgwm, Stroffon, and ‘Torh, op- _c_:_f, p. 449, '

2. No matter whether the foad PF is leading or lagging,’ the input PF

N

is lagging anéi decreases as the load PF decreases. Even unity PF

\‘ loads have cn%vercge !oggir-wg input PF because of the phase~controlled
\ ;

operation o,tﬁ e cycloconverter as it produces a sinewave’output voltage.

% " The seceféﬁ;oint was well known in the Thirties, 10,1 and the authors
referred to the or;icle by Von Issendorf in which he calculated the input PF versus
the load PF assuming an infinite number of supply phases and zero commutation
reactance. Chirgwin, S;}atton, and Toth presented calculations in,the oppanix to
their article showing that the best possible input PF was A = .843 . _This occurred

for a purely resistive load fed by a cycloconverter putting out a sinewave voltage

of 1.0 p.u. amplitude. v

The six oscilloscope photographs were placed in the discussion section of

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

3

R
* Jesse felt that some test results " to substantiute the statement that leading loads
i .

have the same effect on the generator as do lagging loads would be of interest.”

& §

L T, 1

]OJ von Issendorf, 'Der Gesfeuerte Umrichter [The Controllett Frequency
Changer3," Wlssenshaﬂl|che'6eroffemhchungen, Siemens-Werken, Vol. 14, Pt. 1}
1935, pp. 1 = G1. . . PR

H Rissik, The Fundamental Theory oFArcConverfers (Londoh Chapman
and Hall, Ltd. ,1939) p- 267

RY

/
&
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R.D. Jesse and W.J. Spaven of Westinghouse Electric submitted a

paper in March, 1959 for presentation at the AIEE Summer and Pacific General

, 1 .
Meeting and Air Transp?rfcﬁon Conference tn June, 1959. 3 The oufthrs pro=-

-

posed a hetrodyne or mixer technique in which the fundamental frequéncy of the
f -

y converter output veltage was m be the difference between the generator frequency

‘k ),
1~

and the switcl'('gng frequency of the converter. Other non-desirable frequencies
: . Vg

' 1

generated by the hetrodyning process were to be removed by filtering. The paper ~/
L

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

duced by using forced-commutation in u cycloconverter rather than the nomal

line-commutation. Forced~ commutation permits syccessful operation with positive
-

T

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

of a (this is not possible with line~commutation alone).

)
The authors did not propose any forced-commutdtion technique to actualty

+
maoke their schemd feasible for use with thyristors. This omission was pointed out
: b .

in the discussion section of the authors' pcpek by their reviewers, Chirgwin and
Stratton, who commented that their line-commutated cycloconverter was a practical

- i ) : .
success. Indeed there have been many more lme-commutgtex cyclqconver‘tﬁr (i.e.

"\'3
o ~ »
« .

4
. ]3R.D. Jesse and\W .J. Spaven; "Constant- Frequency A-C Power Using
Variable Speed Gensration, " AIEE Trcnscchons, Pt. Il (Applications cnd |ndus'rry)
Vol. 78, 1959 (January, 1960 sechon) ; PP 411-418, '

<




. "nomal" cycloconverter) articles than articles on forced-commutated cycloconver-

ters. .

G.J. Hoolbokgmof McMaster University, actually built a frequency

13

] .
changer > based on the mixer technique proposed by Jesse and Spaven. The -

TN,

cycloconverter was only partially successful‘t(ecouse forcedrcommutation was not

used. Hoolboom concluded that o successful cy‘clbconve\ter operating in the mixer

mode would need forced-commutation. \

One interesting ogpect\of Hoolboom's approach was his method of current. ¢ L
zero detection. The output lines had powe\r' diodes connected in anti-parallel so
that the diodes carried the load cu'rrent. Absence of volfag:e across the diodes
indicated zero current flow. The nonlinear volt-ampere c—hcrocferisﬁcs of the
diodes made the detection of very small currents simple without causing high power

dissipation when large currents were flowing.

-

3.3 A Syhnchco‘ﬁ%)s Motor Drive v

‘ In May, 1961 D.C. Griffith and R.M. Ulmer of Thompson Ramo Wool-

‘e ridge in Cleveland, Ohio published a short p"aper on an 18 thyristor, three-phase
—
\.

‘L MS Miyairi and |. Tokahashi, “Apphcahon of Power Modulation Tech-
\ mque Employing Thyristors." Electrical Engmeermg in Japan (IEEE Translation),
Vol. 88, No. 11, 1968 , pp. 36-45. a

- TGL. Hoolbqom, “An All Solid State C‘ycloconverter." IEEE Conference
“ Paper 63-1040, October 1963, pp. 1-8 and Figs. 1 - ?‘9\

. .
.
. - L}
K *
. .
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« -
v
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] .
to three-phase cycloconverter. 6 The unit had a 30 kVA rating und a frequency

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

The cycloconverter operated with circulating current, unlike those
made by Chirgwin, Stratton, and Toth at Jack and Heintz in Cleveland. Instead
of generating constant output frequency from a variable input frequency as in o
VSCF system, Griffith and Ulmer's cycloconverter genefated.a variable outpulg
frequency from a fixed 60 Hz input. The authors used an elecfromechcr‘;icol scheme
involving a drivenwsypéhro resolver and fh‘ree demodulators to generate a low fre-
quency set of three-phase reference voltages. The frequency and phase rotation
of these voltages governed the freq?ency c;nd phase rotation of the three-phase
cycloc‘ongerfer power output. The controll;d motor was of the synchronous -induction

type, and operated open loop. No design information was presen\ed, but the paper

contained several excellent waveform photogréphs taken at 0.5 Hz tput. ¢

-

3.4 The First Lear Siegler Article

[N

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

converter problem. R.A, Van Eck of Lear Siegler, inc. presented a theoretical
X ' 1
paper on cycloconverters to the June,T\?é‘l AIEE Aero-Space Transportation Conference.

N
AN

AN

16D.G. Griffith and RWM. Ulmer, "A Semiconductor Voriable Speed
A-C Motor Drive," Electrical Engineering, May 1961, pp. 350-353.

, WR.A. Van Eck, "Frequency~Changer Systems Using the Cyclo::onve!'t!er
Principle ," AIEE Transactions, Pt 11 (Applications and Industry), Vol. 82, May 1963,
pp. 163-168. S .

. b .
e, ’
wt B
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The paper reviewed the reloﬁq\nship of cycloconverter input power

3

factor to the hamonic distortion factor and the average phase displacement of

the current input to the cycloconverter. These relationshipsthad been developed
: .. 18,19 : T 20
in the Thirties and were mgphoned by Chirgwin, Stratton, and Toth.

Van Eck olso reviewed voltage drop due to commutation overlap. y

€
»

Several paragraphs and one ‘figure in the article pointed out the circu-

. 21 . . R
lating current problem. Then, making the assumption that.circuit resistarce

36

f « ¢

could be neglected, Van'Eck developed two equations predicting the maximum

amplitude of circulating current to be expected between the anti-parallel converters

in o building block. One equation applied to three-pulse, one-way converters,

which have maximum circulating current when «

=60° and a, = ( 180° - 60%) .

P N

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

which have maximum circulating current when ap = 9‘00 and N ( 180° - 900) .
v .
‘. 8\/on Issendorf, op. cit., pp. 1 - 31I.
]9Rissik, op. cit., Chap. Xil .
20Chjrgwin, $tratton, and Toth, op. cit., pp 446-448.
. 2]Vcn Eck, op. cit., ) 166 and Fig. 5. g
W -
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3.5 A Gemah Cycloconverfe‘rb 1*

In the November, 1963 issue of the "Siemens Review", R.\Jj\sack and
M. Meyer described the closed-loop speed control of a 30 kW induction motor vsing

. . 2
a circulating=-current-fiee cycloconverter., « |

Three separate cycloconverter building blol’kzwere used. Each building
block had two, three-phase, two-way converters ccinnecled in anti-parallel . The
induction motor had three separate pairs of stator leads, so that each phase was

isolated.  This meant that, the cycloconverter building blocks did not need three-

~

phase transformers to prevent block to block “short circuits of their two-way conver=
ters. \
b v

Y

)
As will be shown later heiein,  the torque versus slip frequency charac-

teristic of a singly-fed induction motor will be independent of its stator Fréquen‘cy

provided that its airgap flux level is maintained at a constant value despite any

.

changes in stator frequency and current. Similarly, for constant airgap flux, there
is o fixed functional relationship between the slip frequency and the amplitude of

the stator current. Heck and Meyer used these relationships to build a cycloconverter

=}

i

control system with several inner loops.

22R. Heck and H. Meyer, "A Static- frequency-changer-fed équirrel-coge
Motor Drive for Variable Speed and Reversing, " Siemens Review , November, 1963,
No.[]], pp. 401-405. :

t




”

~ Each building block had a high speed current loop built around it.

The three-phase set of currentreferences were supplied by o frequeacy and am+

~

plitude c‘ontrol’ler. Hall generators were used in the air gap of the mdchine to

measure the air gap flux. The actual flux n?bgnftude was compared with the

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

%

controller adjusted the amplitlde of the three-phase set of current references,
p +

leaving the frequency and amplitude controller. That is, thelair gap flux was

aintained ot a constant value by a feedback loop manipulating stator current

amplitude. The frequency and phase sequence of the ‘three—p(hose current refe-

’

rence set was controlled by the amplitude and sign of the output of the speed con-

P o

¥

troller. The authots did not comment on the control modes of the speed controller.

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

state speed error could be achieved despite various values of steady stte load

5
!

3

/ . ¢
’ '
4 o

At the conclusion of their paper, Heck and Meyer commented that, -
>

fo;ques.

"The limit frequency of a six-pulse convertor operating on a 50 = c/s system is
approximately 20 ¢/s ." 23 This corresponds to a frequency stepdown ratio of 2.5

to 1. Several years later, W. Slabiak and L.J. Lawson writing about the Lear ‘

”,

Siegler cyclaconverter commented, “Typically a stepdown frequency ratio of 2
/ N

J

3Heck and Meyer, op. cit. , p. 405. . ¢

)

wl

-
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to 1 15 used from input-to-output of the fiequency changer. With a small sacrifice

. - ' : 24
in system efficiency of ohout 5 per cent; a ratio of 1.5 to 1 may he used. """ |

i

- 9
Unlike the Siemens cycloconverter, the Lear Siegler cycloconverter did not nged

3
-

to use direct closed loop control of the induction motor stator current. Hence, the |

cycloconverter output-could be highes for a yiven particulas input frequency.

\ * )
3.6 General Electitc's Cycloconverter VSCF Sy/stem

{

It was mentioned earlier in this thesis that companies other than Jack
: . R5
and Heintz were also working op VSCF systems. In 1964, D.L. Plette and H.
G . Carlson published an excellent summary of the VSCF system development that

. »
had been carried out over the previous five years in the specialty Control Depart-

[

. 26
ment of the General Electiic Company. They started work in 1959, byt had ,

found it difficult to develop Igrge, three-phase output VSCF systems. Quoting
*

24W. Stabick and L.J. Lawson, "Precise Control of a Three-Phase .
Squirrel -Cage Induction Motor Using a Practical Cycloconverter,” [EEE Transactions
on Industry and General Applications , Vol. IGA-2, Ns. 4, July/August 1966,

p. 276." y ) , »
- 2 '
SSee page 31 herqin. . . p - ~
26 ‘ !’ ‘
- D.L. Plette and H.G. Carlson, "Perfom]once of a Variable Speed
CBnstant Frequency Electiical”System," IEEE Transactions T‘Aerospace, Vol. 2, -
f\alo. 2, April 1964, pp. 957-966.
[~ . o

) s
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{

from their 1964 papet 27 \ *’\

For example, the 20 kVA VSCF generating system shown in
Figure 1 wics delivered to the Bureau of Weapons by General
Elegtric it carly 1962 after nearly three years of intensive de-
velopment and design effort. Although this system was*light
tested, thi electiical performance of the equipment was some- {
what below normal power quality in the areas of voltage modu- »
lation, voltage transients, and voltage imbalance.

However by 1964, the authors had developed a satisfactory system.

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

converter output was 1ated at 30 kVA, 115,220 volfs, three-phase, %OO Hz for

a three-phase input grarying from 1333 Hz to 2666 Hz\ The cycloconverter, operated

\ s
without circulating current, cag small*LC output filters were used to reduce high

1 . N
frequency ripple. Negative feedback was used around each ‘cycloconverter buil -

i} ~ N

ding block t¢ improve the wave shape and to. lower the converter impedance. ’

o,

i The necessary three-phase, 400 Hz reference voltages were obtained from

a ring counfer triggered by a high stability 2400 Hz oscillator. Individual phase

T 5
'

v%lic‘:ge regulators (thdt is, ome for each building block) adjusted the level of clip-~
e NG -

ping opplied to the squa¥e wave voltages taken from the ring counter. The three-
- ?\ - ’
phase, controlled amplitude squore waves were then filtered to give high quality

sine wave references. Three separate voltage regulators were provided so that

s )

balanced three=phase vélfcges could be generated despite the single phase loads in

Al Ll

4

v % *

2 \hid., p. 957 . | _ " :
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)
the %chrofr. The oscillatar, ring-counter, clipper, lowpass filter opprocch\oi’

&

generating the three-phase references is very suitable for VSCF systems because

they operate at a fired outpyt frequency. Later in this chapter a method
4

will be described to generate variable frequency, fhrege—phcse references

*

for use in closed loop, controlled slip operation of induction mQjors driven b4 three-
o~

\' '

Plette and Carlson were concerned with meeting existing military stan-

phase cycloconverters. AN

dards for VSCF systems. Their conclusion from their testing was that the cyclocon-
o
verter system compared favorably with the conventional system. Voltage control
E
-
with individual phase voltage regulators was satisfactory. The frequency stability
depended completey upon the precision of the 2400 Mz oscillajor. Amplitude and

frequency modulation of the output voltage exceedpd military standards. But

’
LS

the authors felt {quite justifiably) that the particuldr test procedures and equipment
specified by MIL-STD-704 were not reetty opplicable to a cycloconverter VSCF

system. The dc content in the cycloconverter output was less than 0.1 volts.,
-4

-

N E
The authors found that the outpyts®f two'cycloconverter systems could
, Py y y

be successfully paralleled, and presented an oscilloscope photegraph of the syn-

[

- 2
chronizing operation . ,

»

Appendix B of the paperdiscussed the effect of varying load PE on

1y
'

the cyclzaconi/erfer input PF. The input PFaaffects the alternator rating. The 2

?Blbid., Figure 11, p. 970. "a

.
N

~
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results derived by the authors agreed with those originc“%' presented by Von

fssendorf‘?(; and by Rissik .30

3.7 A Small Reversing Drive

In the May/ Jurje, 1965 issue of IGA Transactions, R.A. Johnsory and

F.T. Thompson described ¢dn eight th;/ristor, single-phase to single-phase é:yc|o~
. 1 |

converter, with circulotiyg c.‘urrent.3 The cycloconverter was op(uolly used as

a reversing supply for @ — th hfrsepower motor positioning a steam valve shaft.

6

" Thesauthors provided a very omplete description of their system, including block
diagrams, circuit diagrams, frequency response diagrams, and oscilloscope photo-

[

graphs.

The article is very interesting, and the position control system was quite
successful . However, the firing circuit details are not direcflyﬁopplicoble to poly-

& u
1Y

phase, circulating-current-free cycloconverters.

3.8 A Lar‘ge, Circulating=Current-Free, Revérsing Drive

¢ .ff *
\ . In the same May/June, 1965 issue of the IGA Tronsdéfilms, D.L. Duff

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

i

-

A .
29 ' .
Von lIssendorf, op. cit., pp. 1-31. .
-~
' . BORissik’, 9_[_). cit., pp. 268-270. , . 7
" ' 5 ‘T r -
. 3]R A. Johnson and F.T. Thon‘pson, "Throttle Valve Position Control .

System," IEEE Transactions on [ndustry and GenerolApphcchons, Vol.IGA-1, No. 3 »
Mcy/June . 1965, pp. 199-205. . :
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. . . 32 .
c1rc,lchng—currenf—-free, reversing armature supply . The reversing supply was,

in fact a three-phase to single-phase cycloconverter using anti-parallel two-way

<

converters.
o

The authors firstlcompared, in tabular form, circulating current operation

1
i

with circulating-current-free operation based on the considerations of cost, efficiency,

regulatdr response, and fault susceptibility.

The circulating-current mode of operation does have the advantage of
avoiding discontinuous armature current flow. And as K.G. Blcck‘poinfed out,
if the motor armature current becomes discontinuous (for instance, due to a low tor-
que load or the motor shaft), then the incremental gain of the converter drops. This
loss of gain impairs the transient response of the control system to sudden load changes.
However, the system response is still excellent. Duff and Ludbrook chose the cir-
culating-current-free mode on the basis of lowedcost, higher efficiency, and 1\0wer

4

fault susceptibility.

They then proposed two methods of eliminating circulating current, des-

cribing them as: the biased transfer function, and the coincident transfer function

*.
<,

with crossover logic. The biased-fransfer function would supposedly eliminate the

..

¥ »

o ' Y
32D.‘L. Duff and A, Ludbrook, "Reversing Thyristor Amature Dual /
Converter with Logic Crossover Control,” 1EEE Transactions on Industry and |
General Applications , Vol. IGA-1, No. 3, May/June, 1965, pp. 216-222.

3F?’K .G . Black, "Effect of Rectifier Discontinuous Current‘on Motor
Performance, " IEEE Transactions on Applications and Industry, Vol. 83, November,

1964, pp. 377°382. o

-




circulating current by placing a deadband between the input-output relationships

of the two converters. The authors chose the second alternative, making the
input-output transfer functions of the anti-parallel converters coincident by using
the bias-shift technique combined with both positive and negative crossing detec-

4 . . .
tors.  Current zero detection and input reference polarity were used to control

the crossover logic (circulating-current-elimination logic). J

The cycloconverter was put inside a high speed armature current loop.
The armature™surrent was measured by using separate sets of ac current transformers
and rectifiers for each converter. Figure 4 in the paper showed that the regulator

response was fast even when the armature current was discontinuous.

Duff and Ludbrsok then outlined how. they used the bias-‘shift technique
for \phose control. By using both positive and neg;ztive crossing detectors, the
phase k;cck angles of the firing pulses supplied to the anti-parallel converters were
képf supplementary. This meant that the average output voltages of the anti-parallel
converters would have been in balance (coincident) if the cycloconverter was operating
in the circulcﬂ‘in'g\ current mode. Of coutse, because the cycloconverter was designed
to be circulating-current-~free, firing pulses were supplied to only one converter at

a time. The thyristors of the other converter were left in their block? state by not
\

*

supplying them with firing pulses,.

-

34See pages 17 to 20 herein .

1
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¢
Each cosine wave had twd "marker"lpulses electronically superimposed |

on it every cycle. One marker pulse gucrd\ﬂeed that a arossing would be detected
(and o firing pu.lse formed) at o = 0° even when the c0nrro\i\‘l voltage (bias voltage)
exceeded the peak value of the cosine wave. The other m(;trker pulse was used

as a phase, back limit 1o prevent the phase back angle a from exceeding the re-

tardation limit when the converter was inverting. These marker pulses will be called

F)

phase forward limit (PFL) pulses and phase back limit (PBL) pulses in Chapter 1V

of this thesis.

Then, under the heading "Crossover Philosophy, " subheading "Regulator
Action" the authors pointed out an important fact about back EMF loads and
discontinuous current operation. Quoting from the paper:

The coincident transfer function would be ideal if, during
discontinuous current ¢ nd‘ut'\;:s, the rectifier output voltage was
... governed by the edpressith set down in (1). [V =V, cos a]

. . Lt'd 'do
The transfer function breaks away from the continuous current
3 . . S . .
characteristic at a point determined by the time constant of the
* load circuit and approaches zero volts at the 120 degree phase de-

lay instead of the 90 degree phase delay for the continuous cur-
rent condition (provided the Egck EMF is zero). As thg,fMF
t

of the machine varies, tha characteristic converges.on the value )
of the EMF instead of zerg. Figure 2 shows the transfer curve
for zero EMF, and Figure 8 reproduced as Figure 3.1 of this

thesis shows the curve for a particular value of back EMF. 35
N “

- A

P

Duff and Ludbrook, op. cit., pp. 219-220
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FlGURé 3.1. COINCIDENT TRANSFER FUNCTION
(BY DUFF AND LUDBROOK )

Again quoting from the paper:

It can be seen from Figure 8 that if the value of the input signal
to the gating circuit were to remain the same when pulses were trans-
ferred to the incoming bridge, the bridge would operate in the
continuous current portion of the characteristic at 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 gating pulses are re-
leased to it. ideally, the incoming bridge should be released to”
operate just short of the zero current point. This point is a func-
tion of the EMF of the machine which must be sensed in order

to position the pulses correctly. A less sophisticated but more
economical approach is to inject a signal into the opergtional am-
plifier to drive its output in such a direction as to phase back the
incoming bridge beyond 'the zero current point. Subsequently,
the incoming bridge is released to the action of the regulator.

A very-smooth crossover can thus be obtained without the need to
sense machine EMF .

\

3€Dutf and Ludbrook, op. cit., p. 220.
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Figure 9 in the paper consisted of four oscilloscope photographs
showing a change in armafule- current reference to the armafur;a current
contrdller, the output of that controlier, and the crossover of the armature

\
current\. The change in armoture current reference was varied so that all ?

four possibilities of continuous and discontinuous current operation before and

after crossover were demonstrated. The dead time during which neither

converter was in conduction appeared to vary from 10 ms to 30 ms. This (

dead time was caused by the need to temporarily phase back the incoming

‘

converter away from the coincident transfer function at crossover time to
prevent an armature current surge.

Duff and Ludbrook's current zero scheme depended upon two signals,
one of which was derived from ac current transformers on the cycloconverter

~
\\ t/

input lines. However it was difficult to detect exactly when the current
started and stopped using this method by itself. So a second M-shaped waveform
with sharp edges forrwing and clipping the ac component of the
cycloconverter output voltage was combined with the current signal to give
a more reliable indication of current zero.

The circulating-current elimination logic (crossover logic)
controlled the firing 5u|ses so that only ae of the ongﬁ-parallel converters
operated ot a time. The logic permitted a change of converters when the

following three conditions were met: 1) the polarity of the analog reference

Y

-
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, to the armature current controller had changed, 2) zero current in the outgoing
converter, and 3) no gate pulses were being applied to the outgoing converter.
Note that the analog voltage polarity monitored by the logic was taken from
current controller input reference rather than from the output of the c?ntrollér.
As will be shown in Section 5.8 of Chapter V the polarity of the gating control
'signal (which was the output of the current controller in this case) could have
also been used by the logic if Duff.and Ludbrook had chosen to bias the two
\trcnsfer functions apart rather fhm:l using their coincident transfer functionapproach.
The final sections of their paper covered overcurrent protection,

-

control cicuit packaging, and applications of the drive. Fault protection was
hondl;d by ac breakers, dc breakers and individual thyristor fuses. Packaging
of the control logic and firing circuitry was compact using card racks fc; hold
the cards. The cycloconverter system had been used in high performance de
motor field supplies from 10 to 100 kW and in armature supplies to 100 hp (900
ampere, 460 volt maximum).

In summarii'the paper by Duff and Ludbrook is very worthwhile

bechuse of their discussion of four todics: 1) the advantages and \isadvantages
{

of circulating current free operation, 2) the bias-shift method of phase control
with supplementary firing angles plus phase forward and phase back limit pulses,
3) crossaver logic requirements, and 4) the need to phase back the incoming

converter when ,Using a back EMF load.
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3.9 Two dc Reversing Drives for Rolling Mills

t

The IEEE Industrial Static Power Conversion Conferenck was held in

Philadelphia, Pennsylvania from November Tst to 3rd, 1965. At that conference

L. F. Stringer presented an eighteen page paper describing the thyristorized drives

. . . ) . 37
built by Westinghouse Electric Corporation for a complete aluminum hot mill.

The reversing mill section used two 5000 hp dc motors. Each of the
5000 hp motors was fed by-gn effective 12 pulse supply consisting of two sets of

circulating-current-fiee, anti-parallel, three-phase, two-way converters operating
\ ) ~

with 30 degrees of phase displacement. The circulating current was suppressed by
using ‘the biosed transfer function technique. That is, when the f‘mmon control .
voltage to the anti-parallel converters wT zero, the phase back angle of each

converter was about 142°,  This retardation beyond the normal 90° phase back
Y

\

was provided by independerrt bias voltages in each converter.

H

The added retardation suppressed the circulating current, but put a v

A
-
.
A

37 e ;
L. F. Stringer, "Thyristor D-C Drive Systems for a Non-Ferrbus Hot
Line, "IEEE Conference Record of the Industrial Static Power Conversion Conference, . :
34C20, Ph||odelphvo, Pq., November 1965, pp. 40-58. , S
s v.

L
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deadband between the transfer fun f the converters. To narrow tHe
deadband and minimize gain chang ue to discontinuous load current flow,
high speed voltage feedback loops were put around the converters. Ouf.er
armature current loops provided the reference signals for the high speed, inner
voltage l‘oops. Finally, a voltage command controller drivert by a ramp function
generator provided the.reference to the current controllers. Even the block

diagram describing the control system is quite formidable and it is easy to see

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

circulating-current-free drive.

£~ ’ -
Actually, the article is worthwhile reading because of the vost ambunt |

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

considered when building o successful, dc reversing drive system. . .

At the same conference, C.E. Rettigand P. J. Roumanis of General

Electric presented o poper on their company's experience with tfiyristorized drives A
1

for rolling mill c:pplicafions.38 Their largest reversing drive had used twd 6000 hp
- 4
m"otef(i’:porallel. The armature supply used four sets of 6 pulse, anti-parallel

bridges fed from delta and wye transformer secondaries (30° displacement) which

-

. .
38C. E. Rettig and P. J. Roumanis, "Thyristor Drives for Metal Rolling . -

Applications, "{EEE Conference Record of the Industrial Static Power Conversion
Conference, 34C20, Philadelphia, Pa., pp. 59-68. - \ ’




?
were then paralled through interphdse reactors to provide an effective 12 pulse '

supply. The circulating current was suppressed by using a biased transfer function
S o . .
such that each bridge was phased back 150° when the gating control signal was

zero. Agoin, a high speed inner voltage loop around the converters wos used

[ ¥

for linearization before the current and speed regulating loops were applied to

the drive.

! .

3.10  German Developments in dc Reversing Drives

Both the method of coincident transfer function with crossover logic

s

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

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

anti-parallel converters has its own gating control circuit which is biased back

far enough so that no more than one converter conducts at a time provided the

)

control voltage to the gating circué\tf is steady or varying slowly. On the other

hand, if the control voltage swings too rapidly from positive to negative (or R

. -
s

negative to positive) during crossover; then the oncoming'converter may start \
conduction before the offgoing converter ceases, thereby creating a circulating
current fault through the two converters. The requirement thot the maximum

rate of change of gating control voltage be limited then restricts the speed fo/

\
which the usual proportional plus integrol action linearizing loop around the

converters may be tuned. The usual first step to solve this problem is to provide
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’ ¢

[d
logic circuits which block all firing pulses in the reverse converter if the forward
. . - L] ” . © . . .
converter is in conduction and vice versa. |f nejther converter is in conduction,

then neither converter is blocked. The fitst converter to start conduction should |
<
immediately block the other but occasionally this race ends in a tie resulting in

a circuloting current fault. A common approach is to detect any such fault with
a logical AND of the converter current logic signals thereby triggering o flip-
flop that blocks gate g&lées to both converters until the flip-flop is manually reset.

o )

Even an occasional fault such as this is a nuisance and it would be better to

-«
prevent the race in the first ploce by permitting only one converter at a fime fo
attempt to establish c-onducfion. The, two logic signals which may be so used for
the case of converteis-with b?%:;ed transfer functions are either the polarity of the
gate control voltage, or the polarity of the reference signal fed to the linec’r‘i{'(l\ng
proportional plus infgial controller built around the converters. The latter ;pproach
is the most cownon%sed industr;olly, but a comparison between the two will be

made in Chapter V.

L 2

<

The earliest paper found during the preparation of this fhesis38'] which

A A &

<

]Thls paper was actually discovered by Geza Joos of McGill
University and given to the writer after the typing of this chapter was complete.
Hence the footnote numbermg scheme has been modified at this pointto permit
insertion of references to the paper. ,

4
L}
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o o

described thie use of contidller reference polarity allong with the converter current
signals to interlock operation of a 1eveising dc dvi;/c was wiitten in 1961 by S.
Zuicher of Biown Bow:'ni.38'2 Thc}\ﬁuze ogical variables involvec; (one polarity
signal and two cuiient signols)’moy be permuted into eight distinct states.

For each state there exists @ corresponding correct state for the converter blocking
signals to be in. By tabulating these, states in o truth table, Zurcher synthesized a
Boolean logic equation for blocking a converter which satisfied all the states.

He f'ben)simpilified the equation with Boolean identities and implemented the result
with. NOR logic. There are some minor inconsistencies in ‘t-he paper but these are
attiibutable to semantic difficulties often experienced when attempting to explain
positive and negative logic and their implementation with NOR & NAND blocks.
Figure 3 2 herein is on adaption of Table 111, Figure 4, and Figure 8 of the paper
with more cemsistent labelling of the Boolean variables. Bec,ouse the current zero

[

detection circuits were nohperfect, it was necessary to use the delay circuits to
: v

L

retard the unblocking (1 - O change) of the oncoming converter by a delay usually &
adjusted to between 6 and 10 ms. Schemes were presented in the paper using'the
logic for the circulating-current-free opggation of enti-parallel convetters in

.,\v

~ - . :

'

38.2

7S, Zurchey, "Two-converter Connections with Suppressed Figure-
eight Current,” The Brown Boveri Review, Nov./Dec. 1961, Vol. 48, No 11/12,
pp. 650-662. ] ) [

Y

o 7 iy
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This Figure has been adapted from Table Y11

== of a paper by :

, Figure 4 and Figure 8

'

. v [
S. Zurcher, " i

“Two~converter Connections with Suppressed Figure =
eight Current, " The Brown Boveri Revsew, Nov. / Dec. 1961 - ¥Yol. 48 f.
No. 11/12 pp- 654,855, , and 667 ' e

R . R

FIGURE 3.2.

BROWN BOVERI CROSSOVER LOGIC (BY ZURCNER )

\
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“

1) an armature controlled, /7versing drive with an inner current loop .and an outer

speed loop, 2)% o Biown Boveri Contiflbx drive with 1eversing field supply, 3) a
0,

. ).
Ward-Leonard drive with reversing field supply, and 4) a two-quadrant armature
4

supply combined with a discontinuous re\%rsing field supply to yicld an effective
! +

foyr quadrant operation. The fourth scheme required an additiongl NDf! gate in

the logic (NOR 3, Figure 3.2) to provide a full inversion signal“to the offgoing

. converter. full inversion combined with a field forcing ratio of four to six drove

the fiald 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.

Zurcher stated\that the gating circuits were controlled an equal and

opposite amount so that if both were in operation at.’the same time they would

v

- 38.3 . . ' :
producen‘fhe same mean voltage. " Stated in another way, the transfer functions

L]
hd I

" of the converters were coincident. Duff and ludbrook demonstrated that bec‘c&se

of the p@j;iki!ity of discontinuous armdture cu'rwnt (see Figure 3.1 herein) drives

using cé?nciflenf con T transfee functions had to temporarily phase back the

X - .
oncoming converter befbre its gating pulses were unblocked. Failurd to do so
' r

would result|in a tremendous current overshoot in the oncoming converter unless
\ .

. s
the offgoing ccmverter\ad been in continuous conduction. This phasing back

-~

*

)

s 3.3 Ibid., p. 652. - _ ‘ |

rs

&, . . : ) - °
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action really implied that the transfer functions of the converters were temporarily
é . '
noncoincident, or in other words, biased apart. The output voltage of the #

proportional plus integral action controller had to sweep across the temporary

) deadband between the converters until the or%coming converter current started 1
and rose info regulation. The point is that when considering the regulator
action, there is very l:A'}TTé difference between crossing the temporary deadband
between normally coincident. transfer functions and crossing the permanent dead-

band\between biased transfer tunctions. Zurcher very carefully stated that @

oy
distincNon had to be made betweerlarmature supplies and field supplies, and

. ny i : . 38.4
that in all hisNexamples the current was assumed to change continuously.

» {
But because he had sepatate gating circuits which could easily have been biased

’

e,

apart to prevent armatuie curtent surges, the suspician exists that Brown Boveri

"was declining to reveal at that time all its knowledge ‘about mrmature supplies.

’

; in 1965 L. Abraham, J. Forster, and G. Schiephake of Allgemein

Al
2

_Elektricitats - Gesellschaft (AEG) in"Berlin, Germany presented an |EEE conference

9 -
pc:per:3 describing some AEG, Brown Boveri, and Siemens developments since 1963.

t

p B-4id. , p) 657

— 3
3y

L: Abraham, J. Forster, and G. Shiephake, §"Germcm Developments
in Thyristor Application," |EEE Conference Record of the Industrial Static Power
Conversion Conference, 34C20, Philadelphia, Pa., November 1965, pp. 197-203.

]

Al
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\ |

The authors chose as one of their examples a circulating-current-free reversing
v 14

diive by Siemens which had also been described by F. Wesselak in the "Siemens

Review" in 1965. 40

s

The drive was an armature supply with anti-parallet converters and .
an outer speed loop which provided push-pull references for two parallel, high- *
speed, current regulators. Each current regulator controlfed its own converter

via its own tiring circuit set. Push-pull references were required because the

¢ L3
current feedback was developed by rectifying the signals from ac current transformers

s

"
which were on the ac line side of the drive at a point where they carried the

current of both converters.

