APPLICATION OF SAMPLING TECHNIQUES TO THE

PHASE-CONTROLLED THYRISTOR CYCLOCONVERTER
by

G.A. HANLEY, B.Sc., M.Sc., M.I.E.E.

A thesis submitted to the CNAA for the Degree of

DOCTCR OF PHILOSOPHY

School of Electrical Engineering,

Plymouth Pclytechnic
Department of Electrical Engincering,
University i Briestol

June 1976



[ e orenie |
LEARE t . oo s DUNTRE

RELY. h5 oU0203-¢
Ho. T

PLALS -

i

621.313F HAW

|

(o8l e 50041432




CONTENTS

Page
ABSTRACT ' vii
LIST OF FIGURES AND TABLES ix
LIST OF SYMBOLS o - v
1.  INTRODUCTION 1
{(1.1) General 1
(1;2) ‘Cycloconverter Applications 3
'(i°5) Limitation of the Freguency Ratio i
(1.4) Aim of this Thesis 6
2 OPERATION OF THE PHASE—COﬁTROLLED THYRISTOR
'CYCLOCOﬁVERTER 8
(2.1) Introduction 8
I(2°2) -Cosinusoidal Control 13
(2.3) The Circulating-current Cycloconverter 15
(2.4) The Inhibvited Cycloconverter 18
(2.5) Distortion in the Ouﬁput Voltage Waveform 21
(2.6) Sub-harmonics and the Determination of
the Fundamental Frequency ) 23
(2.6,1) General - 23
(2.6.2) Pourier Analysis of the OQutput Voltage
Waveform ' 2l
(2.6.3) Determination of the Fundamental
Frequency: 1st Method _ 27
(2»6@&). Detsrminétion of the Fundamental
Frequency: 2nd Method | 23
3. MODULATION AND SAMPLING IH THE CYCLOCONVERTER 32
{3.1) Introduction - 32

(3.2) Amplitude Modulation in the.Cycloconverter 33

(i1)



" (3.3) ‘Identification of Pulse Width Modulation

and

Natural Sampling in the Cycloconverter

(3»&) Application‘of Regular Sampling to the

Control of the Circulating-current

Cycloconverter
(3.4.1) General
(3.4.2) Significance of the Sampling Theorem
»(B.h,B) Spectral AAalysiB by Computer
Invesfig&tion
(3.4.4) Effect of Regular Sampling on the

Thyristor Switching Instants

(3.5) Effect of Sub-harmonic Components on the

(3.5.1)
(3.5.2)

Output Voltage Waveform

General

The Equal-area Criterion

.Page

36

ER R

L9
56
60

60
62

Correlation between ;he_quél—area Criterioﬁm

and the Computer Results

(3.6) Inhibition Control

(3.7) Application of Regular Sampling to the

Control of the Inhibited Cycloéonverter

(3.7.1)
(3.7.2)

(3e703)

(3.7.4)

General

Computer Program for Spectral Analysis
of the Inhibited Cyclﬁconvertér

Effect of Regular Sampling on the
Performance of the Inhibited
Cycloconverter

Application of Pulse Fosition Hodulation

{1ii)

6l
67

70
70

7L

72
80



L. IDENTIFICATION OF THE SUB-HARMONIC

' ‘COMPONENTS IN THE INHIBITED CYCLOCONVERTER

(4o1) introduction'

(4.2) TIdentification of the Sub-harmonic

Components: in terms of the General

Harmonics

h t(u [ 2 .1)

(he2e2)

Operation of the Cycloconverter
at Integer pfi/fo Ratio Values
Operation of the Cycloconverter at

Non-Integer pf,/f_ Ratio Values

" (h.3) Computer Analysis

(L.3.1)

(L.3.2)
(MOBOS)

Irregularity of the Inhibition
Switching Functions at Low pf,/f,

Ratio Values

Computed Results

Compufer‘Graph'Plots

(Loy) Application of Modified Control

Techniques to the Inhibited Cycloconverter

when supplying Non-sinusoidal Load Current

(Uabio)
(Uoho?)
(4ala3)
(Lol o)

(Lol 5)

General

Regular Sampling

Pulse Position Modulation

Distorted Referénce Wave

Comparison of Results

87

87

87
90

g2

93
97
108

1156
115
116
120
.126
133



: - Page
5. EXPERIMENTAL WORK | ' 15

(5.1) Introduction _ - : W5

(5.2) Power Circuit 45

(5.3) Firing Control Circuits R TN
(5.3.1) General | ' 147
(5.3.2) Cosine Timing Waves o IL9

(5.3.3) Reference Wave and End-stop

~ Control - 152

(5.3.4) Pulse-forming Circuits ‘ o 154
(5.3.5) Regular Sampling Circuits | 161
(5.4) Inhibition Control Circuits 165
(5.4.1) General 165
(5.4.2) Detection of Load Current Zeros 169
(5+L4e3) Detection of Reference Voltage Zeros 176
(5.4.4) Changeover Logic - : 179
(5.5) Experimental Results 18l
(5.5.1) General | 184
(5:5.2) Spectral Analysis. 185
(5.5.3) Oﬁtput Voltage and Current Waveforms 186
(5;5;3.1) General S - 186

(5.5+3.2) Operation at.’' Integer Values of
pf;/T, Ratlo . ' 189
(5¢5¢33) Oﬁeration at a Non-Integer Value
| of_pfi/f0 Ratio 189
(5.5.3.4) Effect of a Sub-harmonic Componen t
having a Frequency Consideraﬁly

less than the Wanted Output Frequency 192

(v)



.(5,3;3.5) Effect of a Sub-harmonic

~ Component having a Frequency

neaf the Wanted Output Frequency

6, CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK

ACKNOWLEDGEHENTS

REFERENCES
' APPENDICES
Appendix 1. Computer Program for the Circulating-

Appendix

“Appendix

Appendix

Appendix

Appendix

2.

3.

L.

He

'Current.Cycloconvertér

Applicafion of Fourier Analysis to
the Output Voltage Waveform of the
Cycioconvefter |

Output Current for an Inhibited
Cycloconverter feeding a Lagging
Displacement Yactor Load

Computer Program for the Inhibited

Cycloconverter

Main Components used in the

Experimental Cycloconverter
Interconnection of Logic- Gates to

form Monostable and Bistable Circuits

(vi)

Pagg

195

200
205

206



ABSTRACT

y
Low frequency distortion components ‘of “the
output voltage of a cycloconvertef‘are iargely
responsible for the.restriction on its practical range
of frequenﬁies, and the object of this thesis,isrto show

that these cbmponents can be attenuated by the application

- of sampling techniques to the control system.’

After a generzal description of the operation and

control of the cycloconverter, the distortion of the

output. waveform due to low frequency components is

discuésed. Under these circumstances, the fundamental
repetition frequency of the waveform is less than the
wanted output frequency, and two methods of determining it

for given input and output frequencies are developed.

The characteristics and properties of the low
frequency distortipﬂ céméﬁﬁeﬁté,jand“£he reQuireméntstor
aﬁtenuating.themlare'analysed. The particular effects

on the magnitudes of these components due to operation of
the cyclocoﬁverter in the inhibited mode, rather than the

circulating-current mode, are examined and the requirements

for attenuating them are identified,

It is shown that the_communicatipns engineering
processes of pulse width modulation and of natural
sampling can be identified in the control of the
cycloconverter.. Regular sampling is more widely used in

communications engineering, and its effect on the low



. frequency distortion components in the cycloconvgrter
output is compared with natural sampling. Aamodified
control method for the inhibited cycloconverter is then

developed to attenuate these components. 5

Digital computer programs were written to test
the effect of introducing modifications to the control of
the cycloconverter, and the more significant results are
.given 1n=gf§phical and ;abuiated form., An experimental ‘
: cycloconyerter; with an inhibition control circuit
designed for this project, was constructed to check‘the
validity of the computer prograns. The designrdetails

are described, and the experimental results are discussed.

(viii)
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CHAPTER 1

INTRODUCTION

(1.1) general

The thyristor is a solid-state s%licbn
controlled device which was developed in the mid 1950's
to replace the grid-controlled mercury-arc nectifier,-
and 1ts main advantages over the mercury-arc rectifier-
are that it is smaller in size, lighter in weight, more
robust in terms-of mechanical effects, and that it has

no vacuum or ignition requirementse.

With,continuing improvements in the characteristics.
of the thyristor, reductions. in its cost,. and reductiqns-iﬁ
ité;size/rating ratio, the application of thyristors
for the control of electrical power is steadily |
increasing. Moreover, the availability of‘low—cost,
1ow—p§wer, integrated circuits enables considerable
versatility to be built into the design of the‘thyristor

control systems.

'By appropriate control of the thyristors
forming part qf an electrical circult, electrical power
may be converted or controlled according to the relevant
requirements of the application in questidn. In the
cése of the cycloconverter, the thyristors_are.controlled
in such a manner that an alternating current supply at
one frequency 1s converted to an alternating current

supply at another frequency. . The cycloconverter is



therefore a frequency changer. The principle of
operation ot the cydloconvérter‘is.based‘on the
commutation of alternating voltages of differing phase

in a similar way to the operation of a rectifier
containing more than one rectifying device. The
essential diff'erence between a rectifier and a
cycloconverter is that a rectifier produces direct.voltage

at its output whilst the cycloconverter produces

alternating voltage.

The basic'principles of cycloconversion are
analysed byiRissik(l) who records that-thg first
cycloconverters to be commissioned were for failway
traction systeﬁs requiring rfixed frequéncy ratio. Some
of the earlier-forms-of cybloconverter called 'envelopef
cycloconverters, depended on non-controlled mercur&-anc
rectifiers for their operation. The use of controlled
rectifiers provides greater versatility by enabling‘the
input/output frequenéy and voltage ratios to be varied.
The 'phase-controlledf cycloconverter has therefore
emerged as the most practical form of cycloconverter, and

the availability of thyristors has created a renewed

.interest in its pbtential applications.

Cycloconverters may be operated in the
circulating-current ﬁode, or in the inhibited mode, or
possibly in a combination of both modes. Operation of the

cycloconverter in the circulating-current mode results in

" the flow of circulating current, the magnitude of which



must. be limited by circulating-current reactors. For

" operation in the inhibited mode, reactors are not

required because the control system does not allow
circulating curren£ to flow. The-inhibited‘cycroconverter
therefore has as advantages over the circulating-current.
cycloconverter, higher power factor and efficiency, and
lower weight, size and cost.  Additional control circuits
are, howéver, required for operation in-the inhibiteq mode
but‘ﬁith the availability of low power integrated circuits,

they do not represent a major diszzd_vantagé°

{1.2) Cycloconverter Applications

The principle applicatién areas of the
cycloconverter are:

a) variable speed control of large a.c. motors for

industrial drives such as steelworks, cement mills,

(2) (3) (&)

and pumps described by Wilson s Langer and Weiss
respectively: |

b) variable speed, constanl frequency (VSCF) generating
systems. for aircraft ﬁower'systems such as those described

by Chirgwin(S)

, -and Piper and Wilcqck(6) to give a
constant frequency output:supply irrespective of the
generator trequency which is dependent on the engine speed}

¢) variable and fixed frequency supplies for traction

'driﬁee such as the installation feor the Swedish State

Reilway System described by Klerfors(’),



Other applications include the experimental

. o ) ‘8.
tracked hovercraft described by F. Fallside et‘al.,( )and
suggestéd applications extend to a Ship‘sumain propulsion

and colliery haulage work, -

Vatiable speed drives are more usually

provided by d.c. motors fed from the rectifiéd a.C. mains

Buppiy, or by variable-speed a.c. motors fed from

'd.c. 1ink' forced commutated inverters. In some

applications, however, the use of a d.c. motor must be

avolded if the commutator presentsfproblemé due.tb‘sparking
in an explosive environment, excesslive ﬁear in a dusty
environment, inaccessibility for méintenance, or design

and operational difficulties. The other'alternatiVQ;.

the d.c.-link 1nvertep, requifes forced commutation which
irtroduces technical and economic disadvantages for
high-power installations,  In particular‘aﬁplications

in which these disadvantages can cause serious problenms,

. an alternative method is presented by the cycloconverter

which has the advantage of being a direct a.c./a.ce.

converter employlng natural commutation.

(1.3) Limitation of the Frequency Ratio

The main disadvantage of the cycloconverter
for variable-speed control applications is that'its

maximum working output frequency is less than the

~ frequency of the input supplye. This restriction is

due to the presence of unwanted distortion components in

the output voltage waveform. The actual maximum limit



on the-ou¢put frequency depends on the acceptable le#el
of distortion in the output voltége:wavéform;;since in_
general, the magnitude of the distortion components

increases with increase in output freguency.

Opinions on the maximum limit of the output
frequency vary widely because it is not easy to qnéntify‘
the *acceptable level of-distprtion' to cover all
applications of the cyclocohvertér. McMnrray(?)
attempts to do so by specifying a criterion for the
'Nth degree of godd waveform' . Another factor which
affects the maximum limit of the output frequency is the
number of phases of the ipput supply voltage. An
increase in the number of phases (or an appropriate
alternative cyclocohverter Circﬁit‘which increases ' the
apparent number of phases), eliminates some of the
distortion‘cdmpqnents resulting in an increase in the
maximum limit of the output frequency. Very
approximately, the maximum limit derived fnom.McMurfay's
analysié is fn the range 35-60% of the input frequency,
whilst Pe1ly(10) quotes a range of 33-50%. Pelly
emphaéises that these figurés are based upon purely
arbitrarily defined qriterias.- Similar'frgures‘are'quoted
by Langer('”, and Weiss™) ana Takahashi anduiyairi(n).

(10)

It is shown by Pelly and Takahashi and .

Miyairi(ll) that some of the distortion components
may be at frequencies less than the wanted output

frequency. These ‘sub-harmonic' fregquency components



are not easily filtered out; and they give rise to high
sub~harmonic fluxes in motors supplied from the |
cycloconverter, This may result in pulsations of the
developed torque and in the motor locking onto a
*sub-synchronous' speed, Furthermore, the associated
Iossesvredqce the efficiency of the motor. The higher
frequency components ﬁend to be suppressed by the

inductance of the windings of the motor, and are more

-easily filtered from the output veoltage. The super-

harmonics, that is the harmonic components having
frequencies greatef thén the wanted output frequency,
therefore have less effect on tﬁe torque and‘efficiency_of
the motor than the sub-harmonic components. Thus, in order
to‘increaée the working frequency.range of the

cycloconverter, it is necessary to reduce the magnitude

of the sub=harmonic .components in the output voltage.

(1.4) Aim of this Thesis

It is shown above that the sub-harmonic components
of the output voltage of the cycloconverter must be

suppressed i1f the working freguency range is to be increased.

- To this end, the aim of this thesis is to investigate the

characteristics of these components and to show that they
can be attenuated by svpropriate modification of the control

technique.

It has been shown (Fordlz) that frequency
changing in a cycloconverter can be related to freguency
changing in communications engineering in terms of

modulstion, and that a process of natural samoniing can

6



be i¢en£1fied in the control of the cycloconverter,
Replacing natural by regular sampling i's shown to
resuit in‘significant attenuation of the sub-harmonic
'qoﬁﬁonents when the cyclocpnverter is operated in the 

circulating-current mode.

However, as discussed in section 1.1,

operation of the cycloconverter in the inhibited mode

hae practical advantages over operation in the
¢irculating-current mode, and it is to the application
of sampling techniques to the control of the ihhibited
cycloconvérter that tﬂe majority ot this thesis relates.
It is proﬁosed to anglyse the sub-harmonic components

of fhe output voltage of the inhibited cycloconverter,

and to investigate a new apprcach to the control

technique, using sampling, to attenuate these components.

The digital computer was used for most of »
the analysis since this permits a quick assessment to be
made of the etfect of modifications to the contr61
method.. Analysis by computer also enaﬁles the effect
of different control methé&s to be studied without the
essential details being obscured by practical issueé,
such as.imperfections in the pulse-timinggcirCuits
which control the gating of the thyristors.

The basic compﬁter results are checked against
practical results obtained from an experimental

cycloconverter designed and constructed for this purpose.



‘CHAPTER 2

OPTRATION _OF THE PHASE-CONTROLLED THYRISTOR
CYCLOCONVERTER

(2.1) Introduction

The phase-controlled thyristor cycloconverter
can be considered as an array of thyristor switches
which connect each of the input suﬁply phases to
the load in turn by natural commutation. Typical
thyristor configurations making up a 3-phase cycloconverter
circuit are showm -in fiéure 2.1, Figure 2.1a shows the
simplest (3-pulse) configuration, whilst'fiéure 2.1b shows
a 6=pulse circuit which gives an output waveform similar

to that obtained from a 6-phase cycloconverter,

The thyristérs are switched in an appropriate
sequence by means of firing, or switching, signals anvliied
to their gates. By this means, the output voltage
‘ waveforﬁ is synthesised from segments of the phase volisge
waveforms of the input supply, and in this respect,
cycloconverter operation is similar to rectifier

- operation.

In the thyristor rectifier, the switching instants
are defined by the firing angleé(d) which can be controlled
from 0% to avout 180° for cach thyristor, and which are
normally held at a constant wvalue as shown in figure 2.2a
to give an output voltage waveform having a predominant
d.c..component.‘ The firing angle represents the delay

of the switching instant from the esrliest possible









instant at which the thyrfstor cén turn on.

In the fhyristor cycloconverter, the firing
angles are nét held at constant values as in the rectifier,
but vary for successive commutations as shown in figure
2i2be Thus, the constant firing angles in the rectifier
are~modu1ated'fof cycloconverter operaéion fo‘give an
output voltage waveform which has a_predominant 2e.Ce

component having the required frequency.

The usual methed of controlling the cycloconverter

. to give the required output frequency is known as

cosinusgoidal control. This is considered by McMurray(9),

(10), Bland(lj) and Datta(lu) as the most approprisate

Pelly
control méthod since it gives an output voltage having less

total distortion from the required sinusoid than occurs

with other control methods.

To facilitate the analysis of the cycloéonverter,
it is ponvenient to divide the array of thyristors which
constitute each output phase of the cycloconverter into
two‘gfoups: the positive group and the negative group.
The positi§e=group,supp1ies the positive half cycle of
load éurrent, and the negative group supplies the negative
half cycle. This arrangement is shovn schematically

in figure 2,3, The cycloconverter may be operated in

‘the circulating-current mode or in the inhibited mode.

In the circulating-current mode, both groups are in

1T






continuous conduction and a circulating-current reactor

is required to limit the magnitude of the circulating
current; 1in the inhibited mode, each group conducts
alternately and therefore circulating current cannot

flowe
l \

For a 3~phase load, three similaf cycloconverters
are connected in pafallel on the input side, whilst
tﬁe outputs are connected as required by the phase
connections of the load. Such an-arrangement for
a 3-pulse inhibited cydloconvertér-is shown in_fiéufe

2.,

(2.2) Cosinusoidal Control

Cosinusoidal control employs a séries of
cosine timing waves at input frequency and a sinusoidal
reference wave at the wanted output freguency. The
cosine timing waves correspond t¢ the periods during
which current can be naturally commutated from one
thyristor to the next. It is COnveniént to derive the
timing waves from the input subply voltages, but
alternatively they can be derived independently,
provided they are then synchronised with the supply
voltage. The reference voltage is derived from a

variable frequency signal generator.

The instantaneous magnitudes of the
timing and reference waves are compared in the control

system, and the switching instants (commutation points)of the
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thyristors coincide with intersections of' the two waves,
This is shown in figure 2.5, and the modulated sequence
or firing angles results in the alternating output

voltage.

