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ABSTRACT

The output frequency spectrum'of a
thyristor phase-controlled cycloconverter
using digital control techniques.

by

C.H.LEUNG B.Sc. A.C.G.I.

The. principle of operation dictates that the
output of a cycloconverter contains some harmonics. For
drive applications, the harmonics at best increase losses in
the motor and may well cause instability.

Various methods of analysing the output waveform
have been considered. A Fortran 77 program 'employing a
modified Fourier series, making use of the fact that the
input waveforms are sinusoidal, was used to compute the
individual harmonic amplitudes. A six pulse three phase to
single phase cycloconverter was built and a Z-80
microprocessor was used for the control of firing angles.
Phase locked loops were used for timing, and their effect
upon the output with changing input frequency and voltage
were established. The experimental waveforms are analysed
by a FFT spectrum analyser.

The flexibility of the control circuit enables the
following investigations not easily carry out using
traditional analog control circuit. The phase relationship
between the cosine timing and reference wave in the
cosinusoidal control method was shown to affect the output
waveform and hence the harmonic content. There is no clear
optimum value of phase and the T.H.D. up to 500Hz remains
virtually constant. However, the changes of individual
harmonic amplitudes is quite significant. In practice it may
not be possible to keep the value of phase constant but it
should be considered when comparing control strategies.

Another investigation involves the changing of the
last firing angle in a half c¢cycle. It shows that the value
of firing angles produced by the cosinusoidal control method
is desirable. Operation at theoretical maximum output
frequency was also demonstrated.
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CHAPTER ONE

INTRODUCTION.
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1. Intreduction.

The development of high power semiconductor devices
in the past three decades opens up new areas of application
for these devices. The more successful devices are
thyristors, triacs, bipolar and recently €field-effect
transistors. The areas of application cover both domestic
and industrial environments. Light dimmer, switching mode
power supply, d.c. and a.c. motor controller, high voltage
d.c. transmission link are just some examples. The functions
they perform are voltage control and frequency conversion.
(d.c. being considered as zero Hz). An application that
usually requires a large number of thyristors 1is the

cycloconverter.

A cycloconverter 1is a frequency changer. It
converts directly a.c. of one frequency to a.c. of another
frequency in a single stage. The power rating of
cycloconverter is usuaily high i.e. up to and above hundreds
of kilowatts. The output voltage waveform of a
cycloconverter consists of different sections of the usually
three phase input waves as shown in Fig. 1.1. In a modern
cycloconverter the switching is done by a group of
thyristors connected between the input and output. As
cycloconverter 1loads are designed to work with sinusoidal
waveforms e.g. induction motors, the distortion 1in the
output of a c¢ycloconverter can cauge extra losses in the
load and may also affect the stability of the drive system.
This prevents more widespread apprlication of

cycloconverters.
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1.1 Applications of cycloconverters and alternative methods.

The first application of the cvcloconverter was for
traction in Europe in the 1930's. A three phase 50 Hz supply
was converted to single phase 16.66 Az using grid controlled
mercury arc¢ rectifiers, To date, the applications of
cycloconverters can be divided into two groups :

(A) Those which convert the mains supply of fixed frequency
to a range of different, usually 1lower, frequencies for
variable speed diives. For example, cycloconverters
supplying synchronous motors were used for mill drives
(1) ,(2),(3) and supplying induction motors for mining-
applications (4).

(B) Those which convert the variable frequency output of a
generator driven by a variable speed prime mover to a fixed
frequency such as some 400 Hz supplies  on aircraft.
(5) (P.431) (6) (P.10-14)

The cycloconverter_ is, of cause, not the only
solution to the above areas of applications., For the
variable speed constant frequency (V.S.C.F.) application,
the alternative can be a hydraulic speed regqulation system
to drive the generator at constant speed and hence obtain
constant frequency output. Hydraulic speed control system

tends to be heavy and have a relative low efficiency.
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Cycloconverters have the advantage of small size and 1light
weight, but usually both output voltage and current waveform

contains harmonics.

For variable speed drives, the situation is more
complicated..The subject is very lively at present and thgre
is a large number of publications. An annual conférence is
devoted to Drives /Motors /Controls (7),(8) and (9). This
topic is also covered by conferences on electrical machines
(10) and power electronics (11). A full review of the

subject is published in recent IEE Proceedings (12).

In the past the Ward-Leonard set has been widely
used for variable speed drives. Then the thyristor phase
controlled converter as a direct substitute of the
Ward-Leonard system became popular. Variable frequency and
voltage for A.C. motor speed control can be provided by
phase control rectifier followed by a force commutated
thyristor quaéi square wave inverter., Recently there is a
lot of interest shown on pulse width modulated inverters.
Some of them use newly devéloped devices such as single or

darlington transistors, gate-turn-off thyristors (GTO) and

field effect transistors (FET).
The disadvantages of d.c. motor systems are
associated with the commutator of the d.c. motor. Apart from

the absolute speed 1limit imposed by the mechanical
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construction of the commutator, at high power level
commutation problems also dictate operation at low speed.
The first cost of a d.c. motor 1is also higher than a
squirrel cage induction motor with equal ratings and

enclosure, and requiresmore frequent maintenance.

The attraction of A.C. motors, specially squirrel
cage induction motors, are that they are cheap, robust and
easily available. For induction motors, a small reduction of
speed caﬁ be obtained by regulating the supply voltage or by
increasing the rotor resistance. Eddy current coupling can
be used if efficiency is not an impertant consideration e.g.
if the system only runs at low speed for a short 1length of
time, Inverters and cycloconverters with wide output
frequency range, e.g. 2 to 60 Hz and 1 ¢to 20 Hz
respectively, are used for a.c. drives requiring a wide
speed range (13). These converters require more' complex
control functions than phase controlled converters used in
d.c. drives. The cycloconverter tends to occupy the high
power end of the market due to the 1large number of
thyristors required and its pétentiallv low losses because

conversion is done in a single stage.

The co-existence of so many systems 1is not
surprising if we consider the number of units used by each
system. A unit 1is defined here as an electrical machine or

power electronic circuit that can handle the full load
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power. This is not to suggest that one unit is equivalent to
another in terms of performance, size -and cost etc., This
simple' Icomparison is a guide té the requirements of
different systems in comparison withacycloconverter. Table 1
shows that the total number of units used from mains input
to mechanical output is three except for a cycloconverter.
However a cycloconverter generally requires more thyristors
in its power electronic¢ c¢ircuit than other systems. (See
next section for the cycloconverter circuit). The
characteristics of the different units are reflected in the
choice of system for an application. For example the price
fall of thyristors in terms of performance/cost in the last
decade tends to favour phase controlled converters more than
Ward-Leonard sets. But wuntil there is a significant
improvement 1in one of these units, there is no overall

winner.
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1.2 Cycloconverter circuits.

The operation of Naturally Commutated
Cycloconverters (N.C.C.) can be described as modulating the
output of a phase controlled a.c. to d.c. converter to
produce an a.c. output..As a phase controlled converter can
supply current in one direction only, two back-to-back
converters are required for a balanced single phase a.c.

output.

As the two converters produce current 1in opposite
directions, it 1is necessary to control the magnitude of
current flowing from one converter to the other. There are
two methods to prevent a large current flowing. Fig. 1.2
show the two methods in block diagram form.

(A) A 1large circulating current reactor 1is connected
between the converters to limit the maximum current flowing
- this 1is the <circulating current cycloconverter. The
reactor needs to carry the full load current as well as the
circulating current flowiné between the converters.
Therefore the inductor is usually large and expensive.

(B) Only one converter is allowe{to conduct at any time by
monitoring the current in the conducting converter and wéit
until the current 1in the conducting convefter reacheszero
before supplying firing pulses to the other group and

allowing it to conduct - this is the inhibit cycloconverter
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(14) . Extra sensing and control functions are required in
the control circuit: to perform the function described

above for this type of cycloconverter.

Similar to. the phase controlled converter,
cycloconverters can have either single or multiple {usually
three) phase input, and single or multiple phase output.
Also, a better output waveform can be obtained by increasiné
the pulse number. However, more thyristors are required for
cycloconverter with a higher pulse number. A typical ﬁhree
phase input and output, six pulse cycloconverter consists of
36 thyristors, see Fig. 1.3. Note that for bridge circuits
with multiple phase output, isolation between different
output phases is required. It can be in the form of isolated
phases in the input transformer as indicated in Fig.l.3 or

employing a motor with six connections.

As the cycloconverter employs natural commutation,
the switching of current from one thyristor to the next
relies on the incoming thyristor having a higher supply
voltage at the switching instant and thus reverse biassthe
conducting thyristor and turns it off. A gate pulse applied
to the incoming thyristor, at the instant when that
thyristor is due to start conduction is the only control
signal required. The pulse should he of sufficient length so
as to allow current in the usually inductive load to build

up to above the latching current of the thyristor. Apart
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from the voltage and current handling capability, there are
no other special requirements for the thyristors used, and
converter grade thyristors are sufficient. Hence there is no
essential difference in the power part of the circuit
between a cycloconverter and a dual phase controlled

converter for reversible d.c. drive.

There are other, not 8o common cycloconverter
circuits. For example, if the three phase load is connected
in delta, only two separate single phase outputs are
required, This is the open-delta cvycloconverter
(15) (P.216-220) . Recently, cycloconverters have been used to
produce outputs that have frequencies higher than the input
(16) . Natural commutation is possible because a high
frequency resonant (tank) circuit 1is connected to the
output. High frequency is desirable because small storage
elements, i.e. the capacitor and inductor, can be used. With
two cycloconverters connected together, with a high
frequency liﬁk, the system can convert input power of any
frequency and voltage to output power of any other frequency
and voltage (17),(18). The term generalised transformer is

sometimes used to describe such a power conversion system.

Page 12




1.3 Cosinusoidal control method.

Control of cycloconverters is achieved by
modulating firing angles. Therefore to simulate a sine wave
the thyristors are, at first, triggered to produce a 1low
voltage. Then the firing angle is advanced to increase the
output voltage and is again retarded at the end of the half
cycle. The firing angle is thus, in general, changing from

one pulse to the next..

For a P pulse phase controlled converter with
continuous current, the average output voltage over a period
between firing of thyristors with constant firing angle is

given by Lander (19) (r.77).