To prevent an overshoot of armdture current when the oncoming
converter was unblanked, the firing circuit set for the blanked converter was
gsven an 1nput voltage that corresponded to the ins\antaneous armature voltage

(@s indicated by the tachogenerator). Possibly this was done by switching the

current regulator of the blanked converter so that it was forced to follow the

r . 4]
tachometer voltage in a manner similar to that described by Pelly.”  When the

\

N

40 F. Wesselak, "Thyristor Converters with Natural Commbfaﬁon," Siemens
Review, December 1965, No. 12, pp. 405-410,

l . -
4 B. R. Pelly, Thyristor Phase-Controlled Converters and. Cyclo-
onverters - Operation, Control, and Peiformance (New York: Wiley - Interscience,
970) pp. 121-126 *
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.

sign of the speed regulator output changed, the crossover logic switched the firing
circuits of the conducting converter to the inverter limit so that the armature current
was quickly reduced to zero. After the current had ceased, there was a 1 ms delay ki

during which firing pulses to both converters were blocked, before the firing pulses

of the oncoming converter were released. Because the firing angle of the oncoming

%
converter had been matched to the armature voltage by the voltage check arrangement

.

while it was still blocked, the armature current came into regulation without a

surge or long dead period.

The crossover logic depended upon two signals: the polarity of the speed

regulator output, and the detection of current zero in both conyverters. Unlike the
Brown Boveri scheme described by S. Zurcher, the logic was not supplied with
current zero detection signals from elich converter. Hence the crossover logic *

probably used the current zero detection signal as the commands to either set or

reset a flip-flop, while the polarity signal specihfic:d which command was permissible.

The 1 ms double blocking period could have been produced by adding a delay circuit

-

to each flip-flap output. Each inversion signal which drove the offgoing converter
to the in\vgzsion limit could have been formed by a logidal AND of the polarity

signal (or else its inverse) and one (or else the other) 8F The flip~flop outputs.

-
- -

Siemens produced a simplified version of their drive using a single current

v . . » . '4
regulator and one set of flring circuits to control two anti~paralle! bridges.

.

42 H Geussmg and G. Moltgen, "Thyristor Convertors for D C. v

Reversing Drives," Siemens Rev:ew, October 1965, No. 10, pp. 330-333.

o
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The gating pulses from the firing circc.;ifs were routed to ‘eifher the forward bridge ' -
or the reverse bridge by logic gates under control of the crossover logic. Again

the criteria for the crossover logic were the change of polarity of the input of

the spc;ed regulator and detecriorﬁx of current zero in both bridges. When the

polarity changed, the logic clamped the output of the speed loop to zefo and

»

injected a negative reference into the current regulafor. The negative reference
L]

forced the regulator output in such a direction that the firing circuits phased back

"

-
\

to the inversion limit and quickly reduced the armoture current to zero. Once

the current zero was detected the cr0550v0er logic blocke‘d the gate pulses to bpth - ..
converters for 5 to 10 ms. At the end ofﬂﬁ‘nis delay perioé the pulses to the

oncoming converter were unblocked, the speed loop was unclamped, and the

negative current reference was removed. The armaturvurrenf then rose into

regulation without c\ surge. However there was a short déodfime because the

converter had been phased back well beyond the zero current point. Siemens \» -
also had similar logic for armature supplies that had a single converter combined -

with electromechanical reversing contactors. In addition they had experimented

wiith both approaches for reversing field supplies. One point that Siemens

tneglected to mention in their articles is that the gain inversion (that is, & factor

of minus one) caused by opergting the reversing switch had to be compensated by .

synchronously inserting angther gain inversion at some point in the speed loop.

%
¢
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This fact is more clearly explained in Section 3. 11 below.

~

3.11  ASEA dc Reversing Drives S /

A more recent example of European practice was the new series of drives
announced in 1968 and described in 1969 in the "ASEA Journal” bZ\J\\ Lidberg.43
The family of thyristor converters was structured on a functional module basis to

&
maximize flexibility while minimizing assembly time and cost.

One type in the series, the YMHC, was the classic anfi-‘parallel

3

combination of three~phase, two-way converters operating without circulating

detection of current zero were the criteria for the blocking module (circulating
current elimination logic) to interchange the blanking of the anti-parallel converters.

..~\The current zero signal was derived from ac current transformers on the input side
"ﬁ o
—uf the drive. Voltage matching of the incoming converter voltage ta the armature

voltage was carried out over a 10 ms interval during which the load current was

- . l
zero and both converters were blanked. This is in contrast wi@ the scheme used

Q

|
current.  Change of 1eference voltage polarity to the inner current loop and ‘ |
in_the Siemens dc reversing drive where the voltage matching was supplied to the
firing circuits in the blanked converter for its full blanking period. Consequently,
Siemens wos 8ble to make the current zero period (that is, the double blanking

period) much shorter (1 ms in length). ASEA could have used the some scheme as

Siemens, but they wished to maintain the infercgungeobilify between the blocking

‘. v

43K. Lidberg, "New Series of Thyristor Converters for Industrial Motor
Drives, 20 - 50 kw," ASEA Journal, Vol. 42, No. 5, 1969, pp. 63-68.
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-

modules for types YHMC and YHMB.
. v

Type YHMB used a single, )t,hree—phose, two-way converter combined
with a four thyristor armature reversing switch. The control logic was very similar
to the dual COnverre; case, and the changeover criteria were identical. The
difference was that the problem of eliminating the circulating current had changed
to the problem of operating the reversing switch at the riéht moment so as o avoid

short circuiting the single’converter.

Because the single convérter and its firing circuits were always in use -

’

during armature current flow, the only possible time to carry out the voltage matching

]

. in the YHMB type of drive was during the 10 ms period equivalent o the 10 ms

{

double blanking period ©f the YHMC dual converter system. And, as mentioned

above, the voltage matching for the YHMC dual converter was carried out during

k]
!

the 10 ms double blanking period so that the blocking modules would be interchangeable
between the two types. Actually, the YHMB blocking module also contained control

logic and an oscillator for providing gating pulses to one pair (at a time) of the four

P

thyristors in the reversing switch. .

.

, Reversing the armature connection at crossover time dithnot affect the

stability of the inner current loop because its current feedback was the rectified
o i

version (after isolation by ac current transformers) of the three-phase currents to

[ s

the three-phase, two-way converter. But, reversing the armature connection did.
invert the sign of the gain of the outer speed loop at that point in the transfer

function block diagram. However this inversion was cancelled by connecting at

s
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the output of the speed regulator o unity gc;in, inverting amplifier that could be

-

inserted or bypassed synchronously with fh%armcture connection reversal. Chapter

VI in this thesis will illustrate the alterngte approach of inserting the unity gain ,"”\'\r
. . « : . 1 Al - .

inverting amplifier inside the current loop (the crmcr]fure feedback current is not

rectified), using o thyristor reversing switch to switch the armature connection,

and leaving t.h'e outer speed loop alone.

Lidbérg concluded in his "ASEA Journal” article that Because both the
YHMB single converter with thyristor armature reversal and the YHMC dual con-
verter had exactly the same control chorocterisﬁcs, the choice between them should
“be Based upon cost. ASEA's experience was that thyristor armature reve%l had
“the loweNgost at current levels for. which the armature reversing thyristors did not,

44 _ . '

have to be paralleled. This meant the YHMB armature revessal type was generally
used at power levels from 20 to 140 kW and the YHMC dual converter type from

’

125 to 500 kw., "

3.12  Cycloconverter Speed Control of Run-out Table ac Motors

:!

The usual arrangement in o hot strip mill is that run-out tables, with

each table roll driven by a single motor, are placed on either side of the reversing

44 Ibid. , pp. 67-68 . R



roughing mill. The run-out tables support and transport he slab as it'is elongated
!r,\t" i}

by the reversing roughing mill. They are then used to support and transport the

rough strip-as it enters the continuous finishing mill. The run-out tables are also
&

-

used to spot the slab for the initial head and tail end trimming by the ¢ropping
sear. |t is important that the speed of the run-0ut‘f9bles be synchronized, first
with the reversing 50ughing; mill, and then afterwgrds with the continuous finishing
mill. At the conference in Philadelphia in November, 1965, R.A. Hamilton and

) .
G. R. Lezan described a General Electric installat¥yon with faur circulating-current-

free cycloconverter variable frequency supplies controlling a total of three.hundred

3

2.6 hp induction motors rotating individual run-out table rolls located around a
iy

45, 46

reversing mill,

$

4 R.A. Hamilton and G. R. Lezan, "Thyristor Adjustable Frequency Power *
Supplies for Hot Strip Mill Run-out Tables, " |EEE Conference Record of the Industrial
Static Power Conversion Conference , 34C20, Philadelphia, Pa., November 1965,
pp. 69-77. °

46 R.A. Hamilton and G. R. Lezan, "Thyristor Adjustable Frequen\cy Power
Supplies for Hot Strip Mill Run-out Tables, " IEEE Transactions on Industry dnd General
Applications, Vol. 1GA~3, No. 2, March/April 1967, pp. 168-175.
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. P The use of a cycloconverter to cor?frol multiple ac induction motors
rcxﬂ*Zer than a thyristor dc reversing drive to control mulf};ﬂe de shunt motors had
three advantages: (1) elimination of brush-and \:DOmmufofor maintenance ; (2) betfe.r
. tracking of the mill tachometer since the induction motor slip under accelerating conr
ditions was less than the caompcroble IR drop and speed droop in a dc motor ; and
(3) lower shoot-through fault currens under inverting conditions because of the

higher inductance of the induction motor combined with the commutating ability

~
*

of the induction motors.

4 Despite the increased complexity of the cycloconverter hardware over Kl“\\
that of the thyristorized dc reversing drive,. the overall system costs were estimated
to be the same for several reasons : (1) the co;t of the ac motor was about one-half
* that of a comparable dc motor, thereby leaving more money ov?Huble for the cyclo-

converter development ; and {2) the ac motors specifications including frequency,

.

phase voltage, number-of poles, number of phases, and allowable current ripple

. . . . 48
level were made with a view to lowering the cost of the cycloconverter itself.

Four cycloconverters were built, each supplying a number of two-phase

’ . “~
)

six pole induction motors. Two, 60 Hz input, three-phase, one'way converters
& .

were connected in anti-parallel in each cycloconverter building block. Depending

o€

.

 Yed, e 73 ‘
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48|_§_i_d, p. 69 . .
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on the rqting of the cycloconverter, orfe 6r more trays of power thyristors were used

per building block. But the cycloconverters always had two building blocks because

a two-phase output was required.
g , . . C‘
A bi-poltr dc reference voltage from the mill speed contiol reference was
supplied fo the sineave reference generating tray in each cycloconverter. The
circuitry in the tray sensed the reference amplitude, polarity, and rate of change
providing a two-phase output sinewave reference to the cycloconverter, The
frequency of the sinewave reference varied from 13 to 0 to 13 Hz depending on the

amplitude of the dc signal, with its phase rotation dependent upon the polarity of

the dc signal. The two-phase reference amplitude depended upon both the amplitude

o !

and the rate of change of the dc reference signal.
L . A ’ “lge
High speed current loops were placed around each cycloconverter building
block. The output of dc current transformers was used to compare with the reference
tray sinewave output. The output currents were controlled proportionally to the

sinewave references. Adequate motor torque was available for acceleration of the

i

, L :
motors because the sinewave reference tray sensed the tate of change (acceleration)

as well as the amplitude of the reference signal.

Hamilton and Lezan did not mention the criteria they had used for cir-
¥ .

culating current suppression. An induction motor is a lagging load even when re- «
generating power to the line. Consequently, current zero detectdp alone, or current
zero detection combined with the changeover of the sinewave referehce polarity to

a cycloconverter buikding block could have been used. The authors displayed

¢ ]

[y
-



several oscillograms at t;e end of the poper showing the two-phase voltage and

r .

current waveforms which occurred with motor reversal, first from 4 Hz and then

e

from 11 Hz. The period of current zero during changeover from one converter to

another appears from the oscillographs to be about 10 ms

In summary, the paper by Hamilton and Lezan did not reveal any details

of cycloconverter contiol circuitry. However it did present an example of a

cycloconverter system in an industrial application that was both a technical and

economic success.

In October, 1964 J.C. Guyeska and H E. Jordan of Reliance Engineering
/

iQ Cleveland, Ohio published a-paper descrihing their use of a cycloconverterin a

- .49 , .

similar run-out table application. The cycloconverter operated with circulating
current, had a three-phase output, and used the anti-parallel combination of six-phase,

one way converters in edch buitding block. No power ratings were given for the

cycloconverter, The ac motors on the table rolls were sypplied with two farward and

two reVerse speed frequencies plus a stop position under manual control.

¢

» .
3.13 The Lear Siegler Cycloconverter System Papers
Earlier in this chopter, a paper written by R. A. Van Eck of Lear Siegler

Inc., Cleveland, Ohio was introduced under subtitle 3.4,as "The First Lear Siegler

A\

Article". The paper, presented at the June, 1961 AIEE Aero-S{é}ace Transportation -

Conference, did not mention any p ractical work carried out at Lear

" -

-~

4‘9,J.C. Guyeska and H. E. Jordon, "Static A Variable Frequency Drive,"
Proc. National Electronics Conference., Vol. 20, 1964 \pp. 358-365.

~
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2
Siegler, nor did it discyss how circulating current might be eliminated. 3 Vel

[°4

3

In 1961 the U.S. Army Tank-Aytomotive Center in Warren, Michigan -
+4

started, development work on a cross country, ‘wheeled vehicle. In 1962, the

A\

contract for the electric drive system was awarded to Lear Siegler. C.J. Amato

joined the Power Equipment Division of Lear Siegler in February, 1962 as a
Senior Engineer. Aswell, L.J. Lawson joined the Lear Siegler Power Equipment

»

Division as Chief Project Engi"neer, Electronicy in 1962. Amato , Lawson and
W. Slabick of the U.5. Army Tank-Automotive, Center were involved in the

development of the electric Propuision system.
£

At the November, 1965 Industrial Static Power Conversion Conference

in Philaselphia, C.J. Amato presented a paper describing the variable frequency

ES

closed loop, controlled slip operation of o three~phase induction motor. In a

: .
companion paper ,5 W, Slabiak and L. J. Lawson described the control systems

for the heavy-duty , gosoliné engine powered, highway and off-highway vehicle
that had been in full scale operation for nearly two and one=half years by No-

vember 1965.

5OC.J. Amato, "Variable Speed with Controlled Slip Induction Motor".
IEEE Conference Record of the Industrial Static Power Conversion Conference ,

34C20, Philadelphia, Pa., November 1965, pp. 181-185.

5]W. Slabick and L. J. Lawson , "Optimizing Control Systems for Land,
Vehicles, " IEEE Conference Record of the Industrial Static Power Conversion Conference,
34C20, Philadelphia, Pa. , November 1965, pp. 188-189.




. . ' '
. ' - At that time the Lear Siegler cycloconveiter systems had reached full
1 \ &
, .
maturity . Their basic building block was the anfi*?aro‘llel connection of two,
. - .

‘: \\ ¢ 7 I
& *bree—lecse, two=way converters. The twelvedhynstors, were mSunted in an

1 "
eight pound, 3.0 x 2.5 11.5 inch package usiwo aluminum heat sinks that

Cge ~.were insulated fiom each other. With 1)’0 CFM of forced air cooling at 50°C ,

&

*« N
/ ¥ the single buildirg block was rated at 100 kVA with a 440 volt , threé~phase gnpuf .
<
. . N IR . b

| J 5 Maunted along the 11.5 inch ¢dge wéresix fogic modules using infe-
| - , S

| . * N 3 . LN N ) )t . l

| s grated c.ichu\ts ts generate the firing pulses for the™ 2 thyristars . Six firing mo-
o . " ' &l‘ / ’ - .ot ' -

4 . "

LY A .
. . Qo . . . , .
Y0 dules containing 12 pulse transformers and other components to shape the pulses were

e ! N .
.

| E ¥ * \‘ ! \ 14
L, mounted béside thelr logic.modules. ‘At one end of t€ 11.5 inch side was the

. >

7o

A ’ A
[

‘ Vi Vv TS o g Lt w® . .
if single-blankKing modulemyvh1g.(q\genercted the blapking logic for the anti-parallel
\g ~ M ) L . x f \ e F
T converters. The blanking mﬂg::fule used cuirent zero detedtion alone as its criterion

+ - -

. . U R ). .
- Fov{/c:rculchng—cu??ent-ehmmo on. An article by G . Pinter of Lear Siegler
_ y g

A -
< e shows a side-hy<side photographic compdwmson of the control circh sizes before
5 ! M ‘ v x ' g [ -
s . - a
and after the use of integited circuit techniques.™ .

’ i it i v N \ . . p !
- The experimental vehicle had six wheels: Fach whee! was provided with
R ! P

M (
. _ . . RN M \
) a thee-phase to three~phase cycloconvertergriving an ajcoaled, low slip induction
. - ‘ \\ N * ‘

. ' A
motor wejghing 167 podAd and Aaving a contimuous rcﬁn# of 200 h\p\\at 12,000 rpm.

L *

- L
5 ¢ . X,
b - D,ZW. Slabtak and L +J. Lawson,| "Precise Control of a. Thrge—P se* Squirrel
) Cage Induction Motor Using a Practicdl Cyl:loconverter, " |EEE Transacfions\on
b Applications and Industry ,Vol, IGA-2, 5\50. 4,,Ju|y/Augq§sj‘, 1966 , p. 477.
o, 53 % L o , AN
- - G.E. Phiter, "The Cycloconverter Adjustable Frequency Drive}" Machine
. Design , June 23rd, 1966, pp. 4-11. - \
@ T
. J
K “l A LN : L0 .
1 ¢ . AN
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*

-

Each cycloconverter was manipulated by the cohtrol system built around it so . /

I
as to maintain esséntially cpnstant airgap flux tevel in its induction motor des-
. . !

. )
pite the changing of sta'ar frequency vfith speed control. At the same time,

1

d

the slip frequency of each induction mdtor was under individual cl}sggihopu
J AN

control .

g { )
Equation 13 in ~Amatb's paper showed the torqu?_of an indudtion
motor to be’, S a ' oo .
‘ E. \2  w R
- ! 5
: Toe | — )e—pn 2t (3.1)
s B2+ (o LS Y.
' 2 SL
) . , . J -~ ’
+where * T = the elecfricalcfvorque A g .

14

E. = theairgap voltage; that'is, the motor teminat voltage less

Sﬂ
,’.‘—" f
“the stator impedance drop. R
’ we = the stator electical frequency
' 4
we = the electrical slip frequency in the rotor
1 . M )
. ‘ LV
R2 = the rotor resistance C ‘ .
' L.
- . \
L2 = " the rotor leakage inductance. .
. L
. { -
' 12 S ‘ Y
If the airgap voltage was made directly proportional % the stator
- N e , "
frequency as ) ‘ ‘ -
- *» T
' b}
* )
E. =k E - o, 3.2
S B N kf w/; (’ )
>
S ,
A — 4 \
54 s * '
C.J\ Amato, op. cit., p. 182. A
) s OP e, p ~
»
i . .
, ) . Q
\ " "




S ~
' k = r - (33)
B -
- s )
where Wy T the stator base frequency ~ o
IS . ‘ ‘\\ ’
- . and . E. = the aifgop ®use voltage at w, ard for some specified value
) ; b N . b :
. . ' .' ) of stator current e % «
! ) . ‘ | - - B , SN
then torque equation (3.1) could be rewritten as ‘ v 5
: - . , . ) ] b E\ 2 ’ R_ a' ¢ . A
- .“ . -~ .'
. B Ut o ) .
~ T m' -——-——m . 2 2 - , (3 4)
' , - R +fuwe L) - ‘ -
= Lo - B Ry Hlug Ly .o
. l ) e #
\ - ‘ ’ ’
} L] \ . 0 ' ’
| : ‘ Equation (3.4) shows that the torque of an inducticn motor is proportional only to
| ‘ Y L E
1 ‘ the slip frequency, w. , provided that the volts per cycle ratio — remain con- *°
| . £ SL i . . wp -
i stantly equal to — Of course, maintaining a constant vodts per cycle ratio
N . B ! -t
maintaind the airgap flux at a constant level. ‘
N . ’
Hence, closed loop control ¢f slip frequency LI while holiing the
J airgap flux level constant, is equivalent to closed loop control &f the induction:
motor torque. Amato presented Figures 3 and 4 in his paper, reproduced here as
o : Figures 3.3 and 3.4 respectively, to illustrate these facts. .
. ) . .

-

Figure 3.3 is a normalized torque versus normalized slip frequency curve
' : \
¥ 3 .
) » applicable to gny induction motor brevided that its airgap flux level is held constant.

{

. " W . . :
The curve is valid and anti ~symmetrical for positive and negative values of slip.

.

® v N «

A
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UNIVERSAL INDUCTION MOTOR

b, ‘ ' (\ TORGUZ, SLIP CURVE
[ 4 P ‘
' o Fioure 3 ® B

. " '
*c. . Amato, "Variable Speed with Controlled Slip Induction Motor, " +
¢ "||EEE Conference Recotd of the Industrial Static Power Conversion Conference,

3C20, P'm|oaﬂpm5?PET,“ﬁ~ovem5er 1985, Figure 3 onp. 1830

.
o

’ ...._““ . o ——“M-j—"; s, — Ju B , L '
FIGURE 3.3. UNIVERSAL INDUCTION MOTOR TORQUE SLIP gURVE
( BY AMATO)

1

: The basic block diagram of the Lear Siegler controlled slip system is
°ishown in Figure 3.4 . fhe three~phase ffggue'r\cy converter was made up of three,
100 kVA, three-phase to siAngl\e-phos‘e cycioconverfe.rs described earliér. The
" three-phase induction motor (also described eorlier)'hod an internally mounted

brushless tochometer whose output signal' was useable over the entire speed range,

pncluding zero speed.55 ¢

.
£

The slip frequency generator was used to chdnge the torque command to

- . -

. a slip‘frequeﬁcy reference. Torque limiting (to avoid exceeding the maximum point l

a
=~ " 1

. 55

C.J. Amato, op. cit., p. 185. ) '&_




or

»

72

on the torque-slip curve) and other torque optimizing operollon556 were also

performed in this block.

The control signal generator (lubelled as a mixer-demodulafor in another

paper ) produced a three-phase set of reference signals for the cycloxconverfer.
; ~4

The frequencyof the three-phase set was equal to the algebraic sum of the mechanical

frequency plus the reference slip frequency. The phase rotation of the set, depended

ufon the polarity of the algebraic sunt of those frequencies. Finally ampfitude of #° ’ .

=
2 v\_,.‘

the weference voltages was programmed 16 be' proportional to fheir frequency. This

kept the airgap flux level approximdtely constant. ) !
- . . ) ’ ..
1 . ’
THe induction machine torque and slip frequency‘ followed the torque

- . ) ' . , N 3 ) . s - '
command signal in closeg loop fashion.« Motoring operation could bg changed to L
co e "

generating opemtion simply by changing the polarity of fhe“tor;que éommand, thereby

. . M )
-+reversing the slip frequency reference, W .- The scheme could be used as ap

inner ?orq:ue loop in a speed control system (for example) by obtaining the torque
command from the output of a spegd regulator. The inputs to the speed regulator | *

would be the reference speed and the tachometer feedback signal, w The use ;v

of an outer speed loop and inner torque (slip) loop for induction motor control *

:

- .
R R
s w
! a'e

N

~ : }

56W. Slabiak and L. J. Lawson, "Optimizing Cpmro'l Systems for Land
Vehicles," |EEE Conference Record of the Industrial Static Power Conversion
Conference, 34C20, Philadelphia, Pa., November 1965, p. 188.

57

W. Slabiak and L.J. Lawson, "Precise Contral of a Three~Phase Ak
Squirrel-Cage Induction Motor Using a Practical Cycloconverter," |EEE Transactiofis

on Applications and Industry , Vol. IGA-2, No<4 , July/Auvgust, 1966, p. 274, 3




is exactly analogous to the use of an outer speed loop and inner torque (armature

current) loop for dc shunt motos gontrol

a

- - , . :
* FIGURE 3.4. INNER TORQUE ( SLIP ) LOOP (BY AMATO)

There is no question that ;he Power Equipment Division of Lear Siegler
) v,

- . - v

had produced an excellent cycloconverter package. Their efforf after producing

.

o~y

“the package was in developing new applications. L.J. Lawson listed ten appli-

cations with sixteen reference articles. Quoting from his paper "The Practical.

-
r

Cycloconverter": . . .
L \

The new frequency cqﬁverter has been applied with success to -
* the following systems described in the references: !

1) ac electric vehicle drives for land vehicles

2) aircraft VSCF generating systems -

3) servo-controlled antenna drives (both torque~differential
antibakclash, and direct driven)

—
3¢ 3¢
38 ) leaequency INCUCTION) TACH
POWER L CONVERTER MOTOR
Wem We + W
© CONTROL—— S wp
SIGNALS - .
CONTROL
SIGNAL a
o ENERATOR /
w ~
. 3 MOTOR SPEED
v ’ a sup | . SGNaL .
. i o FREQUENGY] . .
' ;o ' " [GENERATOR ] a ..
s [y " ‘ ~ ' .
d ' TORQUE ] . : -
“ 5, COMMANS o .
Fig. 4, Motor Control Loop * ¥ .
. .
* L
2 4 . e
‘ X*C.J. Amato, "Variable Speed with Controlled Slip Induction Motor,
' - 4 .
IEEE Conference Record of the Industrial Static Power Conversion Conference,
3420, Philadelphia, Pa., Novambar 1965, Figure 4 on p. ) )
R U

t
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{ continuing the quotation

4) fuel cell cycloinverter s
5) shipboord power systems
' 6) high gain power amplifiers
'Y 7) portable gas turbine generating sets &
' 8) rapid transit drives
9) adjustable speed industrial drives
. . o . 58
' 10) locomotive and multiple-unit railway car drives. ‘
¢ The articles are all very similar in contents, differing only in the *
particular use to which the cycloc\onverfer was put. Lear Siegler revealed all
® e’ hd
the informatioﬁlit intended to rglecge\gbout the cycloconverter itself in the first
1 _ ’ . ’ ' [ 4 .
. .t " . ' t ) Y
two Srghc?Power C?nversmn Conference papers presented in 1965. Actually,
: b A T -
some papers had already-been published earlier in 1965 revealing much ‘the same .

r c - g .l 4
information. - . | . T, ‘ T
3.14 The AEl Cycloconverter Induction Motor Drive -,

4 13
Ty f o ' '
P. Bowler of Associated Electrical Industries, Manchester; Englond
presented a paper describing controlled slip operation of aninduction moter &t~ NS
the |EE Conference on Power Applications of Controllable Semiconductor Devjces j
¥ ¢ ' 4
. . 59 J
held\n November 10th and 11th, 1945 in London, England. The same cyclo- v
N A
58 ' L

: : . &
L.J. Lawson, "The Proctical Cycloconverter,” IEEE Transactions on

Industry and General Applications , Vol. IGA-4, No. 2, March/April, 1968 F e
p. 144, . ' ‘
T 59 o e
P. Bowler, "The Application of o Cycloconverter to.the Control of

Induction Motors, " Power Applications of Controllable Semiconductor Devices,
IEE Confergnce Publication 17, Part | , November 1965, pp. 137-145.

o4 ~ »




converter system was also described in the November/December 1965 issue of
“ .o 60
AEl Engineering" .
. . The basic building block was the anti-parallel combination o\ two, six= ,
phase star converters with interphase transformer. Circulating current limit reactors
& .l
. were provided, but circulating current suppression was provided.
' s \\
Quoting from Bowler's conference paper:
~/
v Two methods of control [ of circulating current ] are used: fiystly o
on-overlap method where one or the other graup is fired. Secordly
) o af overlap method whete the ioad current is detected and used to remove
B ) firing pulses from the unwanted group of thyristors. The firing pulie
.o gating circuits must not operate on the output current ripple and to achieve
. ) this a threshold levdl is to be built into f?e system. When the outpusgyr-
L .. - rent is below this threshold level, both groups of thyristors condpct and .
* - . . ‘u . N
and inter-group reactor is used to limit the circf¥ating current. . i
The cycloconverter system operates with an inner torgue (slip) q;:,_»ex-acfly
7_ . ¥
os did the Lear Siegler scheme. An outer speed loop was arranged around t"\e inner torque
loop. Positive and hegative limits were provided on the oufput of the speed regulator,
limiting its output to lefs than thespull out torque (slip) of the induction moter. The
. , .
! g . « ! . « P ‘ 4 #
voltage amplitude of the three-phase reference signals was of the f V=qg+K fs . N
. e where f\s was the frequéndy of the reference signals . This kept the airgap flux level
] 3
) . approximately constant as the stator frequency was vatied. = « ) ' A
. .60 " L . ,
. P. Bowler, "The Speed Control of Inductioh Motors Using Static Frequency- .
Converters, " AEl Engineering , Novembei/December, 1965, pp. 286-291. 7
‘ S r—— e et e ’ » »
| 61 " _— ’ ' .
' P. Bowler, "The Application of a Cycloconverter to the Control of Induction {
. _ Motors, " Power Applications of Controllable: Semiconductor Dévices, |EE Conference g
Publication 17, Part T, November, 1965, p. 138. .
" | 4 © )

2y



. Bowler briefly described the AEl technique for generating the three~phase

)

reference voltages. First, the motor speed voltage from_the tachometer was added

to the torque (slip) demand voltage to form o' control voltage. Then, quoting from

62

Bowler's péper:

LN

2 +

The control voltage i€ converted to a variable frequency three-phase
voltage of constant amplitude by the block labelled "vgltage to frequency
converter". This is an electronic citcuit using a fixed and a variable
frequency oscullator, the outputebeing the d|FFerence frequency. The - 5
‘ converter being static, has a fast response and cap dperate through d.c.
. with a range of 100 ¢/s . The output reverses its phase sequence as the

input “control voltage" reverses polarity. — — 4 :
R ]

ax

It is likely that all the developers of cycloconvgrter controlled slip systems

-

’ . hY »
+ used the same basic scheme. Block diagrams of the scheme for two-phase and three

phase output will be provided in Chapter 1V., . |

Bowler did nof specifically mention the opper-frequency’ lipit of the cyclo-

T ae

[} * - - 7

converter , butan oscillogram was in the pa;'aer show%ng.inducfibn motor revérsal From/

° . . +

20 l;l\z ; This correspondec/to a2.5%1 stqp down ratio from the power line input -
. 7
Freq ency to fhe cyclownverfer output frequenqy . - ‘ . . o
N ¢ ) A s ¢ .
» . I
, . “. _ [ s .
. 3.15 A Second Siemens Cycloconverter Induction Motor Drive . )
. The first Siemens cycloconverter, described by Heck and Meyer in 1963

: . 63 .
used Hall effect devices to' measure the airgap flux.  The airgap flux was then

(Y 1

Coo 62|bid,p.138. . o TN

' 63R Heck and M. Meyer,"A Static-frequency-changer-fed Squ:rrel-cage

Motor Drive for Variable Speed and Reversing, " Siem'ens Review, No 11, November, 1963, p. 403




2.

v

-

controlled directly by varying the amplitude of the curreht reference signals in such

a way that the magnitude of the airgap flux was kept codstant. Closed loo;a. current

, »
control wos used on each motor phase.

F. Wesselak described a second, circulating-current-free cycloconverter

>

operating an induction motor in the controlled slip modeyin his arficle: "Thyristor

. . 64 . )
Converters with Natural Commutation”. " The airgap flux level was kept constant
L4
by using subordinated stator control. Induction motor theory shows that for a given

machine with constant airgap flux, there exists a functional relationship bétween
f

the slip frequency and the amplitude of the stator current, independent of the stator

-

65
frequency. Y

Using this fact, the Siemens cycloconverter was controlled with its
™

» AY
<

induction wGTor using an inner torque (slip) loop and an outer speed loop. The Lear
<N - 4 i

1
a

Siegler ahd AN schemes adjusted the statorvoltage amplitude on an open loop basis
. . q N

. =~

to maintain opproximotelyhgon_sfonf airgap Hux with changing stof.or frequency.

° . -

HOWever, the S:emens scheme adjusted the stator currents on a vsed loop basis in

.
. -

response to the 'rorque (stip Trequency) command atethe oufput of the speed regufcfor

D ¥
‘ ‘
I .

0 v

64" oo

F. Wesselak, "Thynsfor Converters with Natural Commutation, "

Suemens Revnew, No. 12, December, 1965, Pp- 405- 410

A i

A Schonung and H. Stemmler, "Stotic Frequen'cy Changers with
Suhharmomc Control in Conjunction with Reversible®Variable~-Speed A. C. Drives,"

The' Brown Boveri Review; Aug. /Sept. 1964, Vol. 51, No. 8/9, pp. 567-577.




/ 3.16 A Single-Phase to'Sing¥g-Phase Cycloconverter

In a Fairchild SemicogauNor application bulletin, S.A. Schwaftz and
*

D. Fleming proposed some novel control c)ircuM‘ry for a single—phose}o single-phase ~

¢

: 66 . L . .
cycloconverter. On the bosnzof their use of 17 transistors, 11 linear IC's, and .

