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MEMORANDUM

The accompanying dissertation - THE APPLICATION OF
COMMUNICATION PRINCIPLES TO PULSE~WIDTH-MODULATED INVERTERS-
is based on the work carried out by the author during fourteen
months full-time research in the Engineering Laboratories of
the University of Bristol between July,1973 and September,
1974, and sixteen months part-time research in the Faculty
of Science and Technology at the Gwent College of Higher
Education, betwéen September,1974 and July,1976.

All work and ideas are original unless otherwise
acknowledged in the text or by reference. This work has not
been submitted for another degree of the C.N.A.A., nor for
the award of a degree or diploma at any other institution.

The main contributions that the author claims to have
made to the subject of variable voltage/variable frequency
inverters include:

1). An analysis of pulse modulation processes which concludes
that the pulse-width-modulation process is best suited to
inverters infended for cage rotor induction motor variable
speed drives.

2). An investigation into prior-art harmonic elimination
techniques which concludes that such techniqueé\are only
applicable to constant voltage/constant frequency inverters
without incurring added power components and transformers.
3). Identification of the sampling process in prior-art
inverters as natural sampling, which is a well known concept
in communications engineerirz but which has not previously

been referred to in power inverters.
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LIST OF SYMBOLS

V = amplitude of pulse
T = periodic Time

t = time

N, n, m = 1integers

A = amplitude of wave
w = angular frequency
¢ ‘= phase angle

Jn = Bessel function of order n
k = integer ratio

R = resistance

L = 1inductance

C = capacitance

Y = conduction angle

V(t), U(t), (L)
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o = firing angle

Z = 1impedance

E = direct supply
e = 1instantaneous
v. = instantaneous
Suffices

¢ - pertairing to
m - pertaining to
s - pertaining to
r - pertaining to
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b - pertaining

¢ - pertaining

to

to

to

functions of time

voltage
values of time functions

voltage

carrier wave

modulating wave
sampling

repetition wave

phase of 3-phase system
phase of 3-phase system

phase of 3-phase system
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SUMMARY

The object of this dissertation is to show that
communication principles may be usefully applied to pulse-width-
modulated inverters to increase their useable frequency rangé.
without increasing the switching frequency of the power devices.

The prior-art techniques of reducing harmonic distortion
in pulse-width-modulated inverters is investigated,and it is
shown that such techniques are mainly applicable to constant
voltage/constant frequency inverters,

It is shown that the sampling process inherent in
existing pulse-width-modulated inverters is natural sampling.
The results of theoretical and experimental analysis shows that
this sampling process is the cause of considerable unwanted
harmonic distortion at low values of carrier frequency to
modulating frequency ratio when operating in both the synchronous
mode and asynchronous mode. |

The concept of regular sampling which is common in
communication engineering but which has not previously been
used in power inverters, is applied to the pulse-width-
"modulation process, and it is shown that such techniques
eradicate ; the mény undesirable features introduced by natural
sampling.

The construction of a practical thyristor pulse-width-
modulated inverter whose control circuits incorporate regular
sampling techniques 1s described. A Larmonic spectral analysis
of the output voltage waveforms from the power inverters,shows
that the useable frequency range of the inverter is conéiderably
increased by the application of regular sampling techniques to
the control circuit, without increasing the switching frequency

of the power devices.
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(1) INTRODUCTION

(1.1) Modulation

This thesis is based upon the philosophy that frequency
conversion whether in communication systems or in power
electronic systems, can only bé achieved by modulation.(l)

All frequency changers can therefore be identified as modulators.
Although this philosophy has been fully exploited in the
development of communication systems, there appears to be
little evidence to suggest that it has influenced the
development of power frequency convertors. The possibility
therefore existed, that the concepts and principles which
have been used in the development of communications, could
also be applied to power electronic convertors. This cross-
fertilization of ideas between communication technology and
power technology, could therefore provide, the basis for
analysis and improvement of existing power convertors and the
development of new power convertors. This thesis investigates
the application of communication techniques to existing and
new forms of pulse-modulated power electronic convertors.

(1.2) The Need for Variable Frequency Supplies.