Vmean = Vmax * i} * SIN(%g) * COS(eX)
where P is the pulse number of the circuit

o(is the firing angle 0 (X ¢ X

Hence with «( = 0 the cénverter produces maximum output
voltage and by definition is the earliest possible moment
for natural commutation. With the desirable output voltage
for cycloconverter in the form of Vo * SIN(9),

if the converter is to produce this voltage
Then Vo * SIN(e} = K * Vmax * COS (e)
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> o= cos ' (r * sIN(e)).

To approximate the desired sinusoidal output for the
cycloconverter, the cosine of the firing angle (e) must vary
sinusoidally. For maximum output voltage 1i.e. r=1, the
firing angle is actually increasing and decreasing linearly
(20),(21). As the firing angle 1is changing, the average
output voltage given above 1is not strictly applicable to
cycloconverter but the output as shown in Fig. 1.4, roughly
follows the desired sinusoidal waveform. To search for
better output waveforms the firing angles produced by the

cosinusoidal control method is varied as described latter.

Traditionally with analog control circuits, a
series of cosine timing waves are derived from the supply
(see Fig. 1.4 and 1.5). For the three pulse example shown,
these are just the input phases inverted and scaled down to
appropriate scale. For the six pulse case, the cosine timing
waves are the sum of two input waves and their inversion,
These cosine timing waves are compared with the output of a
free running oscillator - the reference wave to produce the
firing instants. At the crossing point of the two waves, the
instantaneous value of the cosine timing wave equals the
instantaneous value of the reference wave and firing the
next thyristor at that instant would produce an output

voltage proportional to the reference wave. The rate of
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change of the reference wave determines the rate of change
of output and therefore 1ts Ffrequency. The relative
amplitude of the reference wave determines the magnitude of
the output voltage and is definedas unity when they are of

equal amplitude.

With the cosinusoidal control method, the firing
angles depend on the value of the two waves as they cross
each other. The values at other parts of the wave do not
affect the result. Also the crossingsoccur at irregular
intervals and the method |is calleq the WNatural Sampling
Method. A modification of the method that attempts to produce
the desired output at more regular intervals, at the start
of the cosine timing wave, is called Regular Sampling Method
(22) as shown in Fig.l.5. The output is supposedto synthesis
the reference wave at reqular intervals ,i.e. at the start
of the cosine timing waves, but the firing instants are, of
couse, still at ir;egular intervals to produce an A.C.

output,

The actual number of cosine timing waveforms in a
input cycle equals the pulse number of the converter circuit.
For a 50 Hz supply, 3 pulse circuit, the spacing between the
cosine timing waves is 6.6 mS or 120 degrees. The reference
wave 1is the controllable signal and ¢an change in frequency
and amplitude 1independently and hence vary the output

voltage and frequency of the cycloconverter. In fact the
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reference wave need not be sinusoidal and the cycloconverter
can be considered as a 'linear' amplifier of the reference
wave if cosine timing waves are used. A trapezoidal
reference waveform is sometimes used to improve the {input
power factor and increase the magnitude of the wanted
coméonent. Timing using other waveforms e.g. triangular was
considered by .Bland (23) and shows that the use of
cosinusoidal control signals is desirable for sinuscidal

outputs,

1.4 Power factor of cycloconverter.

Cycloconverters can handle both capacitive and
inductive 1loads. 1In fact the phase angle between the
fundamental component of voltage and current can be greater
than 90 degrees. With displacement angles greater ghan 90
degrees or power factor negative, the power flow 1is
reversed. Therefore one cvcloconverter at each end is
sufficient for a high frequency bi-directional power
transfer 1link. In drive applications, this results in

regenerative braking.

The input power factor of a cycloconverter is,
however, always lagging. This is due to the fact that at
most parts of the output cycle, the firing angle is greater
than zero to produce a less than maximum output voltage and

consumes current in the latter part of the input cycle. The
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input current is not sinuscidal but only the fundamental of
the input current produces real power, The maximum input
power factor, shown by Pelly (15)(P.359), 1is 0.843 and
occurs at maximum output voltage with wunity 1load
displacement factor. This could be an important
consideration as more and more thyristor circuits are used
and could lead to restriction in their use or higher tariff
on thyristor equipments. This 1is an even more important
consideration 1if supply comes from a weak 1link or a
dedicated generator as is almost certainly the case for VSCF

applications.
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CHAPTER TWO

ANALYSIS OF CYCLOCbNVERTER OUTPUT WAVEFORM
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2. Analysis of cycloconverter outpat waveform.

As the output voltage waveform of a cycloconverter
is not a pure sine wave but made up of sections of sine
waves at supply frequency, assessment of the distortion is
important. It helps to evaluate the merit of different
control strategies and to enable comparison to be made with
other converter systems. It also helps to deduce the

acceptability of such a waveform to the load and obtain the

desirable filter characteristic if it is required.




2.1 Pourier component method.

The usual method of analysis is to transform the
output waveform into the frequency domain using Fourier
series. The waveform to be analysed must be periodical. 1If

the waveform to be transformed is F(t) with period T. Then

o0 a0

F(t) = Ao +§ An*COS (nwt) + E Bn*SIN{nwt)
n=1 n=1

T
where Ac = 1/T ./}(t) dt
0
T
An = 2/T 'Lk(t)*COS(nWt) dt
T
Bn = 2/7 Ak%t)*SIN(nwt) dt
w = 2K/T

n is a positive integer.

alternatively
) o
F(t)=2 _Cn*COS (nwt+@n)
n=0
where Cn =J(An 2+Bn2)

;J’n = TAN-'(Bn/An)
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This is an infinite but convergent series of
sinusoidal functions. The frequencies of these are multiples
of the rgpetition frequency of the waveform (plus a d.c.
term if the waveform is not balanced). A method for
determining the fundamentai repetition frequency (Ff) of a
cycloconverter output waveform was described by Hanley (24).
This involves calculating the quantity P*Fi/Fo (In most
cases this is the number of sections of input wave in a
output cycle, see section 2.1.2), and reducing the numerator
and denominator to the smallest integers. If D is the
smallest integer denominator,lthen it requires D cycles of
the wanted output before the waveform repeats
itself.lTherefore the fundamental repetition frequency is
1/D times the wanted output frequency i.e. Fo/D. The wanted
output component becomes a harmonic of the repetition
frequency. However, the amplitude of the fundamental could

be very small compared with the wanted output component.
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2.1.1 Graphical Methods.

The harmonic content of some waveforms, e.g. the
magnetising current of a transformer, can be obtained by
graphical methods. To obtain the third harmonic component,
three output waveforms, displaced by one third of the period
of the compleEe waveform are added together and then divided
by three. Higher order harmonics can be evaluated using
numerical'integration of the Fourier series., These methods
can be useful for evaluating a few of the harmonics of

experimental waveforms.

Graphical methods are not very useful for analysing
cycloconverter waveforms because the amplitudes of the 1low
order harmonics, e.g. third and fifth harmonics in the

working range, are usually low. The dominant harmonics are

centred around the average switching frequency P*Fi.




2.1.2 Modifications of Fourier Series.

For a cycloconverter with ideal source and
semiconductor switch, i.e. assuming no commutation overlap
and conduction losses, one phase of the output voltage of a

cycloconverter can be represented by:
F(t)=

SIN (wt+#l) To <t< T1, Tp <t< Tp+l, .. T(m-1)p ¢t(T(m=-1)p+l
SIN (wt+g2) T1 <t< T2, . .

SIN (wt+dp) Tp-1<t<{ Tp, T2p-1<t{ T2p, .. Tmp-1 < t< Tmp
F (t+Tmp)
where Tmp is the period of the waveform.

This equation shows that the sinusoidal input
waveforms are connected to the output in turn. Therefore the
output can also be described as a phase modulated sine wave.

The step change of phase is equal to 2%/P but at irregular

intervals.
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There is usually a large number of sections, e.qg.
30 for a six pulse cycloconverter with 10 Hz output.
Therefore analysis by the normal Fourier series is very
laborious. A large number of terms need to be integrated and -
the 1limits substituted to obtain the Fourier coefficients.
Using the fact that the input waveforms are sinusoidal,
Hanley (25) reduced the equations of integration to
algebraic summation; The product of the two sinusoidal
functions to be integrated is rearranged to become the sum
of two sinusoidal functions. The integration is then
performed on the two terms, leaving the times of switchings

to be substituted. The derivation is shown in Appendix I.

The calculation of Fourier components using the
modified method is ideally suited for a digital computer. A
Fortran 77 program was written to perform the calculétions.
Section 4.5 will give a more detail description of the

program.

Another modification of the Fourier series, in
complex form, was published by Slonim (26). By performing
integration by parts twice on the product of the two
sinusoidal functions, the integration is once again reduced

to summation.
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2.1.3 The Fast Fourier Transform.

The Fast Fourier Transform (F.F.T.) is a numerical
analysis technique that also eliminates the need to perform
integrations. A periodic waveform is sampled at 2" points
and transformed into (2"—1) freguenc? components. The
algorithm for the transform itself is very efficient
compared with a numerical integration implementation of the
Fourier series, But for cycloconverter output waveforms _not
much computation time may be saved by using this method as
all 2N points of the output need to be evaluated. There may
be a thousand points to give anaccurate representation of
the waveform, compared with the evaluation of just the

switching instants in the last method.
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2.1.4 Existence functions.

Existence functions (5) are mathematical
descriptions of the operation of switching power converters.
An existence function has a numerical value of one or zero
to describe the two states of a mechanical or semiconductor
switch (all types - thyristor, transistor etc.). Operation
of the whole converter is described by a set of existence
functions defining the actions of all switches. The
usefulness of existence functions in converter analysis is
that the output of a converter can be considered as the sum
of the outputs produced by the individual switches - hence
described as the total sum of the existence functions
multiplied by the input waveforms. To obtain the frequency
component, the input waveforms and existence .functions are
transformed separately into the frequency domain and then
multiplied together to obtain the contributions from every
input phase. These are added together to obtain the spectrum
of the complete waveform. The procedure is efficient because
usually the input can be considered as steady d.c. or pure
sine wave a.c. These can be represented by a single term in
the frequency domain. The procedure is efficient also
because the existence function having value of either one or
Zero is relatively easy to transform into frequency domain.

This eliminates the need of integrating complicated terms.
The particular advantage of this approach for
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frequency analysis is that it can be applied to all
switching converters and it gives a universal approach to
the subject - that is, the function and behaviour of
switching converters are controlled by the switches and

depends on the switching pattern or existence function.