The ratio of the magnitudes of thé>refereﬁce
and timing waves is defined as the 'modulation factor'.
For unity modulation factor, the firing angles are modulated
successively between the limits of 0° and 180° resulting
in maximum magnitude of the wanted component of output
4 v'oli'c.age.r For zero,modulation factor, the reference voltage
is zero and the firing angles remain fixed at 90°
giving zero mean output voltage.
For a cycloconverter fecding a 3-phase load,
three reference waves are required with a phase
displacement betﬁeen each of_2n/3 radians. Each of the
-reference waves is fed to each of three similar cycloconverters

which make up the 3-phase cycloconverter.

(2.3) The Circulating-current Cycloconverter

In the circulating-current cycloconverter, firing
pulses are . applied continucusly to both the positive
and negative groups. The contrpl system ié designed
so that the output voltage waveforms of the two groups
have the séme wanted component; typical waveforms
are shown in figures 2.6a and 2.6b, Load current

flows from whichever group is forward biassed by the

combined effect of the input voltage end the back-

15









€e.m.Ta of the load.

Therinstantaneous-differences,between'the
two voltage waveforms shown in figures 2.6a and 2.6b
cause instantaneous forward biassing of the group
which is not condueting load current, resulting in the °
flow. of circulating current between the two groups.
To limit the magnitude of the circulatingicufrent, a
‘circulating—gurrent.neactor is rgquired in each output
rhase of the cycloconVefter. The output terminéls of the
cyclocoﬁverter are lbcated at the centre taps of the
reactors, so thét the outpui voltage waveform of the
cycloconverter is composed of the avefages of the
instantaneous volfages of the separate groups. Figure
2.6c shows the output voltage waveform of the cycloconverter
cor:espon@ing to the twd group waveforms shown
in figures 2.6a and 2.6b. Since the wanted components
for the positive and negative groups are identical, then
at wanted output frequency.there is no volt drop
across the reactor and the wanted component of the
-qycloconverﬁer output is identical with those for the

separate groups.

(2.4) The Inhibited Cycloconverter

In the inhibited cycloconverter, firing pulses
are applied alternately to the twe thyristor groups
“for durations equivalent to the respective half cycles

of load current. During the conducting periods of

18



each group, the commutation points are determined by the
same method of.cantrol as for the circulating-current
cycloconverter. Thus, for cosinusoidai‘control of

the inhibited cycloconverter, the commutation points:

arce determined as in figure 2.5.

During the non-conducting periods of
each group, the firing pulses are blocked and the
group is said to be 'inhibited' so that circulating
rcurrent‘cannot flow, Circulating-current reactors

are not therefore required.

Although the iﬁhibited cycloconverter
dees not require circulating-current reactors, it
deces require additional electronic éﬁrcuits Tor
inhibition control. figure 2.7 shows a schematic
diagram of a cycloconverter with a method of inhibition

control using zero current detection.

The rcquirements of the inhibition control system
are to determine the correct instant for changeover of
load current from cne group to the other, and then to
ihhibit the outgoing group and to release the firing
»pulses of the incoming group. A time-delay is required
between inhibition and the release of firing pulses to
ensure.that the thyristors in the outgoing group have
régained their fully blocked {non-conducting) state.

Failure to.providersufficient time-delay can result in
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a short-circuit across the input phases.

Theloutput voltage waveform of the inhibited
cycloconverter is effectively synthesised from portions
of the separate positive and negative group voltage
waveforms of the circulating-current cycloconverter (figures
2. 6a and 2.6b). - Thé instants of transition Eethen the .
positive:and;negative:group vaveforms depend on the
instants of the lbad-éurrent Zeros. The output voltage
waveform of the inhibited cycloconverter is therefore
loac- deperndent.  Figure 2.8 shows examples of output
voltage waveforms for a %-pulse inhibited cycleconverter
for twovdifferent loads, one having unity displacement
factor dand thelothur having a lagging displacement
factorw- The term 'displacerent factor' is defined as the
‘cosine of the phase difference between the wanted
compoﬁenté of the‘non—sinusoidai voltage and current
wvaveforms, The wéveforms shown‘in figure 2.8 are pased
on the assumptions that the bhack - e.m.f'« of the load
is at all times able 1o sustain continuous current, and
that changeover of load current from one group to the

other occurs without time-delay.

(2.5) Distortion in the Output Voltage VWaveform

A visual comparison of figures 2.6c and 2.8
leads to a gualitative conclusion that the output voltage

waveform of the inhibited c¢cycloconverter is nore
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irregulaf and therefore more distorted than-thét of‘thc
circulating-current cycloconverter, It is not possible,
however, to draw quantitative conclusions about the
relative magnitudes and frequencies of the distortion
components by a visual comparison; this can only be done
by mathematical analjsié or by experiment, as discussed

.later in this thesis.

The extent of the distortion of the output
voltage waverorm from a pure sinusoid is ciosely related
to: the range ot working output rreguencies which éan be
obtained from the cycloconverter. In particular, as
discussed in chapter 1, the upper limit of the output
frequeﬁcy is imposed mainly by the eftect on the load
of low frequency components (especially sub-harmonic
components). A close examination ot the conditions
which result in the presence or sub-harmonics is therefore

. ot particular relevance.

(2.6) Sub-Harmonics and the Determination of the
Fundamental Frequency

(2.6.,1) General

The waveforms of consecutive cycles of the
output voltége of the cycloconverter are not nuéessarily
identical, and in order to inveétigate the sub-harmonic
content of the output voltage, it is necessary to

identify the period over which the waveform is repeated.
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As an example, figures 2.9a and 2.9b are
waveforms for a 50 Hz, 3-pulse 1nhibitedacycloconver¢ef

having: output frequencies of 25 Hz and 20 Hz respectively.

In figure 2.9a, all 25 Hz cycles are identical
with each other; that is, the output voltage waveform
is repeated evefy cycle of the wented output f'requency.
The repetition frequency is therefore equai to 25 Hz in

~thils case.

In figure 2.9b, the waveform is repeated after
two cycléS'of the wanted output frequencye. Theref'ore

in this case, the repetition fréquency is 10 Hz.

The examples given in figure 2.9 enable the
repetition. of the output‘voltége waveform to be seen ciearly.
Other output frequencies‘would be associated with
"wawveforms which may not be repeated until after a large
number of cycles at output trequency. In such cases, the
repetition I'requencies woﬁld be considerably less than |

the respective output frequencies.

(2.6.2) Fourier Analysis o the Output Voltage Waverorm

he magnitudes of the wanted and the distortion
components in tﬁe output voltage of the cycloconverter
are calculated by Foﬁfier Analysis. The analysis
muget be carried out over.s period which completely defines

. the waveform, and the inverse of this perieod gives the
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fundamehtal frequéncy of the Fourier Series.

The output voltage Waﬁeform oi' the cyclqcoﬂverter
is completely defiﬁed\by the repetition period, and
" theret'ore the tundamental frequenéy of the Fourier Series
-is given by the repetition frequency. When the
repetition fregquency is less than the wanted output
frequency, the wanted compohent of’ the output voltage is
one ot the harmonic components defined by the Fourier
Series. The fundamental component, together with any
other components having a frequency less than that of the
wanted component, are termed the'sub—harﬁonic' components.
As discussed in chapter 1, it is essential that the
sub-harmonic components should have low magnitudes since
they tend, more than the super-harmonic components, to be
responsible for limiting the range of acceptable output

frequencies obtainable from the cycloconverter.'

Before the hafmoniC‘components of the outvut
voltage can be cﬁmputed‘for a gi&en set .of operating conditions,
the appropriate values of the fundameﬁtal frequency must
be determined. Two methods werxndevelope&'and»they are
discussed in the following sections. The -analyses .
of the ocutput voltage-Waveforms were then carried
ou£ using compufer programs which are described in

chapters 3% and L.
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(2.6.3) Determination of the Fundamental Freaguency:
First Method

In the cosinuscidal methed of controliing.the
cycloéonverter, the number of cosine timing waves per
second is equal to the product of the pulse number (p)
of the cycloconverter circuit and the input freauency (fi).
Denoting the fundamental (repetition) frequency by Tos
the number of cosine timing waves during one repetition

perfod (1/f;) is therefore equal to

pfi (2.1)
fe
The number of cosine timing wsves in one
repetition period must be an integer, and therefore the
value of ff must be selected to give an integer value
to the above expression.
oty |
o 3= = integer . : (2.2)
f

From the discussion in sections 2.6.1 and 2.6.2
on the repotitién and fundamental frecuencies of the
output voltage waveform, it follows that there must be
an integer number of cycles of the wanted component (at
output frequency, ﬂo) in each éycle of the fundanental
component. Therefore ancther necessary condition for

determining the fundamental\frequency is that

¥~ = integer : (2.3)

For a given set of values of p, f, and fo’ the

i
highest value of ff which satisfies the two conditions
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giﬁen by expressions (2.2) and (2.3) 1is the required
- value of fundamental frequency to be used in the qurier
Analysis{ Any other, lower, vazlue of ff which also
satisfies the two conditions could.also be‘ﬁsed, but
the computer storage requirements would be unnecessarily

greater, and the run times would be longer.

The above procedure was followed for the
_ earlier computer analysis, but an alternative method of
determining the fundamental frequency was developed later.

This method is described in the next secﬁion.

(2.6.4) Determination of the Fundamental Freguency:
Second Method

Dividing expression (2.2) by expression (2.3)

gives:
Py L5 o Pf (2.1)
Ty £ Lo
' ' pfi -fo
As discussed in section 2.6.3, E and -
- pf f f
must take integer values. However, ?ri depends on any

o) .
combination of velues of p, fi and fo and can therefore

be any integer or non-integer value. Manipulation of

this value of pfi/fd (hereafter referred to as the _
pfi/f0 Ratio) forms_the basis of the second method of
determining thg fundamental frequency. It should be

noted that, although a particular combination of values

of p, fi and fo givesa particular value of the pfi/f0 Ratio,
the same Ratio vzlue will also be representative of

other comvinations of p, fi and fo.
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The first step in this method is to convert
the numerical value of the pfi/fo Ratio to a fractional
number of the form:

u (2.5)

] b=

For example, if p

3, £; = 50 Hz and f_ = 334 Hz, then
the Ratio is L.5. _As an alternative, the pfi/f0 Ratio
is alsc 4,5 for p = 6, fi'= 60 Hz and fo = 80 Hz. Thus
in either case, the pfi/fO Ratio in fractional form is

L
D= 2.- ' To ensure that the selected value (Ff) of the

nof-=

which from expression (2.5 above, gives M = 4, N = 1,.

fundamental frequency is the highest wvalue, the
fractional element % must be in minimal form; that is,

& must be reduced to L.

The numerical value of expression(2.5) is then
re-written as the quotient of two components in the form

of the left-hand side of expression (2.4):

MD + N . D 2.6)

The two compcnents of this expression must
again take integer values, and the only value of Ff '
wvhich will inevitably satisfy this condition is 1 Hz.

Expression (2.6) then becones:

MD + N : D o
- T (2.7)

Comparing expressions (2.4) and (2.7) gives:

pf; = D + N Hz (2.8b)
fe =1 Hz ' (2.8¢c)
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_ _ The significance of these expressions is that -
when the pfi/fo.Ratio of the cycloconverter has ihe
numerical value M %, the fundamental frequency is 1 Hz
for input and output frequencies as given bﬁ expressions

(2.82) and 2.8b). For any other input and output

‘ frequencies; the fundamental frecuency is obtained from

expressions (2.8a) and (2.8¢) to give:
big

fo = 39-- S (2.9)

Thus in order to determine the fundamental
frequency, it is only necessary to consider the element'%
of expression (2.5). Hence, for all pfi/fo Ratio values
which give D = 2 in expression (2.5), that is 1%, 2%, 3%,
41, 5%, ete., the fundamental frequency is always
% of the output frequency. Similarly, for pfi/f'O Ratio
values of 14, 1%, 2%, 2%, 3%, 3%, etc., for which D = 3,

the fundamental frequency 1s always of the output

!
3
freguency.

For D = 2, the wanted component is the second
harmonic of the fundamental component, whilst for D = 3,

it is the third harmonic.

Simiiar conclusions can be drawn for any other
value of D. In the case of D = 1, for which the
pfi/f0 Ratio values are integers, the fundamental
frequency is equal to the outout frequency; 1in this case

there can be no sub~harmonic components in the output

voltage waveform.
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In the example. quoted earlier in this section
for p = 3, £, = §O‘Hg and £ = 33}-Hz,sgﬁving?a pfi/fo
Ratio of L}, the: fundamental frequency is §%1'=:16§ Hze.

80 Hz

In the exagmple where p = 6, £y = 60 Hz and t,
which also gives a Ratio of L¥, the fundamental frequency
80 / |

15.—2- = L0 HZ-

The above procedure for determining the

- fundamental frequenéy is readily ﬁritten into the
computer program, and it reﬁlaced the first method
described in the previous section. It also enables

the output data of the computer analysis to be of a

more generalised form than with the first method.,. This

is discussed in greater detail in chapter L.
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CHAPPTIR 3

MODULATION AND SAMPLING IN THE CYCLOCOWVARTER

(3.1) Introduction

In the cosinusoidal methad of controlling ihe
cycloconverter described in chapter 2, the thyristor
switching instants depend not upon the-cohtinuous value of
'the‘reference wave, but upon its values at discrete points
in time, These values can therefdpe be considered as
samples of the reference wave. This concept was .

" pecognised by Griffith and Ulmer(*3), anda Fora(l2)
investigated the sampling proéess in the circulating-current
cycloconverter in the context of the.application of
communication techniques. 'Ford‘s investigation.was based

on thehprinéiple that whether frequency-changing occurs

in communication practice or in powver Praétice, iﬁ canfdnly
be achieved by modulation. A corollary to this principle

is that a cycloconverter is a modulator, and this opens up
the possibility of applying techniques used in comhunications

engineering to the cycloconverter.

In this chapter, further conéiqefafion is given
to the identification and application of sampling and - |
modulation in the cycloconverter, The effect.of resultant
modifications to the control system on the magnitudes of
the principle sub-harmonic components of the output

voltages is Investigated by digital computer.
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(3.2)- Amplitude Modulation in the Cycloconverter

‘Consider the cperation of one groiip of ‘the
cycloconverter with a constant d.c. reference voltage.
The output voltage waveform (figure 3.la) is that of ‘a
rectifier operated with a fixed firing anglee{, and can
be considered as a moduléted~wave. | Each input. phase

voltage is modulated (multiplied) By-a sguare-wave

‘switching function corresponding to the switching instants

of the thyristors and to the conducfing periods of the
associated input phase. The switching function has
unity magnifudq and its mark/space ratio is the inverse
of the number of input phases, The fundamental
frequency of the switching function is equal to the
input frequency (wi), énd its_pﬁase displacement from
the-aséociated input phase voltage is given by &«: in
terms used in communications engineering, thevinput
ﬁpase voltage 1s the carrier wave,.and the switéhing-
function is the modulating wave., The modulated waves
assoclated with the sevarate input phases are

multiplexed to give the resultant outovut waveform.

For cycloconverter action (figure 3.1b), the '
firing angle is continuously varied under cosinusoidal
control, és deécribed in phapter 2; For a required
output frequency Vs the input refercnce voltage is

r sin wot, where f is the modulation factor which is
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" the magnitude of the reference wdave relative to ‘the

magnitude of the cosine timing waves. The switching
instants are given by the values of t_which.satisfj the
equation |

; (r sin-wot).= cos:(wit -;ek) o VICB.I)

th

where 6, 18 the phase displacement of ‘the k cosine

~timing wave from an arbitrary péferenée point.

The thyristor switching;fﬁnctiqns!f(wit; wbt),
which result from these switching instants have variable

mark/space ratio as shown in figure 3.1b and are

functions of the input frequency w; and the output

frequency w,. In all other respects the identification
of modulation for cycloconverter action 1s the same

as for rectifier action as discussed above. The output

voltage of a-cycloconvefter can therefore be considered
as the result of amplitude modulating the carrier input
éupply voltages with the unity magnitude thyristor
éwitching functions,. However, it is to'bélemphasised
théf.tﬁese switching functions are not externally

aprlled voltages but.ane.merely.modulatidnucdmponeﬁts of

the output voltage waveform. .

It has been shown gbove, that the output

voltage waveform of the cycloconverter is dependent on
the nature of the thyristor switching function which,

in turn, is dependent on the switching instants.

However, there is not Jjust one unique switching function



for a given output frequency; contrdl méthods

other than .cosinusoidal control will resultfin

different switching functioris. The differing effect of
thesefswitching functions is in the magnitude and freguency
of the harmonic components of the oﬁtput voltage.

Since the main objective of this invespiéation is

to reduce the magnitude of the sub-harmonics, the

effect of small but highly significent variations in

the switching instants is of partiéuhar interest.

(3.3) Identification of Pulse Width Modulation snd

Natural Sampling in the Cycloconverter

cattermolel 18) descrives the well-established

telecommunications process of obtaining pulse time:

modulation (PTM) of a signal by natural sampling.

The basis of this process is to compare the signal with

'a.referencevwaveform which may be either a saw=tooth

or some other waveform containing a periodically

. repeated ramp. The sampling epochs are defined by

the intersections of the signal with the reference wave.
A sequence of impulses at the epochs so defined
constitutes naturally-sampled PTM, and a" sequence of'
rectangular pulses whose leading edgeé‘occur at uniformly
spaced instants and whose trailiﬁg edges are defined by
the ééﬁpling epoéhs, constitute naturally-sampled pulse:

width modulation (PWM) of the original signal.
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The above description of PTM and PWM*éan be

'directly relafed to the cycloconverter by rephrasing the
terms 'signal' and 'reference wave' used in the

telecommunications context, to 'reference wave! and 'cosine

timing Waves' respectively used in the cycloconverter
contéxt‘ The cosine timing waves are therefore used in
Place of the saw-tooth waveform referred to by Cattermole,
and the starts of the cosine timing waves define the
reférence points for the'PTM impulses and also the
leading edges of the recfangular PWM pulées_ The
sampling epochs defining the natufally sampled PTM
impulses and the naturally sampled PWM trailing edges are

coin¢ident with the tHyristor switching instants.

It thérefore follows that conventional
cosinusoidal control of the cycloconverter can be
identified with the process of natural sampling of the
reference wave. The continuously varying value of the

reference voltage between the sampling instants has no

‘significance, and the reference wave is represented by

. time deviations from the starts of the cosine timing

waves, The resulting trains of PTM 1impulses are shown
in figure 3.2 and the corresponding trains of PWM pulses

areishown in figure 3.3.

Cattermole also describes 'double-edged' PWM
in which the reference wave (in the telecommunications

context) has two slopes as shown in figure 3.4a ziving
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linear moduktﬁoﬂ.  The equivalent process in the
cycloconverter would be to utilise the continuous

“cosine timiné wave over its range from O to 2mn etc.,
vaB.shoﬁn in figure 3.4b. However, without recourse

to forced commutation techniques, it is not possible

to employ a thyristor firing angle («{) in the range
180° < o( £ 360° corresponding to the positive slope of
the cosine timing wave (or the negative slope in the
negative group of thyristors). Any attempt to do so

in the naturally commutated cycloconverter would lead

to commutation failuré. . Doublé—edged PWM of the form
shown in figure 3.4b 1s therefore not possible. However
a form of double-edged PWM can be obtained by using two
timing waves and omitting the sampling epochs on their
positive sloﬁes. This Is a method referred to by
Panter(17) and is shown in figure 3.4¢c. It is seen

that the train of PWM pulses COrresponds‘exactly to

the thyristor switching functions which were discussed in

the prévious section (section 3.2).

Thus 1t is shown that the operation of the
cycloconverter can be identified with natural ly-sampled
PWM with either trailing-edge‘modulation or a form of

double-edged modulation.