Much of the electrical energy produced at the present time
is converted to mechanical energy for utilization. The
energy conversion process is generally achieved by means of
an electrical motor. Such motors are often = required to be
variable speed, of high efficiency, mechanically robust and
require little maintenance. Most of tThese requirements are
met by the 3-phase, squirrel-cage induction motor, with the

exception of the requirement for speed variation.



The method used to control the speed of a cage rotor
induction motor depends very much upon the application. If
the motor is driving a fan or pump for example, the speed
of the motor can be varied by varying the magnitude of the

(2)

applied stator voltage only, whereas, if the motor is

required to have discrete changes in speed, pole~-changing

(3)

methods can be used. Applicatiops which require variation
of speed and control of torque are best achieved by
variation of the magnitude and frequency of the applied
stator voltage. It is into this class of application which
most infinitely variable systems of cage rotor induction

motor speed control fall,

(1.3) Variable-Frequency/Variable-Voltage Power

Convertors.

(1.3.1) Introduction

As a result of the introduction of the thyristor in the
1950's and the present day cost of maintenance most electro/
mechanical rotary convertors have beeh or are being replaced
by static convertors which employ semi-conductor devices
such as the thyristor, Convertors employing such sem-
conductor devices can be made highly reliable and require no
maintenance. Basically there are two types of thyristor
power convertor: the cycloconvertor and the d.c. link inverter.

(1.3.2) The Cycloconvertor

The cycloconvertor principle of operation is not new, in
fact, it was used as early as 1930 in Germany for producing
a 162 Hz. supply from a 50 Hz. supply for traction appiications.

3
This particular application utilized muiti-anode, steel tank

[\*]



mercury ar¢ rectifiers. The use of the cycloconvertor
for the speed control of a single induction motor only
became an economically attractive proposition as a result of
the introduction of the thyristor. The cycloconvertor
converts a.c. directly to a.c. and allows power flow in both

(4

‘directions. The frequency and magnitude of the output
voltage can be varied, and commutation of the thyristors is
inherent in the convertor.

(1.3.3) The d.c. link Inverter.

This method of converting a.c. to a.c. basically entails
two processes: (1) the conversion of a.c. at one particular
value of frequency and voltage to either a constant'or
variable d.c. voltage, and (2) the conversion of a d.c. voltage
to a.c. of variable frequency and variable voltage. The
process of converting d.c. to a.c. is known as inversion,(5)
and the convertor which achieves this process is known as an
inverter. Inverters can be divided into two classes: those
which rely upon the a.c. supply voltage to commutate the
thyristors, and those which utilize circuit techniques to

(5)

obtain forced commutation. It is normally the latter class
of inverter which is applied to variable speed cage rotor
induction motcr drives.

(1.4) Infinitely-Variable Speed Control Systems

The main requirement of an infinitely variable system of
speed control which utilizes squirrel-cage induction motors,
is that the magnitude and frequency of the output voltage
applied to the stator windings, be independently variéble over

a wide range. This allows the torque-speed characteristic of



the induction motor to match any required load characteristic.
It is also important that the overall efficiency of the power
convertor and induction motor remain above an acceptable
level throughout the range of speed variation. These
requirements are not easily met in practice. The
cycloconvertor-squirrel-cage induction motor combination
does not fulfil’' these requirements for two reasons: (1)
The upper limit of output frequency is approximately only 50%
of the input supply frequency. Above this limit considerable
harmonic distortion is introduced in the output waveform which
can cause the induction motor to crawl. (2) The overall
efficiency of the convertor and induction motor falis off
rapidly when the output frequency approaches or exceeds its
upper limit. The range of output frequency variabion has
‘recently been increased by the application of communication
techniques to the éontrol circuit of the cycloconvertor.(6)
Although this new control technique ﬁas significantly
increased the upper limit of output frequency, the combining
of the cycloconvertor with an: off the shelf squirrel-cage
induction motor does not satisfy the requirement of an
infinitely variable s&stem of speed control. Therefore, tThe
conventional cycloconvertor-cage rotor induction motor speed
control system, is only suitable for applications which have
a restricted speed range.

Two new types of a.c. to a.c. power convertor were recently
introduced, whose tneory of operation is based entirely upon
the communication prineciples of amplitude modulation.(7) These

new convertors have a much wider range of output frequency



than the conventional cycloconvertor. The main disadvantages
of the new convertors are: (1) they require special machires
which are more costly than the conventional cage rotor
induction motor, and (2) the overall efficiency of the
convertor and motor falls off rapidly when the output
frequency of the convertor approaches that of the mains
supply frequency.