L)

¢ . 31 djgital IC's to control the eight thyristors making up the two, anti-parallel,

N > '
_single-phase bridges of the cycloconverter, it might be concluded that they were

-

-

. attempting t& develop a new market for Fairchild semiconductors. The multiplicity
. s .
of components would probably make their scheme uneconomical. The circulating
-

current elimination logic was to operate with current zero information alone making

. it suitable for leading, resistive, lagging loads. However no actual oscilloscope
o waveforms were presented’in the pdaper to indicate that the unit hadbeen successfully -
¢ , - feSfed..- N . ' V' ' R ‘ ¢ % '

3.17" " The First McGill Cycloconverter

. . - . [
] [

; y ; T. H. Bartorn and R.S. Birtch of McGill University published an article v

- :
. . .
. . @ *
.

-

[ 1 M . ' . N

v L

.6S'S.SA-. Schwartz and D. igleming, "Single—P’hase Control for chloconveﬁer,"
Fairchild Semicénductor Application Bultetin, APP-132, August, 1967,'\pp. 1-8,

.
o



. ; in April, 1967 describing a three-phase to single-phase cycloconverter operating

/

with circulating c:urrem‘.67 This cycloconverter was fully described b\y R.S. Birtch
v

in his Master of Engineering thesis "A High Powered Servo-analyzer" submitted in
December, 1965 to the Faculty of Graduate Studies and Research at McGill

University from the Electrical Engineering Depaitment.

M s

Two, three-phase, two-way conVerters were connected in anti-parallel
v }

through o center-tapped current limiting reactor. The bias-shifted cosine technidue

was used fo ensure a linear d.c. transfer function under open loop conditions when

Al
continuous converter current was flowing. Operation in the circulating current
e )
mode ensured that current was flowing continuously in each convertér, even when

=

»
a motor armature (back EMF ) load was used. The maximum ratings of eqch -

converter were 250V at 30 A average. ) M |
s
/ -

: The paper contained oscilloscope photographs of voltage and current-

)

waveforms of the cyclocanverter output to a passive, lagging load at 0.5, 5.0

- - -

' and 50 Hz. The paper also presented some d.c, machine frequency response plots | » .

\—,_

©

showing illustrating thyility of the cycloconverter as a servo-analyzer. . ( .

T.H.-Barton and R.S. Birtch concluded that their scheme was robust ; ~

’.

I3 .

67

T.H. Barton and R.S. Birtch, "A 5 - kW Low Frequency Power
Amplifier,of Improyed Frequency Response, " IEEE Transactions,on Industrial
Electronics gnd Control Instrumentation, Vol. IECT-14, No. 1, April 1967, pp. 33-39.
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and working remarkably well. Howeve they felt that the thyristor gating pulses
b
were too wide, that the circulating current was sometimes excessive, and that

'mprovements were needed in the cyrrent himit circuitry

B

3.18  The Brown Bove; Gearless Tobe Ml ’
————— T ¥Cl bearless Tube Mill

Ac motor drives hgve generally been applied in situations where the

voltage ac supply. Examples presented up o now hove included fhose with

1)

adverse Wotor environments gnd high drive performon,cencritefia such as steel W]

run-out tables and individyal wheel drives in cross ¢

’ .

tip the scales in f}vour of ac motors, ¥ A -

In 1969 Brown Boveru pubhshed a series of orhcles describing an 8700

o

hp (6400 kW) cycloconverter - synchronous motor drive for a tube mill grinding
k4

i 3
4 c P

68
,'See Sections 3.2 and 3.13 herein.




: “ , ¥ :
"I.’ ' el TS 69
« cementclinker at a Ciments Lambert-Lafarge planf at Le Havre in Fiance.” ' 70, 71 L
] o v "
Th&\verylgrge horsepower required precluded using w geared drive, and so the

— synchrorous mo?>r was concentrically wrapped around one end of the mill, The

- .

-

’.

millitself was 5 m in diameter by 6 5 m'in length and the.motor airgap diameter

was 8 m, The rotc;r/ond stator were contained in one air/water cooled, dust proof *
Iy , ' ,
assembly, under positive pressure, while the sliprings angd carbon brushes for the a
! 4 4

i rotor field were in another. i ' '

b

The normal maximum operating frequency ch 5.5 Hz, which corresgorded

to 15 r/min for thé 44 pole machine. The full speed range was continuously adjustable

£

. ) X oy ) , n
from a maximum of 20 r/min (7.3 Hz) down to standstill“for ipching the mill.

’ ! w
. Each cycloconverfer output phase had its own transformer with porc”eled

=~

-~

OO ;%\ ovg, 3. ? kV peak, mercury- aic, corﬂro”ed rectifiers arranged ina 12 pulse ”

o 5

? , % N . e -
~ . ad

L

69E ,Blguenstein, "The Fiist Gearless Drive for a Tube Mill," The Brown _‘
Boveri 8@/|ew March 1970, Vol, 57, No.. 3, pp..96- 105, 'G
) 7OJ Langer, "Static Frequency Changer Supply Sysfem for Synchr0n0us o
. N\ofors Driving Tube Mills, " The Brown Bbven Review, Morch 1970, Vol. 5‘?, No. 3,

) . Hi2-119, , ] S e

) ? 71 - ' . . . 1. ‘
5, H. Sfemmler, "Dhive System and Electronic ‘Control Equipment of fhe i .

Gearless Tube Mill," The Brown Boveri Review, March-1970, Vo. 37, No. 3, -

pp. 120-128. , N




circulating-cutrent-free, H connection  The motor windings were connected i1

three wire star to suppress any thitd harmonic currents when running at normal
3 L
{ »
-speecs  However it was necessary to tie the cycloconverter and motor star points

Lol

together thiough an impedance for about one-half second when initializing g

conduction in the thiee cycloconverter phases. ) .

L}

72 . :
The contiol cystem, descubed by H Stemmler” ™ was very ingenious.
The speed, f, of the cynchionous motor and mill was measured by an ac tachometer
consist ng of a small thice-phase machine excited with 50 Hz, so that

its output was at (50 Y Hz  These voliages wete then thiee-phase demodulated

in a computing unit which yielded o thiee-phase sinusoidal signal of constant

amplitude at frequency,f, which was in phase with the d - axis of the 1otor  The

7

- o
comput ng unit also provyded a second thiee-phase set at 90° from the first set.

. These two sets of s»gnolskxe sent to the "stator cuirent desired v'aue unit" which

modified their phase position and amplitude to form a single three-phase reference

‘

set. This reference set was fed to the three cycloconverters, each of wh(cﬁw had

closed loop control over one stator current phase. The stator curient desired value |

. " : |
unit was controlled by two dc'analog voltages fepresenting the desired stator current |

' ‘ T S ©

| . . 72H, Stemmler, op., cit., pp. 125-127. e ™ /

¥ g -
v
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® )
amplitude and the desied stator cuirent phase with respect to the d - axis of the

rotor. The desired cutrent amplitude signal fed two function generators, One of

the generators provided the desited stotar current phase with respect to the d - axis

L

of the rotor (as just mentioned above). The other geneiator provided the cusrent

¢ reference to the thyiistor conveiter supplying the 1otor field  The function
v}}ﬁ; B
= »

genercfcthg, were designed so chit for any given desiied stator cutrent amplitude, .
i - haa SN,

LT N . .
the statdy. cument phase and 1otor field curreitfamplitude would be adjusted to keep

v

‘

1) "th¥® magnetic stator flux linkage at full 1ated value (except for operating with

above Base speed, field-weakening conditions); and 2) fh\e stator culrent ord

»
voltage in phase  Under these ciicumstances Stemmler demonstiated that the

y
e £

mofor torque was duectly proportional to stator current amplitude and not limited
» L

by a pull-qut torque 73

- ’

v THE object of the control scheme was to contiol the mill speed, hence

. L]
a spegd regulating outdr loop with dc tachometer feedback was used to provide

r
v

. . )
tHe desired stator current amplitude signal. The speed loop output was scaled to
s

’ !

M‘;.{‘q limit the maxtmum torque request to 1.6 times the rated torque. Because the
H

8

control system for the desired stator current amplitude and phase ef(e;’;‘fixély took
- ) ; . N

> : 7-3‘H. Stemmler, op. cit., p. 124,




‘ )

one of itc teferences as the d-axis of the 1otor itself, the- motor could not be pulled
’ . < - “ ’

1
L

out of synchronism  The control system suppressed all hunting tendencies and rotor
darger wirdir gs were ¢t neeaged  The PF of the machine rtemained at unity for

-

all speeds and loads  For Iswel speeds the system PF was low because the cyclo-
converter peak voltage was correspondingly low. However at normal speeds of 13
to 15 r/min the cfcloconveﬁer output voltage was trapezoidal 1n shape so that the
system PF climbed to 0.86 The thiee wite star connection of the motar suppressed
the thid ho/rmonic current which c’>theuwise would have been high due to the
tiapezoidal waveform . The lack of damper windings further reduced current
hatmonics  In conclusion, the cycloconverter-synchronous machine drive described

had contiol properties equal to those of a dc drive but without the limitations imposed

by the commutato:

3.19  The Second McGiil Cycloconverter

]
At the October, 1970 IEEE Industiy and Genergl Applications Gro#p

Meeting, T. M Hamblin presented a paper written with his coauthor T. H. Barton.
. o . 74,75 o
which was repyblished in the "IA Transactions". . The paper titted "Cycloconverter

Control Citcuits" forms the core of the material to be presented in Chapters |V and

\2 herejn.

s N
T. M Hamblinand T. H. Barton, "Cycloconverter Control Circuits,"

IEEE Industry and Geneial Applications Group Annucl Meeting Conference Record, -
Qctober , 1965, pp. 559-570. } . ,

,. 75T M. Homblin and T. H? Barton, "Cycloconverter Control Circuits,"
++ |EEE Transactions on Industiy Apphcchons Vol. tA-8, No. 4, July/Avgust 1972, 7
pp. 443-453. . |

74

|
I , \ ) ‘
- \ ';~\ .
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3.20 A Note on Polyphase Sinusoidal References

Polyphase cycloconveiters require polyphase reference signals with

controllable amplitude and fiequency And as explained in Section'3.18,
synchronous motor drives require that the phase’of the reference set be adjustable
as well. An excellent method of obtaining all these contiols for synchronous motors

)

hagkbeen described in dethil by H. Sfemmle:76 and reviewed herein.

Foir contiolled slip operation of induction motors at variable frequency

N

the problem is to generate a contiolled amplitude, polyphase set which is separqted

P

from the motor speed frequency by the desxred’ volue‘of\slip fléquency. One modern
approach is to have the polyphase 1eference set values stored in laige read only
memoties The memoiy contents may then be repetitively interrogated and converted
with digital to onalog converters to yield a stepped appioximation to a polyphase
sinewave set. Analog multipliers ofter the converteis may be used to provide
amplitude control. A;1 FET dpdt reversing switch located between the outputs of
the digital to analog converters and the inputs to the :’nultipliers may be used to
reverse thf:\ phase sequence. The control logic for sequence reversal should be
designed so that it cannot operate the switch unless the analog amplitude control
)

, X
'~'has reduced the sinewave output from the multipliers tb an acceptably small fraction
L

4

PN PN

76 . 14
H. Sfemmler,_oP. cit., pp. 125-127. :

i ”

85
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of full output.

’
. The method used by most cycloconveiter diive manufacturers has employed

77, 78 The familiar frrgonomemc

the principle of polyphase mixing or demodulation.
%rﬂéw“”‘

identity for the product of two sinewaves is

L

o 1 :
(A] sin W) t) (A2 sin v, ty = 3 A] AQ[COS (wI - w2) t - ~cos (w] ‘rwz) f}

Hence by multiplying two sinewaves together in an analog multiplier and passing their

-

product through o lowpass filter to attenuate the sum frequency term, a sineyave is

obtained which has a fiequency equal to the difference in fiequency of the two

3

sinewaves.

If a single sinewave is multiplied in three sepoiate analog multipliers

- /
with a set of sinewaves at a common frequency, but having a thiee-phase

s

* displacement, (that is, simply a three-phase set), then the three difference frequency

e . . 79
sinewaves'recovered after the three lowpass filters will also bge.-?hree-phcse. >

When the frequency of the single sinewave is exactly equal to the fiequency of the
. / -

77W. Slabiak and L. J. Laowson, "Precise Control of a Three-Phase
Squirrel-Cage Induction Motor Using a Practical Cycloconverter," IEEE Transactions

on Applications and Industry, Vol. 1GA-2, No. 4, July/August, 1966, p. 274.

78P. Bowler, "The Applications of a Cycloconverter to the Control of
Induction Motors, " Power Applications of Controllable Semiconductor Devices, |EE
Confetence Publication 17, Part T, November, 1965, p. 138. e
79H. Sfemmler;gg. cit., p. 126,
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thiec-phase set, ‘then the thiee filtered outputs will have dc values which depend.
upon the phase displdcements of the four waves. And besf of atl, the phase
seauence of the three filteied outputs 1everses when the sign of the dizerence

A
frequency changes fiom positive to negative o1 vice versa

If square waves with thiee-phase displacement aie supplied to the analog
multipliers, certain additional components will be created at frequencies higher
than the sum frequency But all the high fiequency components will be attenuated
by the lowpass filters so'that again only the thiee-phase differerice fiequency will

be recovered. Indeed, if thiee-phase square wave signals are to be used with the

<

sinewave, then the analog multiplieis may be 1eploced with on-off, solid state
g P v p !

choppers with no change in results. Or, one author has demonstrated that the

filtered outputs will again be thiee-phase {f o thiee-phase set of sinewaves are fed

30

to thiee choppets which are driven by a single squarewave.

- The?‘)utpufs of a ring counter arranged to divide its triggering pulse

frequency by six may be used as the source of the three-phase squarewave set for s
I

the three choppers. These triggering pulses may be created by a stable linear

© v

i}
s [

805 K. Datta, "A Novel Three-Phase Oscillator for the Speed Control

of AC Motors," IEEE Transactions on lndusfry and General Applications, Vol. 1GA-7,
No. 1, January/February 1971, pp. 61-68. T ~

r

A

<,

: | N
B
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-

$

X .
.
»

. i
volfog\: coptrolled oscillator. The sinewave is usually derived feom a high purity,

high stability, fixed fiequency oscillator. Alteinately the ring counter may be

arranged to divide by four, and only two choppers used so that a two-phase ¢

* / , : .
sinewave is ob 'in?d after ldwpass filtering. The two-phase signals may then Be

)

used fo create a three-phase set by using operational amplifiers to add and subtract

the two phase cotponents in @ manner analogous to the Scott transformer connection.
. o C s e 8

The lattet method has been described very well/ by A. Schonung and H. Stemmler.

In addition the author presented three alternative schemes for variable frequency,

+

controlled slip operation of an induction motor. His description of the function of
the component blocks related very well to an analysis in another part of his paper

-

of the steady state characteristics of an induction motor operated at varjable frequency.
- [}
I

3.21  Conclusions ;-

It would be possible to continue reviewing articles right up to the present
' - 82
date. However, the appearance of B.R. Pelly's book "~ on converters and ¢yclo-

converters in eaily 1972 left very little unsaid in the thyristor drive field. His
7
3 \\‘?

1

-

I &

] ' .
8 A. Schonung and H. Stemmler, "Static Frequency Changers with 4

Subharmonic Control in Conjunction with Reveisible Variable-Speed A.C. Drives,""
The Brown Boveri Review, Aug./Sept. 19é4, Vol. 51, No. 8/9, pp. 573-576

828. R. Pelly, Thyristor Phase - Controlled Converf‘er§ and Cycloconverters -
Operation, Control and Performance (New York: Wiley - lnter?ct._i-énce, 1970) pp. 434

T

1

.
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~
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H

description and depth of coverage ofécircuit configurations, expected waveforms,

discontinuous current operation, firing pulse circuitry, harmonic analysis of
1

“
waveforms, and drive component sizing were all excellent.
i

: - 83 ) . .
W. McMurray's book on cycloconverters™ was just in the final stage
y y as g

of preparation when Pelly's book was published. McMurray acknowledged this in
3

the preface of his book and stated that, '
‘d
. the emphasis of Pelly's work N %
» differs considerably from the treatment -

presented here, and there is suiprisingly
little duplication considering the similar . .
subject matter. 84

McMurray's Book provides more information than didPelly's on modelling of the

cycloconverter for simulation of the drive. In addition he piesented practical
information on thyristor snubber design, on choosing thyristor 1atings, and on a

number of other items to be considered when designing cycloconverter drives.

Several of the papers reviewed in this chapter have been reprinted in
o ‘(.' '
an IEEE Selected Reprint Series two volume collection titled "Power Semiconductors
. 85 S .
Applications". ~ The gollection provides an excellent survey of the thyristor

é

drive industry and also included an extensive bibliography of pc.}:;ers not reprinted

1y
in the collection.

o 83W McMurray, The Theory and Design of Cycloconverters,(Cambridge
Massachusetts: The MIT Press, 1972) pp. 165.

8 -

c

4Ei_d. ,[Prefoce poge].

8‘GBJ.D."ch‘den, Jr. and F.B. Golden (edifc'ns),/ Power Semiconductor
Applications ( New York : IEEE Press, 1972), Vol. 1, pp. 555 and Vol. I, pp. 344.
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. Because of the attempt to point out in some detail the progress made

by various companies and individuals, this chapter has become quite lengthy.

“~

In fact perhaps these contributions have been obscured by the detail, so the

list below is presented as a summary of the more impoitant points:

- »

1. In March; 1959 Chirgwin, Stratton, and Toth of Jack and Heintz in

-Cleveland, Ohio submitted the first description of circulating-

current-free cycloconverters for use in VSCF systems,

£

2. S. Zurche: fiom Brown Boveri des¢iibed their ciiculating-cutrent-

free, reversing supplies for armature or field control in November

1961, . f

+3. Heck and Meyer of Siemens Works in Germany described the closed

. A Y .
loop speed control of a fhre)?—phcse induction motor using a

) [

° S a .,

circulating-current-free cycl8converter in November 1963. s

-
D

4. In 1963, Amato and Lawson of Lear Siegler in Cleveland, ©®hio and
.oy Sl;:biok of the U.S. Army Tank-Automotive Center perfected the
controtled-slip methq;&\of torque control of an indugtion motor
‘connected to a éirculcfing-currenf—free cyciocenverter. Starting
in 1965, Lear Siegler employees published a flurry of papers d!scribing

S

various applications for their cycloconverter systems,

] s b

-




- 5

Duff and Ludbiook of Canadian Westinghouse published an excellent
article in June 1965 describing their circulating-current-free. dc

reversing drive which was used as a power omplifier in dn armature
g

o

current control loop. }

<

n November, 1965 Bowler of AIE, England published a description of
an AEl cycloconveiter with suppressed circulating-cuirent operating f
! |

»

\ .
an induttion motor in the contiolled slip mode. .

Wessélak df Siemens Works published o paper on December, 1965

describing a similar drive with inner armature current loops and an

|l

outer speed loop  The same paper also described a Siemens circulating-

¥

cutrent-fiee cycloconverter system for controlled slip operation of

an induction motor.
3

Hamilton and Lezan's paper in November, 1965 related General

e ’

. .
Elegtric's expetience with the open loop speed control of runout table

motors in a hot strip mill using a two-phase output cycloconverter. ,

%

In 1969 Lidberg reported on ASEA's new circulating-current-free d,c.

'

reversing drives. The YHMB style of drive was unusual in that it had

[N} Q
one converter followed by o thyristorized, armature reversing SW“CA

>

a -

fo permit armature current reiversal.

-
-~




-

10. Books by B R. Pelly and W. McMuriay published in 1971 and 1972

.respectively gave converter and qycloconverter design on a firm

3

pragtical and theoretical basis.  Two volumes of selected reprints

T

by the IEEE Pregs titled "Power Semiconductor Applications™ published

-

r

o \4\in 1972 biought many valuable papeis togethe: "in book foMnat.

\
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CHAPTER IV

/‘,
C‘#/CLOCONVERTOR CONIR@L CIRCUITRY FOR OPERATION

N '

© ) WITH ')CIRCUL{XTING CURRL;NT

53
b4
1 . 2

- / e
4.1 Introduction P s

‘

ot

Thebasic reghpmq‘ue of bias=shift plwoserCOntTol was illustiated in Chaptér 11

‘with several diagiams, sfiscilloscope photographs, and accompanying wiitten descrip=-

2 i Is

tion. The photogiaphs showed the opeiation of a successful thiee-phase to single=

N il

phase cycloconvertor both with and without circulating curient  This chapter will
5

describe thg thyristor gating ciicuitry of that cycloconveitor for uperation in the forme:
mode  This circuitry has been previously presented in block diagram form in an IGA
conference paper written by T M Hamblin and Dr - T.H. Bc:rfOn,l and the text'and

rlustiations of this chapter follow closely those of the paper.

\

/0

4.2 The Cycloconvertor Connection

' ? ‘ ”
<

Figure 1.1 in Chapter | gave the two configuratidns possible for a three-

3

A

rd
i
-

phase to single phase cycloconvertor connected to a single, three-phase transfbrmer
A / s x
secondary. However, the cycloconvertor described in this Chapter uses two, hree- .

phaseg.secondaries connected as in Figure 4.1. This connection has no definite ad-

\

L]

-

T M. Hamblm and T.H. Barton, "Cycloconverfor Control Circuits!", gy o
1EEE Cohference Record of the 1970 Fifih Annual Meeting of the IEEE Industry-and  °

Generof Applucchons Group, 70-C31GA, Chicago, October 1970, pp. 559-571.

. ¢ . ¢

B

e
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. "vantage over that of Figuite 1 1B, except that it permits separation of the con-

vertors for other uses  In fact the convertors'were built as a matched pair, and

- each was mounted in its own cabinet (Figure 4.2). Note that only one current ‘1
) limiting reactor 1s needed in this connection because the separate three-phase o
. 4 . >
: . Green Converter  ——— T - Black Converter |
\ . # :
- 9
’ 4
ln})dt ' ;
! - s
© op. amp N | 3 . - N ' .
OA7 w~ith i :” (" O N ~< — Mulhimegr « | 1
10 turn }-. — ' < 9 .
biasing ? - dc disconnegt switch
{ potentio- T R
| meter - —— --~Bridge graphic with
| ¥ dc voltmeter and v
\ ’ ammeter
30-208 V
Power . —&--Tran5forg1er graphic
‘ terminals - — 8
—— ac disconnect switch
' &
BN -~ \
t S
(SR .
3 . : -
J
‘\G RE 4.2. THE CON\/ERTERS (FRONT VlE‘W) : Coy,
[ ] Fi at .
l (1 ’ - N >
- secondanes force the 360 Hz (fundomental component) circulating current com-+
s ° . > ' . . - o
. 2" pletely through both bridges. . On the other F\und, -the connection of Fi?ure 1.18
— -~ ‘ . LY . i R \
® . ” o
£ . ;
) . ; .
’ b 1 » ¢ .
0‘~ ] I -
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’ ‘

tequires two reactors, each.of which handle cruculating cuirent with both 180 Hz

and 360 Hz fundamental fiequencies.

¢

L] v ’

4 3 Thyristdr Firing Pulsé Generation Circuitry

P \ 1

The bias-shif me\ﬂ‘wod of phase contiol, as outlined in Chapter I, has

¢
-

the advantage of providing a linedr contiol voltage to daverage convertor output
~

voltage relationship when the convertorrcuirent is continuous. Hence if both con-

veitors in Figuie 4 | fiave continuous curient flow, then their output voltages at
the foad terminals will be in dc bolance. This balance s due to the anti-parallel

L ‘ ﬂ/
connection combined with the use of the negative of the master convertor e®ntrol.

voltage as the contiol voltage for the slave convertor. Because of this dc balance
cordition, circulating cunert between the two convertors will be at @ minimum.

Of course, balance con’'be maintainfd steadily only if the control voltage (V;:)
« » \
is itself a constant  If the control voltage is varied sinusoidally (or otherwise) with

increasing fiequency, then there will be o general trend to increasing circulating

current (compared with the load etivent amplityde) due to the discrete nature of tfie

i

conVertsr firing pulse’occuremces and the increase of the self-induced circulating

3

current, iy i’

» s N e

2«See Sections 2.3 and 4.9. 1



\
The bottom holf of Figure 4.1 shows in block diagram form how the bras-

1

shift method of phase contiol was actually implemented. The negative of the control

voltage, \/C was swpplhied through unity=gaim inverting amplifier 0/A7 to six sum-

ming invertors 0/A1 to 0/A6 in the master convertor. A six phase set of cosine
% h
S T :

wave voltages was filtered by LCR low pass filteis which contributed negligile

phase lag at 60 Hz  Each inverting summer added the negative of the control voltage
to its particular filtered cosine waveform (ignoring the +PBE and. -PBL signals for )
the moment). "Each of the six positivesgoing ciossing detectors (or level detectors)

™

) ’

triggeted its own one-shot multivibrator a4 the instant of positive gaing voltage zero

crossing at the output of its particular inverting summer. Each one shot pulse was then

] amplified, passed thiough the double pulsing card (to be described later), further

1

amplified, and finally sent through an 1solating pulse tiansformed to gate its thyristor.
© -

The circuitiy of the slave convertor is identical to that of the moster convertor except

that the output of its unity-gain inverting amplifier 0/A7 does not run back to the

r

other convertor,

Plates 1 and 2 in Appendix | are wiring diagrams showing full circuitry »

L)

details for the operational amplifiers and the firing circuit cards. Each firing cir-
cuit card contains a Schmitt trigger type of zero crossing detector (Q1, Q2) followed

by‘o one-shot multivibiator (Q3, Q4, Q5). The operotion of these ‘¢ircuits is com-

pletely ‘explained byMillman and Taub in their book and therefare will not be de-

»

+ scribed herein 3 The purposes of the several diode gates, two amplifying stages, and

>

]

,'/’ 3_J. Millman and H. Taub, Pulse Digital and Switching Waveforms (New

Yogk : McGraw-HiH, Inc., 1965), Chapters 10 and 11).

* 4
, a




an additional one-shot multivibrator which appear on the bdard will be explained

*in Sections 4.6 and 5.95.

+

@ !

'Note that the above scheme is analogous to the "alternate approach”
for the three-phase, one-way connection mentioned on page 20 of Chapter II

since only the positive going voltage crossings are detected. Using both positive

)

and negative crossing detectors as described in Chapter N (and as by Duff and

4 .
Ludbrook ) would have cut in half the number of inverting summers and crossing
detectors. Figuie 4.3 demonstrates how this moy be done. The.cosine wave re-

lations would be identical t¢ those in Figuie 4.1 and the thyristor numbering

system was shown in Figure 1.18.

~CROSSIMG
Ogrecron INY §
ONE ~
Al
" sxor

3Iw~or

l'___J /
ose 7 . g Thy 7
JO—A— :
[ 4

FiIRive cx7 »f (0F &)
}(:sc Fiag. 18)

FIR 1M G
CRIER

DBROGE: /,6,2,4,35. .
O BRIDGE 7,12, 8,10,9,11,...

FIGURE 4.3. POSITIVE AND NEGATIVE CROSSING DETECTION

t

4 .
D.L. Duff and A. Ludbrook, "Reversing Thyristor Armature Dual

Convertor with Logic Crossover Control", |EEE Transactions on Industry and

General Applications, Vol. IGA-1, No. 3, May/June 1965, pp. 216-222.
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' 4.4 Phase Forward and Phase Back Limit

'

FiJure 4.4 is an oscilloscope photograph of the thyristor firing circuitry
waveforms with the control voltage held constant at +5.0 volts (0.5 p.u.)
yield o phase-back angle of a = 60° in the master convertor (@ = 120° in the .

slave convertor). The four points in the circuity corresponding to the oscilloscope

'

5

FIGURE 4.4 FIRING CIRCUIT WAVEFORMS

Sweep = 2ms/cm; V = 45V, hence a = 60°

Trace 1: - (Vc,os ]‘+ Vc)' scale 10V/cm. s

Trace 2: Schmitt f}igéer output; sealte =10 V/em. -y
Trace 3: Double pulsed firing pulses; scale =5 V/em

/ #  Trace 4: Convertor output voltage; scale =420 V/cm

Y
»

traces have been marked on Figure- 4.1. Tiace 1, the displaced cosine wave equal

Al

to-the sum of ﬂ'VC and =(cos 1)', has been modified by the zaner diode clipping

circuit atound inverting summer O/Al and by the addition of phase~forward and
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phase-back limit puises (+PBL and -PBL) at the summer input. The latter pulse

is not visible.in" Trace 1 because of fhé’zé‘per clipping at +11 volts. |f however

\/C had been -5.0 volts (a = 120° in*the master convertor), then the -PBL

”pulse/&vould have been visible while the +PBL pulse was clipped.
\

The traiting edge of the +PBL pulse acts as a phase-forward limit by
ensuring that a positive going zero arossing will occur at the detector input no
<

. . (o]
earliel than the instant o = 0° even thaugh the control voltage VC may be equal

-

¥
to or'drgpfer than the peak value of the cosine wave (normalized to 10.0 volts

peak). The ¥PBL pulse acts as a phase-back limit by ensuring that a positive

P

going c'rossing shall occur no lcfeﬁ than its feading edge even when \/C is more,
negative than the peak of the cosine wave. The front edge of the# -PBL pulse is
readily adjustable and is noirmally set for a = 165° 1o limit the maximum phase

back angle so that the necessary volt second margin for successful commutation

\ v - ™y
’ ] b

The twelve separate pulses needed per convertor (six + PBL and six'-PBL)

will always exist

"o
were generated on three phase-back limit (PBL) cards, one of which appears in block
diagram form with explanatory waveforms in Figure 4.5. Note that the four outputs

. , ' | )
taken from one card supply two thyristors which are connected to the same three-phase

supply line. Hence“PBL card 2 supplies thyristors 2 and 5 and PBL card 3 sup-
. .o

plies 3 and 6. Plate 3 in Appendix | is a schematic diagram of the PBL card.

hY

Comparison of this Plate with Figure” 4.5 shows that diodes Dl ond D2 form OR},

¢
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and differential pair Q5; and Q7 make up crossingt‘de‘fector X1, Also, QI is

inverter 11, and Q4 is fhe%osifive logic to negative logic level changer L1,

\
The second half of the card is an NPN;

"n My

.

“to PNP mirror image of the first. Study

of the ideal waveforms will quickly reveal how the +PBL and -PBL pulses were

generated to supply to O/AV.

LFR filters (not shown in Figure 4.5) identical to the cosine wave filtgrs
were used for the El voltog;zs while the -El voltaggs were left unfiltered. Al- :
though no noise proB'!ems wele e,ncounfered in the PiBL cards it would have been
prudent to tgke advantage of the 30° and 60° leads available from the 12 phase
supply to permit the use of RC lag filters to supply voltages +él¢£3cnd -El. A more
modern clpprocch to the PBL card design would be 1o use IC zero c_rossing detectors
to square the previously filtered and phase shifted sine waves. Then gates, “inverters,

and logic level changes to generate the four pulses per card would be arranged to

follow after the crossing detectors.

4.5  The Double Pulsing OR Matrix

The detection of the positive going zero crossing of a summer amplifier
output (Traces 1 and 2, Figure 4.4) triggersa 200 ysec. 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 to the same .

1

thyristor when the next thyristor is'gated in the normal (1, 6, 2, 4,,3, 5) bridge

v
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l convertor thyristor gating sequence. Indeed, in order to ensure that a load current "b

path exists through both the top and bottom halves of the bridge convertor for af

least the duration cf the thyristor gating pulse, a second pulse is always applied

simultaneously to the thyristor last gated on the other half of the bridge. Since the

A}
firing sequence is fixed, this double pulsing operation is carried out quite simply
by the diode OR matiix outlined in Figure 4.1. Hence, when thyristor 6 is
: gated o second pulse is automatically sent to thyristor 1. Then, gating thyristor 2.
will regate thyristor é and so on.
¥
It is possible to avoid the double pulsing scheme by using long firing pulses
o . , :
(greater than 60" wide at line fiequency) so that the pulses overlap when the phase
bocl:k angle «a i stcady. However theic are three advantages to be found in the use
. of the double pulsing OR scheme with short firing pulses :
1. , The pulses always overlap no matter how rapidly the convertor is
being phased back.
2. A smaller pulse transformer may be used with shorter pulses.
3. It isprudent when operating a circulating-current free cycloconvertor
(to be discussed in Chapter V) to consider a convertor to be "on"
dwhenever its thyristors are being gcfed,qeven though the load current
of that convertor may be zero at that moment. The use of short pi‘;ﬂlses
/ " ' .
e e > . L ’
/ minimizes the length of such intervals.
| . y
1 ' | ' -
. !
o -} \
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However, if wide puises and double pulsing are combined there is much

less tendency for a cycloconverter normally opeiated with circulating current to

drop out of conduction on light loads than if narrow pulses and double pulsing were

/

-

used.

°

Plate 4 in Appendix.l is a schematic diagram of the double pulsing OR
matrix card. Note that the purpose of the six firing pulse delay circuits on the card
. N ‘“G

will be discussed in Chapfer V sincg"‘fhey ate required only for circulating-current
e ! -

free operation.

4.6 Alpha Blcnking ‘

Y
. The normal range of phase~back angle a is from the phase-forward limit
of 0° to the c‘d-iustcble phase-back [imit usually set at 1657, Outside of this range
there are no positive qoing,zer;) crossuings to be dete‘zcted when the control voltage
has @ steady dc value. However with a sufficiently rapid positive increase in control
voltage, if-is possible for the output of one or more of the summing invertors to cross

zero volts in the positive direction during the interval which would correspond to

- 0 . - . . T ors .
180°¢ a <360° for that particular firing circuit. This positive cfossing would

cause the simultaneous generation of a least two spurious pulses because the first pulse

-

would be duplicated by the diode OR matrix. Of course, at the same time legffimcfé

. e &4 . . :
firing pulses (0< a <1657) may occur due to the sudden increase in control voltage.