(3.4) Application of Regular Sampling to the Control

of the Circulating=current Cycloconverter

(‘BOLI-OI); g‘_g_!;ler'al

Tt has been showvn in section 3.3 that
conventional cosinusoidal control of a cyc¥oconverter
can be identified with natural sampling of the
reference wave. < Natural sampling was seen to be a
procéss in which the sampling instants coincide with
the PTM train of impuiSes, and with the modulated edges of
the PWM train of rectangular pulses, which in turn, define
the thyristor switching instants. The sampling intervals
are not egual but depend on the amplitudes of the samples
of the modulating signal (that is, the cycloconverter
reference wave),

This interpretation of natural sampling is

also given by Panter(17)

who then proceeds to a
definition of 'wniform' sampling'as-a process of sampling
in which the widths-of the PWM pulses are dependenp on the
amplitude of the modulating signal . at uniformly spaced
sampling instants. The term 'regularly éampled' ie

often used-in communiéatiéné.enginéeriﬁg syﬁonymously

with 'uniformly sampled', and the term ‘regular’

sampling will be used in this thesis.

The resulting difference between natural and

regular sampling when applied, for example, to tfailinga
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edge PWM is that'with natural sampling, the sampliné
instant i1s at the end of the pulse, whilst with regular
sampling, the sampling instant 1s at the beginning of"
the pulse. In the cycloconverter, therefore, the.
sampling instants for regular sampling are at the starts
ofrthe cosine timing waves.

| Sampling at regular intervale is used in the
majority of appliéatiohs in communications engiheering
The‘reason for fhis is based on the principle that with
irregular sampling some samples will be c¢lose toleach
. other giving much the same information, whilst others will
be separated by a wider interval resulting in the
possiﬁility of error.: Regular sampling, on the other .
hand, is credited with greater accuracy and less, |
distortion than natural sampling. Later considerations
in this thesis will be concerned ﬁith assessiné whether
these advantages of regulér sampiing élso apply to the

cycloconverter.

lSample-and-hold is another process used in
communications engineering practice when'absample, which
is evaluated instantaneously, is required to be retained
for a certain period of time. The two processes of
regular sampling and sample-and-hold can be.combined and
applied to cosinusoidal control of the cycloconverter as

en alternative to natural sampling. It is convenient to

L3
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sample at the starts of the cosine timing waves. which
occur at regular intervals, and the sampled values are
then held constant and compared with the instantaneous
values of the assoéiated cosine timing waves as shown in
figure 3.5. The PTM impuises, or the trailing edges of

the PWM pulses, then mark the instants when the held samples

“.and the assoclated timing waves are equal; corresponding

also to the thyristor switching instants.

As with natﬁral.sampling, regularly sampled
double-edged PWM gives a frain-bf rectangular pulses .
which are identical to the thyristor éwitching functions.
The switching functions for régular sampling will be
diff'erent from those for natural sampling resulting in
elight differences in the output-vo}tage waveforms,
However, since each switching function is derived from
samples of the same reference Wave»having the required
output ffeqnency‘of-the cycloconverter, the output voltage
in each case has a predominant component at this

frequency.

(3.4+2) Significance of the Sampling Theorem

It is seen from the foregoing that the
apolication of sampling technigues to the cycloconverter
involves sampling the reference wave, converting these
amplitude—mbdulated samples to time-medulated pulses and

then using these pulses to synthesize the output waveform






from sections of the input voltage Waveforms.‘ The
objective 1s to fabricate a‘ﬁaveform.ﬁhich; as closély
as possible, has the form of the sampled Qave, that is a
sinusoidal waveform of wanted output frequency. The
identification of PVM and the switching funétioﬁs,are
introduced as intermediate steps in the procesé qf.

synthesizing the output voltage waveform.

A basic theorem in communications signal

~ processing is the éampming theorem, which is applicable to

regular sampliné. This states that, if the samples of

a given analogue signal are t¢o carry sufficient-‘
information to enable the:signa} to be reconstituted, the
rate of sampling must be eqﬁal to at least twice the
highest frequency of the significant ébmponents present
_iﬁ the original signal. _ A rate of sampling exactly

equal to twice the highest frequency is cazlled the Nyquist

Rate of Sampling.

- This theorem can be appllied to the cycloconverter
in which the sampled sighal is the sinusoidal reference
wave having a frequency equal to the wanted output

frequency, fof__

.. Nyquist sampling rate = 2f (3.2)

Each sample of the reference wave is associated

- with one cosine timing wave, and therefore the actual

sampling rate is equal to the number of cosine timing waves

per second. The number of cosine timing waves
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per second is the product of .the pulse number (p). of
the cycldcoﬁverter circult and-the-input frequency (fi).

o+ Actual sampling rate = pfib ' ' (3.3)

Since the Nyquist sampling rate is the minimum

permissible sampling rate, then from expnessions(E.Q)and

lf (3;3),

pfy > 2f,

or 1, { P ' | (G

2
This gives the theoretical maximum oufput

frequency of the cy cloconverter.

Taking, as an example, a 3~pulse cycloconverter
with a 50Hz input frequency, the theoretical maximum

output frequency is therefore given by

é‘é 50 = 75 Hz

In practice, the maximum output frequency is bqnsiderdbly
less than 75 Hz. The reason-for this difference is that
the Sampling Theorem assumes that the analogue signal

is to be reconstituted from the samples using an ideal
filter or demodulator. The~§ycloconvertér clearly does
not act as an ideal filter or demodulator since the
output voltage waveform is not an exact replica of the

input reference voltage which is sinusoidal,

This then leads to the conclusion that the

reference wave must be sampled at a rate higher than the
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Nyﬁhist Rate in order that it can be reconstituted with

acceptable distortion. It is not possible,;howe&ér,

~to make a quantitative conelusion for the minimum practical
sampling rate since this is dependent upon the load

. and on the: acceptable levels of distortion at the

various distortion frequencies. The acceptable levels

of distortion are generally based on subjective or

| empirical considerations rather than theoretical ones.

From expression (3.4) it is seen that the
theoretical min;mum value of thefpfi/fo Ratio of the
cyclooonverter is 2.0, It was shown in section 2.6.4L
that the magnitude of thé pfi/fo Ratio is significant in
terms of the fundamental repetition frequency of the
output voltage wavefopm. For example, when the value of
the pfi/fo Ratio is an integer, the fundamental fréquency'
is equal to the wanted output ffequency and fhere are
then no‘sﬁb—harmonic components in the output waveforn.
In terms of sampling, this corresponds to the situation
where the trains of amplitude-modulated samples (and of
the corresponding PWM pulses) of consecutive cycles
of the reference wave are identical. This is only
possible when there are an integer number of cosine

timing waves in one pycle of the reference wave.

When there 1s a non-integer number of cosine
timing waves in one cycle of the reference wave, the
trains of amplitude-modulated samples of consecutive

cycles of the reference wave are not identical. As



.discussed in section 256.@,’the fundamentsl repetition
frequency is then less than the wanted output frequency. .
AYthough this indicates that a sub-harmonic component
may be present in the output voltage waveform, no
indication is given of its magnitude‘rélapive_to the
wanted output component. The.magnitudes of the |
sub~-harmonic components, and the relative effects of
natural and regular sampling, were investigated using

- a digital computer as described in the next section.

'(3.4¢3) Spectral Analysis by Computer Investigation

A computer program simulating the circulating-
current cycloconverter was written in Fortran IV
language and run initially on an IBM 1130 digital computer
and subsequently on an ICL L-75 computer, The primary
purpose of the program, a copy of which is shown in |
Appendix 1, was to coﬁpute thewmagnitudes‘of the
sub-harmonic components of the output voliage, tbgether
with a limited range of the low-order super-harmonic

components.

The first part of the program computes the
instants at which the cosine timing waves and the sémples
of the reference wave are equal. These are the switching
instants of the thyristor switching functions (as
discussed in secfion 3.2), and are the starts and finishes
of segments of the input-suppiy waveforms from which the

outrut veltage waveform is fabricated. The computed



switching instants are then used in the second part of

the program for computation of the magnitudesof th¢
harmonic components of the output voltage waveform by
Fourier Analysis, Appendix 2 Shows the adaptation of the
basic Fourier Expressions for the compuler program,

The fundamental repetition frequency was determined by

the method described in section 2.6.3.

¥rom the Fourier coefficients, the magnitude
of the wanted and the distortion componeﬂts are computed
for the positive and negative.gfoups, The mean value
at each frequency giveé the magnitude of each component

for the complete cycloconverier,

The program was arranged to run with natural and
regular sampling for a range of output frequencies as

specified in the input datas

Table 3.1 shows the computed magniﬁudes of.the
components of the output voltage waveform of a 50-Hz
3-pulse circulating-current cycloconverter
for natural samplinge The modulation factor'is'O.S.

The magnitudes are expressed as percentages of the wanted
component, and those components which afe less than 1%

of the wanted component are ignored.
As discussed in chapter 1, high frequency

components are of less importance than those which afe~near,

and particularly below, thGJWanted outﬁut frequency.






The tabulated results are therefore limited to a
maiimum component frequency of 70 Hz. The results for
natural sampiing, that is normal cosinusoidal control,

(20)

-are very similar to those given by Peliy and

Ford(lg), the differences being less than 1.5% of the

" magnitude of the wanted cmmponent.

_ '.?it was shown in the previous section and
in éection‘2.6.u that if the value of the pfi/f0 Ratio
of thé cycloconverter is an integer, then no sub—harmonic
can exist in the output voltagGIWaveform. In table
3.1, this is confirmed by the results'fér output
frequencies of 5, 10, 15, 25, 30 and 50 Hz all of which
correspond to integer values of the pfi/f0 Ratio.
Output frequencies of 35, 4O and 45 Hz correspond to
non-integer values of the pfi/fo Ratio giving
theoretically—present sub—harmonic components, and indeed
are shovn in the tabulated results to give significant
sub--harmonic components of magnitude up to almost 10%

of the wanted component.

The tabulated results also show that a significant
Iow-frequéncy suﬁer-harmonic-is‘present when the output
frequency is 4O Hz or 45 Hz. In both caééé, its
magnitudé is 31% of the magnifude of the wanted‘component.
Although, as stated in chapter 1, the super-harmonics have
less effect.on the torque and efficiency of an a.c. motor
than the sub—hérmonics, these 31% superwharmoniés are of

suffliciently high magnitude as also tending to be
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responsible for imposing a limit on the practical output

frequency of a cycloconverter.

Table 3,2 shows the results for regular sampling

' corresponding to table 3.1, A comparison of these

results shows that the 10 Hz sub-harmonic components at ‘

wanted output frequencies of 35 Hz and LO Hz, gnd the

30 Hz sub-harmonic component at 45 Hz wanted output
freqﬁency are éttenuated from about 9% of the wanted
component for natural sampling to leés thaﬁ 1% for regular
Bampliﬂg. ‘The 20 Hz and 15 Hz‘éub-harmOnic componentsfl
occurring at wanted output fréquencies of 0 Hz and L5 Hz
respectively, ‘are also attenuated to less than 1% of the
wanted component by employing régularasampling. However,
similér significant improvements are not obtained with
the high magnitude 70 Hz and 60 Hz super-harmonic.
components which occur at waﬁted output frequencies of

LO Hz and 45 Hz respectively.

Figure 3.6a compares the magnitude of the wanted
components for natural and regular sampling. The
theoretical maximum output voltage is é%% (= 0.825) of

(10). The modulétion.factor for

the input phase voltage
the computed results is 0.9 and therefore the theoretical
output voltage is 0.9 x 82,5 = 74.3% of the input voltage.
For natural sampling, the computed output voltage is 73.2%
of the input voltage for all output frequencies except
.30‘Hz. At this frequency, there is a rise in volfage

which, as shown in figure 3.6a, is then negated by

53









regular sampling. Figure 3.6a also shows that regular

-Bampling causes #oltage attenuation which increases with
wanted output frequencye. However, in relation to the

- voltage, this attenuation is insignificant.

‘The phase~angles between the wanted
components of the output voltage and the réference
voltage for natural and regular sampling are shown
in figure 3.6b as functions of wanted output frequency.
For natural sampling, the>wanted_component is in
phase with the reference voltage, except at 30 Hz when
there is a phaée—shift of ¢7°. With regulasr sampling,

however, a phase-shift is introduced for all wanted

- output frequencies, increasing linearly from 0° at‘

0 Hz to -90° at 50 Hz.

(3.4.4) Effect of Regular Sampling on the Thyristor
Switching Instants

The computed switching instants for tﬁe
positive group of a 50 Hz 3-pulse circulating-current
cycloconverter are shown as firing angles in figures
3.7a and 3,7b for 35 Hz output frequencyiat 0.9
modulation factor for natural sampling and regular
sampling respectivelye. These figures show the oscillations
of the firing angles about the 'quiescent' angle, 90°,
aﬁd a comparison between them does not indicate any

significant differences between the effects of employing

_natural or regular sampling. However, when the

differences between successive firing angles are

plotted as shown in figures 3.8a and 3.8b, it is seen that
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natural sampling results in very uneven differences
betweén successive firing angles, whereas when regular
sampling is employed, the differences are not so. great,
and. are dispersed more evenly in positive (firing\angle
increasing) and negative (firing angle decréasing)

directions.

' The output frequency for figures 3.7 and 3.8

18 35 Hz which crresponds to a non-integer pfi/fo Ratio

value, In section 3.4.2 it was showvn that if the’

pri/fa Ratio has a non-iﬁteger value (that is, if there

is a non-integer number ot cosine timing waves in one
cycle of the reference wave), a sub-harmonic component
may be present in the output voltage waverorm.

However, the results in tables 3.1 and 3.2 show that

when the output. frequency is 35 Hz (corresponding to

a2 non-integer pfi/fo Ratio value), there is a sub=-harmonic
component of significant magnitude when natural sampling
is employed, but when natural sampling is replaced by
regular sampling,.the sub-~harmonic component is

eliminated.

.-Thus, although as discussed in section 3.&.2,
a sub-harmonic component cannot exist if .the pfi/fo Ratic
has an integer value, the results show that this is noi
the exclusive criterion for ensuring that no sub-harmonic

components will be present. It is shown in figures

3¢7 and 3.8 that an alternative criterion can invelve

an appropriate dispersion of the thyristor switching
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instants for successive cycles of the reference wave,

This is now given further consideration.

(3.5) Effect of Sub-harmonic Components on the Output '

Voltage Wavetorm

(3.5.1) General

If the cycloconverfer is operated with constant.
firing angles, it‘acts‘as‘a rectifier; with 900 firing
angles the output voltage is zero, and with constant
firing angles less than or greater than 900,-the=output
voltage would be positive or negative respectively. With
cycloconverter action, the firing angles oscillate on
either side of 90°:(within the range 0 - 180°) at a
frequénqy equal to the output frequency. It is possible
for both the rectifier and the cycloconvertgr actions to
occur simultaneously: 1if the firing angles under-
cycloconverter action tend to be biassed towards one side
of 900, as shown in figure 3,9a, then a d.c. component wiil
be present in the output vwltage.. If this bias itsslf
oscillates (at a frequency less than the wanted output

frequency) as shown in figure 3.9b, then the polarity

‘ot ‘the d.c. component will alternate; that is, a sub-

harmonic component will be present in the output voltage.

It was seen in the preceding section that
appropriate control ot the thyristor switching instahts can
eliminate the sub-harmonic component even if this
component is theoretically present. This conclusion is
now considered with respect to the shape of the output
voltage waveform,
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(3.5,2) The Equal-area Criterion

The mean (d.c.) value‘ofanyiwaweforﬁ

£(t) between times t, and t, is equal to

I N B (3.5)

If the function is periodic end if
(t, = t;) is the period T, of the repetition
frequency, then this expression 1s.1dentical to
the expression fbr the d.c. COmponeﬁt,when Fourier
. Analysis is applied to a periodic function, |
Furthermore, if f£(t) is the output voltage of a
cycloconverter, expression (3.5) gives the dece
component of the output voltage. Substituting
T, for (t2- tl), gnd-Setting-the time-axis tqngive
t, = 0, expression (3.5) then becomes
1 [ T -
d.c. component =_~ . £(t)dt (396)

f
0

If, however, (t2 - tl) is the period
To of the wanted‘output frequency of the cycloconverter,

then expression (3.5) becomes

T .
1 f ° - .
e £(t)at | (3.7)

o 0

Expression (3.7) gives the d.c. component
of the cycloconverter output voltage only if the

wanted output frequency of the cycloconverter is
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equal to the repetition freauency of the voltage

waveform. This is the condition corresponding to

figure'3,9a wheh the wanted output component is thé

fundamental c¢omponent of the Fourier series which

is less than the wanted output frequency, then

~defines £{t). If the fundamentgl repetition frequency

expression

{3.7) only gives the mean value of the output voltage

during the period TO. Since successive cycles of the

output wltage waveform, at wanted output frequency, are

not identical for this condition, the mean value for

each cycle will not be a constant, as was shown in

figure 3,9b.

It therefore follows that, if there is a

variafion in the mean.value of successive cycles of the

output voltage waveform at wanted output frequency,

"a sub=harmenic component is present. The ftundamental

repetition frequency is then less than the wanted output

frequency.

When comparing the relative magnitudes of the

mean values of successive cycles of the ocutput

it is only necessary to consider the quantity

voltage,

T
© £(t)at

since the component % of expression (3.7) is éommon.
(o]

This integral gives the nett area enclosed by the output

voltage wavetform during the period Td seconds.

Although the above discussion refers
output voltage waveform of the cycloconverter,

equally to the output current wavetorm.

to the

it applies



Tt is concluded that in order to SUPpPress a
sub-harmonic component, the ‘equal-area critepioﬁf'must
be applied stipulating that the nett arees enclosed by
successive cycles of the output waveform at Qanted
output frequency must be arranged to be equal,by

appropriate control of the thyrﬂstor‘BWitching instants.

(3.5.3) Corrclation between the Equal-area Criterion

and the Computer Resulis

Figure 3.1}0 shows the outpult volitage waveform
(derived from the computed switching instants) of the

positive group of a 50 Hz 3-pulse circulating-current

'cydtoconverter with 35 Hz output frequency and 0,9

modulation factor. The area enclosed by the wavelorm
is shown in black, and the wanted output compdnent is
also shovm in the fipure. By comparing the nett.areas
for each successive cycie of the wanted component, a
sub-harmonic éomponalt is identifiable. The computer
results in tablel3.1 showed that the magnitude of this
component is 9% of the magnitude of the wanted

component. -

Figure 3.1l shéws the ouiput véltage vvaveform
for regular sampling correéponding to‘figure 3.10,. Iﬂ
thie case, no variation in the nett areas for successive
cycles of the wanted component is discernible, showing
that no significant éub-harmonic component is present.
This was confirmed by the computer results in table 3.2.

Thus, the modifications to the switching instants caused
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5y-replacing natural sampling with,régular‘sampling
result in small, but highly significant, modificétions

to the‘oﬁtput voltage waveform such that a ﬁalance of

the enclosed areas of successive cycles of the wanted
output component is obtained. It is believed that this
is the basic requirement for attenuating the sub-harmonic

component.

- (3+6) Inhibition Control

-The discussion so far in this chapter has been
primarily concerned with the operation of the
cycloconverter in the circulating—current mode. Since
each thyristor group is in continuous conduction, the |
output voltage waveform of each group is continuous,
This pfovides a convenient basis for the investigation
into the attenuation of the sub-harnonic components of
the output voltage waveform of the cycloconverter when

operated in the inhibited mode.