The d.c. link inverter driving a squirrel-cage induction
motor can be made to satisfy many of the requirements of an
infinitely variable system of speed control, although many
problems still remain to be solved. For example, varying
tthe frequency of the output voltage from the inverter can
cause a change iﬁ the harmonic distortion of the output
waveform. Similarly, changing the magnitude of the output
voltage can create commutation problems, if such a change is
brought about by varying the d.c. link voltage to the inverter.
Therefore, the inverter must be capable of maintaining low
harmonic distortion of the output waveform when the frequency
is varied, and provide a means of controlling the magnitude
of the output voltage, whilst the d.c. link voltage to the
inverter remains constant. The overzil efficiency cf the
inverter and squirrel-cage induction motor must be maintained
at as high a level as possible, throughout the entire range
of speed. Although the squirrel-cage induction motor is
considerably less costly than a d.c. motor of eguivalent
rating, the cost of the inverter which drives the induction
motor can be considerably greater than the cost of the a.c.

to d.é. convertor which drives the d.c. motor. It is therefore



most important that the cost of the inverter and its control
circuitry be maintained at as low a value as possible, if the
inverter-induction motor drive system is to be competitive
with the d.c. motor - a.c. to d.c. convertor system.

It was felt that the application of communication
principles and concepts to thyristor power inverters might
form the basis for an induction motor variable speed drive,
which would satisfy the many requirements of & viable

infinitely-variable speed control system.



(2) THE FUNDAMENTAL THEORY OF PULSE MODULATED POWER

CONVERTORS.

(2.1) Introduction

Pulse-modulation techniques have been used extensively
in communications for the transmission of information

(8)

signals. It is only in the past decade that this form
of modulation has been applied to power convertors. This
has been brought about by the availability of high-power,
fast switching transistors and thyristors. The conversion
of d.c. to variable frequency a.c. which is commonly known
as 'inversion', can only be.achieved by pulse-modulation.
‘It is therefore instructive to demonstrate that the
communication principles of pulse-modulation apply to such

power inverters.

(2.2) Principles of Modulation

(2.2.1) Types_of modulation_

The unmodulated carrier-wave of a pulse-modulated system,
is generally considered to consist of a series of regularly
recurrent pulses. Such a waveform can be completely defined
by three parameters. The three parameters are

(1) The amplitude of the pulses, Vp.

(2) The duration between pulses, T.

(3) The duration of the pulses, to.

Normally the three parameters are constant. Modulation is
the process of varying one or more of the three parameters,
while the remaining parameters are held constant. Variation

of the amplitude of the pulses while the duration between

puises and the duration of the pulses are held constant is

-~



termed - 'amplitude-modulation!'. When the amplitude and
duration of the pulses are held constant, and the duration
between the pulses is made to vary, 'pulse-position-
modulation' is achieved. The variation of the duration or
width of the pulses, while the amplitude of the pulses and
duration between the pulses are held constant, is known as
'pulse-width-modulation'. The above modulation processes
are illustrated in the time domain in Fig.(2.1). Although
pulse-modulation normally infers the variation of one
parameter while the remaining two parameters are held
constant, the possibility of simultaneously varying two
of the three parameters or all three parameters cannot be
ruled.out.
(2.2.2) The_Unmodulated Pulse_Carrier Wave

The zero on the time-axis of the unmodulated pulse-

carrier wave may‘be positioned as shown in Fig.(2.2) The

carrier-wave can then be expressed by the following time

function:
me=co
U(e) =k + k) SinmkT  go5pgt -—-- (2.1)
mkwmw
t
where k = Tg'

(2.2.3) Pulse_Amplitude_ Modulation_ (P.A.M)