4 If the overlap in time of legitimate and spurious pulses affects two

thyristors connected to the same input phase of a convertor, and if the convertor
hcs beer inverting re.riack tothe ac line immediately before the positive change

& L4
in contiol voltage, then an inversion shoot-thiough fault will occur thiough those
[

two thytistors. That'is, the load current will bypass the convertor transformer and

flow directly thiough the two thyiistors establishing a free-wheel path. This type

=
*

»,

of fault may be very severe if it occurs in o three-phase to single-phase cyclo-

convertor connected to an cctive, low impedgnce load such as a metor armatute.

For three-phase to thiee-phase cycloconvertors driving induction motor loads, the

1 3 +® '

magnitude of the faull current will be smaller because of the 1eactance of the motor.

However, in either cace it is still very desitable to prevént any spuiious gating.

‘The overlap of legitimate and spurious firing pulses occuis more readily

with long than with shoit pulses because the control voltage need not change as

Ty . N I
, rapidly in order to cause the oveilap. However even with very short pulses, if a

. o . . .
is near 120 , then just a small jump in control voltage occuring at exactly the !
i

LN »
*

wrong moment will cause a’shoot-thiough. Figure 4.6 illustrates how the positive
9 gh. Fig v po

/
step of control voltage cieated legitimate firing pulses T and 5 plus spurious

pulses 3 and 4. Since thyristois 1 and 4 are connected to the some (orange) input

2

phase on the bridge, the active inveiting load will immediately establish a free-

s

wheeling load current through them. The amplitude of this current may in turn be

q:'
large enough to cause a commutation failure when thyristor 6 is gated. A larBe

e b

braking torque will probably be applied to the motor before the fault is cleared by -



“

one or more of the following occurences: thyristor failure, individual thyristor fuse

3

), ot natural commutation. Excepd

‘4 - '

clearances, dc breaker trip (if one is provided

for the natural commutation etise, the imotor will be at least temporarily disconnected

¥

from the convertor because of the fault. ”

Y
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\/ The production of such spurious firing pulses is sx;ppuessed by the-alpha

blankingZard in each convertor. This card generates six separate blanking signals

[

+

:

’G‘

o R
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’ . N '

N

_that are supplied to NAND gotes in each of the six firing ciicuits. The alpha

blanking signals are arranged to be at the logic zero leVel for 180° - a < 360°

so ¢s to blent any 1 r2 pudie generated in o given card during that interval (See
. , _ "M
Figure 4 7 and Plaic 5, Appendix I). Diode clamp AND! connected to the

output of one-shot multivibiator OS1 in Figure 4.8 lalso see diode D9 :!riw Plate 2,

'

?

presses the oufput of the memory one-shot. This one-shot is needed only for cii~

Appendix ) bloc!s nll pulses during tht forbidden interval. Simidarly AND3 SUF;‘
abr B

culating current fiec operation, which will be described in the next chapter,

{

~

5

4.7 Thynstoi Ga'ing

When fhe cycloeconverior was first constructed, long frring pulses (ap-

i - ¢

. proximately 75° wide ot 60 Hz) were used fo;.‘triggesing purposes.- In order to

)

"o simultaneously provide a gating’pulse with short 1ise-time (less than several ps) and -

(Ong duiation (75O 3480 psec.) each pulse tramsformer was wiPtd on an Armold
\‘\ 'd;’-'{_ . .
Engineering 4 mil Dcltamax toroidal coie type 375233-D4-AA WH;T 1.5 inch out-

,

t

side diameter and .0%4 in~ cross section. A ferh?:ry winding connected tosan

3

effective constant cunent source provided a reset MMF to prevent saturation of the

core by the unidirectional firing pulses. The 250 turn primary, 275 turn secondary

and 150 turq teiticry windings wete each distiibuted completely over the ° .
core to minimize leakage inductance between them. The three windings were in-
sulated from each other by two layers of Scotch brand electrical tape between each

N 2

wind'ing.‘ When the gating scheme was chgnged to short double pulses‘(ZOO ps each)
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\ - , .
the tiansformers'were not reduged in size because the pulse rise-time was olceqdy .
. ¢

A - - § . )

sufficiently short to'srcuie efficient thyiistor gating.

Plate 6 in Appendix [ is
A o]

] .
c catemet 2 Gaarm”
L]

ite osulce arolitier pover supplg'cons“‘tam current supply,

pulse amplifiers, and Ll ¢ transformers | Design details on thyristor gating itself  a
may be found”in severol thyiistor application manuals <™~ o

2
* . . ' +

kl -

4.8 Current Lim-t

In mony cawes cycloconvettor ditve systems (both ac and d2) are sef up

’

with the cycloconwer oy inside a ¢yrrent contiol loop so that there 1s no need for ¥ :
- ‘ "L th
t
*

a sprll-over type of current-limit in the ingividual convertors. However since this
\

‘particular cycloconuriter is'often opertated open-leop in the laboratoiy, o spilf-

over current Limit (Flate 1, Appendix 1) has been pe?manenfly installedin each

£ ~ -
.

converior. Current tiansformers CT1, CT2, CT3 have wye connected secondaries

i _ |

(matching the deltq to wye power tiansfoimer) so that thte convertor output curtent

waveform is coriectl, reassembled by the diede bridge D1 to Dé with minimum ‘
7‘ ’ v - )

‘possible ripple. C1 combined with R30 provide a wide range of current feedback

Q . 4 ' -

signal filtering  Ganging R30, R31, and R32 keeps the current limit knee point ~
I\ <\ N v N .
. ) ) . , " ' ¢
s 4 R (\ .
. SF.W‘J‘ Gutiwil!e; (ed.), The GE SGR Manual (fourth edition ; Chicago : :
-The General Elechiic Company, 1967), Chop?é?li.‘ o ,

4

6R.— Mutiay, Ji. (ed.), Wastinghouse Silicon Controlled Rectifigr Designe"rs'
Hondboek (first edition . Youngwood, Penn : Semiconductor Division, Westinghouse
Electric Corporation,. 1963), p. 5-9. > '

s

. . . .
k ) .
\ . . .
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Y,

3 *

[ t 4 +
-

(set by R33) approximately constant as the Filter time constant is adjusted. Rheostat

LY

R38 sets the dc gain 1n combination with R30 and R31. The 0.5 volt cutin voltage
] - .
of diode D& keeps tre curibnt limit signgl line completely "¢lean" when the

~s

convertor current limit s below the curient limit knee. In piactice, the current

110

»

e

\ . R

limit is very easily adjusted for a new type of load without any need for preliminary

analysis of the contiol system stability. When the cycloconverter forms pait of the

. ) “E. . S
inner curiert loop for a de armatuie supply, the knee points of the spillover ¢urrent

limits built into the conveiter must be set above the maximum curient demand
that can be made by-the outer speed loop. If this is Aot done, ill defined limit

L
-

“cycles may be caused by the inteiaction of the current loops.
Y Y Y P

. Y
\ .
t ' ~

4.9 Protection Against Fault Currents

4

s

The cycloconverter desciibed herein ielies upon the inteinal spillover

curient limits fo‘keep(the normal load current within the continuous ratings of the
: v
'

thyristors. Fault cuirents caused by such things as load short, circuits are interrupted

f
by Chase - Shawmutt A25X30 Amp Tiap thyristor fuses. The coordination of the

I ,
thyristors and the fuses was performed by R.S. Birtch when he built the first- Mc Gill

J F

cycloconverter. As heexplained; the thyristors, fuses, and curger‘h-‘rimit must be g,

“~ R ‘a
coordinated together on a current veisus time basis.

»

Brrfch "A Hugh powered Servo-analyser"(M Eng. Thesis, McGill |
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. \ The fuses were placed on the secondary of the delta-wye tiansformer as shown in
Plate 8’. Because these fuses are not in the path of inversion faults (shoot throughs)
which may qeeur with counter EMF loads such as motor armatures, additional
A25X30 fuses were connected on the dc side of the converters as shown in
Figure 4.8. The dc side fuses sremained in the same positions for protection against

e .

inversion faults when the drive was used in the circulating current free mode which

did not%equire the circulating current limiting 1eactor to be used.

\ . .

' —- - -~ THE L ATING ‘—UQQ‘E_N}‘(* T
/ 4 LIMITING REACTOR .
D}__L/_;T\ :J"rr\__h__r_]:U - }
N T - )
! \
, \\////
// Pe \
i}
AN A IR ‘
:" g
‘/ i \
' 1 <AC SIDE FUSE ] VLY
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A-Y TRANSFORMER . DC TIDE FUSES
(SHORT CKT. PROTECTION) (INVERSION FAULT PROTECTION
* : wd \\‘
o - S |
v, . . .
FIGURE 4.9. ONE LINE DIAGRAM SHOWING _FUSING ) ¢

The fusing and current limit scheme described above has worked well
and there has never been a thyristor failure despite many fdults caused by human
- errors during testing, dyeve!opmbn‘f, and laboratory usage. However it is not yncommon

- (
y
.

r

.
-~
N—



for very large diives-o coptain several hundred thyristors, each with its own

/
fuse It is not acceptdble under such -circiumstances to make the fuses the first
line of defence aga~st faults. Most manufacturers follow.a carefully coordinated

. {
scheme involving ac ciicuit breakers on the ac side, individual thyristor fuses,

8-11 ‘

and dc breakeis on the dc side of the conveiters. N

Y .

o’

t ( 4.10 Protection Against Voltage Transients

kK

At the pover level chosen (250 Vdc, 30 A dc maximum) there was no need to
\ “34 ) q
’ to operate thyristois in series to increasc the voltage blocking capacity, nor in

P parallel tq increose the curient canying captcity. Hence the parallel resistive

dividers to force voliage sharing and series inductors to force current sharing by

combination of thyristors were not requited either.

.

] . .

Howeve: it was necessary to yse LRC networks to prevent dv/dt triggering
of thyristors which were supposed to remain in the blocking condition while thyristors

were commutating in other parts of the biidge. The leakage induktances of the three

- ‘ 8F W. Gutzwiller (ed. ) The GE SCR Manual (fourth edmon Chlcago
The General Electric Compcny, 1967), Chapter 14 . s
+ 9 ! 3
- D L. DUFF and A. Ludbrook, "Reversing Thyristor Armature Dual
‘ Converter with Logic Ciossover Control," |EEE Transactions on Industry and
General Applications, Vol. IGA-1, No. 3, Moz./.lune 1965, pp. 216-222,

]OH. Pisecker, "Semiconductor Converters for Electric Drives," The -
Brown Boveri Review, October 1966, Vol. 53, Nos 10, pp. 685-686.
r . ”L. F. Stringer, "Thyristor D-C Drive Systems for a Non-Ferrous Hot
. Line, "IEEE Conference Record of the Industrial Static Power Conversion Conference,

34C20, Philadelphia, Pa., November 1965, pp. 43-44.




phase transformer act as an inductive voltage divider during the commutation of current

+

from one thyristor to the next, This means that the output voltage of the bridge has

the ‘cmiligf commuter.on notches.  The height of the step to the notch 15 one-half

. of the phase-to-phgse commutating voltage which exists for that particulat firing

-
angle (neglecting tiansformer series resistances). Examining the circuit voltages

¥

»
around a loop’ thiough the bxid& shows *that this notch voltage also appears as a

positive going voltage step to the thyiistor in the other half of the bridge which is
’ 5

connected to the same phase as the thyristor entering condugtion. |f the firing angle

X is 120° or more, the thyristor in the other half will be alieady bIOCki‘ng a

forward (positive) voitage when the positive going step is applied to it. The rate ™

-"’

of rise of the voltage (d\//dfszopplied to the blocking thyristor ex%eeded several
hundred ’volt; per miciosccond before a choke ‘was put in series with each thyristor

as shown in Plate 8 <;f Appendix |. Neglecting the capacitor of the' RC snubber
across the thyristor permits calculating the initial dV/dt which will be founc; to
depe;d upon the line-to-line secondary voltage, the trcnsfc;rmer leakage inductance,
the inductance in each thyristor leg,‘cnd the resistance value in the RC snubber.
Two excellent articles, one by J.B. Rice and L.E. Nickels of Aldis Chalmers and
the other by G. Irminger of Brawn Boveri explain how the circuitry of the bridge

v 12, 13

may be simplified for analysis of the initial dV/dt. The latter article also

a

]2J.B. Rice and L.E. Nickels, "Commutation dv/dt Effects in Thyristor

Three-Phase Bridge Converters," |EEE Transactions on Industry and General Applications,

Vol. IGA-4, Nov./Dec. 1968, pp. 665-668, ,

: c /
]36. frminger, "Thyristor Circuitry," The Brown Boveri Review, October
1966, Vol. 53, No. 10,%p. 663-664, .
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. !
’ 0

had an equivalent circuit which proved that the thyristor leg inductors need not be

air core types. Saturating inductors are almost as effective os linear ones. For
this reason the thristor leg inductors for the cycloconverter desciibed herein were

~—~3 . . . . . . -
wound on small toroidal Deltomgx cores without airgaps. The final circuit values
k-]

for the RCsnubber were chosen by experiment to be 15 ohms and 0.25uF. The
fnductor consisted of 19 tuins of number 12 AWG coppe: in Flameseal insulation

on an Arnold 3T5387L4 Deltamax core. The dv/dt to the thyristor did not exceed

»

j 5V/ps with these comporient values  Not attempt was made to optimize the

.. . . L. 14,15, 16
j\deﬂgn, but articles have been written on this fopicy T

\

Because of the chaige stored in the junction 1egions of.a thyristor

n

during its conduction petiod, it does not immediately go fo the blocking state

)

‘" when the current thiough it reaches zero. Instead, driven by the commutating,

Qf*hﬁe current rgverses and %qnfinues changing at the same rate until fbe stored charge

i 8 N 17
has been swept out by the current or absorbed by carrier recombination. N

M.l. B. Rice, "Design of Snubber Circuits for Thyristor Converters, "
Power Semiconductor Applications, Vol. 1 (New York: [EEE P!eiss, 1972),pp. 2124/,

]5W. McMurray, "Optimum Snubbers for Power Semiconductors, " Power
Semiconductor Applications, Vol. 1 (New York: IEEE Press, 1972), pp. 33-41.
- ]6W. McMuriay, The Theory and Designof Cycloconverters, (Cambridge,
Massachusetts: The MIT Press, 1972), pp. 100-105.

17

J.B. Rice and L.E. Nickels, dp. cit., p. $68.
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» Once this has occurred the blocking capability is quickly regained and the turrent
snaps off. The snap off is so 1apid that if the RC snubbers were not placed across

the thyristor, the thritors could possibiy te destroyed by overvoltaget caused

o

by the leakage Inductances of the tiansformer. In addition the sudden rise of

voltage may cause dV/dt tiiggering of the thyristor in the other half of the bridge
( n

which is connected fo the same phase. Rice and Nickels have established that_

the dV/dt indyced by the thyiistor ieverse iecovery transients is generally less ‘
LY

y ]
severe than fh/ct induced by turn-on. 8 Consequently the LCR snubbers for the

turn-on transien} dV/dt will also handle the turn-off transient, /

?

The six diode bridge with RC load in Plate 8 is used to protelcf the

w

€

thyristors against overvoltage when the primary supply to the transformer is dis-

connected. The bridge also helps to suppress overvoltages due to the reverse-

1

recovery snapoffiof the thyristor current. Sometimes RC networks without the
diode bridge are attached to the transformer secondary, gdecouple the leakage

e . ) 19
inductances of the transformer from the snubber circuits of the biidge. These

did not prove t& be necessary for the cycloconverter described herein. i

-

.

v ‘L . N )

]8lbid., p. 669,

1
9(3-. Irminger, op. gij., pp. 670-671, .

PR
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4.11  Metering ard Packoging

Extensi = —='er'ng capabilities were provided in the cycloconverfér
o

power citcuitry to facilitate its use in o university laboratory for both experimental

and demonstrative puiposes. Plate 8 in Appendix | shows the use of current

[y

transformers and potential tiansformers on both sides of the delta to wye power
transformer. A dc average reading ammeter and zero-cente: voltmeter monitored
each convertor output, and small 1esistors (made fiom parallel strands of No. 12

AWG resistance wiie) piovided a millivolt output for oscilloscope monitoripg of

the output current waveform. Similar small resistors were placed in series with
!
each thyristor for oscilloscope observation of the thyristor current waveforms.

. . » . -
Voltage attenuators (21:1 1atio) simplified oscilloscope monitoring of the thyristor .
voltages and the output voltage. All of the above items appear in full graphic
form on the front panel power circuitry mimic engraving (Fjgure 4.2). Also
visible in Figure 4.2 is the ‘mimic of the circuitry for input operoﬁc;nof amplifier
0/A7, whose schematic diagram appears in Plate 1 of Appendix |. The zero centre
meter to the top right of the convertors is wired to a 12 point rotary switch (8 poi;ﬂs
in use) with various voltage multiplying resistors that permit a rapid check of six
of the convertor dc power buses. The first two positions of the switch connect Hw’e
mere-r to the bi:Js offset voltage (0 to + 10 volts) supplied to the input of operational
bmplifier 0/A7, ana to the output voltage of O/A7. The other points monitor for

¢

the & 10 volt regulated, + 11 volt unregulated, and £15 volt regulated power supplies.

1
|
~ ! .-. ' . ’
ﬁ “ B »



An atterpt Vias made to make the packaging of the drive as "industrigl" ‘

’

e
as possible. That is, the unit was built in subassemblies which were interconnected .
, 3
by cables terminating g1 barrier strips or other non=spldering type connections.

- Al H

The firing citcuit cards, phase back limit cards, crgssover logic cards and auxiliary

logic card were mounted in a card rack. The card rack wcsl%'onfed on a rack plate *
- /- - »

which also had the £15 V power supplies and the operational amplifiers mounted on
) . ) v

it in another assembly. Some of these features may be seen in the equipment photo-
graphs in Appendix !I. An honest appraisal of the packaging is that it is good but, \

. . . . . ¢ .
not as good as it could be. One person can’strip a single converter to subassemblies

‘()

.
in about two houts, but to put it back together takes several times that peri?d. If

the cycloconverter were to be bult again, probably a pull-out drawer configuration

would be favored rather than the present rdck and panel configuration. Possibly

grec/fer use would be made of plug and socket connection between subassemblies

rcthe, than barrier stiip and cable lug connections.
/

4.12  The Self-induced Component of Circulating Current

The basic circulating current problem was discussed in Section 2.3 with

. Figures 2.1 and 2. 2-illustiating cycloconverter operation with circulating current

‘@ .
when the control voltage was constantand the load circuit was open. A sawtooth-

v
a

«8haped, zero average, 360 Hz voltage difference forced a cusp-shaped circulating

current to flow between the convertors. The amplitude of this circulating current

. -
j - - /s
‘. L
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was limited by a cem;fopped citculating current reactor interposed between the

convertors. The intioduction of the®actor did limit the 360 Hz circulating current,
. p ,

but unfortunately the presence of the veactor itself p&uced a new component of

circulating cuirent at the cycloconvertd output fiequency.

4

This sacond component was teimed the "self-induced" circulating current

when it was desciibed by&& PeHy.QO The citculating current reagtor induced

3

the circulating cutient by attempting to maintain its flux linkages steady at their
peak value, even though the load current drawn thiough the center-tap of the

\ . . U
reactor was not steady. Maintenance of flux linkages required that any decrease

in load current in one-half of the ieactor be made up by an increase in current

L

in the other half of the reactor. This increase was, in fact, the self-ifduced s
*

c.irculcflng curtent because ideally (ignoring the 360 Hz ripple frequency circulating
-

current) there should be current flow in only on convertor, and hence in only one-
! .

half of the 1eactor at a time.

Starting with the assumption that the total MMF of the circulating current

reactor does remain constant at whatever its largest value was in the past, expressions

»
-

for the circulating current and the individual congprtor currents are easily made

in terms of the foad current. The following development is similar to that by Pelly

I
e A
| "0 | . -
. “7B. R. Pelly, Thyrisfor Phase - Controlled Convertors and Cycloconverters

(New York: Wiley Interscience, 1971), pp. 134-142 and 156-181.
o2

,

'tbid.
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and the current polarities ard as shown in Figure 4. 10.
\
n n " n )
tal =W = s M — = —_ . .
Tfo MMF ) |p 5 T 3 'o* 5 @1

r

) h \

where i = the instantaneous current in the positive convertor
y
in = instantaneous current in the negafive convertor .
A
ioi = the peak load current
n = the total number of turns on the.center- tapped reactor ‘
~ : ,
Hence i = i + > (4.2)
o n_p ,

Noting that the instantaneous foad current io is th

e difference between the currents

. ” : e ) »‘
in the positive and negative convertors yields: ’
. *
=i - 4.3
i |p i (4.3)
L * /
Then i =i +i o (4.4)
p o n
A
But =g 4.5 )
. N b
Then-the positive convertor's cyrrent io='0 “(4.6)
- . p -T—-_
AT
l. » . ‘ - ‘ N -
And the negative convertor's current i = o o (4.7)
’ E n  —p—
The circulating curent is the current in the negative convertor when the load
El » A 9
current is positive, artd vice versa. .
Thus: i = i when i >0 Lo - (4.8)
c n °
‘i =i when i €0 S 4.9)
, C p o
. \ L. . .
where 'c = the instantaneous cnrculahng current i




te

~ f 1

The above results may now be ysed to explain the waveforms of

Figurtl) 4 .10 which weie obtained with the cycloconveiter connected as shown
A { , ‘

in Figuie 4.17 Tiace Vis the load voliage as seen at the center-tap of the

circulating cutient reactor  As long as the MMF level of the ciiculating current

)
o

reactor is constart or non-increasing, the centei-tap voltage is essentially the

instantaneous average of the terminal voltages of the two tonvertors. Moreover,

\ 3

changes in load current may occur instantly by using part of the reseive MMF
of the reactor. That is, as long as the load current does not cause an increase

in total MMF in the reactor, the cycloconverter output impedance is essentially

a

zero (except foi resistive drops). But if the load currest is forcing an incregse
J

in the reactor MMF,, the cycloconveiter output impedance is then approximately
: ' \

L/4, whese L is the total inductance of the two reactor halves in serfes cefinection.

- a

Note that in most cases the thiee-phase line inductance and the cycloconverter

'
transformer leakage inductance are much smaller than that of one~half

T

of the reactor (L/4). .

The second and,fourth traces in Figure 4.10 are the positive convertor's

- #

1 c (/ !
current i and the negative convertor's cbrwéln'f i . The third trace is the load
. ‘ . on ]

current i . and all three cuirent traces are displayed at approximately 8 A/ cm.”
Note that the positive and negative peaks of-fhe load’ current i match reasonably

with the peaks of the positive convertor's current i and the negative convertor'sd
‘ . : p '

[
-

-
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FIGURE 4.11., CONNECTION DIAGRAM FOR SELF-INDUCED
' CIRCULATING CURRENT CASE

’
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g i
° y 1 -"
FIGURE 4.10 SELF-INDUCED CIRCULATING CURRENT CASE
Sweep = 5 ms/cm, Vc = sinewave at 30 Hz
’: Trace 1: VO, Vot reactor center-tap; scale - 200 V/cm
g Trace 2: lp' Pcoaverter; scale 8 A/cm ‘ ,’\m\/ 7.
- Trace 3: io’ load current; scale 8 A/cm
Tiace 4: in, N converter; scale 8 A/cm
(- = T T T T T s T e '
. myn mnfy ° . :
° M 'ﬁ ’ r-
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curpent i .- And as the ampditude of IP falls below its peak value, the amplitude
- Al

oo 22 Lo . . .
of i_increases from zero™ to momfcm}\he MMEF level in the circulating current
n B ~

&

reactor. The load current is sinusoidal except for a small 1ipple component, and

- -

hence it may be expiessed ds: . r
- ) |
A . ¢
-1 Sinwt ) o (4.10) /
o 0 " '
s . N o, . ‘

Then the current in the positive convertor must be, by substitution in equation4.6:

T N A
o= ,o IS jinwt \ (4.11)
4f > j . . )
Y 2 SN
_ 6 - : . S ’ .
Similarly from equation 4.7, v 5 -
) T - - '
) . i = o- o sin wt & _ “ (4.12)
. n°t 7T 7 R T . . /
¢ 'S , &
) ‘ Comparisqn of Equotions‘4 .11 and 4.]12 with the conveitor waveforms 's«
\ . v ‘ , N
S in Traces 2 and 4 of Figure 4.10yields a good agreement (neglecting the ripple .
BN ° ) S e 1
Y . 1
components). This confirms that the constant MMF concept corectly describes
. . N ) u:’ ) -
the self=zinduced circulating current mechanism, _ '
~ ¢ .
e . o’ .
o By using .Equot‘toﬁs 4.8, 4.9 and 4.10, the circulating curient L=
a - . ’ . . ) - i
expressions are ° . ’ ;
r ¢ ~ N L - .
o i f o~ osinwt fﬂfor»2)>' o. . - . (4.13)
’ : )7 7 |
“ v . oo s R J - +
-
q ..L .
N / ’ 2 . ] ’ ’ 4
Actually, the average firing angles of the two conyertors were not .
‘ quite complemgntary when the photograph for Figure 4.10 was taken. Hence i . .
‘ ' and in did not droplcompletely to zero. ¢ - P
d . s . . Q (] ° e l 3
“ | o : ,,/ .
- o ¢ 4
‘ 5 . ) '.'



| LEVAN! . O (4.15)
R 0
, ) (2" ) ; B A D )
- A
* which is 0.571 times the aveiageoutput load cuirent: ' _:2_.!0 (4.16)
. n

. » . - .
cunient modé®of operation 1s a luxuiy usualfy permitted only when it is absolutely

o
>

) o

O sin gyt far 1,<0 (4.14)

5 . ‘ )
AW )

The aserage volue of tre cirzulating current s

and P |

D
) N * o

From a different viewpomnt, if the self induced circulating curient were not present!

1
I |
the average conveitcr curient would be reduced fiom o to o
— — neglecting the -

. . 2
circulating ripple ord averaging over g ‘ull cycle of output load current.

a

In summaiy, intetposing the eirqulating cunent 1eactor between the
— - e s
conveitors dd supprest the 360 Hz circulating current nipple  But the presence

@

of the ieactor’caused a self-induced circulating cuitent to flow, the amplitude
of which depended directly upon the peak amplitude of the load current. This

puts a substosllal wattless loag yponWge codvertors. Hence the purg circulating

<
wer

-
~ -

necessary to have a very linear 1elationship between contiol voltage and cyclo-
& K -

~

converter output vplf.?ge on an open’ loop basis. B.R. Relly proposed a compromise .

¢
*

. . - . . L
between pure circulating curient operation ‘and completely cncu'!c)mg-currenf;&ee

. ‘ . . ‘ . . 3 3 “
operation that thvolved using a smaller circulating current reactoticombined with .

1

a controlled fiting pulse overlap period between the two convertors,

< A¥

Ts

m
Bibid. , pp. 190-198. ° . -
- ) — \ e
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overlap.

Q
.13 Summgyy and Conclusions

’

~

L]

\

Y

T

“

which might have occurred in the forbidden range 180°¢ &< 360° if the

7

*

.

increasing the average convertor curient by a significant amount. The ®ossover

distortion with LCR loads was substopficlly lower for the contiolted overlap

t

The controlled overlap approach appeared to yield skuper\iqr waveforms without

3

artangement than with the cnculating curient fice airangement. Segtion 3 14 of
this thesis desciibed the AEl cycloconverter which could be operated either without

circulating current oi else with circulating current and a controlled firing pulse

The ciicuitry of & successiul three~phase to single-phase cycloconverter

J

so that the steady-state ciiculating guirent ripple fundamental was ot 360 Hz rather

1

B - N 7 .
than 180 Hz. An independent gating ¢ircuit set was provided with each convertor,

-

transfer function was linear as long as the output current was coftinuous. Phase

« sforward and phase back limit pulses were added to the cosine waves to ensure that

4

c;ﬁring ;)ulse always occured somewhere between the [imits no matter what éxtreme
value the control voltage amplitude might h;:i/e. Double 6y|sing w‘i)g\h short.firing
pu’lses was used. However it was possible to use double /pulsing wif‘h longer pulses
to permit spoother operation. The Alpha blanking cord suppressed any Fi‘ring pulsves

rcife of
!

has beep described. Each convertor was supplied fiom its own delta-wye transformer )

'

The biasdd cosine technique was chosen for phase control so that the input to output (/

ra




/

change of contiol voltage had been rapid. An eosily adjusted spillover current limit
% N

was p;OViJ\sd’in cach conveifor. Fault'curient protection was provided by fuses, but

N references weie made to more complete protection schemes used in industiial diives.

The method of suppiession of véltage hansients due to commutation was discussed

- and references wete madd\ to detailed aiticles on the topic. The metering facilities
*
] ‘ \’5 and the packaging of the convertors were di’scu\%ed The conclusion was that the
' : £,

metering was good while packaging way only adequaté” A detailed explanation of
3
/, . .
the self-induced circulating cuitent was made which followed that made by B.R. Pelly.

This component of circulating curient was shown to add a subsfn{hol current load to
-~ ‘the converdors. However refeiences were made fo a compromise solution which |
L] \
Lo
, permitted citculating cuirent to flow only when the load cusrent was below a small,
— ' ©

< - *
ieset value Chapter V, now roofollow, will desciibe a schefne to completely

eliminnte the circulating curient. ,
- ! o i 1 i .




CHAPTER V ‘

- ELIMINATION OF THE%YCLOCONVERTOR CIRCULATING CURRENT ) \
. -
. »
5.1 Introduction -
— T T

The previous chapter described a succéssfu| cycloconvertor thiat operated

with ciiculating current between its anti-paiallel convertors. However the modern

- N .
approach to cycloconvertor design starting with the VSCF system cycloconvertors

) \
described by Chisgwin, Stiatten, and Toth} 2 (see Section 3.2 of this thesis) has

boen to completely eliminate the ciiculeting current. This has been done with cur-

rent detection and logic circuitty that peumits only the alternate operation of the
T ‘ : . i
pairs.gf anti-parallel convertors making up a polyphase output cyclaconvertor. -

The alternate conduction rather than simultaneous conduction of the ¢~rvertors elimi-
¢ ' ]
’ - “ \
nates the circulating cuirent by preventing the establishment of a completed series
[ 4 %

path for ctreulating current through both convertors at once. Thus, the bulky cir-

»

culating-current timiting reactors. may be discarded, theseby eliminating the large - "’
' . ) . ¢
additional wattless load imposed by the induced circulating current in them. In oo .

»

addition, the requiiement for matching of the anti-parallel convertors' average (dc)
v ' .

1

K.M. Chirgwin and C. J. Stratton, "Varigble=Speed, Constant-Frequency.
Generator System for Aircraft", AIEE Transactions, Pt."| (Applications and Industyy)
Vol. 78, November 1959, pp 304-310, T -

2K M. Chirgwin, L.J. Stratton, and J.R. Toth, l"Precas.e Frequency Power
" Generation from an Uniegulated Shaft", AIEE Transactions, Pt. i (Apphcohons ond
Industry), Vol. 79, 1760 (January 1961 sectlon) pp. 442- 449

/

’ -
>

-~



output voltage need not be as strict because the cycloconyertar toad cireuit path

would probably be more"tolerant of a small dc offset voltage ithan would the cir~

culating current cireuit path.

As in Chapter 1%, the development of the text and illustrations in this

. -
LI

chapter will follow closely an IGA conference paper written by T.M. Hamblin

ond Dr. T.H. Barton °

[
I3 -
. .
. . ~
’
< 3
- %

5.2 Current Zeio Detection .. %"

o

3

Successfulcirculating=current free operation requires that the elimination

]

»
fogic receive reliable and rapid indication of the zero load current condition in-each

anti-parallel convertor pair. Several articles (see Chapter 111 of this thesis) have
. .

. . ., 4,5
described the use of ac current transformers on the input side '~ of the cyclocon-

. 6 . N
vertor, or dc current. transformers on the output side~ to isolate the detection circuitry

I

i
from the' power circuitfy. The isolated-current zero'detection ci{cuifry must then

correctly respond to a wide range of current amplitudes varying from full output down

o

T.M. Hambfin and T.H . Barton, "Cycloconvertor Control Circuits",
IEEE Conference Record of the 1970 Fifth Annual Meeting of the 1EEE Industry and
General Applications Group,” 70- C5(GA Chicago, October 1970, pp. 559-571.
4D L. Duffand A, Ludbrook "Reversing Thyrlstor Armature Dual Convertor
with Logic Crossover Control", 1EEE Transactions on Industry and General Applications,
Vol. IGA-1, No. 3,'May/June 1965, pp. 21&222.

” -

Frank Wesselak, "Thyrsitor Convertors with Natural Commutchon , Siemens

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




)

. '

“ . ~

to the holding current of the thyristors. Duff and Ludbrook” (see Section 3.8 (

-

this thesis) approached the problem of correctly detecting the minimum current by
j

y 4

rectifying the ac component of the dc output wave of their single-phase output
cycloconvertor type of dc armature supply. This extra signal was combined with
a signal derived fiom ac cuirent tiansformers on the input to provide o reliable

LI 1

current zero detection system,
!