2.1.5 Spectrum analyser.

Practical measurement of harmonic distortion
involves .the use of a spectrum analyser. The spectrum
analyser resolves the input waveform into its harmonic
components and displays amplitude of harmonic against
frequency rather than the usual display of amplitude against
time on an oscilloscope. During the evaluation of the
harmonic amplitudes, only a finite number of output cycles
can be considered by the spectrum analyser. There are two
types of spectrum analyser. One type ehploys a tunable
analog filter, and the display is built up point by point
along the frequency scale. Therefore if the waveform is not
repeatable, the harmonicas are strictly from different
waveforms. Also it takes grlong time {in the order of tens
of minutes) to produce the spectrum of a waveform at mains
frequency. As it requires a very stable but turnable
reference frequency, a warm up period after switch on is
also required to eliminate thermal drift before accurate

results can be taken.
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The Fast Fourier Transform type analyser digitizes
the input waveform and performs the transformation
digitally. Only one set of successive samples of the input
is taken and is used to calculate the amplitudes of all the
harmonics. The process can be seperated into the sampling of
the wavform and the transform calculation. The sampling
process is exXactly the same as that in a data logger or
digital storage oscillscope. Indeed, a recent ¢trend |is to
link a digital storage oscilloscope, cften with a IEEE-488
or GPIB bus, to a micro-computer and to perform the
calculations in the computer. Thus the frequency analysis is
performed by two low cost general purpose equipments. As the
sampling frequency in the F.F.T. type analyser can be kept
constant easily at 1low frequency, this eliminates the
problem of frequency drift in the analog €filter type
analyser, The experimental results were obtgined on a H.P.

3582A F.F.T. spectrum analyser.

Phase information is generally not available on an
analog filter type analyser. The F.F.T. type analyser
usually uses the trigger point as reference. Therefore, if
the phase between reference wave and fundamental output
component is required, the analyser must be triggered by the
reference wave. (The reference wave is not always available
as it could be Jjust numbers stored in the computer’'s
mémory.) Also the phase of all harmonics depends on the

triggering point.
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2.2 Agsessment of Harmonic Content.

The production of harmonics in the output of a
cycloconverter as a result of the inherent process'of
synthesis is unavoidable,Theoutput of a cycloconverter will
always contain some harmonics. Strictly, due to the
modulation of a fixed input frequency by a changing wanted
output frequency, the frequencies of distortion components
are generally not integer multiples of the wanted output
frequency, but the term harmonic 1is used to refer to
frequencies other than the wanted frequency. It has been
shown by Pelly (15)(P.397) that the freguency of the
distortion components of a three pulse cycloconverter with

cosinusoidal control can be expressed as
3(2p-1)*Fi+2nFo and P*Fi+(2n+l)*Fo.

This shows that with output frequencies much lower than the
input frequency the harmoni&g are in families centred around
frequencies at int@'ger multiplesof the average switching
frequency P*Fi. It also shows that some of the distortion
components can have frequencies lower than the wanted output
frequency. For example the (3Fi - 4Fo) term, with input
frequency of 50 Hz and output frequency of 35 Hz, has a
frequency of 10 Hz. 1In general, all components with

frequencies lower than the wanted ocutput £requency are
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termed sub-harmonic. The condition for having sub-harmonic
components is related to the repetition frequency which is
discussed in section 2.1. There is no sutharmonic at output
frequency of P*Fi/n (where n is a 1integer) - 1i.e. for a
three-pulse cycloconverter, the output frequency is 150, 75,
so, 37.5, 30, 25 ,... etc Hz. Dbecause the repetition
frequency is equal to the wanted output frequency. It should
be made clear that the use of Fourier series can be still
completely valid even forﬁhutput with sub-harmonics because
the fundamental frequency of the Fourier series ~is set to
the repetition frequency rather than the wanted output

frequency.

Another implication of the general harmonic
frequency expressions 1is that certain frequencies can have
contributions from more than one family. For example, with
input frequency of 50 Hz and output frequency of 30 Hz, the
{3Fi - 4F0) term has a frequency equal to 30 Hz i.e. the
wanted output frequency. The (9Fi - 1l4Fo) comp&nent also has
a frequency of 30 Hz. The harmonic having a frequency of 270
Hz has contribution from the {3Fi + 4Fo) term as well as the
(6Fi - Fo) term. This makes the analysis of harmonic
amplitudes at Specific values of frequencies in close form
véry difficult because theoretically there are- a large
number of contributions from many families. It is uncertain

how many of these components are significant.
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The acceptability of distorted output waveforms as
discussed above depends on the application, For V.S.C.F.
applications the specification can be stated in very simple
terms such as T.H.D. less than a certain value say ten
percent and with each individual harmonics less than say
five percent. For drive applications the situation 1is more
complicated as the currenﬁ harmonic is affected by the load.
The 1limiting factors being the manifestation of harmonics as
torque pulsation and extra losses. As some loads cannot
tolerate torque pulsation while others are heavily damped,
there is no absolute limit of harmonic amplitude above which

the output becomeSunacceptable.

It has been shown by Pelly (15} (P.236-238) that the
R.M.S. distortion is minimum, for a circulating current
cycloconverter with continuous current, when the
cosinusoidal control method is employed. This is not to say
that the cosinusoidal control method is the optimum control
method. The current can be discontinuous in some part of the
cycle. The losses, in the loaﬁ may not be proportional to the
value of R.M.S. distorﬁion because of factors such as
winding inductance and saturation of the magnetic components
in the 1load. For an induction motor, the.inductance of the
motor winding tends to reduce the amplitude of higher order
current harmonics. Therefore harmonics with low frequency
tend to have greater effect on the motor. The interaction of

the supply harmonics and the space harmonics produced by the
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motor slots is complex. A good index should reflect either
torque pulsation as a percentage of the load torque or the
additional losses due to harmoniecs in the waveform or a
combination of the two manifestation of harmonics depending
on application. But unless a motor as well as the nature of
the mechanical load is specified, the losses in the motor as
well as the effect of different harmonics cannot be
determined. However, in general, harmonics with low

frequency, especially sub-harmonics are to be avoided.

Although Fourier series imply there is an infinite
number of harmonics, in practice when studying harmonics a
finite range must be established. It c¢an be solved by
assuming that a low pass filter with a known cut off
frequency is available or the harmonics having frequencies
above that range have negligible effect. The cut off
frequency for this work, which was chosen to be above the
average switching frequency, is 500 Hz, This value is of the
right order because the amplitudes of harmonicsgs above that
frequency are rarely greater than few percent and the
frequency is a lot higher than the wanted component so a
simple filter can be used to attenuate harmonics above that

frequency.
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2.3 Time domain method.

The methods of analysis described so far are all in
the frequency domain. The distortion of the cycloconverter

output waveform can also be quantified in the time domain.

Criteria such as the total absolute volt-sec error
of the waveform may be a useful parameter. The advantage of
the time domain method 1is that it 1is a single value
parameter which is very convenient for compariSon. Pelly's
proof of minimum R.M.S. distortion with the cosinusecidal
control is an example. However it does not account for the
rapid changes 1in the voltage waveform or the high frequency
component., Hencefetime domain method requires further

development to take that into account.
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‘CHAPTER THREE

METHOD OF INVESTIGATION OF FIRING ANGLE CHANGES.
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3 Method of Investigation of firing angle changes.

3.1 Modification of firing angles produced by

the cosinusoidal control method.

As shown in section 1.3, the cosinusoidal control
method is the natural choice for 'the generation of firing
angles. This is used as a starting point of investigation to
explore the possibility offered by the experimental

microprocessor based control system.

Any changes of fi;ing angle produced by the
cosinusoidal control method alters the output waveform and
hence alters the harmonic content, However systematic
methods must be used because usually there are a large
number of firing angles. Each firing angle, in theory, is a
continuous variable (in the experimental system it can be
adjusted by 1/512 of the supply period i.e. 1less than one
degree) and there are a large number of combinations of
changes that can be made to the firing angles. With analog
control «circuitry, the modifications that can be made are
limited to changing the shapes of the timing and reference
waveforms to that which can be generated accurately and
easily in practice - for example, having one or both of the
waves triangular instead of sinusoidal or adding second
harmonic to the reference wave. With microprocessor based
control, it can change the value of one or any combination

of the firing angles.

Page 37



As suggested in section 2.2 it is not possible to
elimiﬁate all harmonics 1in the output of cycloconverters.
Considering Pelly's proof of the desirability of the
cosinusoidal control method (15) (P.236-238), i.e. it
produced the minim um R.M.S. distortion, then the best that
can be achieved 1is a better compromise of
harmonic amplitudes. One or more of the more harmful 1low
order harmonics may be suppressed 1in exchange £for an
increase of the high order harmonics, FPurther, Miyairi's
proof (27) of the equivalence in harmonics between
cycloconverters and bridge converters state that the R.M.S.
voltage of the 6*m*Fi component of the bridge converter is
equal to the total R.M.S. voltage of the 6*m*Fi family of
cycloconverter if the firing angle of the bridge converter
(e« and the modulation depth r of the cycloconverter are
related by COS() = r/f2. This implies that the best trade
off that can be done is further restricted to within one
harmonic family.

One possible method dsed is to change one of the
firing angles produced by the consinusoidal control method.
The last pulse in the output cycle can be the 1longest and
thus gives more scope of investigation. This is selected to
study the effect of its variation upon harmonics. The last
pulse 1in both half cycles were changed together by the same

amount otherwige second harmonic will be introduced.
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3.2 Variation of phase of the reference wave 1in the

cosinusoidal control method.

As discussed in section 1.3, the cosine timing
waves are synchronized to the supply, and their spacings are
fixed according to converter confiquration i.e. 2XZ/P. With
analog control circuitry, the reference wave is produced by
a free running oscillator. It is difficult to maintain an
exactly fixed frequéncy ratio between the mains supply and
output of the oscillator. Therefore, the phase angle between
the two waves with <changing ratio of frequencies is

meaningless.