This method of modulation basically entails the varying
of the amplitude of the pulses according tc the modulating
signal, so that instead of the pulses having nit height,
they have a height varying as V{t), where V{t) is the

modulating function. Therefcre, if the modulating function
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is defined by:
V(t) = AL Cos(wmt + ¢m) —_——— (2.2)

then the process of amplitude modulation is given by:

m=eo
A Cos(w t + ¢ )]k + Kk { Sinmk =
[ m m m ][ m=i mkam

VU

Cos mwct]

k AmCos(mmt + ¢m) +

m=ew
kA Y} Sinmk
m=1 2 mk

E Cos [(mw, * w )t £ 6_] --(2.3)
This process is illustrated in both the time and frequency
domains in Fig.(2.3). It will be seen from equation(2.3)
that the products of modulation are upper and lower side
bands of frequencies: (mwc + wm) and (mwc— mm) around the
carrier of frequency,wc,and its harmonics, plus a remanent
of the modulating wave of frequency,mm. The amount of
modulating wave remaining, will depend on the magnitude of
A_. and the value of k.

m
(2.2.4) Pulse Position_Modulation (P.P.M)

P.P.M.causes the pulses illustrated in Fig.(2.2) to be
displaced in time according to instantaneous values of the
modulating wave, the height and duration of the pulses beilng
maintained constant. The unmodulated pules which have a

repetition period, T, and mid-time values at 0,T,2T,3T==~-,

are described by the time function:

[ ]

U(t) = k + k Z Sin Cos mu_t (2.1

11
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l-2Cosmo, + 2 Cos maa, = O.
when o= 23.62° and a,= 33.30° the 3rd and 5th harmonic terms
are eliminated, whereas, when a;= 16.25° and a,= 22.07° the
5th and 7th harmonics are eliminated. Control of the magnitude
of the output voltage is achieved by varying the phase angle,
¢. (Equation (2.2.5)).

Further development of this method of harmonic elimination
has resulted in a system, which eradicates as many harmonic |
components from the output waveform as there are pulses per
half cycle of the output waveform.(lz)

The main disadvantages of this form of harmonic elimination
are as follows:

(i) The modulation process employed is not a true
continuous pulse-width-modulation process. In fact it could
be argued on a theoretical basis that the edges of the pulses
in the output waveform are determined by 2 pulse-position
process. This makes the control system for the thyristors
in the pulse-modulated power-convertor very complex and
rather costly.

(ii) The angles at which the leading and trailing edges
of each pulse occur must be maintained for each cycle of the
output waveform if the elimination of the selected harmonics
is to be retained. This essentially restricts the application
of such systems to constant-voltage constant-frequency
applications.

(iii) It must not be forgotten (Section(2.3)) that the

occurence of every pulse in one cycle of output wavefcrm frcm

the pulse-modulated power-convertor, requirs two commutations.
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Therefore, the larger the number of pulses per cycle of output
waveform, the greater is the commutation losses and the
lower is the efficiency of the frequency conversion process.
(iv) When considering the harmonic distortion of a
modulated waveform the complete elimination of say two
selected harmonics can prove to be less beneficial than say
the reduction of four harmonics for the same number of
commutations in the power-convertor. This will be enlarged
upon later in the thesis.

(2.4.2.4) Changing the Waveform of_ the

Harmonic elimination in pulse modulated power convertors
has been successfully achieved by using modulating waves which
do not have a sinusoidal waveform. One such scheme employed
a trapezoidal modulating waveform which is said to have
reduced certain significant harmonic components.(lu)
Although many schemes exist which use non-sinusoidal
modulating waves, the main objective cf these schemes has been
to use a modulating wave which is easily generated by
electronic means.

A novel technigue which uses non-sinusoidal modulating
waves for generating p.w.m. waveforms is discussed at length
in Chapter (3) of this thesis. These new schemes have a
very significant effect on the reducing of unwanted harmonic

components.(13)

(2.4.25) Increasing_the_Ratio_of Carrier:

jrlifeaiiaciiber Shutehuddinghudl SRS E g g R L ekttt

The most signiricant unwanted harmonic components are the
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somponents nearest the wanted component in the frequency
domain. The difference in freqﬁency between the wanted
component (of frequency wm) and the nearest unwanted component
(of frequency (mc - wm)) described by the equations: (2.3),
(2.9), (2.10) and (2.14) can be increased by increasing the
frequency ratio. This 1s also true for the double modulation
process described by equation (2.18) where the unwanted

component is of frequency, (w_ - mé - wm), and . the wanted

c
component is of frequency, (wm - mé). Therefcre, if the
stator leakage impedance of an induction motor (15) is
considered as a low-pass filter, its ability to block the
unwanted component is enhanced by increasing the carrier to
modulating frequency ratio. Although phis technique has been

used in a number of systems,(16)’(l7)

its major disadvantage is
that it increases the number of commutations per cycle of
outpuf voltage as illustrated in Fig.(2.24). This reduces

the efficiency of the frequency conversion process.