The thyiistor voltage monitoring technigue, now to be described, relies
upon vottage signols alone and hence avoids the difficulties with wide ranging cur-
rent amplitudes common f; other schemes that use current transformers. The absolute

¢

value of the voltage across each of the six thyristors in a conveitor is continuously
monitored. |f the voltage across each and every thyristor has been 10 volts or
*greater for not less than a certain timing intervol.(adi::sfcble from 50 to 400 ps)
the shaped output of the current zero detection logic will change from low to high
signglling that the bridge current is zero. If the voltage across one or more of the
thyristods becomes less than 10 volts, the shaped logic output will quickly revert to
low as the timing capacitor is discharged to the zero bus by the clamping action of

NORT in the current zero timing &ircuit of Figure 5.1. This low voltage condition

will occur whenever one or more thyristors is conducting, or for a short period of time

6R.A. Hamilton and G.R. Lezan, "Thyristor Adjustable Frequency Power
Supplies for Hot Strip Mill Run-Out Tables", IEEE Transactions on'Industry and
General Applications, Vol. 1GA-2, No. 2, March/April 1967, pp. 168-175.

q

a,
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i

whenever the voltage across a blocked (non-conducting) thyristor crosses zero.
’ L3

-

é
That is, the voltage monitoring scheme will give some false indications of current

flow during actual current zero conditions (but not vice veisa). These false in-

i
(7« Y . N
dications are not a pioblem because the circulating current elimination logic f
depends upon the true indication of the cuirent akro condition for a period only
o fong enough to operate a logic flip-flop.

Two floating voltage monitor cards in each convertor (Rigure 5.1, and

Plate 9 in Appendix 1) check the thyristor voltages with respect to the positive
M - ~

- Mnd negotive buses of the convertor. Since both positive and negative thyristor

voltages must be monitored, PNP invertois 12, 14 and 16 (Q2, Q5, Q8 in Plate 9)

~
[

are combined with negative to positive logic level changers L1, L2, ond L3 (Q3,
5

Q6 ond Q9 in Plate 9). The remainder of the circuit usessgonventional positive

logic circuits with NPN  transistors.

[

t

/
A chopper card with chopper and isolating pulse transformer ceuples
each current zero logic signal from its floating voltage monitoring card to the

current zero timing circuits. This scher{le, using a toggled flip-flop to feed NAND
/ . .

‘gates that have a common push-pull pulse transformer load, was cdeveloped in 1968

and has worked reliably since that time. Since then however, a number of manu-

L

facturers have introduced inexpensjve photo-electric digital isolators packages

"

(using GaAs light emitting diodes illuminating photo-transistors Qr\photo-di‘odes)

.

that would replace the chopper very nicely. In fact, they are ihexpensive enough

s0 that one isolator (plus attenuator and four diode bridge) could be used to monitor

.
¢

-




<

each thyristorevoltage. Isolated (floating) power supplies would not be necessary

and the combining logic to obtain one current zi:;\signol could be done with
\ X

L
the photo-transistors or photo-djodes.

'
v ]
. »

/
ThJé chopped logic signals are then rectified at the secontig{ries of the
pulse transformers (Plate 11, Appendix 1) before being combined in such @ :/voy\\

¥

that an integrating (timed) logical AND is performed on them. Both top and \
bof\rom of the bridge must be monitored hecause the RC snubbers circuits pravide
alternate paths for thyiistor cutient flow so that the top and bottom of the bridge
may not always cease conduction simultaneously. The chopping-isolatirig opera-

!

tion is fail-safe for the case of floating power supply failure because thyristor

!

“current flow is indicated by the absence of o chopped logic signal at the pulse

v * "
transformer secondary.

The output of the Burrent zero shaping circuit (Figure 5.1 and Plate 12,

"Appendix 1) remains low until the output of the current zero timing ramp reaches

the approximately three volt switching point set by the six diodes in series with the

input to transistor Q4. The slope of the timing ramp is set by rheostat R18 (Plate 12),

fixed resistor RY (Plate 11) and capacitor C1 (Plate 11).

j
Figure 5.2 clearly demonstrates the speed of the thyristor valtage moni-

~
]

toring technique of current zero detection. Even with the timing sef fora 100 us
integration time, the shaped current zero output (Trace 2) signalled the end of

thyristor conduction before the foad current (Trace 3) had stopped ringing fhaéh



-~

b

‘ the RC snubbers connected across the thyristors. The actual moment at which the

. thyristors stopped ccnducting is pinpointed by the start of timing in Trace 1 which

-

coincides with the inflection in the output voltage waveform (Trace 4), Figure 5.2

also shows that the start of thyristor current flow was détected rapidly as well.

.
«

FIGURE 5.2. * CURRENT ZER%) DETECTION. VC = 1.6V, d
HENCE o = 99°, RL LOAD,
Sweep = 200 u sec/cm.
. e ~Trace 1: Timed current zero signol;. scale = 10 V/cm.

Trace 2: Shaped currgnt zero signal; scale = 20 V/cm.,

Trace 3: Convertor loag current; scale = 2A/cm.

Trace 4: Convertor output voltage; scale = 210 V/em.

Because the anti-parallel convertdrs are an'ed in separate cabinets,
| 5
each convertor has its own complete current zero detection system. The circulating

~
v

o L
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current eliminatidn logic requires that the current in both COn\\thors be simultaneooyy

zero, before switching over the convertors, hence an AND circuit in the master con-

vertor ic usetl to comrbine the two signals yielding one total current zéro signal. If

the anti-parallel convertors had.been.peimahently connected together, then the AND
l\ , g ,
opesatiorbetween convertors could have been performed by using a single current

1

zero detector for the two convertgrs. Two voltage monitoring cards, ecach one covering
six thyristors connected to a hus, would have made up the detector. Note that in

9 A |
. . 0 . ‘
\/etther case, the voltcgg/momtormg caids must be connected to check the thyristor |

! l

. voltages alone  That is, they should not be connected acioss the series combinafion
3

b ., dv . , .
of a thyristor and its =7 suppression reactor if the response time of the detector is to

be gt o minimum.

3

[

5.3  Circulating Current Elimination Logic for Unity and Lagging PF Loads

As stated in Section 5.1 of this thests, the circuloting current eliminafion
v p
logic prevents circulating current between anti-parallel convertors by never permitting

h Y

them to be in simultaneous conduction. To prevent simultaneous conduction, circu-
lating current elimination logic suitable for resistive and lagging pf loads depends .
upon the logic AND of the following three conditionst; set the correct moment to

‘ . I8
release thyristor firing pulses tp the previously blocked (non-conducfing) convertor :

*
.

1. The contiol voltageyolarity has changed to that which would

B

now operate the previously nonconducting convertor as a .

rectifier (that is, 0° < a « 90°) “
» } ’ “
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2. The load current is zero, or less restrictively, all the thyristors

- - 1
e d
in the anti-paiallel pait are nonconducting.

»

3. « No gate pulses are %curing at that moment in the previously

E
t ‘ ~ L
- . conducting conver tor. . ‘ \

The logic AND of these conditions is used to trigger an RS type flip—HOp,Lhe t

outputs of which diive gating circuits that (1) immediately stop further firing

pulses to the previously conducting but presently nbnconducting convertor, and

-

(2) after a short delay permit the normal transmission of firing pulses to the on-

' coming convertor. a
L]

’ _ This particular scheme is fundamentally suited to resistive and lagging

loads controlled on either an open loop or closed loop basis because the zero
*

- crossing of the control voltage, which is essentially in phase with the fundamental
r

h

component of the cycloconvertoi load voltage, will be detected either in advance of
N . Ty , R /

. or at the same time as the load current zero. However with leading pf loads, the

3 .
- g . . . . ¢ . v .
load current will go to zero first causing an undesirable gop in the load current until

-

, ;L a
the control voltage polarity changes to satisfy the logic AND gate in the'circuloting
current elimination circuitry. il

! /

'Figure 5.3 is a block diagram of the main section o/f the crossover.logic

card (or tirculating current elimination logi¢ card) used for unity and lagging pF

3

loads. Invertor 11 supplies the gomplement of the contral voltage polarity signal

. } ¢ .
to ANDL. AND! plus AND2 check the three conditions for convertor current

° ’ a
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“will be descrvbéd in Section 5.10. The use of the artificial current limit circuit,

; . 135
g
“crossover before gating the flip-flop NORT, NOR2 The outputs of the AND gates

. s .
<annot be simultancously true  (high) because of the complementing action of |1

. \ .
Rulses fiom single~shot multivibiators OS1 and OS2 define the "double blanking" ~

N
vy

o

period T{set to 50 s} at crossober during which time thyiistor firing pulses in hoth
. '

-4

bridges are blanked {that 15, suppressed) The (low) outputs of gates NOR3 and
NOR4 blank the master and the slave bridges respectively. Small capacitor delays

were added to NOR3 and NOR4 to suppiess timing 1ace spikes that briefly un-

4

blanked the on-coming convertor as the flip-flop changed states. Plate 13 in

Appendix | shows the inteiconnection detail of the master qonvertor to slave con-

° 1

vertor logic signal cable plus certain jumpers required in the master convertor. The

"extra" logic gates shown on the crossover card in Plate 13 (but not in Figure 5.3) -

. T

t v .

(on the auxjliary logic card, Plates 12 and 13) will be described in a latér section
L

>
(WP,

of this chapter. The voltage crossover detector (Plates 12, 13 and Figure 5.3) is
. >

simple regenerative level detector with o (zeroing) input bias signal and adjustable
g )
hysteresis which is noimally set to a width of 0.1 V.

Figore 5.4 shows the output waveforms of the cycloconvertor when feeding ¢

¢

a single-phase inductio\n motor at. 45 Hz. As is normal for an induction motor,. the =

-

current (Trace 3) lags the motor terminal voltage (Trace 2), which is essentially in

phase with the cycloconvertor reference voftage (Tiace 1). Tiace 4 is the output of
£~

A

the firnim:'; pulse defector NOR in the master convertor ¢ (Plates 4 and 13, Apf)‘en.di’x 1.

J

Examining the waveforms confirms that the logic crossover did indeed occur when the

-~

three necessary logic conditions previously mentioned were simultaneously satisfied.

v ¢

s
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° /
. This type of crossover logic is well suited to induction motor control because

™ A

. the current always lags the motor voltage, even when the motor is rotated faster than




—

B ' ’
- -
o . d

Jts synchronous spe‘eh‘*by the regenerative action of its'mechanical load. Figure 5.5

ts

is a double exposute showing the cunent laggimg the motor voltage when the four-
& pole induction machine v.as motoring at 620 rpm, and when 1t was being driven at

<30 rpm with o 30 Hz cycloconvertor output frequency in both instances.
- .

3

5.4 Fiting Pulse Delay and D’OUble“Pulsing OR Catd

‘

The absence of fiting pulses in the off-going convertor is one of the condi-
tions that must be satisifed before tiiggering the interl Ak ing flip-flop cn the crossover

i

logic card. However due to various circuit delays, theie is a period of adproximately

1.5 ps between the start of the tHip-flop higgeiing action abd the Yime at which the
~ , |
firing pulse blank ing becemes effective i the off-goingiconvertor. |If by coincidence
¥ , ! ' .
a firing pulse has stgited in the supposedly off-going conveirtor during this peijod,
.‘-“;ﬂ ‘ Tew
. . then o segment of it upJoj & moximum of 1.5 ps in length will be transmitted through
( : - -
thie double pulsing "OR gates to two thyristorg. It is possible that this stiay pulse will

? successfully gate one o1 both of these thyristors in the supposedly blocked and off-gding

)
4

- .N
. bridge. For thacycloconveitor connecfiSﬁNg‘i Figure 1.la and 1.1b (but without

- A
S I .

. ~

\\/he circulating current limifeactors X) a line-to-line circulating current fault then

occurs when the first (auxiliary) firing pulses are applied in the on-coming convertor
A -

4 ¢

at the end of the 50 ps double blanking period ifane (or be i) ‘of the thyristors in

3

the supposedly off-going convertor is still conducting. With sepaiate three ph€se ‘
o (&) ‘ .

\
: - 1
transformérs os in Figuie 4.1 (but less the reactor)d the/fault cannot occur unless both |

’ * 8 ' . %
. of the thyristors are still conducting. When simulating the cycloconvertor connection

|
|
, P i 3 ' : N
. 2 '
- » o . !
. v : ' -
. ! N ’ .
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FIGURE 53

SINGLE-PHASE INDUCTION QMOTOR LOAD

Sweep 5 ms/cm .

Trace_ 1. V. 5 0V peak, /i_o Hz sinewave, scale = 10 V/cm.
Tiace 2. Lload voltage, scale 220 V/cm

Tiace 3: Lood curient, sgale 20 A/cm . .
Trace 4: Firing pulse detector NOR- (Master), scale 20‘V/cm

, i

N

SINGLE PHAZE ITIDUCTIC i W ATHIE (LAGGIHNG &)
AT'30 Hz; Nsyn - 900 RPM;. V_ = 3 0V PEAK .
- Sweep: 180°= 3 cm.

Trace 1: Load current (30o]cgging), §20 rpm, §’c£3|e 50
Trace 2: Load veltage, 220%pm; scaleqy210 \//cm\ ;
Trace 3: Load voltage, ’930 rpm; scale 21Q V/cm,

Trace 4: Load corrent (]35olczggiung), 930 rpm;’sc‘o[e i‘p A/cm. 0

« -




of Figure 1.1b (less reactors X) by tying the thiee-phase transformer star points

together in the connection of Figure 4.1 (less the reactors), circulating current
faults wete audible every few seconds as soon as the double blanking period was cur

to less than 100,}15.

The stiay pulses causing the faults Yere eliminated by applyinga 10 ps

“~

delay to each firing pulse g_ff__e*xﬁnf had p'oss‘sﬂ: the firing pulse detector NOR. That

is, 1f at any instant thé firing pulse detector NO dicated that no firing pulses

were occurting, then o:flrmg pulse could reach gfthyristor no sconer than 10 us after

that instant. This 10 us interval provides su'f/ficient time for the crossover logic )
flip-flop to operate and the firing pulse blanking to become effective in suppressing

any firing pulses. Figure 5.6 and Plate 4, Appendix | shOV;/ how the double'pulsing

OR matrix card was successfully modified. RC filteis combined with \regenerotive

switches opeiating at an 8.0 volt thieshold piovided the l‘equired delays.” A silian

14

contiolfed switch (SCS) could be used to replace each 2N3702, 2N3704 combination

; ‘ .
if/desir,ed. The switches had o very consistent threshold level combined with a rapid

regenerative break-over to give a fast rising leading edge on the delayed firing

y»

B \ o g«ﬂ

pulses.

7The wiiter gratefully ockZowledges the assistance of Mi. P.A. Morrison
of McGill University who first observed the fault phenomenon, devised the cure with
the writer, and then built the delay circuits. '

’

v
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FIGURE 5.6.  FIRING PULSE DELAY-DIODE OR CARD. .

<

5.5  Awuxiliary Pulsing -~

Ry ‘ , ¢ ) -
The ciossover of load current from one anti-parallel convertor to the other

-

T . [
may occur only after the detection of current zero. Then after a short double blanking

period during which no thyristor firing pulses are permitted in either bridge, the firing
« . . !

circuits in the on-coming bridge are unblanked. “ However the first normal firing pulse
L ]

¢ i

o

“ Y

~



,.put of AND2 (Figuie 4.8). This pulse is handled in the usual manner by the double

will not necessarily occur immediately after the unblanking Ff the on-coming conver-

tor, so that relatively large gaps may appear in the cyclocon\vertor output voltage qpd

" current waveforms theieby limiting the maximum usable output frequency.

\ .

To minimize such gaps in the wavefoims, each firing eiicuit caid (Figure 4.8

\
and Plate 2 , Appendix 1) is provided with a "memory" one-shot multivibrator O$2

that producas a pulse 55° wide (relative to 60 Hz) when higgered by the fall of
the original firing pulse fiom OS1  on the card. The end of the double blanking’

i

period triggers an auxiliary one-shot in the on-coming convertor (AUX OS, Figure 5.3)

that generates a 200 ps pulse which 1s sent to the auxiliary pulse input on each firing

s o e,

pulse card in the convertor. The card thot has pquJced o firing pulse (and hence a

—~— T

memory pulse) within the last 55° will then pioduce a 200 ps firing pulse at the out-

pulsiné OR matrix to produceclz second pulse for the other half of the bridge convertor.
The oscilloscope photographs for Figure 5.4 (with auxiliary pulsing) and Figure 5.7

(without) were both taken with 5.0 volts peak, 40 Hz sinusoidal cycloconvertor

control voltage and the same induction motor load to show how the auxiliary pulsing

improved the output waveform. In some cases more than oné firing card will*have pro-

duced a firing pulse within the last 55° (at 60 Hz), i}bﬁ'{o shoot-through faults have-

-~ - 4

been traced to thistause. Note that AND3 in Figuie 4.8 acts:as an alpha blanking
- /

gate to suppress any auxiliary firing Eulses that might appear in the forbidden inferval

180° < a « 360° .
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FIGURE 57 SINGLE PHASE INDUCTION MOTOR ( WITHOUT
AUXILIARY PULSING) .
Sweep: 5 msec/cm. L @
Trace 1: V =5.0 V peak, 40 Hiz sk_m_evi/cve; scale 5 V/cm.
‘ Trace 2: Load voltage; scale 220 V/cm. .
"Trace 3: Load curient; scale 20 A/cm.‘
Trace 4: Firing pulse detector (NOR), master bridge;

scale 20 V/ecm.

5.6 A Reversing DC Armature Drive .

Although three-phase to single-phase cyclocon\;(érfors may b(e used for‘
single-phase induction motor drives, their most common application, as o‘uflined

. in Chapter 11, has been for dc otor armature supplies.u Induction nlmgtor and
synchronous motor cycloconvertor drives have consistently had polyphase outputs

‘£

_— ‘ o T
so that the motors could be controlled at any speed and in either direction (un-

like single-phase motors). Ward-Leonard systems have been almost completely

N [
. w v
~
v
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displaced by thyristor drives in new variable speed diive installations because of the

higher efficiency, reliobilif);, and lower welght of the latter. However there are

certain problems that must be faced when using a thyiistor supply for a de motor )

armature. These (three) problems will now be outhined and references will be made ~
. . . . P : i

to articles which discuss them in detail. . . ta

The first problem is the 1eduction of dec motor armature commutation ability

caused by the large harmonic ripple supeilimposed on the dc aveiage value of arma-

ture cunient because of the high haimonic content of the convertor output voltage.
The motor torque is related to the average value of the curnient, but the higher rms
value of the cunent determines the copper and eddy cuiient losses, while the still
shigher peak value of current limits the motor armature commutation ability. The
f
phase shift and distortion of the inteipole flux by the eddy cuirents diiven by the con-
. 8,9

vertor voltage harmonics may diostically reduce the black-band range of sparkless
commutation. However C.E. Robinson pdinted out that lamination of both the inter-

. - ey e aps 10 .
pole and the motor fiame would deciease the phase shift significantly, "~ In addition

» . ) ) t
P

8R.M. Dunaiski, "The-Effect of Rectifier Power Supply on Laige D-C

. < Motors", AIEE Transactions, Pt. 11l (Power Apparatus and Systems), Vol. 79,
. June 1960, pp. 253-{258. ’

9N. Kaufmag, "An Application Guide for the Use of D-C Motors on
Rectified Power", IEEE Txgnsactions on Power Appaiatus and Systems, Vol. 84,

October 1964, pp. 1006-1009.

' ]OC.E. Robinson, "Redesign of DC Motois for Applications with Thyristor
Powdr Supplies", IEEE Transactions on Industry and General Applications, Vol. IGA-4,
No /[ 5, September/October 1968, pp. 508-514.




—_

he proposed that the best 4-pole motors for rectified power should tend to larger
\.

digmeter armatures,, shorter core lengths, and armature windings tequiring more

‘ 11
commutator bass and fewer turns per coil. [n gther woids, dc motor design may

b

be readjusted to provide adequate operation under convertor power.

The secoﬁ:ci’;@roblem is broughtrobouf by the characteristic soaring of the
convertor output voltage in a positive ditection with decreasing current amplitude
once it has fallen low enough to become discontinuous. As long as the converfor
output current is continuous, the biasgshift method of phase-contiol piovides a

linear reloh‘onshlp (see Equation 2.1 ) between input contiol voltage VC and

v

the average output voltage V , of the convertor (neglecting commutation and

d

resistive drops). However, decreasing the current so that it becomes discontinuous

\
,

. . \ .
causes an upward swiny in the cenveftor regulation cuive (taken for any constant

a), and this change in the regulation characteristic presents two difficulties:

s f
1) Jhe (non-linear) voltage gain QfWr operating with
~

cortinuous current is drastically less than the (linear)-gain of

the conveitor operating with continuous current. This decrease

in gain adversely affects the drive system response to impact

o

loads striking when the convertor i% in the discontinuous current

)
W

region. A saturable recctor‘may be used in the armature circuit

"‘l_b_i_g., p. 514.

.
v '
o, L \

¢




& - . . . ]2 .
to decrease the size of the discontinuous region, or various l
-/

c% loop fechniques]3 may be applied to minimize the

effect of this gain change. .

(2) If the m;)tor current is switched from one anti-paiallel convertor
operating as P rectifier with discontinuous cuirent to the other
(previously blocked) convertoi ready to act as an invertor while
keepi‘ng the control voltage constant, ‘there will be a disasterously
large initial oveishoot of cunent tf{nough the invertor before its

’

current limit circuit has a chance to function. Thisover current
0

appears because the motor armature voltage will be initially nearly

-

equal to the rectifying convertor voltage. tunning with discontinuous

cuntent, while the inverting convertor will come on with continuous
-
current and hence, a lower output voltage. The surge current is limited

only by the (low) impedance of the armature until the motor speed in-

creases to compensate or the thraenf [imit citcuit takes hold. A similar

situation would exist when switcming from inversion to rectification \

/ with the rectifying convertor starfing with contindous current flow and

art output voltage higher than the initial motor armature voltage. As

e
i

]2K G. Black, "The Effect of Rectifier Discontinuous Current on Motor
Performance", |EEE Transactions on Applications and Industry, Vol. 83, November 1964,

pp. 377-382.

]3E A. Wilkes and P.J. Wirtz, ”FrequénC/ Respanse Compensation of D-C
Drlves , |EEE Conference Record of the 1969 Fourth Annual Meeting of the IEEE !
ushy and General Applications Group, 69 C5-FGA, Detroit, Michigan, chober 1969,

pp\\]\7 123, ( s -
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4
. described on pages 45 and 46 of Section 3.8 and page 57 of Section 3.10,

the oncoming convertor should not be unblanked unless it has been

phased back beyond the point of zero current. This point depends
/

.- upon the level of armature voltage at that time, so that some
manufacturers use a voltage matching scheme which senses either

t4, 15 Duff and

the armature voltage or the tachometer voltage.
Ludbrook of Canadian Westinghouse preferred not to use voltage

matching but to temporarily phase back the oncoming convertor

well beyond the zero curient point by injecting a signal into the ~

16 -
current regulator. When used as an armature supply, the
cycloconverter described herein has a permanent det‘ibond between
the convertors provided by phasing back the individuz‘l gating

N circuits with fixed bias signals., This permanent deadband prevents

armature current surges just as did the temporary deadband used by

o

Duff and Ludbrook:

' - - U
[ - 4. . ’
|
] F. Wesselak, “Thyrustor Convertors with Natural Commutation, " §
. Siemens Review, December 1965, No. 12, pp. '407-408.
LS s
K. Lidberg, "New Series of Thyristor Convertors for Industrial Motor\ _ ~.
Drives, 20 - 500 KW, " ASEA Journal, Vol. 42, No. 5, 1969, pp. 63-68.
16

D.L. Duff and A. Ludbrook, "Reversing Thyristor Armofure Dual
Convettor with Logic Crossover Control," |EEE Transactions on Industry and General

Applications, Vol. IGA-1, No. 3, Mcy_/June 1965, pp.21§:220.
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‘ The final problem for the thyristor diive designer is deciding on how to
l -

model the thyristor drive itself fo1 calculation or simulation of drive perforniance.

Wilkes and Wiitz suggested that the use of a ficticious output impedance in the

,convertor model would aid in the fiequency response calculations when the con-
£ ]7 :
vertor entered the discontinuous cutient mode. ' BUt a second complication in the
modetling piocess is the sampling action of the phase-contiolled thyristor gating cir-
1

cuits which inthoduce a vaiying tiansport lag into the system. Paridh and McVey

viewed the system as a sampler foliowed by a paitial zeio-order hold device

£~

Then, assuming that the overall contiol system was low pass with an open loop cross-

over fiequency well below the sampling fiequency, the conveitor }Eodel could be

‘ . reduced to a tiansport delay equal to half fhﬁA/éJvusoge conduction petiod of cach
| " thytistor.  Thus for six-pulse, 60 Hz opeiation ‘with continuous conduction, the .
| .

I

.
convertor model would be a transpoit delay of 1,720 second. Generally this
simple model should be sufficient, but R.D. Jackson has suggested a describing:
function appioach to exphiry_s_joined cunent oscillations that may occur when

19
only one conveitor is used in @ non-reversing armature drive application. Also,

/

\ N A Wilkes and P.J. Wiitz, op. cit. : '
» '} - Rl .
Y - ]8E.A Parish, Jr. and E.S. McVey, "A Theoretical Model for Single-

Phase Silicon-Contiolled Rectifier Systems", 1EEE Tiansactions on Automatics »
Contiol, Vol. AC-12% No. 5, October 1967, pp. 577-579.

19 . e e - 4
R.D. Jackson, "Oscillations in Single Convestor Drives", Proceedings

of the I‘FE_ Vol. 116, No. 4, April 1969, -pp. 633-637. P —
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F. Fallside and A.R. Fc:rm'er2O have developed describing fun¢tion techniques to
predict subharmonic instabilities (1/2, 1/3, etc. of 360 Hz) when the overgll open

loop bandwidth is not low in comparison to the sampling frequency (360 Hz).

N

Recently G. De and A.K. Mandal published a paper on incremental describing

y o . e 2] . .
functions for the analysis of such subharmonic oscillation.”™ The intioductory sections

of their paper provides a good review of the work done by others in this field (including !

Fallside and Farmer). .De and Mandal pioposed that-at the subharmonic frequencies

Ed

. the converter could be modelled as an asymmetrical saturation type nonlinearity in

series wifhko linear block whose facters depend upon the,number of pulses of the

converter and the order of the subharmonic.

The' dc drive to be described herein uses the circulating-current-free
cycloconykrter detailed in*Chapter 1V and this chapter as its power amplifier.

V. Stefanovic of McGill University has applied the drive as pait of a high power

k)
L™

servo-analyzer in his research on the stability of an induction motor with a variable
. | e C
frequency supply. The speed and current regulators of the'drive were part of the

experimental apparatus used by G. Joos of McGill University in his research on -
thyristor drive modelling, simulation, and compensation. Because the work of

designing and tuning the regulators in the drive was performed by G. Joos, the

\

20 F. Fallside and A.R. Farmer, "Ripple Instability in Closed Loop Systems . =
with Thyristor Amplifiers, " Proceedings of the  I[EE, Vol. 114, No. 1, January 1967,
pp. 139-152. T ’

2

1

1 G. De and A.K. Mandal, "Incremental Describing Function Analysis of
Subharmonic Oscillations in Contiol 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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. L4
following disgussion will avoid that topi¢, Instead it will concentrate further on the

effect.of discontinuous current upon the converters' dc transfer function and on a
.

comparison of methods to prevent armature current surge following crossover.

5.7  Three Methods of Preventing Armature Current Surge after Crossover

.. Figure 3.1 on Page 46 -of this thesis showed that the output voltage of a

“

converter moves away from the straight line transfer funcgtion when the converter current

+

becomes discontinuous. The converter current will cease completely when the arma-
A
ture voltage exactly matches the peak converter voltage.- This peak voltage is a

e
function of the control voltage to the converter. Using this information, the boundaries
of the o%‘onsfer function of a single Xonverter are shown in Figure 5.8. The abscissa
and ordinate scales were chosen to mof% e transfer function for which the converter

was designed. That is, a controt signal of N\10.0V should phase the converter full-

forward (a = OO) yielding 1.0 per vpit output\neglecting commutation. and resistive

e

//Gs’ses. Equation (2.1) on Page 12 herein stated Yhat the\average output voltage

My of a six pulse bridge converter with continudg currext is

6 m
= J - 5in (o .
/ Vd (V2E) Trsm(é)_g:os.a 5.1
u ' _ o N

. NN ’
o v, = fifcae | | 5.2)

- . ) 1.045
where /2E =  the peak value of instantaneous output voltage of the

. converter. ( This is equal to the pedk line=to-line
h Y
voltage for a six pulse bridge converter ) .
= v 4




o

Consideration of the output waveforms for peak recfi'\{:\c’f‘ién (not shown hergin) will

yield a peak output voltage Vp relation ) ’
iy o o ,
v, JZE for 0<&¢ 30 , (5.3)
and v, 2t cos @230°) for . for 30%a<180° T (5.4)

v
®

The phase control cirquitiy- uses the biased cosine wave technique so that the firing

angle is

ok = cos |V - (5.5)
0.0 . ¢

Hence the average conver tgs output voltage V , defined by Equation=(5.2) is lineqr

d
with respect to the f\fonh‘ol voltage VC between the phase forward limit (7) and the
;;hose back limit (6). The phase back limit atet= 165° is necessary to ensure
sufficient margin to comélefe commutation when the converter is inverting. The same
phase bdck limit also puts an inflecfio‘n,. (4), in the peak voltage locus. Phasing Hg:s
converter forward increases the peak voltage until (&= 30°) is reached. Provided

» o

.. - o ’ .
firing pulses longer than 30~ are used,. the peak oufput voltage then remains constant

S o L .
untilol= 0", Further increases in the control voltage V do not change the firing
- c

angle &fter the,phase forward pulse limit at 0° has been reachad. Hence the peak

) \\/Wecfs the point (1) @nd then remains constant for increafing values of Vc -
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»

?
‘ ‘ If the oj)nverfer is supplying a motor armature on'an open loop basis, then

the cgnverter voltage will move from point (A) in Figure 5.8 to point (B) when the
T " 4

motor load is removed while keeping the contiol voltage constant. The motor speed
’ N ) ‘ ) - &

| ’ - and armature voltage rise correspondingly while the motor armature current falls,

’ ‘

The current woul d reach ze(0 if theie were no losses present. On' the other hand, if 1.-» =

. a B © . ‘ .
the motor speed is held constant by an auxiliary motor which giadually acquires the

»

" ¢
foad as the contiol voltage V 15 decieased, then the converter voltage remains constant
. c

and the armature~suirent giadually decieases to-zero as path (C) to (D) s f{é:ced. GD

"More realistic is-the path (E) to (F) which repiesents the decrease of converter output

M /
voltage and control vdltage under closed loop speed contiol as the load is removed
from the motor, The closed loop contriol system will deciease the control voltage in

. "
¢

an attempt to match the motor speed to the setpoint speed. The load might be/r?mav’éd/

-

- e
/»)
from the motor in one of severa] ways: -+ . 77T
e e 7 : ., '
- 1. The motor moy be following an upwaid speed setpoint ramp which

L :

suddenly levels off, . . )
A L ’
' & “
. 2. The motor speéd and setpoint are con yntil a step reduction in
y - t ) A
v S, /

setpoint 'is made.

-
-

.

3. The setpoint speed is constant but the snotor load has an over-hauling

0,

n chAccferich. - .o ‘ o

L2 ~ . °

If the fiofor speed is not under regulation b;: the time the zero armoture current point
v #
N > ’ ﬁ
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/conduction locus. This is exactly the ccsé\c?escriged by Duff and Ludbrook and

15

»

(FJ is reached, then the control voltage will decrease still further towards (F) while

‘ ]
the motor coasts downward in speed. If the performance requirements of the drive

F

r %

are ngt stringent, then this coasting condition may be tolerated provided that the
rtémoval of load from the motor was due to reason (1) or (2) as just described. But
if the performance requirements are stringent, or if the motor load does have an

overhaulinggharacteristic, then once point (F) has been.reached the motor torque
7 he

3

Nbe reveised by teversing the armature current (field reversal will notibe discussed).

If the transfer functions of the two converters ate coincident, then the ciossdver to the

( —
reverse converter will cause & Sveicunent surge as the voltage impressed upon the

,"/7__ -

armature_circuit by onCOminQOCOr?*\fea.ig: will be at point (G) on the continuous
// ' ~

Sy ?l

'
»

quoted on Page 46 of this thesis. They solved the problem by injecting a signal

“info the current jegulator during the petiod that both converters were blanked so

that the oncoming converter was phased back beyond the zero current point,

That is, the cunent regllator output was diiven beyond the peak voltage curve for

the reverse converter (only partially show;\) and then released at point (R). The

~—

regulatorsthen continued decreasing the control voltage so that reverse armature

‘ I i

¢

y 22D L. Duff and A. Ludbrddk, “Reversing Thyristor Aimature Dual
Conyexter with Logic Crossover Control," *IEEE Transactions on Industry and General
Applications, Vol. IGA-1, No: 3, May/June 1965, p. 220, ’

o» ' .,
Ve -

e
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: 4
P I
®urrent first started to flow at point (S) and the system settled into’ continyous current

(assuming this was required) at point (T). ?,‘J

Duff and Ludbrook chose to make their converter fansfer characteristics

<

coincident by using the bias shifted cosirte wave technique gombined with both

23, 24

positive and negative crossing detectors, The cycloﬁonverfer described in this

" thesis used two identical firing pulse generators, each us'/ng positive crossing detectors

only. However because the contiol voltage to the :eve‘fse converter was supplied
: g ’
1
by a unity gain inverter so that it was always the negdtive of that for the forward
. o

A
+

converter, the hiansfer functions for continuous curient flow were again coincident.

il

Because sepaiate firing pulse generators were already in eachMonverter, it was

possible to cither follow the same scheme as Duff and Ludbrook (or a similar scheme),

s
. P L
¥

or else to put a permanent deadband between the converters by phasing back each -

<

converter with its own biasing signal.