During the conduction periods of each thyfistor
group of the inhibitéd cyéloconverter, the thyristor
switching instants are determﬁned by cosinusoidal control
as in the circulating-current cycloconverter. During
the non;conducting pefiods when inhibition control is
applied, the output voltage of the non-cenducting
thyristor group is zero. Thus, the two thyristor groups
are effectively switched alternately at the output |
frequency (wo) of the cycloanverters, This 1eads‘tolthe

concept of inhibition switching functions of unity
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magnitude as shovmn injfighre 3.12. If the inhibition

switching function for one group is f(wot), then the

inhibition switching function for the other group is

-f(wdt-—yt). The modulation of these functions wvith

the rgspective group output voltages (for circulating-
current. mode), results in two modulated waves which, when

éombined,‘give the output voltage waveform of the

_ inhibiied cycloconverter.

As discussed in the pfeceding section, the

presence of a sub-harmonic component in the output

voltage waveform has the effect of‘varying.thg nett areas
énclosed by successive cyeles of this waveform at the
wanted output freguency. ‘ In‘the.inhibited cycloconverter,
however, the variations of the nett areas are under

the influence of not only modifications to the thyristor -
switéhing functions, but also modifications to the

inhibition switching functions.

"Transfer of control from one group to the
other in the inhibited cycloconverter can only take
place ﬁhen the load current is zero. ‘Thus each
transition of the inhibition switching function is
associated with a zero magnitude sample of load current,
the continuously varying.load‘currént between the samples
having no signiricance. Since the inhibition switching
instants are dependent on the load current zeros, there
is no possibility of exercising direct control over the

inhibition switching instants. However, there still
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rémains-the possibility of exercising indirect control
over them by modifying the thyristor switch;pg;instants
by, for example, replacing natural by regular sampling

ot the reference voltage.

(3.7) Application of Regular Sampling to the Control
af the Inhibited Cycloconverter

(3.7.1) General

The computer results for the circulating—f
current cycloconverter , discussed in section 3.4.3,
showed very significant attenuation of the sub-harmonic
components of' the output voltage waveform when natural
sampling was replaced by regular sampling. In the |
inhibited cycloconverter, the output voltage wavetorm
ot" the circulating-current cycloconverter is modulated
with the inhibition switching functions, and it is
necessary td reinvestigate the effect ot regular

sampling on the harmonic spectra.

For the initial investigation, it is assumed
that the load current waveform is sinusoidal so that
the ioad current zeros, which det'ine the.inhibitton
switching insténts?occur at regular intervals. It
is further assumed at this stage that the load has unity
displacement factor sc that the inhibition switching
instants are aiso defined by the zZeros of the wanted
component of the output voltage. However, since

regular sampling in the circulsting-current
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cycloconverter wéglshown to introduce a phase shift

. between the wanted output component and the reference
voltage, then a similar effect is anticipated‘in the
_inhibited cycloconverter. In this case, there is a
phase difference between the inhibitibn switching

functions and the reference wave,

(3-702) Computer Program for Spectral Analysisrof the
Inhibited Cycloconverter '

‘A compufer pragram.was_ﬁritten>to compare the
effects'of natural and regular sampling on the harmonic
gpectrum of the outpuﬁ voltage waveform of the inhibited
cycloconverter, and also to compare the spectrum of the
;ﬂhibited cycloconverter with that of the circulating-

current cycloconverter.

The first part of the program computes all the
switching instants of the thyristor switching functions .
which would apply to the cycloconverter if operated in

the circulating-current mode,

The seéond part of the program identiflies the
instants at which the load current is zero, thereby
defining the inhibition switching functions. The phase
~ difference between the reference wave and the inhibition
switching function cannot be determined until the phase
diffefence between the wanted component of the output
voltage and the referenéé‘wave is known. This is to:

be determined by Fourier Analysis of the output voltage



waveform - - but this requireé the inhibition switching-:
instants to be knbwn'already. | |
Thus,. in order that the computation may .
proceed, the phase angle between the wanted component
and the‘refefence'wavc must be estimated :and included
in tﬁe iﬁput data. .The program then uses this angle
to: compute the inhibition switching instants.' This

enébles those thyristor switching jnstants which are

- relevant to the inhibited cycloconverter to be

identified, and Fourier Analysis (Appendixﬂ2) is‘applied

to the resulting output‘vqltage~wavefdrm to determine

the phase angle or the wanted component with respect to

the reference wave. If the difference between this E
computed angle and the ‘estimated angle is greater than

0.4%, then an iterative procedure amends the estimated

value to the meah of the estimated and computed values.
when the difference is less than O.uo, the full Pourier
Analysis procedure is applied to the oﬁtput voltage

waveform to compute the magnitudes of all the wanted and

distortion components.

(3.7.3) Effect of Regular Sampling on the.Performance
of the Inhibited Cycloconverter

The computed mggnituaes of the components of the
autput voltage for natural snd regular sampling are shown in
tables 3.3 and 3.4. A comparison of tables 3.3 and 3.l

shows that for natural sampling, the inhibited cycloconverter
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generates higher magnitudes of both sub-— and super-
harmonic componeﬁts than those in the.circulatiﬁg—current
c'ycloéonv.erte’r° In addition, the number of significant
(gfeater than the arbitrary figure of 1%) components is
greater. Improvement ct' the performance of the
cycloconverter therefore presents a mMOreé onerous problem
when it is operated in the inhibited_mode than in the'

circulating-current mode.

A comparison of fables 3.1 = 3.4 also éhows
that replacement of natural by regular sampling_in the
inﬁibited cycloconverter does not rgsult in the
pignificant improvements that were obtained in the
circulating-current cycloconverter. For example, the
10 Hz sub-harmonic componeﬁts at 35 Hz and L0 Hz wanted
output frequencies are attenuated from about 16% to only
about. 12%1%, A more significant reduction. is, however,
obtained from 10% tor 4% in the case of the 20 Fz sub-

harmonic at 4O Iz wanted output frequency.

The variation of the magnitude of the wanted
output éomponent with output frequency for natural and
regular sampling is shown in figure 3.13a, Aé in the
circulating-current CyCIOCOnverter,_the output voltage
for natural sampling is virtually independent of the -
output fregquency. The rise in voltage again occurs at
a frequency of 30 Hz, but the rise is not so
significant as in the circulating-current_cycloconvérter.

Figure 3.13a also shows that, when regular sampling is
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emplbyed‘in the inhibited cycloconverter, thé output
véltage.becomes attenuated. This attenuation increases
with frequency, reaching about 10% when the output

frequency is equal to the input frequency.

Figure 3.13b shows that the phase angle of the
wanted component with respect to the reference voltage
is-virtually Zero atlall‘output frequencies when
natural sampling is employed in the cycl oconverter, but-
increases (in the lagging sense) with output frequency

for regular sampling.

The output voltage waveforms for 35 Hz ﬁutput
frequency are shown in tigures 3.1& and 3.15 for natural
and regular sampling respectively. In both cases, the
nett-érea enclosed by the ﬁaveforms varies between
successive cycles of wanted component, due to the
presence of a sub-harmonic component, ~ Tables 3.3 and
3¢l show that the predominant sub-harmonic component has
a frequenby of 10 Hz and its magnitudé is 1% of the
wanted component for natural sampling, and 12% for

regular sampling.

| The enclosed areas of the Wavefbrms«during the
positive half cycles of the wanted component are exactly the
same as the correspohding periods in figures 3.10 and 3.11
for the positive group of the circulating-current
cycloconverter,. The enclosed areas during the negative

half cycles are also exactly the same as the corresponding

‘periods for the negative group of the circulating-current









cyéloconverter. But although Pégular sampling virtually
eliminateﬁ the variation in nett areas during:suécessive
cycles of the wanted component for both the positive

and negative groups of the circulating-current
cycloconverter, when segments of these waveforms are put
together.iﬁ the inhibited cycloconverter, the variation

again becomes evident.

It is concluded that the introduction of the
inhibition switching functions in the operation of the
cycloconverter have a negating effect on the improvements
obtained with regular sampling when‘operafed in the

circulating-current mode.

(3.7.4) Application of Pulse Position Modulation

An extension of the process of regular sampling
in communications engineering is described by Taub and

(18)‘ This 1s pulse position modulation, and

Schilling
involves adding ramp functions of constant slope t0o the
held samples and comparing the resultant functions with
a d.c., reference level, At instants of intersections,
short duration pulses are generated. By éhis means,

the originai analogue signal is converted {0 a train.of

digital time-modulated samples (referred to as pulse

position modulation).

The process of sampling in the cycloconverter
‘is to convert the sinuscidal reference wave to switching

instants. Pulse position modulation is therefore
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applicable to the qpntrol'of the cycloconverter, with
appropriate modifications, as shown in figure 3.16.

Cosine timing waves are used 1n'place of the d.c. retference
level, and the ramp functions have durations'equal to the
timing waves. The ramps are added to the heXd samples

of the reterence wave in the positive group of the

'cycloéonverter {as in figure 3.16), but are inverted and

. subtracted in the negative group. The intersections

of the cosine timing waves with the ramp functions gilve

the switching instants of the thyristor switching functiohs.

Tn order to investigate the effect of applying
pulse position modulation to the control of fhe inhibited
cycloconverter, the first part of the computer program
was modified to give a different set of values of the
thyristor switching instants, The computed.magnitudés
of the output voltage components (as percentages of the
wanted component) are shown in table 3.5. By comparing
these results with the results shown in table 3.3, it
is seen that the sub-harmonic domponents are
significantly-attenuated when_ﬁulse position modulation
is. employed in place of natural sampling. For exémﬁle,
the IO Hz Bub-harmopic components at output frequencieé
of 35 and 40 Hz aréiattenua?ed from about 16% to 6% |
of the wanted component, Tﬁis is compared with an
attenuation down to only &bout 12i% with regular sampling
(table 3.4). The 20 Hz sub-harmonic component for

LO Hz output frequency, and the 15 Hz. sub-harmonic
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-component for L5 Hz output'frequency, are attenuated to

about 2%‘with pulse position modulation,compared with

3% when regular sampling is applied.

The voltage and phase angle of the wanted

output component are shown in figure 317 as functions

of wanted output fregquency. The veoltage is maintained

between 76% and 77% of the input voltage which is an

_improvement over the 73% for natural sampling (figure 3.13%).

The phase angle with respect to the reference voltage
increases in a lagging direction with indreasing
output frequency reaching 60° at 50 Hz compared with
82° at 50 Hz for reguIér sampling (alsq showh in
figure 3.13).

Figure 3,18 shows the arcecas enclosed by the

output voltage waveform when pulse position modulation

is applied. In épite of the attenuation of the

'_ sub-harmonic components by employing pulse position
- modulation, the variation in nett areas.Quring_'

successive cycles of the wanted component is still

evident, showing that even a 6% sub-harmonic has a

noticeable effect on the output waveform.









CHAPTER L .

IDENTIFICATION OF THE SUB-HARMONIC COMPONENTS
IN THE INHIBITED CYCLOCONVERTER '

(4.1) Introduction

"The last part of the previous chapter is
concerned with the sub-harmonic components of the output
voltage-éf an inhibited cycloconverter on the_asgumption-
phat the cycloconverter supplies sinusoidal load current.
This is an assumption invarigbly made in the literature,
and there is no evidence to show that thé‘effect of a
non-s8inuscidal current has been considered in detail,
Furthermore, there is no evidence to show that attenuation
of the sub—harmohic components in the inhibited

cycloconverter has been investigated.

In this chapter, the characteristics of the
sub—harmonicicomponents of the output voltage of the
inhibited cycloconverter are investigated in greater detail
than in-the last chapter. The effect of a non-sipusoidal
load current at a non-unity displacement factor is also
discuséed. Finally, a method of attenuating the sub-
harmdnic components under these operating coﬁéitions?is

proposed and investigated.

(4.2) Identification of the Sub-harmoni¢ Components in
terms of the General Harmonics

The waveform analysis of a multi—phase

cyclocoﬁverter is stated by Takshashi and Miyairi(ll) to
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be extremely difficult and exact analysis to be almosi
impossible, To facilitate this problem, their analysis
ihvolves the replacement of cycloconvertefkoperation

by an equivalent mechanical commutator and identifying the

constituent harmonics in the resultingffrequency—modﬁlation
expression. Similar results arelobtained by Pellglo),
whose analysis is based on the switching function concept
discussed in chapter 3%, giving the same constitueni

harmonics in the output waveform as are identified by

\ | Takahashi and Miyairi,

The frequenc;es of the harmonic conmponents
present in the output voltage of = 3—pdlse inhibited
cycloconverter are shown by Pelly(lo) to be given hy the

following general relationships:

fo = |3(em-1)f,. + 2nf0| | (L.1)
and f; = |6mfy x (2n+1)f_ | | (L.2) 7
where m = any integer from 1 to infinity

]
n

any integer from O to infinity
fi; input frequency
fo= output frequency

The frequencies of the components for m = 1

. - and (4.2)
and n = 0, 1, 2, 3, 4, using expressions&h.ly, ares

n=0 fp=3f o )

n=1 fh = Bfi + 2f0

n=2 f.= 30 % Lf > (4.3)
n=3 fy=3f + 6f

n==4 fp =30, + 8f J
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n=0 £, =6f tf 3
n=1 f= 6?1;t 3f0 N |
n=2 £, =6f & 5f P W)
n=3 f =68 &7f,
| o m=b fy =68 19T, >
"[_and for m= 2 in expression (41):[31
’ _n‘= 0 fh‘= 9fi : W
n=1 £ =09 & 2f, 1 | .
n=2 fy=9f; £Uf, ; (4.5)
n=3 f = 9Ti + 6f | ' |
n=1.4 £ =9, & 8f LA

The above components'represent only s small

number of the infinite number of components in the

frequency spectrum of the.3-pulse inhibited cycloconvérter.
The presence of these components is also confirmed

by Takahashi and Miyairi( %),

For 6-pulse operation, the components shown
in expressions(L.3)and (4.5 would not be present, the
remaining components then being on either side of 6fi,

12fi etc.

Thus, for -a p-pulse inhibited cycloconverter, -
the fregquencies of the harmonic components-.are-given dy

£ = |mp €5 (2n + k)f (L4e6)

o

where k = O for odd values of (mp)

1 for even values of (mp)

If the alternative sign in this expression is
positive, then fh>fo and the component cannoi be a sub-
harmonic., Therefore all sub~harmonic components must have

the general form:
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= |mpf, - (2nex)r ] S e
This does not mean, however, that all.components

represented by expression (4.7) are sub-harmonic components.

Expression (4.7) can be re-arranged as follows:

e o) - G R (18)

The factor (Pfi/fd) in th¥e expression was referred to

in chapter 2 as the 'Ratio' of the cycloconverter, and

its numerical value expressed as a fraction was shown
to be significant in determining the frequency of the-
fundamental component of the series of harmonic

components which constitute the output voltage of the

cycloconverter.

%o

If the quantity . lm.(pfi)_ (en + k)|<:1.0, then
the harmonic is a sub-harmonic component for the

particular values of m, p, fi’ fo’ n and k..

In order to proceed further towards the
identification of the sub-harmonic components, it is
éonvenient.to consider thé operation of the cycloconverter
separately for Integer and noh-integer Vglues of the

pfi/fo Ratio.

(L.2.1) Operation of the Cycloconverter at Integer
pfi/fo Ratio Values

{

For a component to be a sub-harmonic, its
frequency is less than the output frequency. Thus, in
expression (4.8 ), the coefficient of fé must be lesé

than 1.0, m, n and k are iniegers, and since the
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pfi/fo Ratio is also an integer for the present discussion,

then the coefficient of fb can only-begzero or an integer.

It ie therefore concluded that when the
cycloconverter is operated at,an‘integ¢r=vémue of the
pfi/fo‘Ratto, there will be no alternating sub-harmonic
components. There may however be a d.c. component if

the coefficient of £ in expression (4.8 ) is zero,

For a 3-pulse cycloconverter and m = 1,
expression (4.8 ) becomes

fh.-: p‘.f'i _2n|f

pfy o | (4.9 )
fO

Therefore fh is a d.c. component if the Pfi/fb Ratio

is an even-valued integer.

For a 3-pulse cycloconverter and m = 2,
expression (4. 8') becomes

f,o= {2 (pfi) ~ (2n+1)

h ~ fo

(4.10)

%o

For any integer value of,pfi/fo, the coefficient of
fo is never zero, so that in thilis case fh_can never be
a d.c. component. '

For a 3-pulse cycloconwérter end m = 3,

expression (4.8 ) becomes

3 (pfi) _
fo

In this case, f} is a d.c. component if pfi/fo is an

fy = 1, (4.11)

even integer.
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It is concluded that a d.c. component will

theoretically be present in the output voltage waveform

of a 3-pulse cycloconverter when operated at an even-

integer value of the pfi/fo Ratio, Whether it is
presentrin practice. depends on its magnitude. When the
3-pulse éycloéonverter is operated at an odd integer
value:of the pfi/fo‘Ratio, a d.c. component cannot be

present.

8imilar arguments applied to the 6-pulse and
l2-pulse cycloconverters show that in these cases; a d.c.
component cannot be present for any integer value of
pf. /L, |

In terms of the output voliage waveform,
operation of ‘a cycloconverier at any integer pfi/f0 Ratio
corresponds to the situation in which the ‘waveform is
identical for successive éycles of the reference. voltage.
As discussed in chaﬁter 2, the fundamental repetition
frequency 1isthen equal to the wanted output ffequency, even

if a d;c. component is present,

(4.2.2) Operation of the Cycloconverter at Non-integer
pfi/fo Ratio Values

It has been shown in chapter 2 that the
fundamental repetition frequency can be determined from
the fractional form of the pfi/fo Ratio value; - for any

non-integer Ratio value, the fundamental repetition
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fréquency.is less than the ouiput frequency. - This means
~ that the output voltage waveform is not identical for

successive cycles of the reference voltage.

It ié also evident fpom expressions (4.9 ),
(4.10) and (L4.11), that for any non-integer value of
pf,/f,, the coefficient of f_ in these expressions is
always-a_non-integer, and thdat for certain combinations
of values of (n) and‘Cpfi/fo), the coefficient will be:
less than 1.0, In such cases, the component is-é

sub~harmonic,

(4o3) Computer Analysis

(L.3.1) Irregularity of the Inhibition Switching

Functions at Low.pfi/fO‘Ratio-VaIues

For decreasing values of pfi/fd'(or for
increasing output frequency for a pfpulse cycloconverter
operated at constant input fregquency), the periods between
the switching instants ¢f the thyristor switching
functions become increasingly larger proportioné of the
periods between switching instants of the inhibition
switching functions,. The 'pulsing' of_the cﬁcloconverter
becomes more evident and 1t can no longer he assumed
that the load current waveform 1s-sinueoidal. The

intervals bétween succéssive load current zeros, which
define the inhibition switching instants,will not then

1

necessarily be- seconds, but will vary above



and below this value. The inhibition switching

tnstants are alsc affected by modifications to the
.thyristor switching functions. This is shown in figure
4.1 in which it is assumed that the load has a lagging
displacément factor and that the current does not fall to
zero at the instant the voltage reaches zero. In tigure
lI.la, the current falls to zero at time ¥ whichﬂtﬁérefore
defines_the inhibition switching instant. In figure |
u;lb, a thyristor switching instant occurs‘jusﬁ before
ty+ The current does not then fall to zero at time

tl’ but rises uﬁder the‘efrecffof the next phase voltage
in sequence, and falls to zero at time t,. The time.
.interVal-(té-tl) may be a significant proportion of a
half.period of output ffequency.

. It is therefore clear that the transitions of
thé inhibition switching functions will b@poﬁe increasingly
irregular as Pfi/fo decreases, It is then:necessary
to compute each instant at which the load current becones
zZero in.order to identify the .nature of the inhibition
Swimching functions. In the general case of a non-
unity displacement factor load, the load current waveform
between éuccessive thyristor sﬁitching.instants'is the
resultant of the forced and natural responses oflfhe
load ﬁo the corresponding phase voltage. During each

of theSe periods, the output voltage waveform is a segment






of a sinusoid, and at eacﬁ switching instant, there is

a step change in voltage. 'The response of the load to

the output voltage can therefore be analysed by considering
each of these periods separately. Since the current is
not necessarily zero at the switching instant, non-zero

initial conditions must be taken into account.