It is of particular interest to note at this point that
the novel technique mentioned in Section (2.”.2.3)(13) of

this thesis which will be fully described in Chapter (3) has
-a similar reduction effect on tlkemagnitude of the most
significant unwanted harmonic components without increasing

the frequency ratio.

(2.4.3) Moduation and Summation_by_ means_of

The harmonic distortion of p.w.m. waveformns car be
considerably reduced by combining the output mcdulated

waveforms from two »r more modulsators where either the
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phases of the modulating waves are displaced cr the phases of
the carrier waves are displaced. The combining of the two

or more waveforms is achieved by means of a transformer as
shown in Fig.(2.25)

It was shown in Section (2.2.8) that the double-edge p.w.m.
process could be described by equation (2.14). Therefore, the
equations describing the output waveforms from two such
modulators, where the modulating waves are in phase but

the carrier waves are displaced by 180° are as follows:

. 2 v 1 .
f(£); =k + kA Coswt+ =) ={[J (mmkaAa)Sinmm k]Cos mu_t
m=,
5 s ( k A_)Sin( k + 55)[Cos (mw,, + nw_)t
+ ) qm p)Sin(m m > o m
n=j
- ———=(2.26
+ Cos(muw, nwm)t]} ( )

and f(t)2 =k + k Am Cos wmt

M=o

2 1 . o _
+ £ ¥ E{[JO(M mk A )Sinm k]Cos\mwct o)
m=,

nZe ) n
+ ) Jn(m T k Am)Sln(m T k + ?5{005((mmc

n=3y

- ( - - ——(D.2
+ nwm)t mw) + Cos(\mwc nwm)t nm)]} (2.27)

The summation of the two time furctions f(t)l and f(‘c)2

gives the following time function:
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f(t)1 + f(’c)2 = 2k + 2k Am Cos w t

m=e

1 .
+ ) ﬁ{[Jo(m Tk A )Sin m m k] [Cos mw t + Cos(mw,t - mm)]
m=j

N=e

+ J i on
nzl plm ™k A)Sin(m m k + 3 )[Cos(mwct + nw )t

+ Cos((mu, + nw )t - mm)]

N=c

. nm
+ ngl Jn(m Tk Am)Sln(m T kK + E—)[Cos(mwc - nwm)t

+ Cos((mw, - nw )t - mr )]} -—==-(2.28)

Now for odd values of m the term:
[Cos mw_t + Cos(mw t - mm)] =0
whefeas for even values of m the term:
Sinmmk = O

Therefore, the carrier of frequency,(wc),and 21l its harmonics
of frequency,(mwc),cancel.

Similarly for odd values of m the term:

[cos(mw, + nw )t + Cos((mw, + nw )t - mr}] = O
and
- - A =
[Cos(mwC - nwm)t + Cos((mw, nw 1t mm) | 0

For even values of m and even values of n the term:
Sin(m m k + gﬂ = 0

Hence it can be seen that the terms:
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[Cos(mwc + nw )t o+ Cos((mw, + nu )t - nm )]
and [Cos(mmc - nw )t o+ Cos((mwc - nwm)t - mm)]

only exist for even values m and odd values of n.

‘Therefore, the time function described by equation (2.28)

can be reduced to:

f(t)1 +-f(t)2 =2k + 2 k AmCos wmt

M=o N=co

+ { J (mw k i nm)
mgl nzl Am ok A Sin(m m k + 5= [Cos(mu, + pwm)t

=1 Lo

+ Cos((mmc + nmm)t"- mm )]

n=e
. nm
+ nzl J mmkA)Sin(m 7 k + 51 [Cos(mw, - nw )t

+ Cos((mwc - nwm)t - mr)]} -—==(2.29)

It may therefore be seen that the displacing of the two
carrier waves by 180° increases the magnitude of the
component of frequency, W by a factor of 2 and considerably
decreases the harmonic distortion of the -~output waveform.
The main disadvantage of this method of harmonic elimination
is that it requires two modulators and one transformer per
phase. This increases the number of components, weight and
cost of the system which restricts its application to large
capacity speed contrcl systems which can justify the increase

in cost of the added components and weight.