On Pages 55 and 56 of Section 3. 10 herein it was argued that Duff and— =~ -
Ludbfook's scheme of injecting a signal into the current regulator was really
equivalent to putting a tempo}ary deadband between normally coincident transfer

functions.

° 23_|£i_d., pp. 218-219. ! e
.24See pages 17 to 20 herein.
N 25 . . -
. See pages 20-21 and 93-99 herein. . /

»
. - . M . / . .
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In fact provision has been made in the cycloconverter de]scribed herein to put an’
actual temporary deadband between the converters at crossover time. This can be
T
done by injecting a single sawtooth shaped artificial current limit (ACL) pulse into
the current limit line of the oncoming converter starting at the beginning of the
double blanking period. During the pulse decay after the end of the double
blanking period, the regulator of the inner current loop should capture the on-
goming 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 temporol): displacement of the regulator output voltage with respect to
) .

Pt

\ . . . .
the transfer characteristic of the oncoming converter is the same. *

It was also proposed on Page 56 heiein that theie is very little difference

) e

at crossover time between having the cutrent regulator integrate across an equivalent
temporary deadband between two normally coincident transfer characteristics and

having the current regulator integrate across a permanent deadband between two

. constantly bigsed apart transfer characteristics. This is true provided the system

: ,
is behaving at that moment in such a way that the regulgtor output will be driven

* [y

fully across the deadband and that the deadband has been adjusted to the same
width in each case. A reasonable assumption is that Duff and Ludbrook implemented

their scheme by injectin§ a phase back pulse (whose polarity at the regulator output

i

g ;1———’\\—] LN ”
depended upon which bridge {was oncoming) into the input of a proportional plus
. - \ /

/
¢




in

¢

integral current regulator. The width of the pulse, and hence the rise time of the

) regulator o’ufpuf step, probably was the same as the double blanking period of the

converters. The height of the regulator output step, and hence the width of the
3

deadband, would then depend upon the width and amplitude of the phase back pufse
4

1 s
and upon the open loop step response of the regulator. Therefore any adjustment to

»

the current regulator open loop response would necessitate a compensating adjustment
‘ :

to amplitude of the phase back pulse, assuming that the double-blanking period was
kept constant. |f instead, a sawtooth artificial current limit pulse were used, as is
possible with the cycloconverter desciibed in this thesis, then an adjustment of the

current regulator response would requite a compensating adjustment to the decay rate

of the scwfoofk(,ond perhaps to its amplitude in order to keep the deadband width

effectively the same. The permanent deadband scheme, unlike the two fempé@y

/
deadband sthemes just described,..does not have any interaction between the current

-

regulator fad|ustments/;nd the deadband width adjustment. The width desired may be_

-

obtained by 1) clcm{ping the firing circuits' control voltage input to zero after dis-
connecting it fiom r‘hé,: curient 1€gulator outpulf, and 2) changing the firing angle of
o 26 o )
each converger from (o = 907) for zero contrpl voltage to a value (1208 a<1657) by
adjustment of the bias input in the thyristor gating circuit set of each converter.: The

current regulator may now be tuned without any further adjustment to the deadband.

-

-
I - -
- LY .

26The phase back limit (PBL) pulses have been adjusted to 165° for the
cycloconverter described herein.
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That is, although all three schemes should be equally effective in preventing
armature current surge in the oncoming converter, the permanent deadband scheme

is the easiest to adjust.

¥

Except for dc armature supply applications, the design, construction,
and testing of the cycloconverter described in this thesis was completed in 1970,
By that time the AGL pulse circuitry had been put on the auxiliary logic card
(Plate 12, Appendix 1) and provision had been made in the crossover logic cabling
and jumpers to handle the ACL pulses (Plate 13, Appendix I). However, the ACL
pulse scheme had not bagn tested in a closed loop armatuie drive and consequently
. : . 27 :

no mention of it was made in the conference paper = written by Hamblin and Barton
at that time. No further experimental work was done with the cycloconverter by
T.M. Hamblin until eatly fall in 1973. At that time G. Joos and V. Stefanovic of
McGill University wished to use the cycloconverter as a circulating-current-free,

_ — . 28 @ . .
reversing, armature supply in their experiments. cept for an easily repaired

. ) I . .
fault in one power supply, the cycloconverter was functional. Joos and Stefanovic .
at first used only one converter as a non-reveising supply or else operated the two
converters with circulating &urrent as a reversing supply. T.M. Hamblin promised

them he would connect the con*erters as a circulating-current-free reversi?g armature

supply after his return fiom the October annual general meeting of the Industry

27T M. Hamblin and T.H. Barton, "Cycloconverter Control Circuits,”
IEEE Industry and General Applications Group Annual Meeting Conference Record,
October 1965, pp. 559-570. §

28See page 148 herein. f,'.,ﬁ’
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Applications Society of the [EEE. During part of his 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 asked them their opinion of the fem;;orory deadband

scheme as presented by Duff and Ludbrook veisus the permanent deadband scheme.

]

A.C. Stevenson felt that the simplérl more i1eliable approach was to use two sets of
gating c;ircuits'»x:ifh a permanent deadband between them. The regulator loop around
the converters would automatically swing in the correct direction thiough the deadband
to maintain control, and there was no need for switching circuits (which could be
miscxdius;ed) to inject a signal into the current regulator during the double blanking
period. Stevenson thought fh;t the two schemes would have identical results for a
complete’crossover from one converter to another. However he suspected that the
pe‘ramaneqf deadband scheme would behave more’nofur’olly than would the temporary
decdbond\s;cheme when feeding light, variable loads which cause the drive:fo run’ in
-discontinuous curient and to move in and out of the deadband without necessarily fully

29

crossing it.

When teconsidering the above discussion after his return to” Montreal,

T.M. Hamblin again concluded that theeffective action of the Duff and Ludbrook

scheme would be the same as that of a permanent deadband scheme. This would be

true even on light |dads provided that 1) the phase back signal injection period

s

.

? . \ . )
Summary of g conversation between T.M. Hamblin, A. Kronk and
A.C. Stevenson when travelling by car from Toronto to Peterbororough, Ontarig on

October 11, 1973.

P
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could'be kept short compaied to the step response time of the g:urregf regmo'ror,

[
2) b/bfh schemes had identical loads and regulator tuning, and 3) the deaﬁécn&
widths were identical. On “rhe other hand, T.M. Hamblin reolize%i that fhe)ACL
pulﬁ'e scheme which he had provided in the cycloconverter described herein would
hot have the same effective behaviour on light loads. Figure 5.9 A shows a trajectory
oFJ fallingdomput voltage as the control voltage decredses and is about to enter the
deadband. Provided the current regulator reference voltage has changed s«ign,
the double blonk'iung period will begin as soon as there is a sufficiently longicurrenf
zero period. 3] During the double blanking period the ACL pulse tq the reverse
converter will move transfer chalacteristic R away from that of the forward converter
as in Figure 5.9 B. The gradual sawtooth decay :of’the ACL pulse slides fransfer
characteristic R back towards coincidence as shown by the arrows. Normally the
current regulator output voltage would soon intercept rrolnsfer characteristic R and
crrr;cture current would start in the reverse converter. |f however because of a
pecularity of the load at that moment, the speed reg{;‘ofor output (which is also
the current regulator reference input) changes sign,/ then the current regulator optput
swing will revetse as in Figure 5.9 C. Because the armature current is zero M
deadband, the reversal of the current regulator reference voltage will immediately

3

trigger another double blanking period. During this period the ACL pulse to the

f

o\ »

/BOSee" pages 48, 58 .and 60, 3]See pages 131 and 132.

.

£
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A.  COINCIDENT TRANSFER FUNCTIONS

R N Continuous current.
v 2).  Cunent iegulator 1eference has changed
. i sign. F converter current stops. Cross-
' Ve * over logic blanks F and R converters.
' o s ACL pulse to converter R phases it '
S (13 back to give case B .

B. REVERSE CONVERTER PHASED BACK

Vg - pr Q.
/—%ic’ T 2) Current regulator output is crossing the
7 s iy s dzadband towards the R characteristic
{/ K g;,‘/i 7 . which is sliding back to coincidence.
~7/i/- ;{/7 ’ S Ve 3) Curtent regulator reference changss sign.
7 _*’;— pan o B ’ Crossover logic blanks F *and R con-
YT verters. ACL “pulse to converter F g

. / . . .
‘ . phases it back to give case C .
: Ly »f)/ 1/ R . .

- Ny

> - C. FORWARD CONVERTER ALSO PHASED BAGQK

Vo + P u,‘ MRENIC U L o BDRY,

s A j . -
10" jooe .7 = 3 The direction of the current regulator put-
,/ panad ] -« - 7 v v g
) 4 e, g put swing reverses ofter the regulato
Rl <3 4 - t> ’ } . .
377 P » reference changed sign.
X - P A, '/—»b /, -)r ’. .
R ) Sie v 7 4), If the F characteristic had no\been
T > -~ L
v~ R/ *F - F phased back, the F ‘converter wuld have
o, - = been in continuous conduction Hy point 4 .
e e | o Current will restart in the F canverter
D 7 :,0 ’ . when the F characteristic sliding back
e towards coincidence is intercepted by the

\ ' . ' ) . swinging regulator output somewhere be-
yond point 4. k

* ¢

. . ‘FIGURE 5.9.  ACL PULSE ACTION PURING PARTIAL CROSSOVER
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forward converter will move its transfer characteristic F to o new phased back position.

At the end of the double blanked period the output of the current regulator will be
' 2

moving to intercept characteristic F as itslides down the sdwtooth of the decaying

. \
ACL pulse. But because the reverse converter never entered conduction, there was
no need to phase back the forward converter. That is, in this case the performance

of the ACL pulse scheme is not as good as that of the permarent deadband scheme.

N
5

There is no danger of a cu;ent surge under these circumstances. Quite the ‘opposite

problem exists; the deadband is wider than need be because of the unneccessary ACL™

pulse applied fo the forward converter. .

On the basis that the ACL pulse scheme was probably not as good as the

v

permanent deadband scheme on light loads, and that it would probably not be as

easy to adjust, the decision was made to put a permanent deadband between the I

converters. The scheme did prove simplé to adjust and satisfactory in opefation as
& .
the oscilloscope photographs in the next section will show. Admittedly the voltage o

matching schemes referenced on page 146 herein can provide a shorter dead period
at crossover, but the permanent deadband scheme was quite adequate for the servo-

- 32 N -,

analyzer application mentioned earlier herein.

5.8  An Aimatuie Supply with Deadband between the Converters

‘ 4/

4
For reasons explained in Section 5.7, the decision was mde to control

S



o

" the armature current after crossover by putting a deadband between the converters.

:

Originally the drive was set up with each converter phased fully back (a

b

)
=a =165)
foor
when the cycloconverter control voltage was zero, The signal line to the voltage

‘ .
crossover detection was disconnected from the output of the master converter input

operational amplifier (O/A7 in Plate 13, Appendix I). Instead the detector was
connected as shown in Figure 5.0 except that the SPDT switch was in position B.

Also the bias voltages were each ~10V and the input resistors were 25 kAl instead of

-

33 kfl.

-]

The drive operated satisfactorily fiom the curient surge suppression point of _
5

view. But the dead time, which was in the oider of 100 ms, seemaglexcessive.

G. Joos felt that the deadband cou]é be 1educed safely by readjusting the bias

voltages until for (VrC 0) the firing angles wete (a

foO T ]200). This is less than

S“a = 1500) point chosen

For
. - 34 . . 3
by Rettig and Roumanis. However, both of these reversing ditves relied er)g\l rely

the (e(f =a = ]420) point chosen by Shinger33 or the (a

upon the width of the deadband to eliminate circulating cutrent between the converters,

.

while the drive described herein depends entirely upon the crossover logic. G. Joos

¥ ‘ ’ -
convinced T.M. Harmblin of the validity of using the narrower deadbgnd by developing

for him a dimensioned sketch of Figure 5.8 which they, togefherr‘»lith W. Scott of

o
McGill University, modified to form the basis of Figure 5.11. The highe: slope of “\

v

/§3Sée page 49 herein. 34Se,e page 51 herein.

-
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the converter voltage \’/érsug control voltage characteristic in the latter Figure is *
1
’ "\ i
due to the use of a 33K rather than a 50K input resistor. Figure 17 in an ex'c/éllent
A I 35 , ) «
papet by Hcggerfl » Maynard, and Koenig  is similar to Figure 5.11 herein, nut the v /
i

A
former is not dimensioned. The input resistor and bias valves in Figure 5.10 Were
{ R s 3

U g ' : N :
chosen sofhat peak woltage cuives of the anti-paiallel, six thyristors bridges weie -

. ‘ . ‘ x
‘* tangent %}/be (V. 0)point. , -
) . . - .

.
-

[

anune‘s 5.12.t0 5.16 are multiple exposure oscilloscope phatographs,

¢ P )
- ‘n/ ] ’
sh\kwlng fhe crossover action "of the drlve/v hen fhe speed reference was warred .
Wl . , .
“sinusoidal ly ot 6 Hz. The mcrkings to the left of each Figuie show the sequencein\‘ |
. v ¢ . . .
' ¥ - o

v
; +

Whl\(ﬂ'\ exposul es wele m(i,cfe (A, B, C, etc. }and tha zeio 1ef@rence mark for qﬁgh .
. . N \ ’ ' .

. { . . .

trace. The trace nymoers fo the right of the Fiduies-agso appear on fhe&impllfled
. ¢ ,
*  connection d fagram of :heﬁrive (Figure 5.10). The-gegulator portion of the diagram

- . ‘
is a simplified equivalent of the regulatar designed by <§ Joos. Traces | and 3 have
-

\

~ »
’ «{la . - . FANN . 1 .
inverted polariby with respect to Figuie 5.10 becuuse ur ilcuirec] cquwonenr{c;r i

was first us,ed*v\(hens\plonning the p\sciil.pscope photograph sequenge. .
. , T . o ) Y
B} ¢ - ’ =
: The average spged for Figures 5.12 and 5.13 was 840 r/min with an . C
o . v, O X . L. * -~ ~ N
\\ “incremental speed re}fene‘nc:e of 2001 /min peak to peak (Trace 1) supplied by @ ¢ \
» - - B d N
a ‘ : - .
sinewave signal.of 2V peak to peak at 6 Hz. This flequency was well above the i \\\
\' 4 - b ~ . ’
" - ’ N ) — . |I ‘
v - - - 35 N f . ¢ g ) w
. . J: K. Hagg@rfy, J.T. Moyncrd cmdlr A. Koenig, ' Appllcchon chic:rs
o for Thyrlsfor Copverter DC Motor Drives," IEEE Transactions on Industry and Geners
. . Abplncahons, Vol. fA—Z, No. 6, Novem.er/Decem.er 197, p. /27. ] -
#. L DV o I
y ’ * b ! : ; _ ! ‘w " ‘ s o " .
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FIGURE 5.12.  REGULATOR WAVEFORMS WITH 100V CEMF AT CROSSOVER .
-2 Vo, ot 8 Hz, w "= 8404 /min =

~-at

Sweep, 20 ms /ecm , Duw
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' Curient zero timing period - 150 ps«\ . had . s
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FIGURE 5.13. CONVERTER WAVEFORMS W|TH 100 V. CEMF AT CROSSOVER )
N . . L
Conditions same as for Figure 5.12 above o @ Vs /._\j




I . o . . . ’ . -
swinging from inversion to rectification. The armafure vottage (Trace 6) rermained

-

| . - .
closed loop band width of the system so that the resultant speed change (Trace 2) : |

-
6\r .

was only'20 ¢/min peak to peak. The swing of the speed reference was large endugh
to drive the curfert regulator output (Trace 3) into saturation at + 10V which. -.

corresponded to °25 A of armature current (Trace 4). The internal spillover current
) . ¢ ! .
limit of each converter weie set to 30 A to avoid interaction with the curregt regulator.
. ‘ . ‘ , t A
The output of the' current regulator -(Troce 5) varied betwedn -1V and 16V when
‘ . .

' ’
. \ hd

close to 100 V during wweision, deat{time, gnd rectification because the actual speed

. A

cHor\ge (Trace 2) was only = 1.2% of the average speed of 840 r/min. Traces é and 7
f v h . . -

’
¢

show that the alternating slant of the sawtooth of the output voltage wavetorm corresgonds

N : R Y \ o

to the olterﬁt;ring polagity of the ‘ormofme'currenf. Trace 9 is the firing pulse blanking’

L

signal to the slave bridge. The crossover logic used depend?i upon the legical AND

<

of the output voltage crossover detector and the detection of current zero. The current v
. !

zero ddefecrirm timing was R0 ps and the double blanking period was 200 ps for Figures

*

5.12 .0 5.16 The voltage crossover detector input was connected to the output of

the sp\eed r?gu[afor (Trace 3) via pos'tion A of the SPDT switch (Figure 5.10).

- s
- . 3

'Compc‘mson of Trace 3 with the armature current (Traces 4 and 7) shows that-the crossover
logic v*/os Performing‘éorrec_tiy. Examining the output voltage (Trace 6), the arriature

curre‘nﬂ, (Traces 4 and 7) and cycloconveiter contrdl vol\tcg”e"\/c (Traces 5 and 8) shows

that-system was following a locus marked with the end points A and B in Figure 5.11.

. s ]

?he slight hys'terq:sis in the locus occured because the crossover logic blanked the
/ . ~ “ o

3

»
~ ‘ . ‘ : j




. 16

offgoing converter firing pulses as soon as the crogsover conditions were satisfied.

The arrows on the ends of the transfer characteristic boundary lines in

y !

F'gure 5.11 indicate that once phase back and forward limits have been reached,

1 . . .
control voltage V. may be varied without affecting the converter firing angle. In

“fact Hwe( ¢haracteristics offfhe forwaid and reverse converters cross each other. Hence

3
¥

if the system has Been operatjng at point C (Figure 5.11) then the reVerse converter
.
@ ]
should immediately enter discontinuous conduction once it 1s unblanked following
’ - 9

blanking of the offgoing forward converter. However when starting back from point

D ih Figure 5.11, the oncoming forward converter cannot enter disconfinuous .

-

wonduction affer unblanking until the contiol voltage V. has increesed erough to

pass fhrgugh the peak voltage charadteristic boundary. The validity of the path between

[

W and D in Figure 5.11 is demonstrated by the immediate stait of discontinuous

4

conduction in the reverse converter (Trace 11 of Figure 5.14) when the reverse

converter firing pulses are unblanked (Trace 12). Once control voltage V¢ (Trage 13)
L ! “ » )
dropped to approximately 2 V, the revérse converter entered continuous conduction.

ot '

During both the discontifuous and continuous period, the reverse converter was
inverting power back to the three phase ac.line. Trace 14 shows that the positive

going zero crossing point detected by Schmitt trigger 1 in the reverse converter was

- - ¥, .

gy " : B
initially held at (ot = lé?ez'g)ﬁlﬁ:.ﬁatpulse superimposed on the sum of the control
. L 1 L -w ¥ . -

. . ¢ R .
voltage amd the cosine wave for that thyristor. ThHen as the control voltege moved *

a

towards zéto, the zero crossing points and consequent firing pulses phased forward,

" . .
thereby incre%sing the current amplitude in thé reverse converter.
- »

7
3
o
- a

- o~

r
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N




(o) 2/0v/cm

!H'W 4 f Wy asafem
qmmmnimqwmp

(13) sv/jem
JA) 1ov/eMm

o

: . . ) |
FIGURE 5.14 . CONVERTER WAVEFORMS WITH 200 V CEMF AT CROSSOVER
| . . . A
* W, =1680r/min. Other Eor;rditim]s samg as for Figures 5.12 and 5.3

1
.

The parameters of the speed control systém were kept the same in

Figure 5.13 as they were fer Figurgs 5.11 and 5. 12 except that the gverage motor

speed was raised'to’ lgBO/r/min for Fégure 5.713. . This/C(rresponded to an average
' |

armature voltage of 200 V which placed path CD in Figure 5.11 above the peak

voltage transfer characteristic and below the continuous current transfer charatteristic
of the reverse converter. Increasing the average speed reference raised the average

motor speed and armature voltage so that path CD was raised towards the continoots

s
current transfer characteristic of the reverse converter. That is, the amplitude of
g .o L4 1

the discontinuous current whick dppeared immediately in the reverse converter™

. “

following unblanking *nkreased as path CD was elevated. V/henw CD matched or

LY

-

.
L
b= &)
)
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1
s
!
L. +

‘O)’ above the gontinuous. current transfer characterjstic, tMe current appearing

o 4
immediatély in the reverse converter was continuous. No inversion shoot throughs
. - : ) L hd )
N . A4

were expefienced due to the amplitude of the immediate current in the reverse

o
[ . . v 4

converter.  However, it might prove nécedsary with-other converters having higher

o B
M (1

L . e °
commutating reactances to retard the phase forward limit in each converter in order

- - .

to more closely mutch the maximum values ofvthe voltage transfer characteristics of
» v ) \ . 'Y -
’. . the converters. o ) oo

»

» . . ,
It was mentioned Qn‘pdz;e 162 herein that the diive was originally set up

-

&

' 3 RS3
so that each converter was fully phased back (ep =& = 165°) when cgy‘[?*oconyerfer

« control voltage V¢ was zero. The voltage crossover detector on the auxiliary lagic

o

card checked the polarity of the control woltdge via the SPDT switch (Figure 5.10})

o e

3 3 ., ~ 3 . .
whieh was in position B. The rise of cufrent in the oncdming converter was smooth,

- [

but the deadband seemed excessive. In order to decrease the deadband, the bias ing
was modified so that éé:ch converter was phased back to (oL'f = o(r 12073 for zero
~ b ‘ =

o

- -
. control voltage. The system still operated satisfactorily, but the motor armature

current (Traces 4 and 7 in Figures 5.15 and’5.16) seemed to start with a jump when .
the reverse converter entered conduction. In contrast,.the foi ward converter entered.

A
conduction smoothly. Examining the blanking signal (Trace 9 of Figure 5.16) showed
§
that current in thé reverse converter (Traces 4 and 7) commenced exactly when the

control voltage (Traces 5 and 8) became negative thereby releasing the crossover logic.

[ b

At this time the operating point (Point B in Figure 5.17) in the reverse converter had
§

L
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o

¢ - ‘ - "i " - ’ ‘, 17]"

@ .20!//’7//7 cm
(Aac {OUPLED)
(3 20V (INVERTED)

@ 25A/cm

l .
FIGURE 5.15. RE.GULATOﬁ WA\/EFORMS V)H ooV CEMF AT CROSSOVER
AND THE SPDT SWITCH QF FlGUR}E 5.10 IN POSITION P .

Other conditions same as_for Figure, .5']2.-

A

-
)

A

(7% 254/cm

*

§_> 5V/cm

" FIGURE 5.16. CONVERTER WAVEFORMS WITH 160V CEMF AT CROSSOVER .

AND THE SPDT SWITCH OF FIGURE 5.10 IN POSITION B

Other conditions same “as for Figure 5.12

£




- characteristics were not separated at all (Figure 5:8). Hence, it is definitely befter

- .

already passed the peak voltage characteristic boundary 56 that the ‘current armphi tude

immediotely jumped up from zero when the converter firing pulses weresreleused. " .

t
‘ .

However the forward converter current started smoothly because the forward convert er
g

Y

o . [

was {eleased py the crossover logic well before thepeak volfuée characteristic of the

"
- ; . ~
1% [ i

forward converter was reached. : . .

M 3

@ M . h

There is no danger in this type of operation provided tht the motor arnfature  +
s . . Y

voltage is less than 0.5 PU output voltage. Path ABC in Figure 5.17 matches the

s

operating conditions of F{cjures 5.16 and lies below 0.5 PU output voltage. Comparing

the armature current Traces 4 and 7 of Figures 5.12 and 5.13 with those of Figures 5.16

- : » ‘
and 5.17 shows the latter are almost like the former exce,p]’fhcf a wedde of reverse

.
>
. i

. . )
armature current is missing in fbe latter. If however path CDEF was followed in Flgure
3 4

5.17 bé\couse/the armature voltqge was above 0.5 PU, then there would have: been.a . .

- 1 .

definite initial overshoot of current when conduction in the reverse éog\_/_errer éfcrfe&

e . - . .
y

at point Dy This overshoot may be almost as bad as if the two converter transfer

) ¢ ’ & 4
. ‘ v
- N . , L
to connect the voltage crossover detector to the armagture current reference signal as
L - . +

shown in Figure 5.10 with'the SPDT switch ‘in ppsition A,

L -

o
- .

5.9 Circulating Current Elimination Logic lv{depe’ndent of the Load PF
I

P
-

In Section 5.3 herein circulating current elimination logic wq%z‘descri bed. ¢ .
) * . <
, \ , ’ . }
which was suitable for resistive loads and lagging loads controlled on either on open

%
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* " FIGURE 5.17. CROSSOVER OPERATIGA WATH 120° DEADBAND AND ¢ ‘
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« ) , M
loop or closendoop‘bosis. The crossaver logic depdnded upon 1} the change of | *
. )§
cycloconverter control voltage polarity, 2) the detection of the current zero

tondition, and 3) an absence of firing pulses in the offgoing converfer. This type
- \ “ z"‘

of logic is excelent for induction motor control because the motor current always lags

the motorgoltage even when it operates as an ind}‘cfion generator. Figure 5.5

) 3 ) ' ¢ . o )
showed beth single phase*induction motor and induction generator operation under

4é~ .
control of this type of crossover logjic. Section 5.8-hereip demonstrated that this

+

crossover, logic was also suitable for closed loop control of de motof armature current

M « . ’. . v ' h o '
provided that 1) a sufficient deadband was placed yetwedn the converters, and 2)
R . N N L.

0

the voltage crossover detector monif%rea the change ofypolarity of the armature /

* H

»
4
»

. current reference rcfheﬂan the arfmature current controllgeoutputt. The dc motor

-
« ~

', . oty . I . s
armaturé may- bé'regarded ps o leading load ‘which was contiolléd syccessfully because
~. - \ Y 4 , » ,

. f
e L. L ’ LI re. .
of the.closed loop pdt around it..
\ . .
N

. If however it is desired to. control other leadingiloads on an open loop
. \ o T )
basis, then the crossover lagic should depend upon thé fogical AND of only 1) the

. b

N .

- ‘ v 3 ‘fl o o .
detection of the current zerq, condition, and 2) an dbsence of firing pulses in the of f~
’ B . Y *

.

s
going conyerter. *Because the logic does not depend upon detection of the control
®,

-9

RS . .
voltage polarity, the output current may cross through zero ahead of the output

\ . -

- td
voltage and the control voltage without causing large gaps in the current waveforms.

3 .
. . v
. . - % -
i The PF independent crossover_logic implemented on the cycloconverter
. | =
£l P z — —— ————i

-




s

o Lot current flow in one or other of the anti-parallel converters. _
Al .

/"‘

described herein controls the alternate operation of the converters in the following

——n

manner ;
’ .. 1. Tha detection of the current zero siénal for 100 us AND the absence
. of ,fiylwg pukes in the offgoing converter will toggle the i-nferlocking
a Flip-Flops. |
: . poo

2. Toggling the flip-flop will start a double blanking period fixed at SO/U s.°

3. The end of the double blanking period is normally used fg{frigger

{ . /
\ auxiliary pu]sing}in the oncoming converter (Section 5.5 herein).
) 4. The detection of curtent zero is not permitted to cause toggling of the
v . 4 RS
_interlocking lep—HOp again until the end of d timing pulse which
’n t v - + ) ] ‘ - no . ’
) ) begins with the end of the first firing pulse opplied“f(j the oncoming
. \ e - * . . ) -

-"5. V. N . * v o . 1 ;
.. .~ converter. This Hmini pulse limits fhe maximum rate at which&me
oL = . . gt s
. interlocking flip-flop may toggle while gttempting to set up a steady .
‘ ] v . .
. e

- ‘.

"

Figure 5.18 is a logic diagram of a crossover logic card which satisfies
\ . . . ¢ L ot [
the above four requirements.:-;-6 Plate 17 in Appendix 1 and Phetograph 4 in Appendix

’ .
. 2 show the card as it was finally constructed. The additional logic elements shown in

~ )

Plate 17 will 71:);;des<:.'ri5ed later 'her‘e'in\since they do not apply to the presenf discussion. .

A3 6 Y

.{ . N i ' ’ .
36The writer gratefully acknowiedges the adistance of Mr. R.A. Morrison

of McGill University in designing the PF independent crossover logic. card. ;

. -
"

L
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FIGURE 5.18.  CROSSOVER LOGIC CARD, PF INDEPENDENT P

- . 2 -
'

In addition, the logic is so designed that it ignores any indications of current flow

.

,tF\df might appear between the start of the double blanking period cm;i the end of \

‘the first firing pulse in‘the oncoming converter. This was done becalse the curr ent

) : . . W, o ‘. e .o A
zero detector scheme, (Section 5.2-h8rein) wgi\ based ori monitdring the voltagés across

. “allthe rhyri‘s\rors of each convkrter. Hence it may give false indications of current
. < -

flow during actual current zero conditions' bot not—vice versa). Figure 5.19 is a

)

. . . . . !
flow diagram which explains the states through which the crossover logic passes.

)

Note that NOR 1 and NOR 2 form a latch (NOR 2 output high) during the double

o

blanked state and the Iatched*}rore to prevent toggling of FF 1 by the rise and fall

\
of any false current zero signals. The end of the first firing pulse in the oncoming

tonverter triggers OS 1 through NAND 2 plus AND 3 to start the holding states
. ' l o

. ¢
«during which FF 1 still cannot be toggled. Only after the OS 1 pulse has ended may
. 4 . ‘
- o a high“output from AND 1 toggle FF 1 to initiate tha current crossover. And of
! course the AND 1 oufput will not be high unless there is a current zero detected and
/ ’ ) '

. no firing pulses are occurring/ I
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v ~ ’ b .
« + IF by chance g Firtng pulse starts n the-offgoing converter just as FF | 3

is toggled, the removal % the WU*S&‘\V the double blanking action may
N )

-~ 1

trigger US 1 prematurely. However this .A/il})npf adversely ‘affect the changeover

-~ - '

» - . . ~
» Of Converters aorovided that Jhe first firing pulse 1n the oncomiyg converter appears -

.

vefore the end of the OS T pulse. It desired,"Whis provlem may be avoided oy taking
. . b *
the inputs to NAND 2 fiom additional firing pulse detector NOR's to be connected
[ 4 ‘.

. c ) ‘ a
_at the emitter follower cutputs of the firing Julse delay circuits (Figure 5.16 on

a kY

Page 140). : : \
e : 7
e ’ FQ 'ai
, Figure 5.20 is a double exposed obcilloscope photograph of the waveforms
. . . )
of a single phase synchronoUs motor supplied with 26 Hz single phase power from the X

-
’ ’
R S , v

J ‘. . .‘. l
cycloconverter when using the. PF independent “crossover logi'c. Thetop three fram
-

.show thg motor operating/c;s o leading \occj. Traces3, cycloconverfer control voltage
) M * ' -

+*

"

.

- . *
Vc’ was ‘superimposed during the setond exposure. Hence the bottom three traces
X p C0 < . A
which show the motor operating with lagging PF may be directly compared with the .
. - ‘ , ) e o»
top traces showing ledding PF oper@ion. o ‘ . - -
v - < : T !

C]

N s .
, If the combination of thé control \;olrcge apd load is such that the load
P - N .

+

.! . ? .. . { . oL .
current is not continuous following crossover, the PF mc?épen@ent crossover 199|’c
N ' ' ® 3 rd .

. [}
will alternately call on the two_converters until one of them manages to establish. .

oltage was a6V __, 9 Hz sinewave and the load was o+

\\ PP ¢
. ‘" $.. » Vv
N A}

1] o-
< . : . -
\ . - PN v a
- * L) L
- Y v 1 hd .
" ‘q. L4 Y °
R
-4 -
r
-\ o
# A
R ] . f 7/
IS - .
’ ' J”' . .
. 4
4y ’ \
‘
» -
. : B
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.‘ co 4.30) l"esisfcnc‘e\z\ in'series with a 9 mH inductance. In Figure 5.22 all circuit .

.

-

. loads substituted: Comp)anrison of the two Figures shows the advantage of using

from OS 1 in the PF' independent, grossover logic may be lengthened &{fiéienﬂy to”

conditions are the same except that the PF independent crossover logic card has

@

oo . b ) . . e o,
. & been removed and the crossover logic card suitable for resistive and lagging PF

the latter card if the load PF is known to never be leading. Alfernately the pulse

permit, more than one firing pulse by the oncoming converter when it is attempting

to establish confinuous cGFr,en'r_flow / e : “' .

u

e 3

HETE ST

e _MM BRI «'mw

@ ﬁ%@@%@%@@: R
zw f‘f’@éﬂ%ﬁ%mm% 2y

@“"ﬂ i 'i"‘l')i

EE N %M:it ‘W’ 'T “ 4 i.!.,dmtz;‘.v ” 7 ’

FIGURE 5.20. SYNCHRJNOUS MOTOR OPERATION AT 26 HZ

WITH PF INDEPENDENT CROSSOVER LOGIC CARD

Sweep = 5 ms/em; Vo=7.5V peak, 26 Hz sinewave

- o
. .