The derivation of the expression for the current
" response of a load ha#ing lagging displacement factor

is given in Appendix 3, and this was used as the basis
for modifying the computer program to identify the
inhibition switching instants;' The initial condition

for the first thyristor conduction pericd after an
inhibition switching instant is zero; the initial
condition for each of the other thyristor conduction
periods is always given by the final condiftion of the
previous conduction period. A step-by-step check on the
instantaneous value of load current then enables the
instants of the current zeros, and hence the inhibition

switching instants, to be identified.

To avoid unstable switching between the two
thyristor groups, load current zeros occﬁrring before
the associated reference voltage zero are ignored.

Each inhibition switching instaht_therefore cofresponds
to the first current zero after the associated reference

voltage zero.
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(4.3.2) Computed Results

The computer program written for thelinhibited
cyclbconverter_when‘eupplying non-sinusoidal load‘cﬁrrent
is shovn in Appendix 4. A lagging displacemeht factor
load having a time constant of 0.00%s was‘assumed; this
is equivalent, for sinusoidal voltage and currént, to

a power factor of 0.67. The modulation factor was 0.9

‘and the program was run, initially, for natural sdampling

and for a range of values of the pfi/fo Ratio from
9.0 down to 3.0. The second method of determining the

fundamental frequency (described in chapter 2) was

~developed for use in this program.

The range of Ratio values from 9.0 to 3.0
correépond, for a 3-pulse cycloconverter, to a frequency
range from 33}% to 100% of the input frequency.  33i%

was selected as the lower limit since cycloconverters

are commonly operated at frequency ratios up to this wvalue, as:

discussed in chapter 1. The: selection of 100% as the upper

limit is arbitrary and there 1s no reason in theory vhy
operation of the cycloconverter should not be possible

at output frequencies greater than the input freaquency.

The computed\magnitudeé of the componehts of
the output voltage for the above input conditions aré
shown in Table L.l. For convenience, the table is shown
in 6 parts (Tables u.la'- L.1f). For each Pfi/f6 Ratio
value, the magnitudés are expressed as percentages of'the

wanted component, and the frequency of each component (fh)
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is ekpressed'aa a proportion of the-wantgdroutpum frequency
(-fo);. This enables the general harmonics (as defined by
equation 4.8) to-be convenlently identified, and the most
eignificant ones are shovn in the tabulated r?sults by dotted
Iines. This clearly shows the variation in the frequency

value of the general harmonic with variation in pf.i/f0 Ratio.

It ies seen that each general harmonic maintains

:a‘raifly consistent magnitude over 1its range of specific .

frequencies. Variations in the magnitude are attributed

to the coincidence with these general harmonics of less
signifﬁcant ones which-are not identified in the tébulated
results. The-general harmonicé-also coincide with the
wanted components at certain pfi/folRatio valués‘which are
all integer values. For‘example,lwhen the.pfi/fo Ratio is
5.0 there are no sub-harmonic -components; but when' the Ratio

is reduced to 4.9 (representing an increase of output

-frequency of a 50 Hz 3-pulse cycloconverter from 30.0 Hz. to

only 30.6 Hz), a large number of sub-harmonic components

appear with a very significant one at 0.9fo‘or 27.54 Hz.

The fundamental frequencies in tables L4.l2a - 4,1f are
indicated by thick lines around the appropriate values, and
no a.c. component can exist at frequencies ‘below the
fundamen tal frequency. However, it is seen that the general
harmonics converge to a zero frequency, or d.c., component at
a particular Ratio which can be referred to as the 'Centre

Ratio' for that hérmonic. For a range-of Ratios on either

- s8lde of the Centre Ratio, the harmonic is a sub-harmonic

component with a freguency less than the output frequency.

As the Ratios diverge further away from the Centre Ratio, so
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the harmonic becomes a super-harmonic component.

It is éeen from tables L.la to L.1f,that for odd

integer Ratio Valuee, there are no sub-harmonic or d.c.

" components in the output voltage waveform. For even

integer Ratio Values, there is a d.c. component but no

sub-harmonic component 1in the output. This confirms

the conclusions drawn in section L.2.

The presence of significant sub-harmonics can

. be predicted at Ratio Values other than those specifically

quoted by interpolating between the tabulated results.
For example, at a Ratio of 3.85, there would be no
significant d.c. component, but there would be two
aignificant sub-harmonic components, one at a frequency
near 0.15 of the aatput frequency, and the other near

0.7 of the output frequency.

It is noted that the 3f, harmonic family gives
sub-harmonic components for a 2.0 range of Ratioc Values,
whilst th‘e’6fi harmonic family gives sub-harmonic components
over a range of only 1,0. Thus the 3fi harmonic family
causes sub-harﬁonic distortion over a wider range of

output frequencies than the 6fi family,

“The above conclusions drawn from tables l.la -
L.1f regarding the trequencies of the signiticant

general harmonics and the sub-harmanie and'd.c. components

- are summarized in figure 4.2. This figure shows the

variations of the specific frequencies of the general

hermonics {expressed as per unit of the output frequency)
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,wiih the pfi/fo Raﬁio. The characteristices shovm with
pecked lines are ho¢>extracted from the tabulated results,
but are extrapqlated from. these results. The lower
limit of the pfi/fo-Ratiq is set at 2.0 in figure 4.2
gince £his is the theoretical limit for operation of the

3-pulse cycloconverter determined by the Sampling Theorem

(section 3.4.2). Although figure 4.2 does not give

. information on the magnitudes of the harmonics, the

results in tables 4.la = L4.1f show that they decrease for

increasing coefficients of £oe

Further data from the computer analysis showea
that the (3r,-6f ) and the (6f;-9f ) harmonics in'a
3~-phase output each form co-phasal sets, whilst the other
harmonics form 3-phase sets. The (3fi-6fo) and
(6fi-9fo) current harmonics can therefore Bg eliminated

by using a 3~-phase load with no neutral connection.

A comparison between tables u.la.- L.,1f
and table 3.3 shows that the magnitudes of the sqb—
harmonic components are increased vhen the unity
displacemnent tactor load taking sinuscidal current is
repla ced by an inductive load (0.005 & fime»consmant)
taking = non-sinuéoidal currente. For exanpile, the
magnitude of the (Bfi-hfo) harmonie is increased in the
sub-harmonic region from about 15% to about 20% of the

wanted component.

From the discussion in section 3.5 regarding
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the>equa1-area criterion, this leads to the conclusion

' that-the inhibition switching functions are responsible

for increasing the variation in nett areas of

- sucecessive cycles of the output voltage waveform at

wanted output fregquency. For the conditions under

discussion in which the load current is -non-sinusoidal,

the mark/space ratios of the inhibition svitching

functions are generally irregular. The shape of the
output waveforms were therefore investigated further

using the digital computer, as described in the next

-section.

(4o.3.3) Computer Graph Plots

A sub-routine progfam vvas written to obtain
computer graph plots'éf the output voltage and current
waveforms for selected values of the pfi/fo'Ratio.
Examples are shown in figures u.3 - 4.6 and they relate
to the resulis in section 4.3.2; that is, they are
for an inhibited cycloconverter opersting with natural
sampling at 0.9 modulation factor and supplying an
inductive load of time constant 0.00% s. A 3-pulse
cyclooonvérter is assumed, and in all caées, the

waveforms represent one cycle of fundamental (repetition)

frequency plus + cycle of wanted output frequency.

The first and last half cycles (at output frequency)
are therefore identical in. each case, In order

to limit the number of cycles of the wanted
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output component for each graph plot,
appropriéie pfi/fo_Ratios were selgcted'tougive
a fundamental frequency of not iess than 0.5 -
of the output frequency. o

It is to be noted that an.inductive load
acts as a 1ow-§ass filter which tends to. suppress
high frequency components. The sub-harmonic
components -in the current waveform are therefore
a greater proportion, and the super-harmonic
componéfts a smaller proportion, of the wanted
component than in th¢ voltage waveform, The

effect of sub-~harmonics can therefore more easily

be seen in the current waveform.

Figure L.3 is for a Ratio value of 4.0,
and the nett area enclosed by the current waveform.
(and the véltage waveform) is the same for
successive complete cycles of the wanted output
component. Hence there is no a.c¢. sub-harmonic .

component. This 1s as expected since there can

be no a.c. sub-harmonic component when the fundamental

frequency 1is equal to the wanted output fnéquency;
The nett area enclosed by the current wavetorm
is not zero, however, and therefore as explained
in section 3.5, a d.c. component must exist in the
outpute. " This is shown in tables Le.la and 4.1Db

t0 have s magnitude>of 15% of the wanted component.
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-,Figﬁre L., shows the waveforms for. a
pfi/fo Ratio‘ofju.5 for which the fundamental
frequency is 0.5 of the wanted output frequencye.

' In this case, the nett area enclosed by the current
waveform during the first»complete cycle of the

wanted‘component is less than thatduring the second
cycle. A sub-harmonic component must .be pfesent, .
and table L.1b shows that this is the 237% sub-harmonic R
at 0.5c the wanted compdneﬁt (i.e. at the

fundamental frequency in this case),

Figure L.5 shows the waveforms for a
pfi/fo‘Ratio of 5.0. In this case, it is clear
that the nett areas enclosed by the current
waveform during successive cycles of the wanted
component are zero. There can be no d.c. comﬁonent"
or sub-harmonic componemts as confirmed by the

results shown in tables L,1b and 4.lc.

'Figure L.6 éhows exampleé of waveforms for
8 higher Ratio value than in figures L.3 — L.5.
This is for 8.5 which is shown in table L.1f to
give a sub-harmonic component of magnitude 5%
of the wanted cbmponent at 0;5 of the freguency
of the wanted component. In figure 4.6, a variation
in the nett arecas enclosed by the current waveform |
during successive c¢ycles of wantéd component'can

be discerned, even for this 5% sub-harmonic component,
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It-is:to be noted, however, that a variation in the
nett areas enclosed by the voltage waveform is'not'so

readily dlscernible.

Figures 4.3 - L.b6 ldentify the problem in
diégrammatic form of the sub-harmonic: components in the
output of an inhibited cycloconverter with an inductive
.load taking non-sinusoidal current. The solution to
~the.problem lies in controlling the switching instants
in suéh a waj that the nett areas.encidsed by the
_éufrent wavel'orm during successive cycleé-of th&

wanted component are redaced,

;(u.h) Apvlication of Modified Control Techniques
) to the Inhibited Cycloconverter when
supplying Non-sinusoidal Load Current

(4.4.1) General

It has been shown in this chapter that
for any specified pfi/fo‘Ratio, the frequency of a
sub-harmonic component is onl&-a particﬁlar value
of a general harmonic. For any other pfi/fo‘Ratio,
the general harmonic takes one of an infinite
number of other values of which only anliﬁited

band will be less than the wanted output component.

It is therefore anticipated that attenuation
of a sub-harmonic component in the cyclecconverter _
oﬁtput will result in attenuation of the general

harmonic over its whole fregquency range, including
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the super-harmonic region. It is inherent in the
operastion of the cycloconverter that tﬁe output
voltage must be n&n—sinusoidai ﬁnd must .contain a
large number of harmonic‘oomponénts; It would theréfore
bé impossible to attenuate all harmoﬁics. The
objective 1is therefore to attenuate those general
harmonics which give rise to significant sub-ﬁarmonic
comppnents‘for the range of pfi/f6 Ratios over

which the cycloconverter is to be normall& operated,
The discussion in this section isltherefore concerned
with the computer ihvéstigétion into the application -

of modified control techniques, using the results

‘given in the earlier part of this chapter for natural

sampling as the basis for reference.

(Lel.2) Regular Sampling

In'chapter 3, regular sampling was shown
to give very significant attenuation of the sub=harmonic
cOmponentsvin the output voltage of the circulating-
current cycloconverter, and to give some attenuation
in theicase of the inhibited cycloconverter supplying

sinusoidal load current,

Replacement of natural sampling by regular
sampling was therefore investigated for the inhibited

cycloconverter supplying non-sinusoidal load current

' by appraopriate modification of the computer program.

The program was run for the same conditions as
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fof natural sampling (secﬁion’u.B;Z) and the results
for pf,/f_  Ratios of 3.8, 4.8, 5.8, 6.8, 7.8 and

8.8 are shown in fable L4.2. Those generasl harmonics,
which are identified in tables 4.1la = L4.1f a8

being responsible for the significant sub-harmonics,
aré all represented at specific frequency values

in table 4.2. This table therefore contains
~sufficient data for_a‘preliminary comparison to be
made ﬁetwéen the relative effects of natural and

regular sampling.

A comparison between the predominant
sub-harmonic cOmponents‘in tables 4.2 and 4.la - L,1Ff
>shows-that, at a pf,;/f  Ratio of 3.8, the replacement
of natural by regular sampling results in 25% and
15% attenuation of the fwo sub-harmonic components
of frequenciés 0.2f and O.6fo'respectivel§.

There is also a 27% atténuation of theO.Sf;
sub-harmonic component. for a bfi/f0 Ratio of 4.8,
Further comparisons between the results show +that
replacément of natural by regular sampling has
insignificant effect on the-lowérvﬁagnitude'sub—ﬁérmonic

components.

An example of a .computer graph plot of the

_ output voltage'and current waveforms for operation with
regular sampling is shown in figure L4.7. This 1is for
a pfi/fo Ratio of 4.5, for which as shown in table 4.1Db

there is one sub-harmonic-component at 3 of the wanted
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ocutput freguency. A comparison with the corresponding
Waveforméufor natural sampl#ng%(figupe h.h)‘showé?that
regular sampling alters the waveshapes of the output

- voltage and current; and that by applying the equal-.
area cfiterion, the presence of a sub—harmonié‘componamt

. can again be detected in'the load current waveform,

(u.u.S) Pulse Position Modulation

The appllcation of puise positibn modulation
to.the control of the inhibited cycioconverter 1is-
an extenslon of regulaf sampling énd is described in-
section 3.7.hs The results for the inhidited
icycloconverter when supplyihg sinusoidai losd current
showed_significant attenuation of the sub-harmoniic
compohents in the output voltage compared with the
case for natural sampling. This modified control
techniqﬁe was therefore investigated for the inhibited

cycloconverter when supplying non-sinuscidal load current.

The results for pfi/f° Ratios of 3.8, 4.8, 5.8,

668, 748 and 8.8 sre shown in table 4.3, corresponding to

the results shdwn-ithable L2 for regular sampling, A
comparison between these results and the results in

tables L.la = 4.1f for natural sampling shows that, contrary
to the case of the -inhibited cycloconverter subplying
sinusoidal load current, pulse position modulation negates
the improvements obtained with regular sampling.

- Furthermore, where regular sampling did not lead to
improvéments, pulse position modulation creates a

',deterioration.
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Thus, aIthouéh pulse position modulatioh results
in significaent improvements when the inhibited cycloconverter
is supplying sinusoidal load current, when the load
current is non-sinuscidal, pulse position modulation has
quite the opposite effect giving consistent deterioration

in respect of all sub-harmonic components,

The reason for these differences can be related
ItOsthe-ﬁature of the inhibition switching functions which
are defined by the load current zeros. In the case of
sinusoidal load'current, the inhibition switching instants-
occur at regular intervals asnd sre not affected by
moditications, such as pulse position modulétion, to the
"method of control, However, when.the load current is
non-sinusoidal at low valﬁes of the pfi/fozRatio, the
conduétion periods of the thyristor groups which determine
the intervals between the inhibition switching instants,
may vary as discussed in section ugj;l, andlmé& be |
affected by modifications to the control téchnique. Thé
equal-area criterion for attenﬁating the sub-harmonic
components . is therefore compounded by the variable
conduction veriods in the case of the inhibited

cycloconverter supblying non-sinusoidal current.

In chapter 3, figure 3.I6 shows that- pulse
position modulation has the effect of advancing the
thyristor switching instants in the positive group of the
cycioconverter from their values for regular gémpling’
Advancing the thyristor switching instants therefore affects

the inhibition switching functions (when the load-current
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- waveform is not Binusoidal) in such a way as to increase
the;imbalance of the némt,areasvenplose& by thé:wavefbrm
for successive cycles of the wanted output component, and
~thus to amplity the sub-harmonic components. | This
ﬁnderlines the relevance of the irregularity of thé-
dnhibition switching'insfants to the magnitude of the
sub-harmonic compénents and indicates the need for a closer
study of this aspect. of the control of the cycloconverter.
- .~ In section 4.3J],1t was:séen that for low pf—i/f0
Ratios, if a commutation occurs Just befofe the lozd
current reaches zero, the sudden rise in the driving
voltage applied to the load through the thyristors of the
.cycloconverter causes a further pulge of current. This
may delay the current zero by an appreciable proportion
of a éycle of wanted output component, thereb& delaying
the inhibition switching instants‘at.which,the conduction -
period of the incoming thyristor group starts. This
foreshortens the next conduction period, and the overall
effect is to accentuate the imbalance of the nett areas
enclosed by the output waveform and therefore to oppose
the requirements ot the equal aréa criterion for elimination
of the sub-harmonic components. Thus, in order to avoid
Iong delays of the cprrent zero, the magnitude of the
driving voltage after & commutation must be reduéed if this

commutzation cccurs near the anticlpated current zero.

This objective can be achieved by retarding the'

firing angles - that is, the thyristor switching instants-
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at the end of each condudtion period. _Thé endiof the
conduction perio& in the positive. group, for. example,
occurs at or soon after the voitage zefo on the negative
slope of £he refefence wavé. , Therefbne‘in.terms of pulse

position modulation, this:can be arranged by making the

slope of the ramp functions dependent on the slope of the

reference wave. At the beginning of the conduction

_ period of the positive group, the slope of the reference

vave is positive, and therefore the slope of the ramp
Tunction is positive, as shown in figure'3.16 in chapter‘B,
thus advancing the thyristor switching instants. At the

peak of the reference wave, the ramp:is~arranged,to”have zZero

" slope. On the negative slope of the reference wave,  the

ramp functions have negative slope so as to retard the

thyristor switching instants.

This modified pulse position modulstion method
of control was tested by making the approprﬁate~r'
modification.to the computer program, and the results
for pfi/fo Ratios of 3.8, 4.8, 5.8, 6.8, 7.8 and 8.8 are .
shown in table L4.4. Compared with the results in table
L3 for the unmodified pulse'posiiionrmOdulaﬁion;tﬁey show
substantial attenuation of most of the main sub-harmonic
components. They also show significant attenuation
compared with the results for regular sampling (table §?2)
and natural samﬁling'(tables.h.la - L4,1f). The
modification. to the pulse position modulation method of

control is thus shown to have the desired effect on the
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output waveforms. Control of the inhibitilon switching
instants by appropriate control of the thyristor .switching
instants was therefore given further investlgation as

discussed in the next section.