With digital control circuitry, the natural choice
is to have the cosine timing and reference waves
synchronized by using the same clock as reference. This
clock signal is derived from and synchronized to the supply
using P.L.L. circuitry which will be described in section
4.1. Therefore the timing and reference wave are in effect
phase-locked to the'supply. As pointed out by Tso (28), the
timing and reference wave need not be generated physicaily.
The method suggested by Matonka (20) stores the triggering
pattern only, and there is no sinuseoidal signal in analog or
digital form. The firing angles can simply cycle through a

sequence stored as a look up table in memory.
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For output frequencies which have output to input
frequency ratios that can be analysed by Fourier series,
i.e. frequency ratio 1in rational number, there is a fixed
phaée relationship between the timing and reference wave.
The waveforms in Fig.3.2 illustrate such a condition. These
waveforms are plotted by 'a digital plotter "which is
controlled by RML 3802 microcomputer via a IEEE-488
interface. The BASIC program is listed in Appendix II. The
input to output frequency ratio is two and the length of one
half cycle of the output equals one cycle of the input.
Therefore each half cycle of the output is of equal length,
and the wvalues of firing angle in corresponding pulsesis
identical. That 1is, the phase relationship betweenl the
timing and reference wave at the start of the period
included for Fourier analysis is the same as at the end i.e.
the start of the next cycle. The phase between the cosine
timing and reference wave 1is defined as zero when the
instantanemus value of the cosine timing wave 1is one while
the reference wave is zero. The value of the éhase is
expressed in the input frequency scale. These definition$
will be used in the rest of the dissertation. The phase
between them can, of course, be wvaried over a range of
values. Fig. 3.2 show three different phase angles between

cosine timing and reference waves.
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The first and subsequent cross-over points of the
waves (the firing instants) varies with the phase between
the two waves. Therefore the output waveforms with the same
control method, circuit configuration, modulation depth and
the same output to input frequency ratio can be different.
It will be shown in chapter five that the spectrum contents

change as well.

The phase shift described is not the same as the
phase between reference waves in order to producé?poly—phase
output. In fact poly-phase reference waves can be shifted
together with respect to the ¢timing wave. For an output
frequency of 25Hz the phase relationship between cosine
timing and reference wave in the three output phases are
identical. Power factor of the locad aoes not affect the

phase shift either.

Apart from the pulse number of the c¢ircuit, the
range of phase angle or length of time the reference wave
can be shifted before the same output waveform is produced
depends on the ratio of the fundamental repetition ffequency
to the wanted éutput frequency of the output (or the
quantity Fo/Ff). With six pulse operation and wanted output
frequency equal to fundamental repetition frequency, the
range is 60 degrees in the input frequency scale or 3.3 mS

for a 50 Hz input.
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If the fundamental repetition frequency is 1/n
times the output frequency, the range 1is reduced by 1/n
times. For example with fundamental repetition frequency
equal to half the wanted output frequency, the range is
reduced by half to 30 degrees or 1l.66mS. Hence the second
cycle of the reference wave is phase shifted by 30 degrees

compared with the first cycle.

An undefined situation occurs if the crossing is
when the instantaneous values of both waves equal to zero.
The cross-over can be included or left out in that half
cycle. Fig.3.lc shows the case where the pulse 1is included
while Fig.3.la omitted the crossing point. The net results
' in the output waveform being shifted one pulse from the
start to the end of the output half cycle. The problem is
similar to that of the possibility of mis-fire when the
converter 1is required to produce maximum ocutput voltage but
the end-stop control approach is not suitable as this would

produce an unbalanced output i.e. with a mean d.c. level.

When the repetition frequency becomes much lower

at

than the wanted output frequency, the range of phase becomes

very small and has 1little effect upon firing angles on
successive cycles. If the ratio of output to repetition
frequency is an irrational number and the waveform never

repeats itself, the phase between cosine timing and
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reference wave can not be cqntrolled. However, for a
waveform that can be analysed by the Fourier series method,
i.e. a waveform with finite repetition period, this phase
has a finite value. This phase relationship between cosine
timing and reference wave must be taken into consideration
when comparing the amplitude of harmonics between different
control strategies. There 1is no Kknown publication that
considers this variable and this is therefore a useful area
of study. For some drive applications, with the output
frequency fixed over a long period of time, it could well be
profitable to phase shift the reference wave so that the
harmohic losses produced in the load are a minimum at that

frequency and load displacement angle.
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CHAPTER FOUR

EXPERIMENTAL SYSTEM.
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4.1 The microprocessor control circuit.

The basic requirement for the control circuit is to
control the power circuit so that it produce the waveforms
that are described in chapter 3. The waveform must be
repetitive so that it can be analysed' by a spectrum
analyser. Hence the microprocessor is required to alter the
firing angles cyclically for each pulse of the converter
according to the required output. The system is required to
make use of the flexibility of stored program control to
investigate different control parameters and strategies. The
Vpotential saving in manufacturing using microprocessors with
many peripheral functions on chip is not of importance in
this project. Thus the possibility of usingasingle chip
controller type microprocessor with program stored in ROM
{Read Only Memory) or EPROM (Erasable Prégrammable Read Only

Memory) is eliminated.
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A microprocessor other than the single chip
controller type usually requires some peripheral devices to
perform properly. They can include ROM, RAM (Random Access
Memory), PIO (Peripheral input/output}) and clock signal
generator. The development time to integrate such parts into
a functional unit can be much reduced or eliminated
altogether if a ready-built development system can be used.
These systems usually provide some monitor functions with a
key pad and some form of display so that the user can
inspect and change the content of memory and registers. The
execution of user program can be controlled by single
stepping and setting up various break points in the program
using facilities provided by the monitor so that the user
can verify the 1logical operation at various stages in the

program.

However, for this real time control application
where there is only around a milli-second between successive
firing pulses, the microprocessor control circuit is
required to respond within ﬁhat time. Therefore, it |is
desirable to have full control over the interrupt facility
and not rigidly controlled by the monitor, at least when the
user program is running so that the user program can respond
to external events in the shortest possible time and assign
priority to events according to their urgency. In this case
the firing angle 3jittering due to slow interrupt response

must be minimized.
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A method of storing program and data in permanent
form such as on cassette tape or floppy disc, or in
semi-permanent form such as battery back-up RAM, is essential.
The system should also be flexible enough so that it can be
expanded at a later stage if required, for example to

increase the amount of memory.

There is another type of microprocessor development
system which emulates the action of a microprocessor in the
control circuit during development. Instead of adding
components to the development system, a seperate
self-contained control circuit - the target system is built.
But the microprocessor is unplugged and the emulator is used
in the target system instead. These emulators are very
flexible in exerﬁising parts of the control circuit and are
suitable for the development of single chip controller type
microprocessor systems. When all the development work is
finished the microprocessor is then put back in place of the

emulator.

Comparing with most eight bit microprocessors,
sixteen bit microprocessors with more processing power are
more suitable for the control of cycloconverters which
require evaluation of sinusoidal functions. Although a
sixteen bit microprocessor itself 1is not expensive, a

sixteen bit microprocessor development is at least an order
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of magnitude more expensive than an eight bit system. This
may account for the absence of reports on developments using
sixteen bit systems. The unit selected for this work is the
-MPF—l 'Microprofessor' single board computer manufactured by
Multitech 1Industrial Corporation. The unit contain most of
the essenti&l parts including a Z-80 micropprocessor running
at 2MHz. Only one Z%-80 PIO chip is added to the standard

unit which is a straight forward plug in operation.

Some facility to assist pregram development is also
desirable. Program development work can be performed on a
separate computer (micro, mini or even main frame computer)
as long as the codes developed can be transferred into the
development system easily. This can be accomplished either by
an electrical connection such as a RS-232 serial link, or by
programming the codes into an EPROM and which is then pluged
into the development system. A Research Machine 3802
microcomputer runﬁing a Z-80 assembler was used for the
‘development ofﬁgssembley language program.

There are a large number of programming languages
available for microcomputers. They range from low level
machine code language to high level language such as BASIC.
The trade-off 1is between ease of programming, good
arithmetic and scientific functions for high level languages
and fast execution speed for low level languages. Generally

high level programming languages are more efficient to
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program e.g. it is an easy matter to perform floating point
multiplication in BAéIC. The most common language for a
microcomputer is interpreted BASIC which is slow compared
with other compiled high level languages such as Pascal and
qompiled BASIC. However, these high level langquages are
incapable of dealing with interrupts efficiently which is
essential for real time control. Forth is a threaded
language which requires the programﬁer to define words which
are treated in the same way as vocabulary in the language
itself. The language is sfack orientated and uses Reverse
Polish Logic notation. Execution is fast compared with BASIC
but usually offers integer arithmetic functions only. It is
a good compromise if the contrél function 1is not too

demanding.

A six pulse converter bridge, with supply frequency
at 50Hz, has on average 3.3mS between each pulse. The
control program is required to obtain the correct firing
angle for the next pulse and place it 1in the correct
channel, hence firing the cofrect thyristor at the desired
time., It also has to decide if it is necessary toc change
converter bridge to allow current flowing in the opposite
direction. There are other secondary functions which are
desirable if it can be incorporated. For example, to sense
i1f current is exceeding the limit or device temperature 1is
too high. A display to indicate the state of the controller

is also desirable. For the present generation of eight bit
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microprocessors, the clock speed is usually between one and
five mega-Hertz. Hence a basic instruction such as 1load
accumulator takes around a micro-second. With high level
languages there is a lot of overhead to deal with variable
names, line numbers etc. and cannot handle the required

operation within the 3.3mS available. The only viable option

is using assembly language.







The function of synchronisation was performed by a
Phase Lock Loop (P.L.L.) circuitry because of its inherent
out of band signals rejection characteristic which minimise
the timing error that may be introduced by noise 1in the
supply. The requirement for this P.L.L. circuit is not
demanding. As lock-in transientsonly occur at switch-on and
the triggering of thyristors can be delayed until fhe P.L.L.
circuit becomes locked, hence the pull-in time 1is not
critical. The supply frequency 1is fairly constant and
variation is well within the lock range of the P.L.L. if the
centre frequency has been selected correctly. Using the CMOS
4046 P.L.L. circuit with its phase comparator II selected,
the output is always in phase with the inpuf when the P.L.L.

is in lock independent of the working frequency.

In order to supply a suitable signal to the P.L.L.
the supply voltage in one phase of the supply was stepped
down, rectified and reshaped by amplification to saturation
using the transistor in the opto-isolator to become a square
wave. The mark space ratio of this signal is not exactly one
to one but that introduces only a negligible phase error to

the timing signal.