Trace 1 =/ Load current (30° leading) at. 10 A/cm

Trcce 2 = Load vol'roge ot 210 V,/em . & )
_‘“ F'd
Trace 3 = Control volfc:g/(/ af 10 V/cm A
RS
-Trace 4 = Lood volfcge at 210 \//cm '
Trace 5 = Load current (SQ logging) at 10 A/em . '
i » o | . lr . ) )
¥ ‘ . " \ P '
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FIGURE 5.21. PF INDEPENDENT CROSSOVER LOGIC ATTEMPTING
; TO ESTABLISH CONTINUOUS CURRENT -

-

T ©

A ,Sweepiﬁ:t 10 ms/cm o s
Ve = 3.0V peok 9 Hz sinewave; Load = (4.3 +70.51)0L -

Currérit zero timing'= 100 _ws; Double bianking = 50/u,s
Trace 1 = Load voltage at 210 V/cm

Trace 2 = Load current at 10 A/cm " "‘L
Trace 3 One shot OS1 (short period)at 20 V/cm

Trace 4(—~ Firing pulse detector NOR master brldge,a‘r 20 V/cm )

0 %?ﬁ;%ﬁﬁéﬂf I@Mﬂ;% . -
EMMWWﬁ%ﬁW@M ,
L

it

vy - i .
FIGURE 5.22. WAVEFORMS WITH CROSSOVER LOGIC SUITABLE
% FOR RESISTIVE AND LAGGING LOADS J ° /
Conditions same as for Figure 5.2] o

% . . ’ /
. " Trace 1 ="Load voltage at 210 V/cm
a Trace 2 = Load current at 10 A/em :
- !Trace 3 = Master bridge blanking 5|gna| at 20Y/cm
Trace 4 = Fnrmg pulse detector NOR, master bridge, at 20 V/cm

!
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o

. Exariining Plate 17 in Appendix 1 shows that provision.was made for
generating ACL pulses when using the PF ind’epeﬁrdenf crossover logic. For reasons- .

explained on=Pages 159 to 161 of Section 5.7 herein, the ACL pulse scheme has not
n . . . ‘ _ |

- 4

been used with either type of crossover logic. However, the PF independent crossover

logic was tested in the closed loop crr.natu‘re supply described herein first with 94?]{150
/ .

" biasing deadband and then with a 120° biasing déadband. Neither exp;arime”nf- was . o

Y ~ 7 '

worthwhile. The deadband between the converters did prevent armature current.surge, -
. a . '

3
]

. ) ‘ . .
but because the crossover logic was conttnually making unsuccessful attempts to start

turrent in the other converter whenever the armature cuirent became discontinuous,
s ¢ ‘ ' I
the armature current pulses appeared in unpredictable’bunches. Hence the crossover

- b I

lcaic suitable for resistive and lagging loads is the preferred type for closed loop,

K
4

dc armature supplies. e n ’ -

¢

5,10 A Four Thyristor Reversing Switch .
- A\ \

“ -

” T

- - ‘ I N
T The forward and reverse convertérs of a single-phase, circulating=current-
i I

free cycloconverter are only' used alternately. Hence- it would appear to be poss ible to

-

form a si:ngie-pi;ase cycloconverter by combining avsingle converter with-a sufficiently rapid,

»
P

€ _ , oo
. four thyristor reversing’switch. The switch perms.ts reversal of the load durrent without

* .

4

reversal ,of.th\e current in the single converter.. The control logic problem changes

- & a
‘ i .

from preventing the flow of ¢irculating current between two converters to prevehting —

-4 o

the reversing switch from short-cifcuiting the single converter. And because the

-




a

' ‘ ‘ slave converter of the cycloconverter is normally controtled by the negative of -t he

control voltdge to the master gonverter (see Figure 4.1 on H:fge ‘}4), then there

“ " »

. ‘ | , .
should be a corresponding means of inverting the control signal to the single /

_converter whenever the reversing switch is in the reverse position.

a . ! h L ‘ ' : R
The ‘analog gates tp'control the inversion of the control signal ‘were
o } A i4
, . being constructed in 1969 when K. Udberg published his article in the c“AASOEA)’ _

o ‘ °

n‘\ - - R
Journal" describing the ASEA type YHMB dc drive which had one converter and

. 37 : ,
_a four thyristor reversing switch. + The ASEA drive used an outer speed loop and
\ - ' \ Y '

[

inner armature current loop. During the 10 ms double blanking interval at crossover,
¢ * »

the current regulator outpUt was mafched to the scaled tachometer voltage so that -

there was no tendency for armature eurrent sutge. The current feedbacklsignal was

S ¢ >

- obtained by rectifying the current transformer signals on the ac side of the single
. B .38 _ i
converter.” Hence, as explained earlier herein,  reversing the arfature connection
"at crossover time did-not affect the stability of the current inner loop. But reversing

: - the armature connection did invert the sign of the gaigsof the outer speed loop at that

point. This inversion was then cancelled by conrecting at.the output of the speed -
reguldtor a unity gain, inverting amplifier that could be inserfed or bypassed syn-
. \ _ s » °
N S . ! . ) ’
chrgnously with the armature connection reversal. -
/ ‘ : . .
3 [ ¢ . v B
/ > ) ' -
. - . . ] 37 . . - i B ) s
. K. Llidberg,."New Series of Thyristor Converters for.Industrial Motor
Drives, 20 - 500 kW," ASEA Journal, Vol. 42, No. 5, 1969, pp. 63-68. -

38 ’ ;
- See tuges 61 and 62 in Section 3. 11 herein,

.
/ - . 5 o . :
M - A 3 L4
- . r £
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:
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’ j ' . ‘
* - [ - - )

_+ locating the analog control signal reyersiné switch inside the siﬁgle

converter described herein permits the converter and four thyristor reversing swit ch
> ' -

to'be used‘for either open loop or closed foop operation. However this also implies ™,

that the load current feedback . if any, must change Polarity just as the load. current
N . . - . 1 *
does: Hence a chopper~isolator or photo-isolator must be used if it is desired to

¢ A
isolate the control circuitry from the power circuitry. Perhaps then if the system
) . ..f L
will be used only for closed-loop applications, the ASEA scheme is preferable. d
' /
H N

Pate 18 in Appendix 1 shows how the crossover logic signc‘lsgshould be

interconnected when using the single converter with the-four thyrisfor reversing
switch. Below operational amplifiers OA7 and OA8 the analog signal reversing

swiftch'is repres:ented by two SPST swi‘t/ch symbols. When the (Hi = Normal) line

»

_is true the "Normal” switch connects the analog signal from the putput OA7.to

summers QAT to OA6 via the "Normal Bus!. Conversély, when the (Hi = Reverse)-
{ i \ . ) » >
line issrue, the output of OAS8 is connected to summers OAl to OAS via the
"

"Reverse Bus". The "Normal" logic-signal is set true whenever the four thyristor

’

&

[N

reversing switch is-commanded to be in the forward position. Hate 19 shows that
J . o 39
each SIST switch was actually implemented by using.a six diode analog gate.
VoL : )
The gain of the gate was made very close to unify and quite linear by proper
!

choice of fhehé'\géuit values and careful matching of the diodes. The four 60V

N\

v / S

39 u t
J. Millman dnd H. Taub, Rulse Digital and Switching Waveforms

( New York: McGraw Hill, .1965), pp. 646 - 647 .




b ¢ ’ ]

power supplies for the diode switches are visible at the top of Photograph 1 in

.

Appendix 2. The analog signal switches and drivers are founted beneath the ,

[

’ «© . . b Q :
» horizontal plate which supports operational amplifiers OAl to QA%. Diode gates

R AN

were used rather than FET gates to switch the or;giog signo\ls because the FET gate

'
&

-packages were not common in 1969. F_{owe'ver their simplicity ahnd ready availability’
N /r ‘ ‘4
‘today makes them preferable to the more complex diode switches.

a « L
o, . -

4 -

. . | - : .
Plate 20 is a schematic of the four thyristor reversing switch and its ®

~

goting circuitry. As presently connected; the forward pair of thyristors (T1 and
T2) each receive a continuous,gate signal as long as the crossover logic’is calling

$or forward (normal) current. During the double blanoing period neither pair of = -
« ) f ~ *

)

thyristors is gated. Then the reverse pair (T3 and T4) receives continlous gating
) «

signals when the logic calls for r“eve‘rse. current. The square wave carrier frequency

. iad - 6 - ! L -
gating’scheme described by Turnbull” " was used to provide 1ong duration, isolated
gating pulses without saturating the, pulse trantformers. Plate 21 shows how the
square wave carrier was generated by an astable multivibrator, divide=by-two flip- < -~
flop, and push-pull power amplifier.  They r_no'y‘ be seen in (Pho‘fograph 7 of Appendix

2 mounted along with the pulse transformers and, power supply on the bottom of the

A}

& A

chassis on which the four thyristors and heat sinks are mounted. T, :

g " » ;& (‘- b N
40 . * o, R . h' L 3 ’
~ F~G. Turnbull, "A Carrier Frequency Gating Cifcuit for Static Inverters, "
IEEE Transactions on Magnetics, Vol *MAG-2, March 1966, pp. 14=17."
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“Once the converter and -reversing switch were qperating successfully,

r

»

»

it was realized that continuous gating of the thyristoripairs in the reversing switch

was not necessary, All that is required isto use short firing pulses concurrent with

the firing' pulses in the single converter and directed to either the forward or the

: P : - -
reverse pair as required. One direct method of making the pulses condurrent is

to derive them from an R gate connected to the six outputs of the firing pulse .

¢

delay and double pulsing OR card (Figure 5.6 on Puge 940). However this

modificafion has not been made. The only precaution‘taken has been to lengthen

©

the current zero timing period to aéo/usnnd the double blanking period to 150us ’

3

to.énsure that the thyristors in the switch are definitely nonconducting before *

®
o

crossover even though they do not have their own current zero detectors. Figure

4

®

5.23 shows the waveforms of the single converder and reversing switch driving a

passive lagging loajd 6%40 Hz. Trace 1 demonsiratés the gating action. of the

°

4 !

diode gdte connected to the “Normal Bus" (Plate 18 ) During the time that one

-t

diode_gate was off , the other was on.as may be seen by the cenverter output

voltage in Trace 2. The load voltage (Trace 3) and foad current ATrace 4) reversed

»

smoothly with o short dead time. The euxiliary pulsing was not used when Ffure

5.23 was made. Hence the dead time varied from 450 us to several times that
i . ) . - L
value depending upon circuit conditions .at crossover time. |

~ .

s

!

5 s
3
3
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FIGURE 5.23. * FOUR THYRISTOR REVERSING SWITCH WAVEFORMS
‘ ) Sweep’ = 10'ms/cm | )
T L Ve = 8V peak sinewave ot 40 Hz; Load = (12 +{22) ohms . \ i

Current zero timing period = 300 s
‘: Double blcnkmg period = 150 ws

Trace ] Diode SW ”normal“ output line at 10 V/cm .
' “ 'TI’CNKZ\— Converter voltage before REV switch af 210 V/em
Trace 3 = Lead voltage after REV switch, at 200 V/cm
Trace 4 Load current after REV switch, ot $,A/cm

'

I

a

‘ /n\lfhough no 'oscilioscope photographs are presented herein, the converter
- : Gr)wa reversing switch have also been tesfecjj successfully with other ‘active and passive,
|c§ging and lécding foads. There has been no attempt to use the converfer <;nd switch .
. in a closeid loop dc¢ armature supply. However the problem of preyenting armature current

.« surge after crossover could be solved by using the ACL pulse scheme, or by inf:oducing

"/~ ' an adjustable, phase~back, biasing signal into operational amplifiers OAT to OA6.




4

3

potentiometer (Figure 4.2°0n Rage 95) from the input OA7 (Plot,e 18-in Appendi\x 1)

and instead connect it to the six operational amplifiers via six- 100 kL resistors.

If the feedback resistors of OAI to,OA dre doubled to 100 kgt then a +10V signal

3

/ . .

~

. . . .
to the, input of the converter (input of OA7) will make'(® = 0") even when the bias -

.potentiometer is set for full phase retard (+10V). A more involved alternativ

solution would be to adopt one of Pbef'r"mg’rdre voltage or tachometer voltage

v

matching schemes referred to earlier.
-

-
[} -

5.11  Summary . . o

Chapter IV described the features of a three-phase to single-phase
‘ * . [ M

cycloconverter which operated with circdlating current between its converters.

t

Chapter V has dealt with the additional circuiiry required for, circulbting ‘current
: . 3

-~ ©

o Bl

free operofioﬁ with various types of active and passive loads.

. -
) T
[ ° . L
'

, The key to successful operation of a,circulating current free cyclo-

- éonverrerkis the rapid, absolutely. reliable operation of its’current zero detector.

-

The, thyristor voltage monitoring approach described m Section 5.2 is very fast and
b 4

works perfectly over the complete range of converter current amplitudes from

greater. than full output down to less than the holding current of the thyristors. |

LY

This extremely widé amplitide range gives a very definite advantage oveér techniques
making usevof ac or dc current transformers .

L]

/

[N
=9 . R N 3
N s




3 A b .o . ' g . .
SRR * | The'crossover lodgie-suitable for resistive and lagging loads-(Section 5.3) -

.
1 . .

. depended uponﬁthree conditions to choose fhé‘zrossover time : 1) the change of
kY N . .
polarity of the cycloconverter control voltage (or else the current regulator.re=

fefence voltage in dc armature supplies) ; 2) the detection of the current.zero -

. -

condition in-the converters, and 3) the absence of gating pulses at that time. -

Chapter 111 herein established that these three conditions are commonly used by - . L

thyristor drivé manufacturers. » Qscilloscope photographs were presented of the

®
?

cycloconverter described herein using this type of logic to control a single-phase

.
°

> induction motor at 40 Hz. ’ . . . .
/ L8 - : ‘ , . .
The development of the firing pu|se/de|oy circuits removed the last "bug"

1 4

8 . . .
from the operation of the cycloconverter. Until that time the transformers of the

converters made very ominous grumbles and growls when the cycloconverter output

frequéncy approached '6(5-Hz.,”,H9wé"ver once the need fo the pulse delay citcuits

N
W

- had been realized. and met as describad in Section 5.4, the cycloconverter operated

* smoothly and quietly ‘through 60 Hz. »

. : oo \ : /
‘Because- the first normal firing pulse in the oncoming converter is untikely to

-

occur immediately after the crossbver double blanking period ends, unnecessary gaps -

! ' ¢ ¢ R °
may oceur in the voltage and current waveforms of the cyclo‘conyerterathereby limiting _—
its maximum usabld output frequéncy. The auxiliary. pulsing scheme of Section 5.5

> provided a method of producing dn immedmate firirig pulse in.the oncoming converter



"~ ', tion techniques (see Page 145). .Or, a recent article' by M . Johansson and .

B N N I A .
. following the end of the double blanking period. ‘The auxiliary pulse vA’s generated ‘
< "' : *,l ,' ’ ' . . " . s N , B .
; only if the oncoming.converter would have had a firing pufse within the previous . !

N 'J ) . e, . / ' .'
55° “(at 60 Hz) Lcd it nat been/ blunked off by the crossaver logic. = A comparison
. o o & < S
B . f e . . 1
of two oséil_los'co}ae photographs (Figures 5,4 and 5.7) showed the improvement in
¢ e ’ ' > X :

~

the waveforms because of the audiliary pulsing.  Auxiliaty pulsing is not used with
. . - : ¥

, <

.
.

' d "' . I3 s " N N . . - J’ ) i B ! -
. dc armature supplies' because of the possibility of armature.current surge following

- , , 8 N < ) e
crossover/ . ’ . : . ] “

a
ro. >
" ]

" w B ‘. \

‘Section.5.6 discussed three bdsic problems concerning reversin thyristor
5, proble; g revessing thy

* ' armature supplies. The problem of motor heating and decrease of commutation

“

ability due.to the high harmoenic content of the converter output voltage woveform has

¢

been solved by revisien of the dc motor design by the manufactureis. The second
. ! . . ’ i g

¢ ,

préblem, that of the rise of convérter output voltage from the average valye of the
of ! - valy

* voltage waveform towards the peak-value of the waveform as the load current becomes -

0

more-cmcﬁ mere discontinuous, had two implications. The Joss of voltage gain in dis= :

o ¥

continuous current ¢ould be allowed for to some extent by careful regulator compensa-
. . e I . .

4

— b

@ ‘ N . 3 ) —
J. Gustafsson has mentioned that“in ASEA type YOMC reversing drives an adaptive
M \ ) ‘ . . K N “ 4] . .
- controller iswused to compensate forthe loss in converter gain, The second implica- .
T

v , noe ! J

4 K
» k1

-4 Fm. Johansson and J. Gustafsson, "New high-power oconqverfors for d.c. $ X
"motor-drives, * ASEA Journal, Vol. 45, No, 3, 1972, p. 85. ° '

b
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‘ . ) s tion was that the rise of voltage could cause a discrstfous ovércurrent surge following
3 ° ! ' ° D " & '$ 54:‘ . . ,'
o © crossover becouse fhe.motor armature'volfcge would not mc'rch the volfoge of the on- ;-
s ' " coming converte\\%t l‘eas’r one manufacturef hud a sysfem to shift the Current o .
N a 7 \r "
. ° /
3 ¢
o _ regulator outpuf in such'c manner’ durmg the doubie blankmg pencd fhof rhe ogcoming ‘s
- '; ' L 3
o \ c'onverter voltage woold match the armajure v'qug“e. LHowever this approach was nof "
- RRS T . . a ’7 . . _ 2 N

-, taken and instead three u|tern0hve methods to prevenr current sirge were d:scuséed in®

¢

’ ) QSecHQn‘S.?. The final problem mentioned in Section "5.6 was that .of modelling the -

)
- , -

o

]
T

» . . .
drive for the study of system stability and response.” Several references to the “literature

a °
2 Al

v»;ére que bulf the \‘opic vycxs'no? pursued further because the’designing and tuping of

4 o the regulcﬁors in fhe drlve dsscubed herem had been performed by G. Joos. L
e Y )
£ a . , . t
v ¢ . 5 »
1 - > i
’ \ Section 5.7 reviewed the cause of the grmature surge problem in detail and
. = _  three approsiches to solye it. All-three methods involved introducing either a rem- .

: L3 o * « e o - S
porary deadband betwéen the converter characteristics at ¢rossover time, or else
v . . Va . ’ k
i * introducing a permanent deadband between then. The latter method was chosen
beccuse the cycl?ycpnver‘fer as it was des«gned w:th completely separcfe gating cnrcumy

v
° v LA

- for each converter lent ftself na’rurolly fo putting a permanent phase-Back bias into

' E)

, « . each converter. Also the adjustment.of the permanent deadband size, unlike the
" N

v f

! ' - ] v s
~ ¢

temporary deadband sjze, had no interaction with the tuning of the cutrent regulator

- » * ' Pt

] i

" .o . - A i
. " around the cycloconverter’, ‘ - L )
8 v . -
. - . . 9 . M ‘ 8
= ’ - ’ > N
> - . . ‘I N
s ., Oscilloscope photographs in Saction 5.8 jllustrated the crossover action of: -
R \ B R - ' . - -

. * - . /
the drive withdyt armature Gurrent surge and with ¢ dead time of approximately, 20 ms.

.
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' P) "; . a L R . /
. . Figures 5.11 and 5.14 accounted for the crossover behaviour when the motor

- .

¥ $ \ @
* .. armature voltagé was higher than'the peak voltage characteristic of the oncoming in- v
K / : 3 : T . '
. verting converter. |t was demonstrgted that for & dc armature “supply the best “
\ L . . . s T
s 1Y . - I

Al - * v ¢ . a i -
o .t . place’to connect the vo!igge crossover detector input was to the armature current )

* ’ -

regulator reference input (i.e. the speed regulafor output) rather than to the arma-
° . - ’ . v &

- ture current regulator output (i.e. the cyclbeonverter input), .

E
g ~

; / . ¥ : - :
. , . 37 - R
Certain ac loads such as synchronous motors may present a leading PF to - .

¥

< &
¢

o ' . « o0 ) ¢ . .
. X . ° P .
the' cyclocoriverter.  In brder to preventidarge gaps in the load current at crossover,
. B R R

. ) . ]

- o . -the crossover logic for such’ leading loads shon;ld depend upon only 1)/ the detection
I's N ° «

® 2 s - [N

. . of gurrept zero and 2] the absence of firing pulses in the offgoing’convertfer.. Section |

. : g ot . o ¥ ? . .
5.9 describes such.a crossover card which also allows.for the periodic false indications
- © . -

[ A

- of, current flow produced by the thyristor.vottage monitoring type of current zero detec-

. D
¢ . N o - L4
N s
N \

L]

. o

tor.  A.double exposed zisciHoscope_ photogragh g'f a single phase synchronous motor
e . ‘ / . ‘
operated with- both leading ard lagging PF at 26'Hz proved out action of the PF ,
i @ - - ) J‘ ° ’ v
indepéndent crossover logic éé,r:;l. The Jlogit may be described as PF indepéndenf,

o

@ . .
K because it alsoworks for resistive and lagging loads. However if the laad is known
b : . ’ ' ' ‘e l ! ®

0 ‘ - .
' to never be leading, the crossover logic suitable for resjstive'and lagging loads should
3 a . a $° .

p -«

h be used beacuse it yields a smoother crossover acfion than does the PF independent '
. 4 ) ' ‘/‘— . R . X ‘- o al
crossover logic when the load current is discontinuous around the crpssover point - ‘

- . o

Experiments showed that the former logic R also preferable‘for the comr/c;l of dc
. . T o# N
Yoo v .

armatute supplies. - K




¢ .=~ and by this writer as described in Section 5.10 herein. In the latter case the ‘con-

A . . i :
.. ~verter and reversing switch have been used as @ cycloconvertg

i . / .
».with reversingsswitch cycloconverter is almost idefn‘riccl , the choice between the two

-

current-free cycloconverter are only usedalternately; it is possible to for
L ‘ . PS N

p

“and passive » leading and: lagging tc loads. The combindtio
" 2 :

reversing switch. This has been done by ASEA ' in their YIUMOB dc armature supply,

{
[ ¥ ’ N
/ i ) »
[ . - - % . . 5 .
' // i o ’ ’ i s e ‘: ]92 &
S . .- L
o . . . . ‘
o ’ T ) . . S . 13. !
. Because the forward and reverse converters of a smdle-phose, circulating-. )
= e v R , . A —

m a single- ‘

. 0

g 3 - N ' L
r by combining a single converter-with a fast, four thyristor

hase cycloconverte
* ” r
-4

o

«

s .
)
i I3

. . 9, ?
rat 40 Hz forgéﬁ'ye .

- .

n has not been used’'as "’

. W . e . - ! e
de on_how this could he done.p* * ..
‘ '
¢ ©

v ) . L ‘ U o .
Because the performance of the two converter cycloconverter and the dingle cgg\}gﬂfer o .
S ranc , 4 ]
i ’ -

.

a dc armature supply, but suggestions were ma

v

»

[
.

P ‘ _. ' . P . . " Pye 2 : « o
.may be made strictly on a cost basis. © As mentioned earlier on Page 62> of Section -
. Do - .
3.11« herein, ASEA's experience wos that the single converter and reversing switch  /
: - » ‘ / ,
/ -« * K]
@ . 3 . . . s ¥
had o lower cost at current levels for which the reversing switch: thyristors did not have
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’ ' CHAPTER VI . “

a . CONCLUSIONS

6.1 Review of the Chapters | ' /l . f
3 i}' N -

. e v / ;

2 ‘t?‘-"‘""? , »
The -cycloconverter was defined in Chapter | of this thesis to be an ac

»

to ac ‘static frequency changer, without an intermediate.dink, utilizing line commuta-~
|
€

tion of controlled rectifiers. The first commercial applications of ¢ycloconverters were

. in the conﬂveg:sion.of three~phase 50 Hz supplies to single phase 16 - 2/3 Ha- at 10 -2
- ' L

"to 15 kV for r\:ﬁl\woy electrification. The use of cycloconverters fellLfrgr“n popularity

° AN o . . o [
at the end of the Thir‘ﬁii, mainly because of the limited inversion capabilfy of *the ’
N

o . * I A k'
mercury arc rectifiers at that time, and because of the relative-bulk and complexity of .

the d(cléconvelter systems. However before the decline of the ‘cycloconverter, the

~ . /

. theoretical operation of converters and cycloconverters with continuous current “had been
, : . R

' f '
[ = : ©

reasonably well analyzed. Interest in the dormant cycloconverter concept wbg-‘quick!y

revived following the announcement in 1957 by the General Electric Company of ﬁ\i
- * ] s )

developm‘en/ of the thyristor. The first applications of cycloconverters were in three~

- phase té three-phase, variable-speed, constant-frequency supply (VSCF) -systems for - .

- - Y

aircraft. Closed-loop, controlled-siip, variable-frequency induction mpfor"drfves

¢ } . ¢ . -

quickly followed. At the same tige a number of manufacturars were developing circula-
7 ] 3 N ? 1
ting{current free, reversing, dc armature supplies which were basically three-phase to
. . »

, single-phase cycloconverters. The activify of the manufacturers in‘the field has been

" indicated by the paubiicokiuon‘since' 1959 of several hundred papers in English, and. in 4

f
'
) ¢ ° 1 ¢
- B L ’ .



" in balance.

_content. However jt was stated that because of various problems experienced in ketp-

1

v

other languages,.on converters and.cycloconverters.  Finally, books by B.R. Pelly
\ . - a

in 1971 andby W. McMuray in 1972 added new per.formance analyses \.Nhile tying

R

together already publjshed information to finally put cycloconverter design on ¢ com=

pledely firin theoretical and practical basis .

Chapter [l reviewed some fundumental characteristics of converters and

cycloconverters.  As long as the converter current was continuous, the average output

w

valtage was proportional #o the cosine ofuthe firing angle.  This implied that the two

(] .

anti-parallel converters'of a single~phase output cycléconQerfer should have supplemen-=
tary firing anglec for their average voltages to be in balance. However oscilloscope

P " ! ‘
photographs of the wavéforms fof constdnt control Voltage showed that @ 360 Hz,

pulsating, circulating curfent flowed between the ‘converters because of the sawtooth

' . -4

instantaneou$ voltage difference between them even when their average voltages were
. , . . 1 A

, This circulating current was usually limited by a circulating current

limiting reactor. The well known bias shifted cosime wave method was used to make . .-

i

the firing angle of a converter proportional to the inverse cosine of the per unit control

-

voltage. This linearized the.average voltage transfer characteristic for continuous'

2

current operation and also provided an easy method of keeping the firing angles of the

converters supplementary. Oscilloscope phof“og‘raphs compared the waveforms of a_ |

N o

single~phase output cycloconverter operating both with and without circulating current., :

The load current for the.circulating current case appeared to have a lower harmonic -
. e

[ -

| ‘ ' )
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»

ing the cif®ulating cyrrent amplitude Gnder control\ “the most popular approdach now is

to completely eliminate the circulating current by means of detection and logic cir-

cuitry which permits only the alternate operation of the two anti-parallel convérters.

~ 0
°

Chapter 1[Il traced jin some detail the developmen{ of the modern cyclo-

converter following the inf_rodt:ucrion of the thyristor by General Electric in  1957.

F"ages 91 to 93 of that Chapter contaln a summary of some of the important contti-

-

butions to the fielcj: Probably the most remarkable achievement was that of Chirgwin,

Stratton, and Toth of Jack and Heinfz in Cleveland who weré able to generate several

-

.. . /
kVA of 400 Hz ina VSCF system using simulated fhyristors in the cycloconverter !

' .
¢

Once thyristor ratings had increased sufficiently they built a second eycloconverter,

; :
this time using real thyristors, and described®t in their J959 and 1961 papers. Their

cycloconverter operated without circulating current and became the prototype for the
Lear Siegler cycloconverters following their takeover of Jack and Heintzin the earlty .

Sixties. Th&\Licr Siegler cycloconverters were developed fargely with milifé‘r)} and.

W

aerospace dppliq::fions in mind so that by 1963 they hada complete 100 kVA three-

-

phase to single-phase cycloconverter in an eight pound, 3.0 x 9.5 x 11.5 inch N
. :

_package. However other manufactures continued to follow more conventional indus-
1 Al n : + .

in Chapter |l suggests that the European manufacturers Hiad an advantage for several
. . 3

.
2

" trial construction techniqUes. In 1963 Heck and Myer of Siemens Works described N

-3

o 1

their 30 kW circulating-current-free cycloconverter drivLe"which powered an induction

. - o

motor with controlled slip and motor airgap flux. An overview of the papers discussed

- -
.
<& ”

“
N a
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years in the theory and practice of designing variable frequepcy control systems for -

induction motors and synchronous moters. In 1965 articles by Duff and Ludbrook

N

of Canadian Westinghouse and by Wesselak of Siemens Works showed that three-phase

to single phase, circulating=current-free, dc armature Supplies were well established.

The series of Brown Boveri articles in 1969 on their 8700 hp, gearless, cycloconverter ~

f / -

synchronous motor cement grinding mill drive demonstrated that methods of constructing

. N !
and control ling very large three-phase to three-phase cycloconvertershad also reached

maturity. Finally, books by B.R" Pelly and W. McMurray in 1971 and 1972 put

converter and cycloconverter design on equally firm theoretical and practical bases.

/ y . S
) The circuitry of a successful three-phase to single-phase cycloconverter

was described in Chapter V. Each converter had a continuous output rating of 30 A
. N

‘average at up to 250 V laverage. Because one wye-delta fra}nsfor\mer was used in

.
-

" each cqnv/erfer rather than ony for the two anti-paralle! converters, the fuhdamental.

frequency of the steady=-state circulating current was 360°Hz rather than 180 Hz.

ll

Each converter had its own firing pulse generator set using the biased cosine wave

principle which linearized the average voltage transfér function as long as the, output

current was confinuous. The converter characteristics were usually very lightly ‘over-
a : TR

lapped so that the circulating current kept both converters in dontinuous conduction.
Phase forward and phase:back limit pulses were superimposed on the cosine waves to

ensure that the regular firing pulses always-occurred in the range ('0O << < 650)
no matter what the amplitude of control voltage might be. The 165° phase back

»
.




®

limit was chosen to ensure successful commutation during inversion with a 30 A

[ A .
load.  Short firing pulses with double pulsing OR gates were used.  But it was
. ) / -! I
possible to use longer pulses with doublelpblsing OR gates to ensure smoother con-

o

finuous current operation on light loads. An Alpha Blanking Card suppressed any

irregular firingip.utses which might have occurred in the forbidden range

( 180° < « < 360°) if the rate of change of control voltage had been too rapid in -
N ‘ P

the positive direction. 'An easily adjusted spillover current limit was provided in

each converter so that they could be used individually on an opendoop basis if de-

N

- \

sired. Fault current protection was provided by fuses, but references were made to

\ »

-

the much more complete profeé,ﬂon schemes required in industrial drives. Standard
. . . d N

techniques for sppression of voltage frpn’sients due to commutation were followed and

references‘were made to detailed articles on the topic. - A detailed réview of the *

¢ . 1 . (- '
phendmenon of self-indyced circuldting current was made which:followed the gxplana-

1 N 5

tion of B.R. Pelly and was illustrated with an oscilloscope photograph of the load | ~ ;

current and the converter currents.  The substantial additional load imposed by the

3 - . ’ . - .
self-induced circulating current is one of the main reasons that most modern cyclo-

converters are designed to be circulating current=free.
, .o |
Chapter V described the additional contrdl circuitry required so

M .

L4

that the cycloconverter described in Chapter |V ¢ould operate without circulating

current while driving various types of active and‘passive loads. The circulating
L " | “ S
current was eliminated by permifting the anti-paratlel converters to conduct only al~-

2

at . .

[y




. was conducting had to be very fast and absolutely reliable .- 'The thyristor voltags -

b N - -

.' . ‘ A 198

. . e - s "

4 -
. ‘ 14

tefnately.  This meant,that the detection of current_zero wRen neither converter

E. ] a » X s ‘

2

monitoring type of current zero detector described in Chaptér V satisfied these re= =~ +

quirements over the c;;)mple‘re range of converter current amplitudes from greater than

. . " ’
full output down to less than the holding current of the thyristors. 'Two types of cross-

I ; 0 .
\ oo - - .

over logic were presented. The first type depended basically upon the detection of .
< B “ M T 4 f“\
current zero and fhem& polarity of the cycloconverter control voltage ( or

else the current regulator reference volfcgé in dc armature sugplie§ ). This type of

& . . F
logic was suitable for dctive off passive loads with unity or lagging. PF . It was also *
N * . {\/1} - ’ /

" suitable for dc armature supplies-having an inner aimature current loop and an outer
P g P

e

- N

speed foop. " The second type of crossover togic depended basically only upon the de- .
. , . Py

tection of the current zero and hence was independent of the load PF . This was

. , .

demonstrated by an oscilloscope photograph of<esingfe=phase synchronous motor operated *

at both léoding and lagging- PF driven by the cycloconverter using the PF independent

L

crossover logic. However other oscilloscope photographs demonstrated that if the load

“

is known to always be nonleading, then it is better to use the crossover logic suitable
; !

for unity and lagging PF loads. This type of logic provides a smoother crossovershen

the lodd current is discontinuous around the crossover point.  When theiqycﬂLeeeﬁvgrfgr

-

had other than a dc motor armature load, auxiliary firing pulses were cpp}ied]tf) the
OSSN N,

oncoming converter immediately following the end of ‘the double-blanking period. This

- i

generally reduced the gaps in the load current at the crossover. Three basic problems

] 1)

concerning reversing thyristor armature supplies were discussed. ~The problem of motor

v

[
-
4

S
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: heating and the deciease of commutation ability. due to the high haimonic content of

' f
. -

_ the converter output waveform has been solved by revision®of thg dc motor design by
_ M . , ,
& : ) \ . ‘ .
the motor manufactirers. The segond problem was the loss*of voltage gain and the

s

soaring of the converter outpuf voltagé from the average value towards the. peak value :

3

of the waveform s the current became*discontinuous. = The loss of volfoée could be

o

allowéd for to some extent by careful regulator compensation techniques. "Also, one
I v Cf . I ) . - ‘ v 9
" manufacturer used an‘adaptive controller to compensate for ‘the loss in converter gain..s

v
s B 4
i s .

h

o

The voltage rise when the current became discontinuous could also lead to a disastrous
‘ overcurrent sui ge'following'ciossover because the voltage of the motortarmature would ™~

3

not match the voltage of the oncoming converter . ASeVXQme’rhods of preventing this,
v "

N

surge were'discussed.  On the basis of simplicity of adjustment combined with reason-
\ 3 N ‘ ‘

able drive response time, the choice was made to put a’permanent deadband between

! . ,
the characteristics of the converters. - Oscilloscope photographs were presented showing

. +

' atypical dead time at crossover of 20 ms on an aimature load. Because the.two con-
veiters of a single-phase cycloconverter are used only alternately, it is possible to form

a single-phase cycloconverter by combining a single converter with a four thyristor reversing

t

switch. The circuitry needed to do this was described and an oscillosgope phofogrobh

’
~

of 40 Hz cycloconverfer operation was presented. A comparison was made with the

Y
ASEA type YHMB reversing dc armature supply which also used a single converter
‘ e

[

LI Y
s 0

and a four thyristorreversing $witch. - ' .
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- 6.2 Some Comments on the State of the Art ' : )

*
1

The converter and cycloconverter*portion of the thyristor drive industry

« . i§ now close to full maturity. - All the major manufacturers have the ability to build

cycloconverters from the very small sizes (e.g., Lear Siegler at 8 pounds, 100 kVA’)

.

to the very Iorge‘ {e.g., Brown Boveri at 6400 kW ). Andifa cy/cloconvqrfer (ot
_especially a converter ) is desired in a medium power range between these design
' . ‘ ! : X - ‘ v
. extremes, then probably they can supply an almost standard.package .~ The package
will be no more than almost standard-bg¢ause it will probably have to fit in as part of -
. ) ’ e ’ ,
a much larger control system with other drives, analog controls, and sequence-inter-

4 -

", locking. ' The ability of a manufactuier to sell his drive may depend more on the

eice(lepé‘e of his’ r'eipum’rion:for meeting delivéry schedules and successfully starting up- .