It can similarly be shown that if the two modulating
waves are displaced in time phase by 1800, and the modulated
waves subtracted, then the resulting modulated waveform can

be descirbed by the following time fuction:

f(t)3 - f(t)u =k + kA Cos wft

M=
2 1 . )
+ = 2 S{[I (m 7wk A )Sinm w kjCos mu t
m=
nee nm
+ nz J (mw kA )ISin(m 7w k + =) [Cos (mu
=)

+ nw )t + Cos(mw, - nw )t]}

-k -k Am Cos(wmt -T)

m=e
2 1 .
- = g S{[IJ (m 7wk ASinm m k] Cos mw b
m=,
nee nm
-} Jn(m Tk Am)Sin(m T k + -é——)[Cos((mmC
n=;
+ nw )t o+ nm) 4+ Cos((mw, - nw )t - nm)]} ----(2.30)

By the use of trigonometric identities this reduces to:
f(t)3 - £(t)), = 2k A Cos wpt

® _1i=™
1 . - nm o )t
={}J,(m ™ k A )Sin(m w k + 5—1[Cos(me, + nw )

ne-1 1

o+
Al

n=a

- Cos n 7 Cos(mwc + nwm)t + Cos(mwc
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- nw )t - Cos n m Cos(mw, - nwm)t]} ——==(2.31)

It can be seen from equation (2.31) that for this cace the
terms of frequency, (mw, + nw ) and (mw, - nw_ ), all cancel
for even values of n.

It may also be seen that these terms cancel when both m and
n have odd values. Therefore, harmonics of frequency,
(mch+ nmm) and (mwc - nmmL only exist for even values of

m and odd values of n as in the previous case. Similarly
this system has the same disadvantages as the previous case.

(2.4.4) Modulation and_Cancellation_by

The pulse-width modulation of the bi-polar carrier wave
described by equation(2.21) in Section (2.4.2.1) by three
sinusoidal modulating waves of equal amplitude and frequency
but displaced in time-phase by 1200, provides the following
three equations for the output modulated waveforms:

£1(8) = k A Cos wt + 2

1 .
= ¥ ﬁ{[Jo(m Tk A )Sinmom k]Cos w,t

m=,

[~ ]
. nm
+ nz Jn(m T k Am)Sln(m T k + E—)[Cos(mmc
=)

+ nw )t + Cos(mw, - nw )t]} --==(2.32)

. _ Yy
fz(t) = k AmCos(wmt + 3

2 1 . -
+ = Z ={[J (m 7wk A )Sinm m k] Cos mu t
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[~ ]

) Jptm ® k A )Sin(m w k + ——)[Cos((mm + ne )t
n=i

+ H;n+ Cos\(mwc - nwm)t - u“n)]} ——(2.33)

f3(t) =k Ay Cos(wmt + %l

N % ) %{{Jo(m T k Am)Sln m 1 k]Cos me ,t
. nm
N y I (m 7 k Am)Sln(m T Kk + E—)[Cos((mwc

+ e )t o+ 2;“) + Cos((mu, = nw )t - 2‘"“)]} ————(2.34)

These three time functions are representative of the output

voltage between the points: (1), (2) and (3) and the neutral
of the d.c. supply as shown in Fig.(2.26). The phase voltage
across the load can be determined in terms of the functions

fl(t), fz(t) and f3(t) by means of Millmans Theory:

- 3
A © o A
_'m ! 1 m T Myq: MT
= -2—— Cos Nmt + ’3~1? nzl mzl m[Jn("—“'—2 )1Sin (2

bun 2mn
+ %1)]{[1 - 3 Cos —— - ¢ Cos ‘3‘1

[cos(mu  + nw )t + Cosimu, - nw )t]

+[} Sin 519 + 1 Sin g%E][Sin(mwc
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+ nw )t - Sin(mmc - nwm)t]} -===(2.35)

2f 5 (t) - £,(t) - fj(t)