(L.b.L) Distorted Reference Wave

It is instructive to review the application of
regular sampling in terms of natural sampling of a modified
reference wave, and figure L.8a shows a sinusoidal
reference voltage which is regularly sampled at.the'starts.
of tﬁe cosine timing ﬁaves, Crousses are marked where
the held samples intersect with the associated cosinse
timing waves. These crosses give the thyristor switching
instante for cosinusoidal control with regular sempling
of a sinusoidal reference voltage, as discussed earlier
in chapter 3?. The crosses would also mark intersections
of the cosine timing waves and the natural samples of a
non-sinusoidal reference wave, Figures L.8b and 4.8c
show two possible alternatives of such a non-sinusoidal
reference wave. Figure L.8¢c is characteristic of a
sinusoid distorted by its second harmonic and as such,
consists of the first two components of fhe nathematical
series'which defines the sawtooth waveform shown in |
figure 4,.8b. it is therefore shovn that regular sampling
of & sinusoidal reference wave is equivalent to natural
sampling of a reference wave containing secohd_harmonic

distortion.
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Referring now to figure L.9, it is seen that
towards the anticipated current zero at the end of the
conduction period, second harmonic distortion of the
reference wave retards the thyfistor switching instants.
This is the requirement discussed in section L. i.3 for
reducing delays of the current zeros in order that the

differences in areas enclosed by successive cycles of the

~output waveform at wanted output frequency should be

reduced, thereby attenuating the sub-harmonic. components.
The thyristor, switching instants at the beginning of the
conduction period are advanced thus compensating for any

attenuation of the wanted output component.

A computer study was carried out to investigate
control of the inhibited cycloconverter using the

distorted reference wave described above, Greater

‘attenuation of the .sub-harmonic components of the output

voltage waveform was obtained by employing regular

sampling, rather than nsatural sampling, of the distorted

reference wave, The results for pfi/fo‘RatIos of 3.8,

4.8, 5;8, €£.8, 7.8 and 8.8 are shown in table 4.5,

These results represent significant overdll improvements

on the results given in table 4.4 for the modified pulse
position modulation method, and even more so when

compared with the results'for natural sampling given in
tables L.la - L.f. The main exceptione are the 1.2f
component at a pfi/fo Ratio of L.8, and the O,2f0 component
at a pfi/fo Ratio of 5.8. These components are both

specific values of the (3£, - 6fo).genera1,harmonic.
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As an‘additionél means of reducing-delays of the
current Zeros at the end of conduction periods, inhibition
can be applied to the cenducting group of thyristors
at, say, the reference voltage zeroc. No further
commutations will occur after the voltage zero, and firing
: puises to the other group of thyristoré gre'reIEased when
the current reaches zZero. This modification, which will
be referred to as 'pre-inhibition’, was incorporated in
the computer program, and the associated fesults for the
inhibited cyclocohverter controiled by a reference wave
with second harmonic distortion are shown in table haGe
It is scen that the pre-inhibition now gives significant
atténuation of the 1.2f0.c6mponent at a pfi/fo Ratio of

4.8 and the 0.2f_  component at a pfi/fo Ratio of 5.8.

(4Lol4o5) Comparison of Results

It is shown in the foregoing discussion
that very significant improvements to the operation of the
inhibited cycloconverter, when supplying non-sinusoidal.
current, afe obtained by employing regular sampling of a

distorted reference wave.

In order to make & more detailed comparisoh
between this control technique and natural and regular
sampling, further data was obtslned from the computer
studies. In section 4.3, it was shown that the
- magnitudes of the main genersl harmonics can be extracted

from the tabulated computer results for natural sampling
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shown in tables UL.la - ugif, These magnitudes,

together with the corresponding results for the

modified control techniques, are plotted against the
pfi/fD%Ratio in figures 4.10 = L4.16. Each filgure shows
thé magnitude of one general harmonie for .the four‘methods
of control as follows:

1 - Natural sampling of a sinuscidal reference wave;

-2 = Regular sampling of a sinusoidal reference wave;

3 —~ Regular sampling of a distorted reference wévev(as

described earlier in this chapter);

=
{

As 3 but with pre-~inhibition applied..

The results shown in figures L4.10 - L4.16 are

for a 3-pulse inhibited cycloconverter operating at

0,9 modulation factor and supplying a load having time

constant 0.005 s, They cover the sub-harmonic

frequency raﬁge together with a limited extension into

the super-harmonic frequencies, corresponding to the

frequency range in tables L.la - L.1f.

The pronounced peaks and troughs in the general

trend of the magnitude of each harmonic are due to its

coincidence with one or more other harmonics at

particular frequencies.

The replacement of natural by regular sampling
of' a sinuscoidal reference wave 1s seen to attenuate those
sub-harmonic components which are due to the (3f; - UL )

harmonic, from a mean level of 20% to 1L4% of the wanted
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component, By introducing second harmonic distortion in
the reference wave, furthér attenuation can be obtained

to a mean level of 6%. Regular sampling of a

sinusoidal reference wave does not result in atfenuation

6f the other harmonics shovn in figures 4.10 - L4.16; for
attenuation of these harmonics, a distorted reference

wave is shown to be required. For example, the (6fi —‘9f0)
harmonic is attenuated from a mean level of 6% of fﬁe‘wanted
component to 3%; the (6fi - ;1fo) is attenuated from

L% to 2% (with pre-inhibition applied) and the (6f; - 13f o)
harmonic is attenuated from 3%%'t6 2%. Therefore, for
these three harmonics, a 50% reduction in the magnitude

of the sub-harmonic component is achievéd by employing
regular sampling of a distorted reference wave in place

of natural sanpling of a sinusoidal reference wave.,

By employing a distorted reference wave,
significant attenuation of the (Sfi - 6fo),_(3fi - BfO)
and the (6fi - be) harmohics is obtainable over only

parts of their sub~harmonic ranges.

Figure L.17 shows the variatien in output voltage
(at wanted cutput frequency) with the pfi/fo,Ratio. The
ﬁorizontal axis is also shown in terms of the ratio of
oufput to input frequency for a 3-pulse cycloconverter.
The figure shows the general trend of the variation in
voltage and also the voltéges‘at specific Ratio values
which do not fit the general trend, It is seen that

the general variation in .output voltage for natural sampling
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of a sinusoidal reference wave is within a band of only 2%

. of the input. voltage and is within .2% of the theoretical

output voltage (74.3% of the input voltage). The other
control methods.under consideration all show a drop in
oﬁtput voltage when the pfi/fo Ratio is decreased. The drop

in output voltage is about 6% = 7% of the input voltage.

At specific values of the pfi/fo.Ratio, the
autput #oltage shows discontinuities from the geheral‘trend.
Figure 4,17 shows that the discontinuity may be as high as
8% of the input voltage. Figures u;lo - L4.16 give :an
indication of the reason ftor this: 1t 1s seen in these
f'igures that all or the significant harmonics coincide with
the wanted component for integer values of the~pfi/fo
Ratio. As discussed in section 2.6.4, this is also: the
condition when the fundamental repetition'frequency.is
equal tce the wanted output frequency and when no sub-
hermonic components can exist in the output (except for the
possibility of a d.c. component). In emch of these

cases the following equality holds:

mpfy —~ qf ) = T, where m and q are
or pfi 1 +.g. .integer npmbers
Lo - m

Yor the Bri-family of harmonics, m = 1;' tor the

‘6ri family mn = .2, Therefore for each of the harmonics

shown in figures 4,0 — l;.16, the right hand side of this
expression is always an integer, thus confirming the
observaﬁion that, in these cases, the harmonic coincides
with the wanted componént when the ﬁfi/fofRatio is an

integer wvalue.

143




In figure 4.17 it is also seen that discontinuities
occur when the pfi/f0 Ratio is midway between integer
values, This is due to coincidence with the wanted
component of harmonics other than thosé showvn in figures
LJA0 - L.l6. An example is the (12fi - 17f0) harmonic for

g 3-pulse cycloconverter for which

1L+ 9 = leo5
m

Such harmonics as the (12fi - 17fo) harmonic can
be extracted from the tabulated values given in tables
L.la - 4,1f,and the magnitudes of some of them are
sufficiently high to have a noticesble effect on the
magnitude of the output voltsge when they coincide at the

same frequency with the wanted output component.

Harmonics with a higher value of 'm' coincide
with the wanted output component at intermediate wvalues
of the pfi/fo Ratio, but their magnitudes are generally
low encugh to have insignificant effect on the output

voltage.
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CHAPTER

EXPERIMENTAL VORK

(5.1) Introduction

An experimental cycloconverter was constructed
to test the validity of the computer program. The

design and construction of the cycloconverter will be

described in three’parts:_

a) Power circuit
b) Firing control circuits
¢) Inhibition control «circuit
| Although experimental results for-j—pulse operation
of the cycloconverter were required, the cycloconverter
was designed for aIterngtive 3- or 6-pulse operation to
allow for future flexibility. Details of the main

componente are given in Appendix 5.

(5.2) Power Circuit

The thyristors were mounted on heat sinks and
protected by water-immersed fuses. Figure 5+l shows the
thyristor connections for 6-pulse operation, and the
thyristors are labelled in the'figure,for identification

in subsequent dlagrams.

The 10k resistors shown in figure 5.1 between
the thyristor common connections and the supply neutral

provide a leakage path for sterting and for no-load operation.

The power circuit 1s supplied from the 415V
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J-phase mains supply via a variable ratio autotransformer. '
0pénafion of the cycloconverter in the

inhibited mode permits the_circuit shown in figure 5f1

to be redrawn as 6 inverse-parallel palrs of thyristors

as shown in figure 5.2, This sﬁows that the snubber -

cifcuits, which attenuéte the high frequency transients

resulting from thyristor and inhibition switching operations,

. are required across pairs of thyristors rgther than

across Individual thyristors.

(5.3) Piring Control Circuits

(5.3.1) General

Thé basic principles used in ordinary rectifier
practice were applied to fhe control of the firing angles
of the thyristor in the experimental cycloconverter.
Instead of fixed firing angles, however, variable or
modulated angles ére required for the cycloconverter, ..
As discussed in section 2.2, the usual method of deriving
the modulated firing angles is by comparing the
instantaneous magnitudes of the referénce voltage.and
the cosinusoidal timing voltagés by the process identified
in section 3.3 as natural sampling. The firing control
clircults wefe designed, in the rirst instance, for
control of the cycloconverter in the circulatihg—current
modé using nétural sampling. The additional control
circuits tor operation in the inhibited mode were ‘then

added.
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For the‘construction.of the firing control

circuits, the use of discrete components was kept to a

minimum and encapsulated modules or integrated circuits

were used wherever possible.

(5+3.2) Cosine Timing Waves

The cosine timing waves are obtained from the

415V 3-phase mains supply via three 2,4,0/12-0-12:V

" transformers (see figure 5.3). ;The‘centfe-taps-of the

secondary windings are commoned to give a-Gephase-

output from the transformers, and the line-neutral
voltages are reduced to about 3\iwith resistive_poténtiai—
dividers connected to the secondary terminals of the
transformers. The cosine timing waves areuthen led to

the pulse~forming circuits.

Figure 5.4 shows those portions-of the 6-phase
output which constitute the coéiﬁé‘timing‘waves. The
positive-group thyristom.require negative-going
portions (figures 5.4b and. 5.4¢c) and the negative-group
thyristors require positive-going portions (figures 5.4d
and.5.ue). One complete wave (i.e. positive-going plus
negative-going portions) is utiliaéd f6r.forming the-gafe
pulses for two thyristors, one in the poéitive group and
one in the negative groﬁp. This is shown in figure‘S.B
where, for example, the pulse-forming circuits for

thyristors P2 and N5 are controlled by the R-phase voltage.

149









(5.3+3) Reference Wave and End-Stop Control

The reference wave, the voltage of which 1is
compared with thé cosine timing voltages in the pulse-
forming circuits, ig obtained from an external signal
“genefa;or. The frequency setting of the signal
generator gives the required output frequency of the
cycloconverterlwhilst ite amplitude setting controls the

magnitude of the wanted component of the output voltage.

The ratio of the peak values of-fhe reference
and cosine timing waves is defined as the modulation
factor. If the modulation racfor exceeds unity, ﬁhe
firing angle may exceed 180° resulting in commutation
failure and probably a short circuit. To prevent the
firing angle reaching 180% an end-stop contfol was
connected between the signal generator and the input to
the puise-forming circuits. The cir¢uit diagram is
shown in figure 5.5. The two 100pF electrolytic capacitors
are charged to a voltage equal to the difference between -
thé péak value of the cosiﬁe timing wave and the forward
voltage drop of the two IN4IL8 silicon.diodes in. series.
One'of the capacitors is charged by the pésitive éosine
timing wave, the other by the negative cosine timing wave.
The voltages at the bases of the two transistors are
equal to the voltages across the electrolytic capacitors.
The instantaneous voltages at the emitters of the transistors

are determined by the output of the 3-phase bridge rectifier
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(6. AAZ15 germanium diodes) which in turn is determined
by the magnitude of the 3-phase reference voltage.

Thus, 1if the instantaneous reference Qoltage
exceeds the voltage to which the eleétrolytic capaclitor
is éharged, then the assoclated transistor will conduct.
The p-n-p tfansistor (BCY?O) controls the positive half
cycle of the reference voltage, end the n-p-n transistor
. (BC107) controls the negative half cycle,: 'ﬁhen either
.tréﬁsistor conducts, the reference voitage'is held at
a value equal to the total voltage drop écross one
AAZ15 diode and the associated transistor. The
reference voltage outputs from the end-étop control are
taken via operational amplifier buffers in order to give

a low impedance output,

(5.3.4) Pulse~Forming Circuits

The pulse-forming circuit, shown as a block -
in figure 5.3, is shown in détail in figure 5.6. Each
pulse-forming circuilt initiates the gate-pulses for one
thyristor in the positive group and one thyristor in the
‘negative group, as discussed‘iﬁ gection 5e3.2. ‘The wave-

forms are shown in figure 5.7,

The first sfage of the pulse-forming circuit is
a differential amplifier, the basic component of which is
& 7ui opérational amplifier., The‘input signals are the
reference wave and the cosine timing wave. ¥Whilst the

instantaneous voltage of the reference wave is less than
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that of the cosine timingAWave, the output from the
operational amplifier is-at +12 V; when the instantaneous
voltage of the reference wave becomes greater than that of

fhe cosine timing wave, the outpﬁt switches to =12 V.

The output from the operational amplifier is
split into twq control channels, one for a positive group
thyristdr and the other for a negative group thyrisfor.

. The separate control channelé are jidentical except that
the output from the operational ampiifier for the positive

group thyristor is taken via an inverter.

The next stage of the pulse-forming circuit
consists of a monostable circuit im each control channei.
This circuit, details of which are given in Appendix 6, is
constructed from NOR-gates and an R-C circuit, the values
of resistance and capacitance being selected to give an
output pulse of approximaté width O.L4t ms for every positive-
going input transition. Thus, short-duration pulses are
produced at the output of the monostéble circuit in the
positive group control channel st the instant when the
reference voltage becomes greater than that of the cosine
timing wave, as showvn in figure 5.7, and at the output of
the monostable circuit in the negative group control
channel at the instant when the reference voltage becomes

less than that of the cosine timing wave.

Bach monostable circuit is connected to a bistable:
circuit (Appendix 6) consisting of two NOR-gztes. The

monostable and bistable circuits are interconnected, as
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" shown in figure 5.8, to form 3-stage ring counters. -

By this means, when a pulse is produced from.one of the
monostable circults, the output ffom-the associated
bistable circuit switches to logic 1 level. The output
stays at that level unﬁil a pulse is received from one of
the other monostable circuits. In this ﬁay,-rectangular
pulses. are produced at the pulse-formingldircuit outputs
having a durétion equal to the required conduction period

of the associated thyristor in. the power circuit.

The output stage sﬁown in figure 5.9 provides the
required gate-pulse power for driving thé thyristor, and
also isolation between the power and cohtr01 circuits.

The two NOR-gates are for the inhibition control which
is discussed in detail later in this chapter. If the
inpﬁt from the inhibition-control circuit is at logic O
level, then the two NOR-gates have no effect on the

thyristor gste-~pulseg.

The rectangular pulse produced by éach pulse~
forming circuit is fed to a UPA6L thyristor drive
oscillator. This is a etandard—encapsulated free-running
oscillator; with an externally connected‘0£1ﬂF capacitor,
giving a 1dkHz output when its 1input is at.logic 1l level,
'The rectangular pulses are therefore converted into 10kﬁz
oscillatory pulses having the same duration as the
rectangular pulses. The oscillatory puiseS'are then
passed to the thyristor gates via TT61l thyristor output
transformers, Thesé are also standard encapsulated

components.
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(5.3.5) Regular Sampling Circuite

The requirement for the regular sampling
circuite is to sampie the retf'erence wave at regular
intervals and to held the sampled value for a specific
duration. As discussed in section 3.4.1, it is convenient
to sample the referenqe wave at the starts of the cosine
timing waves, and to hold the sgmples for the duration of
the timing waves; that is, one half cycle of the input
frequencye. Since there is an dveriap between
successive periods during which the samples are held
constant, separate regular sampling control chanﬁels are

required for each input phase.

Fach sampling instant coincides with the
interséctions of the two commutation phase voltages.
Sampling instants for the positive group of thyristors
océur when the two phase voitages are positive, whilst
those for the negative group occur when they are negativé.
In each case, the samples are to be held for 180° periods.
The sampling instants for both groups are detected by
full-wave rectificafion of the output voltages from the
mains transformers shown in figure 5.3, and feéding them
to an operational amplifier connected as a comparator.

The circuit is shown in figure 5.10 and the input and
output waveforms of the Y-phase comparafor are éhown in
figufes 5.11la and 5.1l1lb. The transitions of the square-
wave output cccur at all intersections of the rectified

phase voltages, but only the positive-going transitions
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cbrnespond 1o the sampling instants. The negative-
going transitions are not required and have no effect on -

the sample-and-hold part of the circuit.

" The output from the comparator is
differentiated by an R-C circult to give a frain of
poéitiﬁe and negative pulses which are then offset to
-12 ywhen the switch shown in figure 5.10 is at ~-12.V
(for reguliar sampling). The resultant train of pulses
(figure 5.11c) is used to control the field-effect
transistor FET1 in th¢ éample-and-hold part of the circuit

in figure 5.10.

The field effect transistor FET1 acts as a-
éampling switch for the reference wave which is féd to it
from a signal generator via an opefational amplifier
buffer. This transistor is held in the non-conducting
state if its'gate_voltagc is less than about -3V. It is
therefore in its conducting state only during the short
durations of the positive pulses shown in figure 5.1lc.
By this means, the instantaneous value.of the reference
wave 1s sampled at the required instant, and held for

the 180° period.

. If the switch in figurer5.10 is switched to OV,
then the gate voltage of FET1 is at 0 Vcausing it to
conduct for practically the-whole of the 180° period.

The reference wave therefore passes through with no
sample-and-hold action. In this way, the cycloconverter
can be operated with natural or regular sampling simply by

operating the switch shown in  figure 5.10.
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The circuit déscribed above was connected
between the end-stop control and the-pulée-forming circuit
of each control channel of the'experimental cycloconverter,
For operation with regular sampling? the thyrrstofAfiring
pulses occurlat intersections of the cosine timing waves
and the held samples of the reference wave, whilst by
switching to natural sampling, they occur aﬁ»intersections

of the cosine timing waves and the reference wave,

(5.4) Inhibition Control Circuits

(5.4.,2) General

There is no established method of controlling
changeover of conduction of‘ioad currenf from one group: of
thyristors to the other in practical cyclocdnverters,
and descriptions in tﬁe literature give few details of
the individual ﬁethods adopted for their control. An
inhibition control system was therefore developed for the
experimental cycldconverter, and the circuit shown in

figure 5,12 was constructed as the first step.

Thé purpose of this circuit is té transfer the
load current from one thyristor_group to the other at
each reference voltage zero, The part of the circuit
containing the 741 operational émplifier acts as-a zéro-
crossing deteétor giving a square wave output as in figure
5.23. The INL148 diode allows only the positive half

" eycles to:paés to the pair of csscade-connected ST241
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trangtstors. The waveforms of the signals at the
respective collectors of these'trangistons‘are.rectangular
and in sntiphase with each other as shown in figure 5.13.
The collector terminal.Tp was connected to the inhibition
termiﬁals-of'all the Piring Control Circuits (seejfigure
5.9) of the positive thyristor group, and T . was connected

to all the negative group Firing Control Circuits.