<

the total confrol system than on the technical advances in the control circuitfy of his *
! . ' |

particutar converter or cycloconverter.  This n for an established reputation may :
' e
< o

° DN
a4

.explain why certain manufacturers maintained their share of the market with $lightly

1
1 o

inferior but definitely warking drives while others with highly developed diiyes but

“

unestablished reputations were unable do take a share of it. .

~

<
L

: ' ¢ L .
At ‘present most of the manykacturers use the biased cosine method of phase

-
?

confrol with some type of phase forward and phase-back limits on the firing angle range.

'

® ©

The phase back limit cfircuit may be the type that adjusts its angle portigﬂx or fully
¢ +

S t
P

* to match a chauh/ge/ih the load current amplitude.  Or it may be fixed as is the phase

" back limit polse’ circuit described herein. Firing pulses outside that range are blockéd
' he o ) d, '

-
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as the rotor. The net effect was that the motor could not be pulled out of synchronism

201

- o . [

.

* n

by a circuit of equivalent effect to the Alpha blanking circpit described herejn. The

'

current zero detector is generally based on dc or ac side current transformers rather <

-]
J

than the thyristor voltage monitoring principle described herein.  But the appropriate |
safety factors in timing, and so forth, are taken so that the ‘current zero detection -

functions reliably. The crossover logic generally depends upon the detection of

current zero and a change of .an analogue control signal polarity unless the load PF ]
. ‘ * . .

-

" is known to be sometimes leading. Armature current surge dfter crossover may be

A “

.eliminated by arrpcnfu.re or.tachometer voltdge matching techniques or by deadband

'

tehniques. If there is a cost adv%mﬁvg%,:a single converter and foyr thyristor revers-

N [

ing switch may be used instead of tywo converters.  Controlted~slip, controlled airgap |
. 1Y ’. ‘

a P

flux, variable frequency drive systems for induction motors have been described by

oy

several manufacturers.. Similarly the Brown Boveri articles on their 8700 hp e

cycloconverter-synchronous motor drive,had a very complete descriptioh of their system
to control the s”ynchrohousmmoror magnetic stator flux linkage to a constant value while

keeping the stator current and voltage in phase with each other and at the same speed
/ * -

and the drive ran at the best possible PF . /

| The manufacturers naturally differ in their methods of packaging of their

' /
drives. They qll.are attempting to make their drives as modular as possible to maxi-

0 .
< e

mize the ease of maintenance and expahdability. And af the same time they are

attempting to minimize the cost of materials and assembly . The number of power.




o ~ o

: a ;-
"modules eperated in parallel by’ a manufacturer depends upon his estimate of the l6ad ~
Y ~' /
current time profile, the capacify of his individual'thyristors considering the estimated

o

load current time profile and their cooling means, and his past success in forcing the
thyristors to share the load current.” » Chapter |II briefly described some of the

remarkable paralleling done on large drives, but each manufacturer learns his limits

.
-

by experience. Component current ratings versus load current for converfers have

been well established since H. Rissik's book,] and the book by B.Rs PeHy2 ‘has’_

clarified the special current rating problems that cycloconverters have due to the beat

« frequency subharmonics dnd the higher quadrature currents inherently caused by the

»
L4

way they fabricate their output waveform. Of course some sort of safety margin must
’ o

still be left in case the estimated load current time profile is too low. .

T
1

. The degree of protection provided against long term overloads and

[l . Y
)

against fault currehts varies depending upon the drive size. ° I3 may consist simply of

3

fusés in very small drives such as the cycloconverter described herein. Qr the scheme .

. ) ° . , . . FA /‘//
~ may include individual thyristor fuses, high speed dc breakers, and high speed ac—"
. . , , o )
breukers all carefu'lly coordinated so that it hopefully is not ‘necessory to replace
. : -
/ H. Rissik, The Fundomenfcl Theor ngrc Converters { London :
Chapman and Hall Ltd, 193‘7) pp. 129 - 137- i
e 2
' B.R. Pelly, Thyristor Phase -Controlled Converters and Cycloconverters !

*~ Operation, Control, and Performance ( New York : Wiley=Interscience, 1971 )
pp_@g 388 T, . ‘ ,

9 , . . [




&,

. had pgbiiéhed his.book3 in early ]971 after his’ coHecgue L. Gyugyi had published

.mpficcl analysis. However as hofed pn Pages 147 and 148 of Section 3

ol C ) . P ¥
sevéral hundred fuses fJoHowing a fault. - In addition current limit circuits and
o - : - D.

-

- F) -

thermal overlocds c'>f various types provide pr.ofe tion ggainst long 'ferm overloads..

Transient voltage profechon using LCR nefworks is a necessufy recogm/zec; by. all’

k]

drive manufbcfurers because thyristor drnvgs Slmply do not- operate reliably without

) 8

them. Also the choke portion of fhe LER network_is dn aid in forcing curfent

! - ' /
@, - / . ’ ) ° h ‘ . )
sharing among the parallelled thyristors of a large drive.
¢ ‘ ‘ A l/
L4 / ‘ o
. ] ' el -

/ ’ /" e S

6.3 ' Suggeyions for Fufure Work- » .

‘As explained on Pages' 7 and .8 of Chapter | herein, the'infenf of the

L4

work leading to this thesis has always been, non-mcthemutical’f ' And onqe B.R. PeLly

’ -

LA
his thesis in late 1970, there was very little about: cycloconverters ‘left for

o ". N

the problem shH exists of how to best mode| the fﬁmsfor drlve clnd o t

[



fuﬁcti,c‘aﬁ’g fot the analysis of subhiarmoni? oscillations in thyristor drives has a good
v, P . { s ‘e . ° R

, -~ discussion of bil{l’iogruph)g on related pupefs.5

. , A
? . - b - M - b
[ .o,
¢ ! ‘ . »

,-
a

. M. Johansson and J'. Gustafsson briefly menfioned in their pcperd that -
o " - ' R ) . - .o
g ' '

. ASEA uses an adaptive controller to counteract the loss of converter gain when the

. ™ . - ‘ o
—— o .8 . : - ) @
\ . load «current becomes discontinuous. - There would appear to be room for some theore-
. !
o Y . ! co '

o

, .« ‘ tical and-experimenial work on this approach. ~ = "«

“

.
v t
[

Chaprers ¢ .and 10 of B.R. ﬁelly s Boo<7 dealt w1’rh the theoretlccl
s l‘u/ .

= prlnc|p|es/£ﬁ<1jd¢hpee—funcf|onol schemes for: j.:hyr:sror flrmg pulse Clrcu:try He‘ first

\ proved that the commonly used blased cosme wave type of phose ‘control produces the *

o

!) LY
? 7 . S . .
t

théoretically mimimum possible'ov;zroll-rm‘s harmonic disfg‘r’rion of the oufpuf voltage

R ow 2 / ,
"-

s
13

~ [~ ' L4 . v ’ ' ’ ¢ v /
' U 5G De and A.K. Mandal, '"Incremenfal.Describzng Function Anclys;s of
B - Subharmonic Oscxllaﬂons in Control Sysfems with Thynsfon Cor% erfers, "IEEE Trbnsoc’nons

N “*on Industrial Electronics and Contro! Instruimentation, Vol IE -'20, No. I November N

- 4T 973 pp. 229 235. _ ‘ N

) L. R . o L ’

’ \ 6M Johansson and J. Gustafsson, ”New hlgh-pOWer converters for d.c.
-~ =T - " motor drlves,'" ASEA J0urnc| Vel. 45 No. 3, 1972 p. 85

! - o
v A .

o o e - I 7B..R.’ Pelly, op. cit., pp. 229~ 277. - o

o \
- e
W .
L IS - ° !
. “




a

< 3 ., 4 - N a * 205

.
° ° - . . -
.

v . - . o 5 . 2o . '
But he also presenfed two other types of firing-circuits. One was called

-

e . Py ‘ Y
. * ' . ' ] '

- "integral control " because its basic pringiple was to generate d firing pulse each

xS ' ! * . 2 C . . ke \ "
time the integral of the difference between the control voltage’and the (suitably - ,

i3 T N ) . ! s : »
scaled) converter_output voltage was equal-to zero. - The other type of:firing circuit

-

used a phase-locked oscRlator with feedback from fke‘conve/zrfer output voltage being
« ‘ . a . /

compared with the’ reference voltage to yield a difference signal which locked the

2o N

> L I . o v
oscillator ., Bofb of these methods were much less sensitive to, ac line noise than was'

»
Ot

the biased cosine waveform firing ci.‘rcuitry. In pqr'ficurgr the - "integral.control"
o 2 - « A ‘. e : .

s
o "

ngt sensifive to ac input frequency

]

scheme leht/itself to VSCF systems because-it wos

2

changes elther.  The functiongl scheme for the biased cosine wave was, more’ complex

e 4o than it needed to be, but this was done so that it would hae the same type of pulse -

~ \
v

. i L & - i
output as did the other two schemes’  Pelly's approach fs @&infaresﬁng and should

be studied by anyone interested in building a cycloyenverter. %

< . L4
~ 1
- = 3 ° d

» . M , , © 9 .
P | des’p%*e-’rhe advice in the above paragraph, the ®ycloconverter
ST ‘ . A - | )
! described in this thesis were rebuilt following the same general principles, then full

o

. use would be made of modern hardware. - This would mainly mean’ using analog and

" digitalntegrafed cirsuits as well as FET analog gates instead of discrete components.
gi g 99 3 ponent:

+

° ' € . - ® . M o
Pull~out drawer construction would be used to improve accessibility . Analog com~'
[ , oo, 8 , e . . ’
ponents and rélaying used for the dc armature-supply regulators would be hbilt into

'S

| one of the draWers. Greater use would be made of plug and socket connections rather
' . ¢ - ; ° ) v
"« . than barrfer strip and cable” lug connections between subassemblies. . Certain other .
[ ’ - . . . . B
. g - suggestions for {mprovements have been made in the' body of this thesis.
@ s -
* o
< . - >
! ) -t : ‘ ' + -
° o \ 1
, @ - “‘f ‘\ . \v .
I‘ -
4 .
. 5 o J ' i
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FOR RESISTIVE OR LAGGIMNG LOAD

/<

R

<4

2

7

4+ 567

BELEEE

_—
o /5

1

AN . )
n//}—?——‘———- ‘— N

15K I
e~
9‘:\ *
<« N
S

£27
' .
[
)
_4"‘
l—
!
|
|
oW
[
i

2l ——
Vil
L.




3

PLATE 15.

: CROSSOVER LOGIC INTERCONNECTIONS FOR

278

/}NAP[O/ c“.fz,vl LoD Stwrhi

N S e <7

) 5

I@J

“‘N Z ﬂ/b'

Yo ) AN ARMATURE SUPPLY WITH ACL PULSES TO R |
1
S N . PREVENT ARMATURE CURRENT SURGES .
l‘,;;m*‘r (OR G (VM))
T Anse s 20 #N SCCH T/ : 20 PIN SOCHETH 2
R N { l } /(C}‘D Pint P MJ[.}Q) CT OGS CWEA ¢ rintC CALD ’ 4 ‘/
~ _ ; 3 be QT "w . T T oy )
HNo Aux R IR olal= SR
PoLsE To: Sl Uh R : b KOO s
Frniing cuts ( - l , » —L“—‘-—‘:S?\{J\
. S N ) — .
F 2 o /0 =
- — ,«__[ 3 ~ _ (GL’N)\
o v ' T’y
| . x N ey,
° ' l ) o -k
3 ! R " v
R vy, ;
EIRING " »‘
Froz T { Le2 ) !
ZgToiroR {4 —
/ < o .
; _ 6| = (3
— i1
# ] MOR O F I s52r
5 — s Y e,
€ s e A e
5 e
. . . — . 3 <
FIR 141 - Ll L -L_—
FousE ,
Ho ANKIN G Lt Sl e [ T
I TERT 4 !
IR 7R 1
Ccu s e e ————— e
ch ‘;r['/r } [’—AU\(ILUHP:‘\ Lo E)l(, (,xLT)—
/4 s '
~NOT Y },

LFUN l /! L - £ty
8 R Ak Taricr AL Cfe
U L e e
U~ c
é I l P Vg:;}\ou;s e NCN INVERTIA W) 2 C DETECTOR aol s C/e OF AMP
. L - ' A oy 77 —— '
wOT J: - i CROSSING LETECTOR SOFRT -
"-ul X I.\ -
£l TER »
/—(;w.urw:./ 2ivo
T e e o L CRovENG LET ,_L ___]l:._..
‘%‘ __,'" b 2484
56—»/7, 4, fc R - .
v owrinolclk
W LewCureeN]
Q - T o
! L]
3 ] .
e 4\/" el Bl B N *
. , & :
vei Jf
S B AR N I I
‘g © N NIRRT i qg““"'“ -A—{v—’. - Afr AOEMAL Y
La |
<X 7 4)e 8 vy el f e
N“t J L L‘So;’\,«;n £z 1wy )___4__‘4
— ] (Lrere sord N7 ) - ad /7 <
’ n WHT 22
$ % 7[1 (/s B ORG)
J K <
2 ; e
5 ~
. Y' Y . vy
if s o : R
. <
4 Y ’ . 20PNSCCR BTHZ Y
T A
y 3 E\;) N ‘ A AING
Aux g 2 S b . X P
PULLE 0y ~ | 3 . ]
o3 "t g‘ [\\2 . —
by N2 Aux . ! R 3 h
. PULLE . R M
TC FiRING 0{ t &, | S
1 d ‘
e ’ '() ’L * f i & *
- ¢ SRS

=




A8
Y —_—
s - , . '
° s ,
D PLATE 16. v 229
M CROSSOVER tOGIC INTERCONNECT IONS FOR AN ‘
) ARMATURE SUPPLY WITH DEADBAND BETWEEN \ ‘
THE ‘CONVERTERS TO PREVENT ARMATURE CURRENT SURGES.
S {oRe) fiey, - 2o pun SCCHT L S ' 20 PN 30k LTE D
)‘\(/\nx }_ i jl (CED #uv 240 1A S) TCADNTTOVIA 28 0 CALD - ‘2
PoLst o ’ 3 ’T PRz . PR - . LA
AR 2 revy
NO Aux Wl (ﬂ (;[i‘f . Wi ..
TolsE rr LT 2 S
TQ £ RNV ) 1_______*.;‘ ! j‘
CATE - 70" T - '
/ 1 — al ] _L G RN '
_ N‘}RJ I 2 i l;/" N > '
Lo ST
" / ' [ Zi e
N E
,;‘/A‘/’Vf r——— iD fad) )
Lerriror : - r - | \
I - ) AK
: —I- L_- — l {ery)
P T : B i —
_5 ’7 ,__J cser
6 — :j : i ’ q%%—(} i
l . . o i o 3 ) 73 [_h\:’ o
AIR Iy " I ! :
ZL‘_‘A:—/:; //NG R L‘ - L‘”“'“_* T T T T e - : — T
- I
7S R 1 - ' ! e

VM s
cok

/ 1(“'” ‘
Coatd” I .._<i—’\\- _—____h~w;”__~:"_‘ &D{ [:
vor fa I ‘ !
T |t 'i L{lf‘%f” S
)}%r::;fi:;*‘*r*“':‘ﬁf-"—"*w u*«-¥>:’ ij : o msr| | A IUEIAL S
J I . D1 At » I3 B oA
|
|

1
: v v c »
5 I’ () s - [ tODL & NN NUERTING) 2 € DETECTOR Y= %y
AR J bl KFeER EACE VoLTAGr . 22‘1.5./ rc e A NECT
~NOT - cA’osa./erl ,osu cror TOCTAOT h_ - Lgnc Vet
’ ’ ! | . £ v ! 7_f‘ KL ACVE
i L "’""« [ e ’ | i Acl PUlSE
T AR TS 26O ) f
L. - _CRCSEeNS LET -4 /
! ) vy - L
Pl o Lﬁ , R P 4 oo
! y el
THI, 4, P B Ll Rk e =
Ml MO C R . e - .
Lo LEENT - ——;-::\\( 5-".

O 274

{ Ta- REFERFANCE
LN
~
2

L || e T

T ) -
° O Z [ f~ A 2] . & R4
o | e R e g
L*__.J DIOZE sW S Lk'lvlﬂ e
g al o S Y NI - !w__::_ve;f.- »
- by N et e I B 1A¢ "
Q/ v > o WL R Y A E&v” ‘ iyl oranae
. . &l s S o ——
'y 2 g o o
,\f\l 3 i A - e Wy : Bty re
b N (h s et 1) , B . M 7
— o . - .- 1 ? N WHT /S_(
MR oo ) c YEl_18 (ok6)
2 Ny & - - ::4(.___{(
N AN N1 e —t —i- - KEP Iey
3(( Qlm yJ » N _ : aN 1T
~3 of e < ~
5] N ‘; k ROPINSCCa £ TH YL~
— e e e
.
MR 3
QA % »
5 ~ N A ~ b
PULSE L . 3
3 « < M
No Aux 218 7T) " X v
Puese Tooo L. ¢ ' ~t‘ ‘:‘l
{f/,w/vg ol 3 . e { o 'r‘;‘l
Cors MR 3 ERR _ :
Fofof @l - s | I !
¢ o} '




ENT CROSSOVER) £ O0GIC CARD

PLATE 17.

.

2

POWER FACTOR /INDEPEND

(MS Az ow

/c)

‘%L@
|
! oz

HSIanvag

AT -

GE.Z\/

l/,\

\V. )

(1ms azz)

R

'

&)

() arv=35 .

TOra3d vﬂo TS7IAVNI OL

=9 Talnd

r

v

e e o @ e s S o e e o o e ot

L aan>

~u(z

.ﬂ

EO?

//I:i

102,4

N

. () (g

{ 1
(51(s)z 21

!

g
~
Y
Q
A

EE

—~
A
N

—~
{
A




o d 1 i
. - i
. : i PLATE 18. . . i q .23 .
v a ' * N ° -
Co CROSSOVER LOGIC INTERCONNECTIONS FOR%@SING
- ONE CONVERTE‘R AND /—\ FOUR THYRISTOR REVEPSING SWITCH ..
DISCONNECT TO KLAUNE
N AS A CYCLOCONVERTER
. i .
AU 1 (ort) viod) D Aew SCOCKE T HY .
L 2 K f A n
PuLse o5 /(‘759 Kint Herd 0 as) CROG5 OV M 1 i _CARD 1@ PN pocKET Y2
i : ) ) - -
} 2 » =) Hew L )
AUX I’!;l"ll N — - eN Yy « ‘: '\-\
16 s igive A e 9 KED i RN C5,
IRy | " L Ol N te
1< DESIKE N $3 k4
Sk 5 - & o —-—~————~_a__.f_4ﬁ<-__L£{_{
[z — .
BT e —— . 1
. : o3 [ |5 Gwn
3 ———
] | Y BL L)
- N
Jvio
. ~ } 12
~ix‘9:,iil.‘r }._ .
EIRNG . — r i M
Rt “52
Larc 7R , F : ;
4 - [ A . Y
) ANEXD s tt—— T
-~
* e d | Saer
s o Z 224
6 | ’ S oocf_ftean
- - R T L I O e _—7:]
7 —
[ [ S o //[\5_
FIRINCr o, [ 2
HoerF h S
Bl ANk ~NG -
- e
£ rv/3gs "
HV7E Ni 44
R b o o = — s e
T €2 2ot | | ATHTCTAR F Tod ¢ T N
4 Ly
- ? ! 2 e e EE ——le ]
[ l <
RN ___’f'.'ii““h _1)) € IMRENT !L_.li)-.:;quAL . (v . [&} r/_@g rot \o,«w .
JEANL —— "}J-_ - ne T J i Py 1AL €/,
. 1 Th L
—; } / - ~—~NN H_‘F\ A h —_— -/—f-)--'_/"l _,/‘,ufh Top
° C/e OF, aartf
& D o IO INVER T
e i REFERENCE VuL)’l::[f_ NNl & ¢ BETECTOR 22 =15v OIS \/N‘(T ‘
1 c&’auw.. Lerecron” JoriT T To Hfﬁ/f&_[
le 4 PO B KCC s
F N 7, 2 4 prerme = 9 i - ol [1IL5E S
e - ERTING) DEL ' ! . |
—_ 4 o - (M;ACIMNG l‘l'c}' 4 ° /
T T . - T - .
- = .
¢ ] Y -
THZ, 4 PC
M1z NO e R
LewSICLALE ] % . .
;l: ol oA ! e i
! .
. i . VIO K % b
g . k : . s ' PR o,
':4 : DIOLE s/ Lw DOvER .
NI N ) b bt Bl - S it falver. ot L
AERH LN N g > } o e I )
T BN Wiyt e i MY NOXMAL .
* LY '-_‘A.’v'l ‘r
q 2| 4|c B/, i f— e = ‘ L . y
. Bl
/ N A A J N J\—%_n.? PN OCRET ) ' . ELU_/_A )]
1Y (fvf)\ PR .) ; M 4 QN 47
¥ - Z
N WHT
l}\{ (ﬁfft) - . . . B Yo /4(”{1{
; ; — L S
) ) v ‘ JE - . WED ts \(B:v), -
w ?
4 Mo 17
SRR .5 — . LGN S T
QOPINSCC FTHNZ Y
’ / A~ FIXIN '
- ) s e ' bl cxr w4 T
<] 2% G i €2 l
. <~ 3 -al . _ —— et
\ R 3
4 . ~ . k’ i&[ ) - '
~ > o 1
Y ¢ - ! 4 ' ‘
- PRSI /o
- | : | . o .
. N ] I




S PLATE 19. 232

~ 3

- . ANALOG STGNAL DIODE SWITCHES AND DRIVERS, LB

RED tvro
RUN Fict A ¢ R N '
. e .//( oF ’;—1”7‘,5025 {“gw- s Al s ew, D oV ERrm /A ?) NI TRY YN
: " ZBPA S ;Q’A‘D' rev " & ‘ .
' (Vg o~ 7L 1 > < Y
' 'J‘— A AL Ny I . 1

l///,// 74 4 rragy €, L B
e ves e wex e

L Low = N satag L
OFF | REwr. « 15N
+/5v »

47
@

, 4
350k a
—/15¥ Yy Heud
8us , PZT OWYEN TO Ket - £F
ar orvy . LNE OF OF7A
* A /7 TO &
R . ~ . ,
! - J lrzev - OV
) ) . s . ckG Y&
. . *H Kt : ! - ’
7. A 3AC . ~ 1 J}_\\ J)I\/, ' . <
. 3arg .
4 A+ /éuv-‘,i’ - e ot .
~oo~(T— ;| v i) -1 ‘ ;
~ \ c/ o4 L/ ST el i
7 L &= e ac 23 D15 P | ]
z oy
<3 ‘54» [ 4 s 7y !
' 5 " 0 o [}
! N
oo o - Joo L
Tl W
r —
L - : '
: S
51“/9 - ;
e e |
’~ 12k }
Lo
!
4 1
1
! : [ LT @
. .
oo ! 1 OMF ‘
- SO WY
p , i N - NOLE, -
|/ ¢ v PN 21,0 Je t2Aie 4l
SO SN v \ ———— -D e P v T oL
. ° . . o T 12 et6: £ i
: . / . N . a Ce, S0 INLICR
A s K] P o . f s arid. ROALTHZ
. . ' : Gits sl b6~ aNaIc]
s . . ; : , G107 (G108 RCA 46362
< LY TwO P W -/ war i _’-,A At v[) i . Dree,, ,&D/u- INT59
- /’1‘ B : 1
{ te | ) » - . .
© . 1 ’ 1
| . ’ L N ) -
. L—'—; s . —— e - - -——.-._[ [y Y
\ a _— i, p . 2
/ ‘ . - )
® i »
,/ a o, -
. / ‘ \ )
@ o ° Ay -




) a ) R E4 e . » "
- “ N A ‘ \ .
5 - I a. 1 ° N il \J /
N a ¢ N o o -
. R 233
" 1 & . - ‘\
0 e .* ° . ; \\ o
- . a i - ¢ ) '
o \
- » ¢ . .
o " - o
E o oy 5 . S ‘ o v
- - — oy — ~ - -
) ' PLATE 28, FOUR THY.RISTOR REVERSING - SWITCH
Y . [\] N A B i C '
. - . o« ° 4 . N - . ]
. 6 1K . i - -
v N - . I T ' °
: ¢ /{}E N Cr T . N .
"
— i v )
L ¢ & i . .
X3 . Y
N . . - a -
r . - (._C;fv»”g u"if‘"’> . . /
B
) o Ty Ty SRR S0
L) - . ’
\ ' ’C/---v-; 2 Cnlf a7 . '
« ALIX '
. . Coomtos 7 200F Fre g Lo D0 T | -
© . 3 g PR | . ' \
1\,_“4 ER e
1 ’ a
. i e . N 50, PN s 2t SN
E gl . 3 - e
. - 1 ’ - — (o = e e 0 — H - [~ /T .
Y b T .
e | “
. ° OB - ))- (3"‘1’ 1l - .
5 - Cﬂ-f ' T /s
CARLIre - ) 1 26
. cliaeny ] . A
’ . TAANL b s sl - g
< ) o~
~—— , .v
I . N : s -
. . | A /zv;(ccm} o « @ woccog /5T 26 .
) ’ v 7 il s : |
. “ .o - " . (_ [} . -
' . y B /541 ’”“"’43 P Am s, iwgocs
W asan 8 XL Ny - !
N » 7 L—-"“‘_Dll 7 1% /50,
) ORG o GATE] ‘ ‘ i Kiahind o T )
. 7§72 & o éﬁ 1% -
) cxr . . rgoll  /nd P e &
YEL o ’f\ £ . - e INGD
e a ° 77 {74 <D§4 54 e ~
o ° A
RED 4 "6RD N '
RETUKRN s
) o . TRANSFECRIIER DL FANS! -
AI ) 4 s I" !
.l . o ’ CoRE ~ 1eeePS K306500 ]  wNbine’s~FLR2 | FTC
. ) N piTH BE2 HATELAL, 307 GiFILAR ¥76 Cu,
- ° . ‘ 7
s . ) . INSUL ATION~ D LAYEPS S;nrcﬂ" WITH NYTHERAT ’”5;""‘ ‘
™~ : - ELEITAUCAL JAPE CVEE CLRE § BETWEEN WINDINGS
; :
! o i i
\! ° R i i
¢ Q . ’
o ‘5 ) * : *
, , e - .
. e « oo
s [ 3




bl

V2

* )
. 8 3 - ’
. / . .
T . - 4 ‘% ¢ "‘[ '
- . - ' S,
. : N PLATE 21,
CARRIF ) QCCILIATOR' }70/2 CONTINUOUS GATING

OF THE FOUR

REVERSING SWIECH

7/;; YRS /

MATEHE '

) ‘“W( RIS
c /o
° . % J
) SouAdE
Pl :fl- §/°  moUACE
[i orm v/
Y -‘L&V’ ¢—-—-l 1 ) - CAH:« ¢
po3lilgy O e |
. ‘,., T ANV B HE

N

lery

Y uu;‘,‘( WD !
1041475
| Iy
t .
- K
~0/""‘)(?6~9N36dg Q,, Q ~2N’40z..f) ‘

ALL PESISTORS [av/ -»c‘om’ 17124 .
TRAUS LOOME 12 .
3

LN

COREL ~ PHILULIFNS KOZ008500 pIFH 352 MATER/A ¢,
WINDINGS ~ £} #2 AA/D.S;';“?-‘ ALL

. L QUALRIE AL ¥ D LU Wi

20 ToRNS !

v

: INYTHERM (NSt ATION, |
INSULATION OvFR CorE~D cavint oF Scoted =
Co - ¢ YELECTRICA. TAPE
o “ ! ¢
. . -, N
. N -
108V/34/60He . P D123 RED_
2 K7
. _ 1ME
N . 200 + ° .
¥ - VIS zosome BV
T 25wWYDC .
T
r:;.’ a . 3‘ a .
2o - RT3 N UV S
L ' Bl "
L’ - O -
» D4 D5 Do k \
- // 7’2 7:.5 ~ HOV2 G BY FieAstEnT, TRANSEORMERS
v D,,ua,D(a’V ESK Ifjs DIODES — (AfGooprY’
v ' v ",
~ , 1
/ / ~ ‘ ‘
// . '
1 S . e !
) ; by I N l" 3
," - W - / !
.I' - . a4
|




*

d

i

i

!

~
7

a
Q
'
)
°
.
u
“
4
B
G
.
]
. -
L]
;
i
)
. 1
!
-
P
| ‘

G

v
s
’
¢
°
'
.
!
®
o
. .
f
*
.o
ot
L3
(33
P

™

—




[

!

- PHOTOGRAPH 1. GREEN CONVERTER-REAR VIEW

\ f
]

.t . \
r AQXILIARY SINGLE SHOT

7— %60V POWER SUPPLIES

o THREE ADJUSTMENTS TO
THE CURRENT LIMIT \

OAl1-—> 0AD, OA7,0A8
& 0A9 (CURRENT LIMITY !

: ; 1 Y - ANKING CA
i Hl_l_llu x Aueri oLANKI e

| u

~- ANALOG SIGNAL
DIODE SWITCHES AND DRIVERS
UNDER OP AMP PLATE

e Bt —7 CARD RACK CONTAINING

g0 ;7 AUXILIARY LOGIC,
CROSSOVER LOGIC,
DOUBLE PULSING OR, -
6 FIRING CIRCUITS,
3 PBL CIRCUITS

~—PULSE AMPS AND .
TRANSFORMER‘.:':

~- 115V REGULATED
POWER SUPPLIES

236



=g

' PHOTOGRAPH 2. AUXILIARY LOGIC CARD -

“l/,)~‘CURRENT ZERO TIMING

B <~ VOLTAGE CROSSOVER DETECTOR
" HYSTERESIS WIDTH

i s o Yol T VOLTAGE CROSSOVER DETECTOR
| . B B SR WA ATt} \v\\\\\\ZERO POSITION
‘X K. 5 tiiael B0 (| el } \ACL PULSE DURATION
ACL PULSE AMPLITUDE .

' Xy

PHOTOGRAPH 3., CROSSOVER LOGIC CARD SUITABLE . . .
o FOR UNITY AND LAGGING PF LOADS .

PHOTOGRAPH 4, PF INDEPENDENT &SSOVER/L GIC CARD

237°

35




~r )
T~ SCHMITT TRIGGER HYSTERESIS

T SCHMITT TRIGGER ZERO

\

.

T~ ZERD 42
7ERO #3

]

3
“




-~
3

PHOTOGRAPH 7.

\
FOUR THYRISTOR REVERSING SWITCH =
(BOTTOM VIEWD
|

= ! =3 N
‘
;?‘éﬂ' i g -":xl‘('v":,':“ " TR 0L ¥ ,-;
fﬁ = !y\' LEI0K & 1 B g b
o

A

e

' 5’9{;‘:(5) I"‘ ‘4
hﬁ d;.q:n?" or {

Ty

ey
R
B35 0 y‘\
s e

' <——— CARRIER 0SCILLATOR

AT

£

,
&

i
£

Skl
FY o 5 ool

L v
S
L’,"
1 o
h Il ¢
[ SR W/

BN 7 Al ) '
nl‘v 1y . t- f, :
’Gv 0 l‘l )‘ ; \l q
e .
. v °

.

PHOTOGRAPH 9. . -

FLOATING VOL.TAGE
MONITORING CARD

PHOTOGRAPH 8, .

POUBLE PULSING OR CARD
' BEFORE ADDING DELAY CIRCUITS

B Y

-
e

i

f
N i

it

Ty

o B

A e

AT e AT

Pricebgilionnt |

AVl
IS
-

239