There is a divide by six counter between the output

of the voltage controlled oscillator and the input of the

phase comparator in the P.L.L.. That is the P.L.L. is







The sequence of firing angles used. for a particular
output was worked out on a programmable calculator using the
cosinusoidal control method and then transferred into the
microprocessor memory. The microprocessor then follows the
machine code program to c¢ycle through the sequence of firing
angles stored in memory to produce the desired fixed
frequency output. Any or all of the firing angles stored in
memory can be altered using the development system monitor
to study the effect upon harmonics, The assembly language
program that controls the firing angle is listed in Appendix
III. The program is under interrupt control as described in
the next paragraph. As the microprocessor receives only
timing signals that are derived from the supply, any
variation in the magnitude of the supply voltage is not
compensated by change of firing angles. This is in contrést
with the self requlation of output voltage against variation
of input voltage obtained by using analog control circuitry
when the cosine timing waves are derived from and with
amplitude proportional to the supply. This self-reguldtion

effect was described by Pelly (15) (P.231).

Like the development of most control circuits using
microprocessors, there is a lot of flexibility in choosing
hardware or software to perform a particular function. The
trade off is between work 1load for the microprocessor

including the number of interrupts and possibility of
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simultaneous occurrence while it 1is running and effort of
programming against cost of extra components and
construction effoft. In this case, to reduce the work load
of the eight bit micrbprocessor, the conversion of desired
firing angles into actual time delays is performed by logic
counters. The microprocessor is interrupted by the
synchronisation signal via the strobe line of the P.I1.0. The
microprocessor then outputs the firing angle as an eight bit
binary number into the P.I.0. This number is then locaded
into the appropriate counter at the instant when the
microprocessor 1is interrupted again. The counter starts to
count down and produces a delayed version of the input. For
example with constant firing angle trace [6] is trace ([2]
delayed by @#. The three delayed square waves, trace (5] . (6]
and [7] together with their inverses are combined using AND
gates to produce six firing pulses. For example, trace [8]
is in logic terms : trace [5] AND NOT trace [6]. There is

also a third input to the AND gates for group. enable.

The clock for the logic counters, with a £requency
of 512 times the supply frequency, is derived from the
supply by another P.L.L. circuit. The smallest change of
firing angle is 1/512 of the input cycle which is less than
one degree. This is considered as accurate enough for the

investigation.
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If the supply frequency is shifted from its nominal.
value of 50Hz, a phase angle of ten degrees, say, will
correspond to a different length of time. The delay produced
By the counters, however, is a true function of phase angle
of the supply and not a multiple of fixed unit of time. This
is because the clock signal for the counters is a multiple
of the supply frequency and not a fixed frequency signal
produced by a crystal oscillator. Therefore the frequency of
the wanted output component is not fixed solely by the
parameters on which the firing angle i3 calculated but
changes 1in proportion to the input frequency. This is an
advantage when the amplitudes of harmonics are being
investigated. For the amplitude of harmonics will remain the
same but frequencies of the harmonics will be shifted by an
amount proportional to the input frequency as the harmonic
frequency is a function of the input and dutput frequency.
For example an one percent increase in frequency of the
supply will mean an one percent increase in frequency of the
wanted output component and all its harmonics. On the other
hand, if time delay produced 5& the counter 1is the same
irrespective of supply frequency, the output voltage
waveform is different and the harmonic content will not
remain the same. Any changes of harmonic¢c amplitude due to
variation of input frequency may mask the changes of

harmonic amplitude due to other effects under investigation.
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For .practical purposes, the frequency and voltage
of the mains supply 1is fairly constant. The Central
Electricity Generation Board (CEGB) is reguired by law to
maintain the supply between 49.5 and 50.5 Hz and the
operation 1limit set by CEGB itself 1is 49.8 to 50.2 Hz.
Therefore the effects of voltage and frequency wvariation
describéd eariler are negligable. The voltage regulation,
however, may be significant when the supply is coming from
the end of a long transmission line.. When operating from a
small generator, the voltage and fregquency are both
changeable, feedback may be required to produce a steady

output at wanted frequency.

With the dual three phase six pulse converter
bridges, ghe microprocessor is interrupted six times in an
input cycle i.e. every 3.3 mS. As only one bridge is
triggered 'at a time and the two thyristors connected to the
same supply line in a bridge would not be triggered at the
same time, only three sets of counters are required for the
dual six pulse bridges. Thé' outputs of the counters and
converter bridge selection éignals are combined together
using AND gates. The firing sequence and the matching of
firing pulse to the correct thyristor 1is £fixed by the
wiring. Therefore, at the time of consfruction the phase
sequence and phase shift with respect to the synchronisation
signal of the supply as connected to the converter bridges

were measured to match up with the firing pulses.
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With more powerful microprocessors that run at
higher clock rate, e.g. a sixteen bit processér running at
12MHz, the external counter arrangement may become
unnecessary. Chip count would be much reduced by using a
single chip counter / timer-that has three separate .counter
channels.. The microprocessor c¢an be interrupted by the
counter directly and then control the firing circuit
directly via a P.I1.0.. As the firing sequence is not fixed
by wiring, the microprocessor can identify the phase
sequence and phase shift of the three phase supply with
respect to the reference signal at power up. Then the firing
pulse can be steereautomatically to the correct thyrister

hw
and Azliminatmgthe need of connecting the three phase supply

in a pre-determined order.




4.3 The Power circuit_

For isolation between control and power circuits,
thé firing pulses are applied to opto~isolated thyristors.
See Fig.4.4. These were chosen to give maximum protection to
the microcomputer. A pulse transformer with a high voltage
spike across the secondary can inducé enough energy to
destroy the microcomputer and all other electronic c¢ircuits.
As the current rating of the opto-isélated thyristor is not
large enough to carry the main current, it is used to
trigger the gate of the main thyristor i.e. a cascade
connection. The signal going into the diode part of the
opto-isolated thyristor is a continuous pulse for the whole
duration in which the main thyristor is supposed to conduct.
Unlike 1in the case of a pulse transformer, there is no need
to modulate the pulse with a high frequency. However, once
the main thyristor 1is on, the voltage between cathode and
gate becomes low and the gate of the main thyristor 1is not
driven by the opto-isolated thyristor. For loads with long
time constant, orfthe current . becomes discontinuous, the
gate of the main thyristor remains driven until it is

completely on.
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The power part of the circuit is shown in Fig.4.6.
The main thyristor bridges consist of six thyristor modules.
Each module consists of two thyristors on isolated casinge
These modules cost no more than conventional packaging but
provide gvery easy and cheap method of construction. All
twelve thyristors of the three phase input, single phase
output cycloconverter were mounted on the same heat sink. The
connection of thyristor modules into#zonverter bridge is by
two copper bars. The thyristors are rated at 18A and 800vV.
With the supply at 200V and maximum current of about 5A,
this offers a large margin of safety and hence an easier
task of protection. Also 6A ordinary HRC fuses instead of
semiconductor fuses were used to reduce cost., The half cycle
ten times over-current capability of the thyristor should
give enough over-current protection. The R-C snubbers apd
transient suppressors of the voltage dependent resistant
(VDR) type are mounted directly on top of the thyristor
modules and thus reduce the length of conductor and its
associated inductance. These R-C snubbers and transient
suppressors reduce the rate of rise of the off-state voltage
and magnitude of the voltage spikes, thereby also
suppressing mains and radio interference. Fig.4.5 shows the

construction detail including thyristor modules, heat sink,

fuses and snubbers.







4.4 _Zero current and current waveform sensing circuit.

In order to operate the inhibition of the converter
bridges, a zero current deteétion circuit is required. This
is done by sensing the voltage'across the thyristors. If a
thyristor is conducting, there |is onl& a small voltage
across it. The thyristor would support a much higher voltage
if it is not conducting. There is no current flowing if the
voltages across all thyristors are higher than the
conducting voltage drop across a thyristor. The draw back of
this method 1is that when the supply voltage is near zero,
the sensing circuit can not distinguish this from a
conducting thyristor. One way to overcome this problem is to
have a dead period, with neither bridge enabled, longer than
the period of supply voltage that has voltage less than the
voltage drop across a conductihg thyristor. With a three
phase supply, when one phase supply voltage is near zero,
the other two phases are of course not near to zero. A zero
current indication longer than the dead period is therefore

an unambiguous zero current indication.

sinee
For a six pulse bridge circuit,*the current flowing

out of one thyristor connected to the positive rail comes
back to another thyristor connected to the negative, only
three véitages require checking. The two converter bridges
of cycloconverter are connected back to back, i.e. the

thyristors form anti-parallel pairs. Therefore the number of
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voltages require checking remain three. The voltages in
question arer full wave rectified and fed into
opto-isolators. The output from the opto-isolators are
combined using a NOR gate. This one bit signal,ﬁgzly shows
if there is current flowing through the thyristors, is used
as current feed back signal. The magnitude of the current is

not available to the microprocessor. If current feedback is

regquired a separate sensor is needed.

With the star point of the three' phase supply
earthed and an earthed C.R.0., the voltage of both output
rails with respect to ground can be displayed. The total
output voltage can be displaydon a C.R.O. with 'ADD' and

VINVERSE' facility.

The current waveform, however, can not be displayed
on a C.R.0. using a droping resistor. A Hall effect
current sensor was constructed. The circuit diagram of the
sensor is shown in Appendix IV. The current of interest 1is
passed through a coil wound onto a 'C' shape ferrite core.
The flux set up across the air gap, which is proportional to
the current through the coil, is sensed by a Hall effect
device. The air gap is just wide enough to accommodate the
Hall effect sensor to create a maximum flux across the gap
and hence maximum sensitivity for the sensor. The output
voltage from the Hall effect sensor is amplified and

calibrated against a known current. The frequency response
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of this current transducer is from d.¢. to more than 1 KHz.

A useful variation of the transducer circuit is to
have two coils wounded on the same core. The current flowing
in each coil is completely'isolated but the flux set up in
the core is due to both coils and the waveform of the sum of
current is produced by the Hall effect transducer. This
enables experimentation of the group change over control
without any danger of thyristors being damaged by a large
current circulating between the two converter bridges. If
loads with equal impedance are connected to each group, the
resultant current waveform 1is the same as for the current
flowing through a single 1load. If both bridges are
conducting at the same time, this error would be shown up as
an unexpected zero current 1in the current waveform and

possibly shows current goes down to zero in a large step.
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4.5 Coﬁputer simulation.

A Portran 77 program running on a PRIME computer is
usedl to simulate the experimental cycloconveter. This
provides a means of cross checking the harmonic content. The
p:ogram as well as a set of input and output data are listed

in Appendix V . Figure 4.7 is the flow chart of the program.