This method of inhibition control does not allow
-for the possibility that the load current may not be zero
at the instant when the reference vbltage passes through

ZErQ, Piring pulses hay then be released to the
incoming thyristor group Whilsf tﬁe outgoing group is
still conducting. .In order to prevent s short circuit
‘then‘occurring across the input phases, the circulating-
current reactors were connected as in figure 5.1 and the
load current_was‘restricted to & few milliamperes. . This
enébled the cycloconverter io be operated in the
inhibited mode and provided valusble experience in

developing an inhibition control scheme.

In order to avoid the possibility of a short
circuit due to the release of firing pulses to the
incoming thyristor group before the cutgoing group'haé
ceased conducting? some form of current sensing is
eésential. There will generally be several current zeros
at the end of each half-cycle of load current, znd it is
necessary to select one at which inhibition control will

be initiated. = Therefore a reliable method of inhibition
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control must combine information about both the reference

voltage and the load current. The method developed for
the eXperimental cycloconverter is described in the

following secfions.

(5.4.2) Detection of Load Current Zeros

Load current zeros may be detected hy monitoring

the load current directly with, for example, d.c. current

transformers (Fallside et a1.8, APikanQo).

However,
d. c. current transformers require auxiliary supplies of

freguency of about 2 kHz which can cause a delay of up to

~about % ms in detecting a current zero, A further problem

is that this method does not reliably distinguish between

low current and zero current.

Another method of detecting load current zeros,
requiring two peairs of back-~to-back connected diodes, wes

(11). Whilst there is a. 

_ used by Takahashi and Miyairi
volfage drop (of about 1 V) across a diode, then current
must be flowing; when there is no voltsge drop, then the
curfent must be zero. The voltage across each pair of

diodes is monitored and used to controi the inhibition

procéss off the cycloconverter.

The diodes in this case have to be fully rated

for the maximum load current, A cheaper method which does

not incur the heat-loss penalty of the diodes is to monitor

- the voltages across each of the thyristors. Whilst a
thyristor 1s conducting, the voltzge across it is

practically constant at about 1 V for any magnitude of
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current down ¢0‘the_ﬁolding current, As soon as the
'thyristor ceases conduction, the voltagc across it becomes
dependent 6n the supply voltage. Thus, when thé absolute
- voltages acroés all the thyristérs are simultaneously

greater than about 1 V, then the load current must be zero.

‘The voltages across the thyristors can be
nonitored directly using combinational logic circuits as
described by Hamblin znd Barton(;g). These circults
oberate at a "floating voltagellwith respect to earth
which would be expected to present problems regarding the
power supplies of the integrated circuits. Iéolating
transformers connected écross‘the-thyristors would not
necessarily overcome this problem without iniroducing other

problems concerning the distortion of the thyristor

voltage waveform,

Hdwever, optocouplers and differential amplifiers
present solid—state alternatives to isolating transformers,
and as there is no published evidence of these devices
having been used, successfully or otherwise, for
cycloconverter applications, a series of 1abpratory tests

were carried out.

The optocoupler consists of a light-emitting
diode and a phototransistor'encapsulated.in a common
peckage, The diode is the input to the devicé-and is
connected in series with a resistor to 1limit the diode
current to its rated wvalue when subjected to thé maximum

'anticipated voltage, The phototransistor provides a low-
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.level oﬁtput,operating in. the switching mode between
saturation and the off-state. The phototnansistor was
connected to a level detector, the basic compbnent‘of which
was a 301 integrated circuit opérational amplifier, and
both components were seleéted for fast response times
giving a total response time of about 10-20 pus. This is

fast enough to give close control over the inhibition of the

cycloconverter.

The other a;ternative, the differential amplifier,
has a response time dependenf on only an operational
anplifier, Its response time_is therefore slightly Taster
than thé optocoupler/level detector combination. However,
it does not provide electrical isolation between the power
and confrol circuits, and some difficulty was experienced
in setting the external resistances to avdid disfortion of
the output waveform due to common-mode rejection. Common-
mode rejecfion could occur when the thyristor is in the
conducting state resulting in similar'voltages (with
respect to earth) at the two input terﬁinals of the

[

differential amplifier.

Optocbuplers and level detectors were finally
selected for detection of current zeros because (i) no
additional components are réquired‘in the power circuit,
(ii) electrical isolation is provided between the poﬁer and
control circuits, (iii) they are compatible with the
complementary-M,0.S. integrated circuits which were used

in the inhibition control circuits, (iv) the response
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time:Was fast enough for close controd of inhibition.

In order tO'detect current zeros in the inhibited
cycloconverter it is not in fact necessary tb monitor . the
voliages across individual thyristors. .As shown in
figure 5.2, any thyristor in the positive group is
effectively connected in inverse—paraliel with‘a thyristor
in the negative group. . Thus, an optocoupler connected
across a thyristor in one group will also be connected across
a thyristor in the other group.: Furthermore; in thé
6-pulse cycloconverter; as with any 6-pulse bridge
rectifier, load current flowing through a thyristor inlone
half of the bridge must inevitabiy be flowing through a .
thyristor in the other half. It is therefore only |
necessary to cohnect the optocouplers across pairs of
thyristors in one half of the bridge. Thus only 3
optocounlers are required for each output phasé of a
6-pulse cyclﬁcoﬁverter. The same number is zlso required

Tor 3-pulse operation.

Thus the requirements of optocoupnlers for zero

| current detection in the inhibited cycloconverter reduce
to one per input phase for each output phase. ‘The
connectibns to the power circuit are shown in figure 5.14.
The problem of detecting load current zeros is now that of
monitoring the voltages between the input phases and one

~ of the load terminals rather than across individual
thyristors. If any one of these voltages is held to the

forward voltage drop of a thyristor, then load current
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must-be‘fmowing; if =all three_vdltages are greater than
this value, then the load current must be zero.

The zero current detection circuit shovm in
figure 5.15 was designed to monitor the three voltages as
described above and to deliver a digital signal at logic

1 level at its output terminal whilst load current flows.

~ When there is no load current, the output is required to

be af‘IOgic 0 level. The four IN 41L8 diodes full-wave
rectify the voltage across esch pair of béck—back

thyristors, and the maximum instantaneous current passing
through the input diode\of the TIL 111 optocoupler was
1imited to 60 mA for the full 415 V supply voltage. The
input diode current is zero whilst the associated thyristor
is conducting load current.A Under this condition, the
vhoto~transistor is in the off-étate and its emitter is

at about 6 V. The inverting terminal of the 301

operational amplifier in the level detector circuit is
therefore also at about‘6 V. The 1 knpre-set

potentiometer is set so that the non-inverting terminal of
the operational amplifier is at a voltage sufficiently greater
than that at the inverting terminal to give a positive |

output from the operational amplifier.

Under the alternative condition of zero thyristor
current, current flows throughvthe input diode of the
optocoupler and the phototransistor is in the saturated
state. Its emitter, and the inverting terminal of the

operational amplifier, are raised to almost 12 V.
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_The inverting terminal is now at a higher voltage than the
non-inverting terminal so that the output of:thé'bperational

amplifier is zero.

The output of the NOR-~-gate in figﬁre 5.15 can be
at loéic 1 level only when all of its inputs are
'éimulﬁaneously at logic O level; this 1s the condition
for zero load current in the éycloconverter. To prevent
operation of the inhibition control on spurious or
insignificant current zeros, the output is taken through
g time-delay circuit consisting of an R-C circuit and a
NAND-gate. The 1 M:zbre-set potentiometer'was adjusted--
so that the short duration current zeros did not appear in

the waveform at the output of the NAND~gate.

The‘output from the zero current detection circuilt
is taken to the changeover logic circuit which will be

described in section 5.4.4.

(5.4.3) Detection of Reference Voltage Zeros

The level detector circuit forming part of the
-zero current detection circuit (figure 5.15) was also used
in the zero reference voltage detection qircuit as shown
in figure 5,16, The mid-point of the +12 V power supply
was commoned with the zero voité termiﬁal cf the signal
_generator (reference voltage), and the 1 ka potentiometer
vwas set to give a rectangulaf waveform of equal positive
ana negative periods at the output of the operational
amplifier, This is the waveform for position(:) as shown

in figure 5.17.
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The output from the operational amplifier is taken
to two monostable circuits. As shown in grester detail
in Appendix 6, these circuilts produce short duration
pulses for every negative-golng transition at their
respective inputs. An inverter NAND-gate i3 connected
bétween the operational amplifier and one of the monostable
circuits which therefore effectively responds to positive~
going transitions developed by the operational ahplifier.
One monostable circuit thus produces pulses for negative-
going voltage zeros of the reference voltage, and the other
produces pulses for positive-going voltage zeros, as shown

in figure 5.17.

The monostable circuits consist of NAND-gates
and R-C circuits, and the L70 ko pre-set potentiometers
were set to give output pulses of about 0.5 ms duratione.
These were then fed to the changeover logic circuit which

is described in the next section.

(5.4.4) Changeover Logic

The changeover logic circult combines the outputs
from the zero current and the zero reference voltage
circuits to control the instant of changéover of load
current from one thyristor group to the other. The circuit
is shown-in figure 5.18; The design philosophy adopted
is that for prospective changeover from, for example,
positive to negative group, all current zeros (Ao in the
figure) occurring before the instant of the negative-going

reference voltage zero (V

opn) are to be ignored. The first
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current zero occurring after the reference voltage zero
_initiatés the changeover procedure. - This inwolves
immediate inhibition (neglecting ﬁropagation delays) of
the positive group and then, after a short delay, the
release of firing pulses to the negative group.

Changeover of load current back to the positive group is
prevented until the next positive-going reference -voltage
ZEro. The deteiled deécription of the‘operation of the
changeover logic circuit follows, and the waveforms around

the circuit are showvn in figure 5.19.

The voltages at the termlnals-vanp and vopn are
normally at logic 1 level, and reference voltage zeros

are indicated by short zero-level pulses. The outputs of
the bistable circuits.RS1 and RS2 change state from logic

0 to logic 1 level when the respective Vbnp or V pulses

opn

are produced.. The output remains at logic 1 level until
the bistable circuit is reset by a logic O level pulse at theA
other input terminal. This occurs at the instant of
changeover (see below). ‘The truth tsble for an RS

bistable circuit is given in appendix 6.

The voltage at the terminal Ao'ié nbrmaliy at
logic 1 level and current zeros are indicated by logic O
level pulses. These are inverted through a NAND-gate
inverter. The output of NAND1 (or NAND2) remains at
~logic 1 level whilst either, or both, of its inputs is at
logic O level, znd switches to '0' when both inputs are
at '1'., This occurs at the first current zero indication

after the reference voltage zero.
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The outputs of NANDL and NAND2 are the inputs to
the bistsble circuit RS3. During steady-state condﬁtions
these inputs are both at logic 1 level, and the outputs
provide two antivalent signals simultaneously. When one
of the inputs switches to logic 0 level (ét the first
current zero after the reference voltege zero), the
outputs switch simultaneously to their respective
complementary.states. The actual signal levels at the
outputs of RS3 for all possible combinations of inputs is
shown in theltruth table in Appendix 6. RS3 is the core
of the changeover logic control of the cycloconverter as it
provides the necessary output signals for inhibition and

conduction of the two'thyristor EroupSe.

Positive-going transitions at the outputs of
RS3 are transmitted without time delay, and after inversion
in the NOR—éatés, cut off the associsted Bl48 transistors,
The output of the transistor is then at 24 V. This@is
fed to the firing control circuits (see figure 5.9) of all
the thyristors in the outgoing group and switches the
output of the second NOR-gate to logic O level, This
immediately cuts off the thyristor drive oscillators so as
to inhibit-the gate pulses, At the same instont, the
zero-going transition at the base of the Bl48 transistor
is also fed back to RS1 (or R32) which is thereby reset to
give an outnut at‘logic 0 level. This ensures that
further current zeros cannot cause another changeover until

after the next reference voltage zero.

183



Zero-going transitions at the outputs of RS3
are delayed_by the R-C circuit and this results in a time
delay before thé other B148 transistor‘is'turned_on, and
hence before firing pulses are released to the other
thyriétor group. The required time delay is the minimum
to avoid a sﬁort circuit occurring and was set by adjustment

of the i MQ.pre-set potentiometer to about 1 ms.

The changeover logic circuit shown in figure 5.18
includes additional NOR-gates associated with the terminals

A and A

5C1 BC2 . These terminals are for connection to a
short-circult detection circuit. For opération of the
inhibited cycloconverter without short-circuit detection,
the terminals Asc1 and Ascz are commoned to 0 V of the

control circuit power sup?ly. When the cycloconverter

was put into operation, it was found that the delay

.circuits in the changeover logic circuit provided adequate

protection against short circuits., It was also found that
short-circuits occurring whilst the delay circuits were
being adjusted were transient and cleared before any

fuse had time to blow.

(5.5) Experimental Results

(5.5.1) General

In order to make direct comparisons between the
computer and experimental results, the experimental
cycloconverter was connected for 3-pulse operation in the

inhibited mode and connected to a load consisting of 25a

184



resistance in series with 0.125 H inductance, the time
~ constant being 0.005 s. Spectral analyses and an
'examination of the waveformswere carried out for natural

and regular sampling of a sinusoidal reference wave.

(5.5,2) (Spectfal Analysis

The magnitude of the components of the output
voltage of the experimental cycloconverter at selected
freguency ratios were measured with a Muirhead K134A wave
analyser, The specified bandwidth of this Wa;e analyser
was claimed to be 2% of the in—tune>frequency (which has
a minimum scale reading of 3 Hz), and was therefore more
suitable for low frequency Measureﬁents than the available
spectrum analyser which had a bandwidth of 10 Hz.

However, in spite of manufacturer's claims, clear readings
were not possible with the wave analyser when a largé

number of components were present.

it was therefore necessary to resirict
measuremnents to particular frequency ratios at which onily
one sub-harmcnic component-was expected, The tabulated
computer results (tables L4,la - u.lf) show that this
cdndition can be obtained by operating the cycloconverter
at output freguencies which give pfi/fo Ratio values of
3.5, 4.5, 5.5, th. The sub-harmonic frequency is then
0.5 of thelgutput frequency and, as shown in chapter 2, this
is also the fundamental frequency. The second harmonic
is therefore the wanted component, whilst the third harmonic

gives the lowest order super-harmonic comnonent at 1.5
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of the output frequency. - These frequency—relationShips

were confirmed experimentally using the wave.analyser.

The‘theoretiéal and experimental results for
natural sampling are compared in figure 5.20 and for
regular sampling in figure 5.21, and it is seen that the

computer results are closely verified experimentally.

A comparison of figures 5,20 and 5.21 shows that
~the 0.5 fo sub-~harmonic oomponént is attenuated by employing
regular in place of natural sampling when the cyclocoﬂ%erter
is operated at a pfi/fo-Ratio of U.5. .Howevef, at a

pfi/fo Ratio of 5.5, the magnitude of the 0.5 f_
sub-harmonic component is increased when regular sampling

is employed, whilst at Ratios of.6.5, 7.5 and 8.5, the

differences are insignificant.

(5.5.3) Output Voltapge and Current Waveforms
(5.5.3.1) General

Typical waveforms of the outpuf vgltage and
current of the experimental c¢ycloconverter operated in the
inhibited mode with natural csampling are discuséed in the
following sections. In each figure, the top trace is the
output voltage and the bottom trace is the load current.
The input freqﬁency is-50 Hz, the modulation factor is
0.9 and the time constant of the load is 0;005 Se The
effect of switchiﬁg to regular sampling had negligible
effect on the waveforms, and therefore the following

discussion refers equally to natural asnd regular sampling.
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(5+45.3.2) Operation at Integer Values of pf‘i@_c Ratio
OQutput freguency = 165 Hz and 50 Hz

The waveforms for output'frequencieS»of‘16%Hz
and 50 Hz are shown in figures 5.22 and 5.23 respectively.
These are equivalent to pfi/fd Ratios of 9.0 and 3.0 which
are the extremities of the tabulated computer results
shown in table 4L.,l1.  In both cases, the waveforms for
guccessive cycles of the wanted component are identical,
and the fundamental frequency is therefore equal to the
wanted output freguency. There.are therefore no sub-

harmonics, thus confirming the relevant computed results
shewn in. tadbles 4.la and 4.1f.

(5.5.3.3) Operation at a Non-Integer Value of pfilgo Ratio
Qutout Freguency = 17.6 Hz

The waveforms for an output frequency of 17.6 Hz,
corresnonding to a pfi/fo Ratio of 8.5 are shown in figure
502l Tﬁe two successive cycles, at wanted output
frequency, of these waveforms are dissimilar. This is
due to the presence of a sub~harmonic component whose
magnitude and frequency, by wave analyser measurement, was

7% of the wanted component and 8.8 Hz (50% of the output

freguency).

The waveforms shown in figure 5.24 for the
exzperimental cycloconverter are very similar to those
obtained from the computer (figure 4,6 in chapter 4), thus

validating the computer programming technique,
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(5.5.3.4) Effect of a Sub-harmonic Comvonent having a
' Frequency considerably less than the Wanted

‘Output Freguency

The computed results in table'u,la'in chapter
4 showed that for operation of the cycloconverter at a
pfi/fé Ratio of 3.9, there is a high magnitude sub7harmonic‘
component at 10% of the output fregquency, whilst at a

Ratio of 4.0, there is a high magnitude d.c. component.

._By intrapolation between these results, there is a high

magnitude sub-harmonic comﬁonent of freguency less than
10% of the output frequency when the‘pfi/fo Ratio is
between 3.9 and L,0.. For .the -experimental cycloconverter,
these Ratios correspond to output frequencies of 38.5 Hz
and 37.5 Hz respectively,_and the wavefofms for output
frequencies of 38.0 Hz, 37.75 Hz and 37.5 Hz are discussed

belovw.

Output Frequency = 38.0 Hz

Figure 5.25 shows the output waveforms of the
experimental cycloconverter for an output frequency of
38.0 Hz, which corresponds to a pfi/fo Ratio of 3.95.
It is seen that the waveform oscillates about the zero
axis, and a sufficient number of output cycles is shown
for a repetition period to be identified, By counting
the number of cycles of the wanted component in one
repetition period, it is.seen that the frequency of
oscillztion of the waveforms is about 5% of the output

frequency, or about 1.9 Hz. The computed results given in
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chapter 4 confirm that this is the sub-harmenic comnonent,
and it is.conéluded that a low freguency sub-harmonic
‘component causes an oscillation of the. waveform such as is

shovn in figure 5.25.

Output Freocuency = 37,75 Hz

With decrease in output frecuency from 38.0 Hz
to 37.75 Hz (corresponding to an increase of pfi/fo Ratio
from 3.95 to 3.97), the computed results given in chapter
L} predict a decrease in the frequency of the high
magnitude sub-harmonic component. Thus; in the Waveforhs_
for 37.7% Hz shown in figure 5.26, ihe number of oﬁtput
cycles for = répetition period to be identified ié greatér
than in figure 5.25. By again counting the number of cycles
of the wanted component iﬁ one repetition neriod, the
frequency of the sub-harmonic component is seen to be about

2.8% of the output frequency, or about 1 Hz,

in both figures 5.25 and 5,26, the alternating
pattern of light and dark areas is due to the variation
in nett areas enclosed by the waveform during successive
cycles'of the wanted component. As discussed in chapters
7

3 and 4, this 1is a direct result of the Presence of the

sub--harmonic component.