The program is organised to get its input from a
data file. The data file can contain more than one set of
data so that the program can simulate the variation of one
of the parameters over a range of values. The actual inputs
of the program are : input frequency, number of pulsesin a
wanted output cycle, frequency ratio of wanted component and
lowest component in the output, higheét harmonic component
to be evaluated, time constant of locad, modulation depth.
Also the phase between cosine timing and reference wave or
the wvalue of the firing angle for the last pulse in an
output half-cycle can be included.

From these inputs, other constants such as output
and repetition frequency and the number of wanted output
cycle that need to be considered are calculated. Next, all
?he crossover points of the cosine timing and reference

the
waves for bothipositive and negative group are calculated.

Then the group change over instant is determined and the




appropriate switching instants for positive and negative
groups are selected. These switching instants are sufficient
to completely define the output voltage waveform. (neglect
overlap and device volt-drops) From these switching
instants, the individual harmonic amplitude is calculated

using the modified Fourier series described in 2.1.,2.

The outputs of the program are the frequency and
amplitude of the harmonics. Also some other information such
as the group change-over point are printed to provide more
information to <c¢heck the results. The amplitudes of the
harmonics are also writteq into an output da£a file. The
data stored 1in these files can be plotted using library

routines provided by the PRIME cémputer.
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CHAPTER FIVE

EXPERIMENTAL RESULTS.
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5 Experimental results.

5.1 General observation techniques.

The experimental cycloconverter performs
satisfactorily and produces all the output waveforms as
required. The supply for the experimental cycloconverter is
200V three phase at 50Hz. The 1locad for the single phase
output consist of two 50 Watts 1000 ohm resistors in
parallel. Therefore the output voltage and current waveforms
are of the same shape. The output from the Hall effect
current transducer which 1is of suitable magnitude is used
for harmonic analysis by the spectrum analyser and displayed

by the oscilloscope.

When the experimental cycloconverter was first
operated, the output waveform was proved to be stable by
storing the waveform on an analog storage oscilloscope with
continuous triggering over.a period of time say two minutes.
Therefore a large number of waveforms, around a hundred say,
are stored one on top of another. Instability or malfunction
of the control circuit within that period of time which
produce a different output waveform would show up as extra
traces. However, special attention must be given to the
trigger signal. In general, for a cycloconverter output
voltage waveform, a clean-up version of the actual display
is desirable for triggering the oscilloscope in order to
provide a stable display. Some oscilloscopes offer an a.c.
coupled trigger input with high frequency rejection which

provide satisfactory triggering. Otherwise a simple low-pass
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R-C filter can be used to clean-up the trigger signal. In
any case one must ensure that such filtering on the trigger
signal does not eliminate the display of spurious output

waveforms.

The time domain waveforms reproduced in the
following pages are first recorded using a digital storage
oscilloscope and then plotted on a flat-bed X-Y plotter. 1In
contrast with the procedure adopted'in the early stage, the
waveform obtained 1is a single trace recording. The
consistency of the output can still be checked by comparing
one stored trace with another. The pre-trigéer viewing and
post-storage expansion facility of a digital storage
oscilloscope also help to measure firing angles accurately.
By using different amounts of pre-trigger, different
sections of the output can be stored. This combined with the
post-storage expansion enables the display of just one or
two pulses on the screen to enhance resolution. The firing
angle can also be measured quite accurately using a
non-storage oscilloscope witp a delayed time base. However,
the display 1is difficult to read because there 1is a
reduction of display 1intensity and a tendancy to flicker

with the low output frequency of the cycloconverter.
The harmonic spectrum produced by the spectrum
analyser for each of the time domain waveforms is also

plotted on the same graph paper which contains the time
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domain waveform. As the two traces are plotted together at
the same time, this technique eliminates the possibilit? of
attributing a épectrum to a different waveform. The
amplitudes of the individual harmonics shown are read=-out
from the spectrum analyser. They are normalised to the
wanted component by setting the wanted component as
reference on the spectrum analyser. Normalised harmonic
amplitudes are suitable for comparing the cycloconverter
against other frequency changers such as the quasi-square
wave inverter. Normalised harmonic amplitudes are required
for comparing the cycloconverter output waveform with a
different input voltage specially for the 200V supply used
which is not the 415V common standard. For VSCF applications
normalised harmonic amplitude is a good starting point for
calculating percentage T.H.D. and is a useful indication of
the acceptability of the waveform. However for drive
applications, extra losses in the motor are related to the
absolute harmonic amplitude. With non-unity modulation
depth, i.e. less than maximum output voltage, the process of
normalisation is actually a retrograde step for determining

extra losses in the motor. 1In this study almost all the

waveforms investigated are with unity modulation depth.




5.2 Variation of phase between reference and

cosine timing waves,

5.2.1 Practical results.

To investigate experimentally the effect of the
variation of phase between cosine timing and reference waves
upon harmonics, the three waveforms obtained in section 3.2
were reproduced using the appropriate sets of firing angles
in the control program. The firing angles used are shown in
Fig.5.2 against the appropriate pulse on the time domain
waveform in hexadecimal form as stored in memory. (80 HEX =
90°) Table 2 below lists the firing angles used. In general,
when the phase is different, all the firing angles require
changing but not necessarily by such uniform steps as shown
in Table 2. The change of firing angle is more irregular if
the modulation depth is not unity. Fig. 5.1 shows the output
of the timing circuit. Note that each pulse is the same
length as the corresponding conduction period and there is a
large overlap between pulses. It can be seen from the
experimental results in Fig.5.2 that they- have close
resemblance to the expected waveform as drawn in Fig.3.2
(P.42-44). A useful method to identify different waveforms
is to observe the firing angles near the maximum wanted
output voltage. Using this method, the three waveforms are

readily identified with the expected waveforms.
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Table 2 Firing angles used to produce the experimental

waveforms.
Phase Firing angles in Hexdecimals
(80 Hex = 90°)
-x/12 80 64 47 2B OE 2B
0 72 56 39 1D 01 56
/12 64 47 2B OE 2B 80
—~
o h
22 ] / /
g2
* o S
o 14 -
0D
] :‘ COMPUTED SPECTRUM ANALYSER
g S (dotted line) OUTPUT
a8 34
)
o
g |
=
(as
2 |
o
a 2 I
U |
. . . 300 . v $80 MT
Fig. 5.2a Phase shifting between cosine timing and reference wave.
b= nfin
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It can be seen that, in general, the spectrum is
quite different from a phase controlled rectifier. The
lowest unwanted harmonic component of a phase controlled
converter with constant firing angle and hence steady output
is at P*Fi - the average switching frequency (300Hz for the
six éulse ¢ircuit), and all other unwanted components are at
odd multiples of that frequency. For the cycloconverter in
this case there are a few components below the average
switching frequency P*Fi, the lowest frequency component
being the third harmonic of the.wanted output component. The
average switching frequency component itself is absent in
this case and all harmonics are at frequencies of odd
multiples of Fo from the average switching frequency. The
largest harmonic component is around fifteen percent of the
wanted component and at a frequency of Fo to 5Fo away from
P*Fi i.e. {(P*Pi 4+/- (2n+l)*Fo) where n=2. Hence if a filter
is required it should have significant attenuation at P*Fri
i.e. 300Hz. A wide rejection band is required to attenuate
the wide band structure of the unwanted component. This ﬁay
be difficult to achieve as some unwanted components have
frequencies close to the wanted component. Comparing with
the quasi-square waveform in Fig.5.3, although the
cycloconverter output has lower fifth and seventh harmonic,
the third harmonic 1is present and therefore can not be

judged as a better waveform.
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5.2.2 Computed results.

To compare the experimental results with the
computed results, the computed harmonics are also plotted in
Fig. 5.2 as dashed 1lines. They show good correlation with
the experimental results. The largest deviation 1is around
two and  half percent of the wanted component. The
discrepancy can be attributed to practical errors such as
supply inductance, thyristor voltage drop, wave shaping of
the snubber c¢ircuit and unbalanced three phase supply
voltage not accounted for by the computer program. The two
sets of results are also tabulated in Table 3 €for more

detailed comparison.
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Table 3

TABLE OF EXPERIMENTAL AND COMPUTED RESULTS WHEN
THE PHASE BETWEEN COSINE TIMING AND REFERENCE WAVE 1S CHANGING.

Numbers in bracket are experimental results,

PHASE (7 Radians)

Freq. | 1/1211/16|1/24 |1/48| 0.0 |1/48| 1/24 |1/16 |1/12

75 7.7 4.9| 3.4 | 3.5| 4.2 | 4.4 4.9 | 4.0 | 2.8
(5.9) (2.0) (4.3) (5.9) (2.1)

125 11.0 ¢ 9.8| 9.8 9.2 9,7 |10.9| 11.6 (11.2| 9.2
(9.5) (8.9) (10.2) (10.7) (8.6)

175 9.2 |10.1|11.3 |11.7 | 12.5 [13.2] 13.8 |14.6 | 14.8
(8.1) (10.4) (11.8) (13.4) (14.8)

225 2,0 4.2 5.6 | 7.2| 8.1 8.4 7.2 | 7.5 7.9

275 6.1 | 5.5| 5.1 3.6| 2.5 | 4.7| 5.4 | 6.8 | 6.8

325 4.0| 4.7| 5.7 ) 5.4 4.3 | 3.4| 5.2 | 6.5 8.0

375 6.6 (| 4.3, 6.4 | 9.4)|10.8 | 8.5| 5.4 | 4.4 5.1

425 11.0 j13.2y11.2 | 7.7 | 8.7 |12.8| 11.7 | 6.9 | 7.6

475 8.0| 6.0| 8.8 |11.3| 8.0 | 4.6] 9.6 |11l.2| 7.5
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5.2.3 The optimum value of phase between reference

and cosine timing waves.

In principle there should be no essential
difference in the output waveform of a cycloconverter with
different values of phase angle between reference and cosine
timing waves. The <crossing points of the two waves are at
different points on the reference wave cycle. The number of
crossings is the same in each case. Therefore in each case
the output is synthesising a different set of points on the
reference wave and should all be equally good approximations
of the reference wave. The T.H.D.'s for all cases are around
25 percent. However, to detect a possible best phase
relationship, the computed harmonics are plotted against the
phase angle between cosine timing and reference waves in
Fig.5.4. The harmonics plotted are for discrete values of
phase with straight lines joining the individual points. The
Sth harmonic of 125Hz shows a relatively small change over
the entire range. The 7th harmonic of 175Hz has a clearly
increasing trend with increasing value of phase. However
when the 7th 1is at its minimum the 3rd is at its maximum.
This conflicting trend for the two adjacent harmonics means
that there is no clear value of phase which produce the
minimum amount of low order harmonic. At higher frequencies .
the same conflicting trend is also emerging. The harmonic

with a frequency of 275H2 is minimum at a phase of =zero
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Fig. 5.4a Harmonic amplitude v phase shift

between cosine timing and reference wave.




PHASE V HARMONIC AMP.

X - PHASE (PL~48)
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Fig. 5.4b Harmonic amplitude v phase shift

between cosine timing and reference wave.
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Fig. 5.4c Harmonic ampijtude v phase shift

between cosine timing and reference wave.
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while the 375Hz harmonic is at its maximum. The high order
harmonics in Fig.5.4c behave quite differently and all show
an oscillatory trend against phase. However the peaks are

all at different values of phase,

As shown in chapter three, when a cosine timing
wave crosses the reference wave at zero, this corresponds to
either maximum or minimum value of phase angle depending on
whether the crossing point is included. For this six pulse
case the wvalues of phase angle arée either positive or
negative x/12. As shown 1in Fig.5.4;35234¢in general, the
amplitude of a harmonic component at maximum and minimum
value of phase is not the same. It means that there 1is a
sudden jump in harmonic amplitude between the inclusion and
exclusion of the crossing point when the reference wave
crosses the timing wave at zero. At first sight, it is
reasonable to assume a smooth transition as the wvalue of
phase 1is finite and cyclical. However, it should be noted
that the magnitude the first output pulse tries to
synthesise 1is zero when the crossing point is included but
is larger if it is excluded. It is also interesting to note
that, for this case - 25Hz output with a resistive load, the
inter-group period is not the same for the cases of maximum
and minimum value of phase. The inter-group dead period will
be changed if the power factor of the load is different. But
there are some other discontinuous current periods 1in the

ocutput waveform. The total number of current discontinuities
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and their duration, including the inter-group period, for
the case with resisitive load is the same for maximum and
minimum phase. Therefore in this case discontinuous current
should not have a dominant effect upon harmonics and mask

out the effect of changing phase.

5.2.4 The range of harmonic amplitudes specified by

the cosinusoidal control method,

The effect of changing the phase between cosine
timing and reference wave can be regarded as introducing an
uncertainty to the output waveform and hence amplitude of
harmonics. That is, a cycloconverter using the cosinusoidal
control method does not produce a, unique pattern of
harmonics even for fixed output fregquency with integer Fi/Fo
ratio but instead a range is specified for each individual
harmonic. The ranges in Fig.5.5 for the case of 25Hz output
are obtained by plotting the maximum and minimum amplitude
of each of the individual harmonics of the computed\results
against frequency. The range is generally between two to six
percent of the wanted component. The amplitude with zero
phase is also plotted as a dot on the 1line. This
demonstrates that the case with zero phase is not
necessarily the best because some of the harmonics produced

are the largest over the range of phase, some are the

smallest, as well as some 1in between the maximum and
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minimum. It should be noted that for an induction motor load
there are other facfors that influence the output voltage
waveform. The mechanical loading on the motor would affect
the power factor and amplitude of the current. Different
pdwer factors of the load would alter the group change-over
poiht in the cycle. Therefore the group change-over dead
period introduces a aifferent amount of distortion to the
voltage waveform. Also different c¢urrent amplitudes would
affect the duration and possibly the number of current

discontinuities.
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5.2.5 Results at other output frequencies.

All the results discussed so far are at an output
frequency of 25Hz. Other frequencies studied are chosen to
give'a maximum range of phase. That means an integer ratio
of P*Fi/Fo. But this also implies the exclusion of
sub-harmonics in the output spectrum. The actual frequencies
includes 30, 25, 18.75, 15, and 12.5Hz. These correspond to
a P*Fi/Fo ratio of 10, 12, 16, 20 and'24 respectively. The

complete computed results are tabulated in Appendix VI.

At an output frequency of 12,5Hz, very similar
results were obtained. The two largest components as shown
in Fig.5.6 are the (6Fi +/- 5F0) component with nearly equal
amplitudes of about eleven percent. However, with a lower
output frequency, these are closer to the frequency of 6Fi
and further away from the output frequencj. That results in
quite small low order harmonics :- 3rd, 5th etc. Hence the
general conclusion that at low output frequency the waveform

is better.

The uncertainty of harmonic amplitude introduced by
the variation of the phase as shown in Fig.5.7a 1is again
from two to six percent. The interesting feature here is
that with a phase angle of zero, the 1low order harmonic
produced is at or near to the minimum. However with a small

change of around three percent, it 1s not necessarily a
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significant change as far as the load is concerned. As shown
in Fig.5.7b, at an output frequency of 15Hz the low order

harmonics are again at a minimum with a phase of zero.

However, at higher output frequencies of 18.75Hz,
25Hz and 30Hz, shown in Fig.5.7c, 5.5 and 5.7d respectively,
there is no evidence of minimum low-order harmonic
amplitudes for a phase of zero. The range of some of the
harmonics is a little larger at around eight percent, for
example, the 405Hz and 435ﬁz harmonic components at an
output frequency of 15Hz. Also at output frequency of 30Hz,
the amplitude of the 1low order harmonic is large. It is
these large, low-order distortion components at high output
frequency which determine the upper practical limit of the
output frequency of the cycloconverter, The variation of

phase seems unable to offer'any improvement.

The data obtalned indicate that there is no clear
best value of phase for all the cases studied. It seems that
there is a slight advantage in using phase of =zero at 1low
frequencies. However this would do 1little to extend the
practical range of cycloconverter which is 1limited by the

large harmonic components at high output frequency.

Although the frequencies studied only represent a
few points on a continuous useable output frequency range of

between 1 and 30Hz say, it is anticipated that more study at
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other frequencies with a smaller range of phase is unlikely
to point to a stronger evidence of best value of phase. Even
if -a preferable phase is identified for a number of output
frequencies, in a practical system, the set speed may not
remain constant for a sufficient 1long time for the
controller to adjust the wvalue of phase. For drive
applications, even for fixed wanted speed, the required
frequency for the cycloconverter is further complicated by
the feed-back speed control 1loop. If the 1load on the
inducticen motor is increased, it is necessary to increase
the output frequency to compensate for the increase in slip.
Further, the set or wanted frequency is not necessarily set
at an integer ratio of P*Fri/Fo., It may even be an irrational

number which render the range of phase to zero.
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5.2.6 Implication for comparing different

control strategies.

The results obtained have important implications
for the comparison of different control strategies? First,
if reference and timing waves are used, regardless of their
shape, the phase relationship between them must be
considered because of the variation of harmonic amplitudes
it can introduce. This applies to both analog control
circuitry where real reference and timing waves are
generated, and microprocessor-based control circuitry where
these waves are just models for calculating the firing
angles. Second, when comparing any control strategy with the
traditional cosinusoidal control method, it is unlikely to
be conclusive because of the wuncertainty in the exact
magnitude of harmonics. Reduction of amplitude in one of the
harmonics together with increase in some other harmonics is
not necessary an improvement. Unless every harmonic , or all
harmonics within a range of frequency of importance, are all
higher or lower than that produced by the cosinusoidal
method, it is not certain. However, if Pelly's proof of the
desirability of the cosinusoidal control method 1is taken
into consideration, then it is reasonable to deduce that it
is unlikely that any control strategies will produce an
output waveform with harmonic amplitudes all lower than the

minimum depi ¢ ted by the cosinusoidal control method.
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For example, consider cosinusoidal control with
regular sampling. Fig 5.8 shows the time domain waveform and
harmonic spectrum for the case with output frequency of 25Hz
and phase of zero. The computed harmonics and experimental
harmonics from the spectrum analyser are plotted as before.
The notable feature here 1is the large third harmonic. At
14,5 percent, this 1is somewhat larger than the natural
sampling case. However, not all the harmonics are higher
than that with natural sampling and the relative importance
of the third harmonic must be taken into account in

comparing control strategies.
Some of the information was presented to The 20th

Universities' Power Engineering Conference and are

reproduced in Appendix VII.
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5.3 Variation of firing angles produced by the

cosinusoidal control method.

In principle, c¢hanging one of the firing angles
produces a different output waveform and causes a variation
of harmonic amplitudes. This may offer a method of reducing
the amplitude of some of the harmonics. This alsc offers a
method of sgimulating the effect of control circuitry
malfwmtioding. This includeS both +the cases where the
thyristor concerned is triggered too early and too late. As
suggested in section 3.1 , the last pulse in a half cycle
can be the 1longest and gives more scope of investigation.
Therefore the last pulse is selected to study the effect of

its wvariatioen.

The output waveform using firing angles produced by
the cosinusoidal control method and its spectrum is shown in
Fig.5.2b, Then the firing angle of the last pulse in a half
cycle was varied over the possible range of 0 to 120 degrees
using a convenient increment step of 10 hexidecimal
(approximately 7 degree). Any firing angles greater than 120
degrees would produce no output current as the locad is -
resistive. Twe other waveforms and their  associated
spectrum are shown in Fig. 5.9. It shows that all the firing

angles are the same except for the last one in a half cycle.
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The frequencies of the fundamental and all
harmonics of the output waveform remain the same. This is to
be expected because the period of the waveform is unchanged.
The amplitude variation of some of the harmonics over .the
range of firing angles is plotted in Fig.5.10 The value of
firing angles is also shown in degrees, The third harmonic
shows a clear minimum when the firing angle is approximately
35 degrees. This 1is close to the Qalue obtained by the
cosinusoidal control method. The higher order harmonics
shows a different pattern of fluctuation. There is no clear

minimum nor an overall trend.

At a large firing angle or when the firing pulse is
missing i.e. firing angle larger than 120 degrees for the
resis tive load, there 1is a large increase of the third
harmonic from less than two percent to more than fifteen

percent,

At a lower outpup»frequency of 12.5Hz, there are
more pulses in a half cycle. Therefore changing one- of the
firing angles 1is expected to have 1less effect upon the
output waveform and harmenic content. Fig.5.1l1 is the plot
of the 1last firing angle against amplitude of various
harmonics at an output frequency of 12.5Hz. The lower order
harmonics (3rd, 5th, 7th and 9th) shows a clear minimum

around a firing angle of 80 degrees. This is also close to
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the value obtained by the cosinusoidal control method. The
high order harmonics alsc show no trend as with 25Hz output.
Assuming the higher order harmonics are more easily filtered
out and have less harmful effects, it isnot 1likely to be
of advantage to change firing angles produced by the

cosinusoidal control method at low output frequency.
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5.4 Operation with hiéh output frequencies.