Output Freouency = 37.5 Hz

When the outout frequency of the cycloconverter
is fucther reduced to 37.5 Hz (corresponding to a

pfi/fo Ratio of 4.0), the waveforms are as shown in
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figure 5.27. The variation in nett arca enclosed by the,
waveform over a lrrge number of cycles is negligible,

but the lighter top half of the current. trace is due to a
consistent positive nett area indicating the presence of
é d.c. component, The computed results confirm this

observation.

Qutput Freouency = 3%5.0 Hz

With further reduction of cycloconverter output
frequency to 35 Hgz (pfi/fo Ratio = 4.28), the output
waveforms are as shovm in figure 5.28. The variation in
the nett areas over one repetition period indicate the
presence of a sub-harmonic at about § of the outnut
frequency, or about 12 Hz,. This is again confirmed by the

computer results,

(5.5.3.5) Effect of a Sub-harmonic Component having a

Frequency near the Wesnied Output Freguency

The computed results in tables L.Ib and L.lc
show that at a pfi/f0 Ratio of 5.0, there is no d.ce.
component and no sub-harmonic component. However, there
is a significant general harmonic which coincides with the
wanted output component at this pfi/fo Rétio, and which
emerges as a sub-harmonic component when the Ratio is
increased, and which emerges as a super-harmonic

component when the Ratio is decreased.

The effect of this harmonic on the output
wvaveforns of the experimental cycloconverter when the

output frecuency is increased from 30.0 Hz (pfi/f0 Ratio =5.0)
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to 31.0 Hz (pfi/foQRamio = 4.84) are shown in figures

5.20 - 5.31 and are discussed in detail below. A small

- decrease 1in output frequency gave similar ‘waveforms,

Qutout Freduency = 30.0 Hz

Figures 5.29 and 5.30 both show the output
waveforms of the experimental cycloconverter when the
output frequency is 30.0 Hz. Any variation in the nett
area enclosed by successive cycles of the wanted combonent
is insignificant, either in figure 5.29 or for the larger
number of output cycles in figure 5.30. There is therefore
no sub—hérmonic component in the output, as coﬁfirmed by

the computed results in Chapter 4.

Qutout Frecguency = 31.0 Hgz

Figure 5.31 shows the effect of the emergencef
of the sub-harmonic component at a frequency just below
the output ffequency of the cycloconverter. The output
freguency is 31.0 Hz; and‘the_current vaveform in
particular, is characteristic of a waveform which resultsv
from amplitude modulation of two sighals. The side-band
frequency in figure 5,31 is about 4 Hz, and.therefore the
frequency of the modulating signal (the sub-harmonic
component) is about 31 Hz - L Hz‘=-2? Hz. This is very

close to the computed frequency of 26.4 Hz.

The output waveforms of the cycloconverier
for an output frequency of about 29 Hz were similar to
those shown in figure 5.31. The conputed results show that

2 super-harmonic component of the frequency Jjusi above
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the output ffequency is then present;

It is concluded from these observations
concerning figure 5.3%1 that a sub-harmonic or a
super-harmonic; having a frequency close to that of the
output fpequalcy, causes amplitude: modulation of the

output waveforms.



CHAPTER 6

CONCLUSIONS AND SUGGESTIONS FOR FURTHER -.WORK

The: object of thisrthesis is to show that
the: application of sampling téchniques enables a
new approach to be made to the control of the inhibited
cycloconverter, and thereby to show thattthe‘sﬁb;harmonic
components of the output voltage can be attenuated

by appropriate moditication of the comtrol technique.

" It was shown in chapter 3 that, although
replacémént of natural by regular sampling in the control
 of the circulatingrcurrént cycroconverter gave very
significant attenuation of the sub-harmonic components,
this was not generally the case for the inhibited
~eycloconverter. It is concluded that the inhibition
process interferes with the sequence of cémﬁutations,
det'ined bj thegth&riStor switéhing fﬁnctions, in such'a
way as to negate the improvements obtained when the
cycloconverter is operated in the circulating-current
mode. It was shown that significant imprﬁvements :
can be obtained in the inhibited cycloconverter by
” addinngaﬁp7fﬁnc£ioné to the regular samples in a similar
manner to the process of pulse position ﬁodulatioh in
communications engineering; However, this improvement
was only obtainable whilst thé.load current Wasrsinusoidal;
that is whilst the inhibition switching instants are
regular and the conducting periodé o1 both thyristor

groups are equal.
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It was shown in chapter 4 that-if the load-
" eurrent is non~sinusoidal, the: Inhibition switching
instants are generally irreéular, and the conducting
-peridds of the thyristor groups are uneQual;r This was
shown to have the effect of increasing'thewmagnitudé of
 £he sub~harmonics, and it was then necessary to
introduce =& furfher modification tb the control of the
cycloconverter to reduce this irregularity, and thereby
| to attenuate the sub-harmonics. Ramp fﬁnctions‘of
variable slope in the pulse poesition modulation method
refefred to above gave some improvements, but the most
Bignifiéant improvements were obtained by distorting the
reference wave with its-second'harmonic. The application
of this modification was shown to résult in very
significant.attenuations of the sub-harmonic components,
and it would-thgfefqre make a useful contribution to
improving the performance of a cyclocoﬁverter—motor
gsystcecm wheﬂ the cycloconverter is operated over a wider

range of input/output freguency ratios than at;presént.

It is suggésted that the work be extended by
further investigation into the use_éf distorted reference
'waves in the control system in order to optimize these ”
improvements. Since the effect bf the inhibition
process, particularly the effect of irregular
inhiBition switching instants, is shown to accentuate the

sub-harmonics, then it would &lso be useful fo investigate

the operation of the cycloconverter in a hybrid inhibited/
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circuiatingrcurrent’mode. This would allow circulating-
cufrent to flow for a limited period whilst the load
current is éommutated from one thyristor group to the
other, and could provide greater flexibility over the
control of the inhibition switching instants than in the

pure inhibited cycloconverter.

It is shown that the operation of the

" cycloconverter can be identified with pulée width
modulation. Pulse width modulation is commonly used
in cothnications‘engineering and it is suggested that
the mathematical analysis in this context be related to
the cycloconverter, with the possibility.of deriving
furthery benefits from-the.application of communications

techniques.

Compufer prdgrams were written for both the
cifculatingrcurrent and inhibited cycloconverters as
described in chapters 3 and 4. The computer snalysis
discussed in chapter 4 showed that. 2 sub-harmonic component
is identifiable as a general harmonic whose frequency
depends on the value of the pﬁi/foiRatio, and that the
general harmonic 1is a-sub-harmonic<bomponentroverma'Iimited
raﬁge of therpfi/fo!Ratio values; for evéﬁ integer values
of the 'pfi/fQ Ratio it takes the form of a d.c. component,
whilst at odd integer values there: is no sub-harmonic

component and no d.c. component.

The: value of the pf;/f Ratio was also shown to

be significant in the prediciion of the fundamental
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repetition frequency, and two methods of determining its
value for the computer analysis were developed.and

described in chapter 2.

lt was shown in chapter 3 that the nett areas
“enclosed by euccessiVevcycles-of'the output ﬁaveform
_(at-wanted output frequency) areﬁzero if no sub-~-harmonic
component is present.‘ If a sub=harmonic is present,
theﬂ the nett areas vary from one complete cycle to the
next. This criterion was found_to be oflparticular
value_fbr‘essessing the‘sub-harmonic contents of‘the

. computer plots of the output waveforms.

Practicalrtests on the experimental cycloconverter,
wﬁich is described ln chapter 5,-confirmed the validity
of the computer programs. The inhibition control system
of the experimental cycloconverter incorporated a novel
method otf' zero current detection involving optocouplers. -
The practlcal tests also showed that the effect of.a
sub-harmonic component on the shape of the output
waveform .depends on its frequency in relation to the

‘wanted output frequency. If the difference between these
frequen01es is emall the envelope of the waveform 1e '
.characterlstic of amplitude modulation, 1f the difference
is large, the waveform oscillates about its mean level

at the sub-harmonic freguency.

Although the objectives. of this thesis are
concerned with the distortion of. the output waveforms,

distortion of the-supply, or input, waveform is often
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- (iueri‘e-d in practical rectifier installations. Future
work should therefore include an investigationAihto the
input side distortion componen@s. This would inevitably
1ntroduce\consideration.of the source, or commutation;
impedance which if of siénificant magnitude, could also
affect the output waveforms. The effect of source
ihpedance on the output distortion cphponents should

therefofe be investigated., .

Existing cycloconverter cﬁntrol systemns
invsriably rely on such methods as the cosinusoidal control
»method in which two analogue input signais‘areluéed. The
results discussed in this thesis have shown that such methods
do - not necéssérily give optimum: cycloconverter performance
unless appropriate modifications are made.‘ There are in
fact an infinite number of combinations of thyristor
switching instants if the constraint of the cosinusoidal
control method isrremoved. The sequence of switching
instants must nevertheless be controlled to give a
predominant a.c. output component at the wanted output
frequency, but there are still a very large number of )
possible combinations. It is therefore recommended that
the requirements fbr‘ﬁn‘all;digital control system BHe’
1nvestigat§d in order fo provide'greater flexibility of
control over the thyristor switching functions and the
inhibition switching functions. Such a system is now viable
for practical cycloconverters with the AVailability of low-
cost pre-programmable micro-processors. Thé thyristor
switching instants can then be pre-programmed with a wide

range of possible values.
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APPENDIX 1

COMPUTER PROGRAM FOR THE
CIRCULATING-CURRENT CYCLOCONVERTER
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APPENDIX 2

APPLICATION OF FOURIER ANALYSIS TO THi OUTPUT VOLTAGE
WAVEFORM OF THE CYCLOCONNERTER

Basic Principle

The basic principle underlying Fourier Analysis
is that. any non-sinusoidal waveform can be separated into

a number of sinusoidal and cosinusoidal components.

It a-non-sinusoidal waveform is defined as a

periodic function F(t) during the period t; to t,, then
03 o ‘ § :
F(t) = A, + 351 Ky cos(2nﬂfft)-+ no1 By 31n(2anft) (42.1)
ty
where A = ffj F(f) at (A2.2)
ty
ty
A = 2f, F(t) cos(Qwaft)dt (A2.3)
. " J
ty
ft2 B -
By = 2f, F(t) sin(Qanft)dt (A2.L)
f. = fundamental repetition frequency = 1
£ : | to-ty

Adaption of the Basic Principle of the Cycloconverter

-

(a) Fourier Coefficient, Al

If the voltage of the imput supply to the
cycloconverter is 1 p.u.,
F(t) = sin(2nfit + R) \ {A2.5)
where fi = input frequency

and R depends on whibh input phase is being
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utilised at any particular instant to fabricate the

cutput voltage waveform.

From Equations (A2.2) and (42.5)

t .
S -
A = ffJ sin(2nft + R)dt

tl
£o tp

= = SrF. [COS(Zﬂfit + R)]
i tl

The output waveform cqnsisma of segments of the
input sine waves. Eéch segment can be defined between
the time 1limits t(K-1) and t(K) where K successively takes
the vslues 1, 2, 3, sees UP to the total number (NK) of

switching instants In one cycle of fundamental frequency.

Ry : .
COA = Te 2af, T(K-1 — cos(2nt, R)
. KZI = [cos(2nf; T(K-1) +R) - cos(2nf, T(K)+(A]2.6)

(b) Pourier Coefficients of the Cosine Terms (AN)

From.equation.(A2.3),‘quantity t0 be integrated

F(t) cos(Zdeft)' , _
sin(2nf,t + R) coo (2nNf t) ' (from (A2.5))

= 3 sin(Wyt + R) + % sin(ligt + R) (A2.7)
whe?e Wy = 2n(f, - Nfo)
Wy = 2i(f, + Nfg)

A2/2



. from (A2.7) and (A2.3)

ty
By = T | [Bin(WDt + R) + sin(Wgt + R)& dt.
'y '
_ t,
1 ~ 1 e 2
= - :f'f [W— cos(,WDt + R) + W cos(wst + R)
D | s 1t
This expression can be re-written as:
'S , |
Ag = w—[cos(Wy t(K-1) + R) = cos(W, t(K) + Rﬂ
T ), W D D
R=1. -
w o : _
+ EZ:“WE'[;OS(WS t(K = 1) + R) - cos(Wg t(X) + Rﬂ
Vg,
K=1 % - (42.8)

In the special case when-fi = fo giving WD = 0, the
above expression cannot apply.
.". in this case (A2.7) becomes:

'7% sin(R) + % sin(unfit + R) B . (A2.9)

since Wy = 2n(fiv+ fo) = bnf,

.". from (A2.9) and (A2.3), and using t(K) and t(K-1),

% . |
Ag = EE Lo [t(K) - t(K-lﬂsin(R)
K=1 '
Ny
+ fe [coscuﬂfi t(K=1) + R) - cos(lnf; t(K) + R)]
K=l | (A2.10)
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(c) Fourier Coefficients of the Sine Terms (By)

A similar procedure to that. set out in (b)
~ above gives the following expressions for BN derived
from (A2.4) and (A2.5): | |

Hh

For N # —-:-'- ’

£

g . .
' By = Z %[si-n(_wn t(K) + R) =~ sin(W, t(k-1) + R‘)]
K=1

N
K £ : _ .
- Z 7 [ sin(Wgt(K) + R) - sin(Wg t(k-1) + R)| (a2.11)
, 8 .
K=1 ' :
T
For 1§ = =%
T
NK .
By = Z f'f[t(‘l{) - ‘t(K‘-l)]cos (R)
K_:I |
‘ ff o | ]
. - KZ=I E——f—i- [Blvn(h-ﬂfi, t-(K) + ‘R) - Sin(hﬂfi tgi;lig.;}{)

(d) Magnitudes and Phase Angles of the Harmonics (H ,SN)

g = (a2 + BD?  (42.13)
Oy = tan™t % (A2.1L4)
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APPINDIX 3

‘CURRENT FOR AN INHIBITED CYCLOCONVERTER ~FEEDING A
" RESISTIVE-INDUCTIVE LOAD

‘The voltage across the load at any instant is
glven by
v = K sin(wt + @)

amplitude of input voltage

where K

2

phase =ngle defining which input
" phase voltage is conducting

W

frequency of the inpﬁt voltage to the
éycloconverter

also v = iR + L di
' ' dt

where R = resistance of the load

inductance of the load

L =
i = instantaneous load current
os K sin (wt + @) = 1R + L dai
dt

Taking Laplace Transforus?

K(w‘coséﬁ + g s?ngl - (R.+ Ls) 1 - 1i(0)

: | 8° + W _ :
» g - Klwcosp + s sin @) + (% + w)(11(0)) (A3.1)

(62 + w2)(R + Ls)
As + B N .C:.,

824w R + Ls

Putting (A3.1) = (A3.2)

gives: Kw cos @ + w2Li(O) + Ks sin ¢ + szLi(O)

(As + B)(R + Ls) + C(s2 + w2)

2 + 052 + COw

= ARs + BLs 4+ BR + ALs 2
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eQuéting so,‘sl and 92:‘

Kwcos £ + w°Li(0) = BR + Cw (A3.3)
X.-sin @ = AR + BL (A3.4)
| | Li(0) = AL + C (A3.5)
~ from (A3.3) and (A3.5): '
Kw cos @ + w°Li(0) = BR + (Li(0) - AL)w
_ .+ Kwcos g = BR - ALw® | 613.6)
from (13 4} and (A3.6):
Kw R cos & + woLK sin ﬁ BR? + BL2 2 _
.1”BP= K(wR2cos g:; woL sin.g) B (A3.7)
_ R™ + w'L .
ve from (A3.4) and (Aj.?): .
A= %(sin‘ﬁ‘- wLé ;gs+guéig L 31n1g)?

= K (R sin @ - wL cos ) (A3.8)

'(R2 + w2L2)

o from (A3.5) and (A3.8):

K

R2‘+ w2L2

¢ = Li(0) - (RL sin @ - wL2 cos 7).

(A3.9)
Substituting (A3.7), (A3.8) and (A3.9) in (A3.2), and

rearranging, gives:

s 1 K [Riw cos @ + s sin @)

(sz+'w2L2) 8% + wo

wL(w sinlﬁv- s cos @)

+ - —5 —5

8 + w :

' . 2 2.2y 11y

WL cos @ - R sin @ + (RT + w'L7) i(0)}
s + R/L

+
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transforming back to time function gives:

1= X
('LR2 + W2L2.);.: .

[jR sin (wt + @) - vaéosftwi ;fﬁj

+ exp(“_%t):(wL cos @ -~ R sin ¢‘+.(»R2 + w2L2)i(0)]'

.

Re-arranging and putting § = t,

R |

K
i

+

= R(i h 2){%1n(Wt' g) - wt, éoé(wt + @)

+ exp(- c).(wtc'cos.ﬂ";-sin ¢)]

). (1(0))

et e[t

4+ exp(-

<+

C
This expression gives the .current in.a Yoad

having time constant t_., due to the voltage K sin (wt + @).
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APPENDIX L

COMPUTER PROGRAM FOR THE

INHIBITED CYCLOCONVERTER
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APPENDIX 5

MAIN COWPONENTS USED IN THE EXPERIMENTAL
CYCLOCONVERTER

" Thyristors: BTY87 - 800R

Heat sinks:’ 5 x 4", 12 x 1" fiﬁs, aluminium

Eqses: Water immérsed 2A fuse wire
Circulating-current Reactors: 200 mH, centre tapped

Diodes: INL1L8
AAZ1H
BAX13

Encapsulated Moduless
LUNOR60 logic gates: 2 x 2 input + 2 x 3 input
UPA6) thyristor drive oscillator
TT61 thyristor output trénsfonmer
CMOS Integrated Circuits: _
’lhOOl-NOR—gate, L x 2 input.
14011 NAND-gate, 4L X 2 input
14025 NOR-gate, 3 x 3 input
Operational Amplifier Integrated Circuits:
741 (general purpose)
301 (high slew rate)
Optocouplers: TIL1ll

Transistors: BCY70
BC107
sT241
B148

Transformers: 0-240V/20-12~0-12-20V
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APPENDIX 6

INTERCONNECTION OF LOGIC GATES TO_ FORM MONOSTABLE
AND BISTABLE CIRCUITS

(A6.1) Monostable Circuits

_Monostable circuits forming part of the overall
‘eontrol cifcuit of the experiﬁental cycloconverter .are
-shown‘in.figurea A6.) and A6.2. That shown in figure
A6.Y consists of NAND-gates, and produceé'a‘normally
logié 1 level output with short duration logic O level
pulses coincident with:negaiive-going transitions of the
input voltage. The circuit shown in figure A6.2 consists
of NOR-gates; and produces: a normélly.logic 0 level output
with short duration logic 1 level pulses coinCident>with

positive-going transitions of the input voltage.

The waveforms at the different poiﬁts(@ to @
around the circuit are shown in the figures. The leading
edges of the short duration pulses'occur when the input
voltage changes polarity (or chaﬁgeszstate), whilst the
trailing edges occur when the voltage across the
capacitor of the R—¢ circuit reaches the threshold value
of the 1npﬁt ® of the NAND-gate or of the imput @ of the
NOR-gate. The time taken to reach fhis threshold
foltage is determined by the time constant of the‘R-C
circuit, and therefore the time constant determines the

" width of the short duration pulses.

The discharge of the capacitor is not utilised
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in the monostable circuit, and therefore the diode/

-~

. resistance branch is added to accelerate it.

(A6.2) Bistable Circuits

Figures A6.3%a and A6.3b show the interconnection
of NOR-gates and NAND-gates respectively to form the
bistabie circuits used in the experimental cycloconverter.
The truth tables show the logic state of the output
terminal Q@ for all combinations of the logic states
of the input terminals R and § and for changes in the
Iogig state of R and S. The logic state of @ is always
‘the complement of Q.
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