The theoretical maximum output frequency of a
naturally commutated c¢ycloconverter with balanced output
i.e. with both positive and negative output current, was
shown by McMurray (31) (P.62) to be P*Fi/2., It follows that
for a gsix pulse cycloconverter, the maximum output frequency
is 150Hz. Although the condition is similar to the famous
Nyquist 1limit in sampled signals it has a different origin.
Its 1limit is due to the turn off restriction of thyristors
and tﬁe maximum number of current zeros within an input
cycle period which is equal to the pulse number of the
converter. At the point of group change-over, the pair of
thyristors with the largest firing angle 1S chosen to give
the shortest conduction period before a current zero can:
occur. Only one pair of thyristors is fired in each output
half-cycle and the conducting thyristors are allowed to turn
off at the earliest instant i.e. the first zero current
point. Then a group change-over is performed again after
each pulse of current. That is each output cycle contains two
pulses of current, one positive and one negative. This is
feasible with the microprocessor controlled experimental
cycloconverter., An output waveform with a frequency of

150 Hz together with its spectrum is shown in Fig.5.12.
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Only the ninth harmonic at a frequency of 450 Hz, within the
range of zero to 500 Hz, has an amplitude greater than 5 per
cent. This shows the possible scope of improvement at other

output frequencies,

The case of 50 Hz output can be considered as a
special case because the load can be connected directly to
one input phase by a by-pass switch and with no current
going through any thyristors. However, it can be envisaged
that if the 1last conducting group has already stopped
conducting, by firing the thyristor earlier, at the time when
the incoming phase voltage is zero, the output becomes a
pure sine wave. This 1is possible because before a group
starts conducting thefe is no need to transfer current from
one thyristor to the next or to commutate. Any thyristor is
free to start conducting if the thyristor 1is forward
biassed. Therefore, there is one chance to start conduction
before the start of its associated cosine timing wave
period 1in any half cycle of the output. This implies firing
the thyristor before the normal cosine timing period which
requires the control circu{t to perform the extra function
of selecting the thyristor before 1its cosine timing wave
starts. For the six pulse case, altogether there are three
combination of pairs of thyristors which would produce an
output with the correct polarity after a group change-over.

The possible output waveform in Fig.l.4 (P.14) should

therefore alter to that shown in Fig.5.14. The firing angle
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in such a case would be negative.

Starting a thyristor earlier could be a useful area
of study to improve the output waveform at high output
frequency and extend the operating range of cycloconverter.
Using a microprocessor for the contrecl, the output frequency
can be controlled so that it changes continuously from say,
1 to 20 Hz and then in steps ;o higher frequencies. The step
change of speed in the motor due to step change of frequency
can. be smoothed out by voltage control at these fixed

frequencies.

But if the current is required to pass through the
thyristors 1i.e. no by-pass switches, and conduction is
restricted to the period of the corresponding cosine timing
wave 1i.e. without extra function in the control circuit to
start cénduction early, then start of éonduction is possible
at the latter part of the cycle as shown in Fig.5.15. This
is achieved experimentally by having the first two firing
angles delayed so that all three thyristors fire together.
The output 1is the same as_that of voltage regqulation with
phase contrel and is not a pure sine wave but with part of
the cycle remain@at zero. The output waveform in Fig.5.13 is
much better. However an inductive 1load will improve the
voltage waveform. This investigation also shows that the

cosinusoidal control method is desirable.

Page 116










CHAPTER SIX

CONCLUSIONS.
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6 CONCLUSIONS.

The single stage frequency conversion process of
cycloconversion by connecting the output to each input phase
of a poly-phase supply in turn 1is an elegant concept.
However the large number of thyristors required and the
harmoni¢s in the output waveform is unavoidable. The complex
control circuit can be simplified and the control function

enhanced by using a microprocessor for the control.

It has been established that the r.m.s. distortion
is minimum with the cosinusoidal control method. Further,
the T.H.D. of each family of harmonics is equivalent to the
phase controlled converter with the saﬁe pulse number.
However, for drive applications, it 1is the 1low order
harmonics with frequency close to the wanted component that
has the most adverse effect, the exact effect being
dependent on the motor concerned. The amplitudesof the lower

order harmonics are therefore of interest.

An experimental six pulse, three phase to single
phase cycloconverter has been- constructed. The effect of
using a P.L.L. for the synchronisation and timing are as
follows. There is no compensation of outpuf voltage or
frequency for a change of input voltage or frequency but the
wanted output component and its harmonics remain at the same
level relative to the input amplitude. This situation is
more suitable for harmonic c¢ontent investigation compared
with other control circuits which produce fixed'output

voltage and frequency but varying harmonic amplitude.
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It was demonstrated that in the cosinusoidal
control method the phase relationship between the cosine
timing and reference wave affect the output waveform and
hence the harmonic amplitudes. The T.H.D. up to 500Hz remains
fairly constant at the different output frequencies
investigated, but each individual harmonic can change by a
significant amount. There 1is no clear best value of phase
and in practice the output may not be able to remain at a
fixed phase or frequency. However, when comparing different

control methods the phase must be taken into account.

The flexibility of the microprocessor control
circuit enables the effect of changing one of the firing
angles to be investigated. The last firing angle in a half
cycle can have the 1largest range and was selected for
.investigation. The firing angles produced by the
cosinusoidal control methed produce the lowest low order
harmonic amplitudes, thus confirming the desirability of the

cosinusoidal control method.

Using the microprocessor control circuit, operation
at maximum output frequency is possible. However, the wanted
output component is small and there are large 1low order
harmonics. The possibility of firing a thyristor before the
correspondent cosine timing wave period at the beginming of

a half cycle offers extra scope of investigation and may
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lead to improvement of the output waveform.

Therefore the use ofamicroprocessor in the control
circuit makes possible the implementation of more flexib le
control strategies together with a reduction of complexity
and cost. With the development of more powerful
miéroprocessors, it may eventually be possible to determine
and minimise the 1loss in the load in real time, thus

extending the operation frequency of the cycloconverter.

Since the completion of this work a paper by J. T. Boys
entitled 'A loss minimised PWM inverter' was published
in the ;EE Proceedings Vel. I32 Pt.B No.5. It shows
that for an inverter the relative phase of the carrier
and reference waveforms made small difference to the
harmonic content as in the case of cycloconverter
shown earlier. However, when a third harmonic was
added to the reference wave - in order to increase the
output voltage, the phase alter the harmonic content

significantly and can reduce harmonic losses at a

certain phase angle.

This is a clear indication for further investigation
of the relative phase between cosine timing and reference

waves by adding a third harmonic to the reference wave.
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APPENDIX 1

Modification of the Fourier series,

The input voltage waveforms of a cycloconverter
are sinusoidal :

i.e. F(t)

Sin{wt + ¢k)

U

where ¢k k * 2%/p

k =1,2 ... P

To evaluate A, one of the term required to intergate is

T
2/T j\Sin(wt/r + ¢k) * Cos(nwt) A4t
0
This can be reduce to summation as follow

T
= 1/7 j\sin(th + ¢k) + Sin(wst + dk) dt
0

where wp wi{l/r - n)

I}

Wq w(l/r + n)

T
1/T [1/WD* Cos(th + ¢k) + l/ws* Cos(wst + ¢k)]
0




.For the complete contribution of input phase

'QL’ - Em+l
/T Aﬁ’_:_o[l/wD * Cos(wpt + @) + 1/wg * Cos (wgt + ¢k),t
) m

Then for p input phases

The order of summation can be interchange so that

the limits used are in accending order.

M
l/'r‘{z Z[l/wD * Cos(wpt + gy )+ 1/wg * Cos(wgt + ¢k)]t(m+1)k}

P
m=0 k=1 t(m)

Similarly for B

Eim+1)k

M P
l/T{Z: Z:[l/wD * Sin(th + ¢k)+ 1/wg* Sin(wst + ¢k)]
m=0 k=1 tm)k
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Listing of 7Z-80 assembly language program

for firing angle control.






LYLCLOCUNVER TER

2075

20

EAnR0

203
20E10
ZOSE
20k
2091

20w2

204
Z0Y3

L1000

1M
Liq
a1
F1in
L0

i
SO

2006
210071

1600
7k
EEZZ
SF
L=

1A Q0EE

(8 I T
S/
%0
[BI8IkY
MO0
G0al
AL
UL
DOE4
QOES
QO et
Q&7
ODLE
Q06
0070
0071
0072
Qo7
0074
Q7%
QO7
077
Qa7s
Q7
Q=0
0=l

I 1 9 B

4LaEnOSE Qusg

LY I g £

LOTL AN
2070 1 1ME

M ERKIORS

16 OO
DO

L7 LDeEL

AN

FLL;

RML =0 AR Vo 0 A Fase 2

Rl

i

RIS Zins P INIERRUFET vEC ke
UeF i =, 20

P INTERRIFT SERVLICE RO EKE

RS L0ss

Ll oA, (HL)

dut (=10, 8

INC HL

LEC D

JRONZ, PLU

LL HL, 2100 P RESET LUOK-UF TABLE
LU @, LEN P ALILIRES S AND LENGTH
Ll A E

XUR A, =3
LU E, A

T (20, A
El

RETI

]

P UIsABLE BUTH GRGLUF

P UATA

s NUMEER REFREZENG FLRING ANGLE
URIG 2100

RALH

ekt 40H, 22H, LEBH, 1RH

DEFDR DuEH, 1AH, L, si2H

LeF L 4l DEH, S0, 2EH

UkFLE 404, ZI0H, 2BH, 1EH

‘ENU

OO LEN LOUF MALN 2irea I

<






al
t u -
-~ . - 1
r ¢ - ¢ .
< . i W . .
1 n T, K hld
'
N -
o A,
1 - .
1
e
s
1
[
1
1

APPENDIX V

Va. ;L;i‘s't‘i,n”gi of Fortran 77 program for calculating

Vb Typical input data.

Ve Typical results.
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