£,(t) = 3
= An by b O 1 Ay o
= 5 Cos(w t + 3-) t o Z ) ﬁ[ﬁn(m g m) Sln(%ﬂ

n=, m=)

+ gl)]{[Cos E%E -1 -} Cos E%E x

[Cos(mw, + nw )t + Cos(mw, - ne_)t]

+[Sin £%B~- } Sin g%ﬂ][sin(mwc - nw )t

- Sin(mw, + nw )t]} ----(2.36)

2£5(t) = £(6) = £,(t)

fB(t)'-' 3

A

= EE Cos(m t + %17
® & ) (

e Y A, s ¢ g0 [oosR -
n=, nm=y

4mn
Cos —?r][Cos(mwc + nw )t + Cos(mu,

=

- nmm)t] +[Sin 2m

3 Sin HEE:]*

)=

[Sin(mwc - nwm)t - Sin(mwC + nwm)t]} ——==(2.37)
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From equations (2.35), (2.36) and (2.37) it may be seen that
the voltage waveforms across each phase of the load dces not
contain harmonic components of carrier frequency (wc). It
may also be seen that for triple integer values of n
(3,6,9.12, etec.,), side-band cdmponents of frequency

(mmc + nmm)'and (mwc - nmm)cancel, because the terms:

(1L - } Cos Amn 1 Cos 2™y (1 Sin Yo, ) gip 200

3 372 3 2 3 /0
(Cos‘ﬂ%ﬂ - 3 -1 Cos d“n), (Sin E%E - } 8in 312),
(Cos 3%3 -1 -} Cos “"n), and (Sin 3%2 ~ § Sin 512)

equate to zero. Similarly the side-band components also

cancel when m and n are both even and when m and n are both

(mm |, nm) _
-2——+-é—— 0.

Therefore it is clear that the harmonic content of the

odd, because the term: Sin -

voltage waveforms across each phase of the load, is
considerably less than the harmonic content of the voltage
waveforms which occur between the neutral of the d.c. supply
and the output points (1), (2) and (3) of the convertor

shown in Fig.{2.26). It is also of particular interest to
note that the wanted harmonic components of frequency, W
form a balanced three-phase set. This is of particular
importance when the load is a 3-phase induction motor, because
such motors requires a balanced 3-phase supply for stable
operation.

(2.5) Interin Conclusions.

The fundamental rules of frequency changing have been
established, and it has been shown that all power inverters

are basically pulse modulators. The requirements of a



practical power modulator have beer. outlined, and a circuit
configuration which satisfies many of these requirements
has been presented. The various pulse modulation processes
have been analysed, and it has been shown that the p.w.m.
process is most suited to power modulators. A novel double
modulation process has been presented and analysed
(A.M.P.W.M) which could be of significant importance in the
development of force commutated a.c to a.c power modulators.
Existing harmonic elimination techniques have been analysed,
and the disadvantages and implications of such systems have
been exposed.

Since it has been shown that the p.w.m process is most
suited to power modulators it 1is valuable to consider how
the application of sophisticated telecommunication
techniques, which have not preViosuly been applied to p.w.m
power convertors, may be used to provide a viable system of

infinitely variable speed control.
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(3) THE GENERATION AND REALISATION OF P.W.M. WAVEFORMS

(3.1) Introduction

It is important to note that the time functions used to
describe the single-edge and double-edge p.w.m.processes in
Sections (2.2.6), (2.2.7) and (2.2.8) are only applicable
to @he modulation processes which occur in existing p.w.m.
power convertors. In fact the treatment of p.w.m.,in Chapter
(2) is general and does not entail a deep study of the
continuous p.w.m.processes, nor does it identify concepts and
phenomena which are common to communications practice, but
which have not previosuly been identified in sr applied to
p.w.m,power convertors.

(17)

Basically, p.w.m.can be realised by analogue or
(18)

digital means. The analogue method has proved to be more
acceptable than the digital method mainly because it requires
less electronic components and circuit complexity. However,
it is probable that in the future digital techniques will
become more acceptable due to thé introduction of

micro electronic circuits and techniques. So far as this
thesis is concerned it is the analogue method only which
will be considered.

The generation of p.w.m.waveforms by analogue means basically
entails the comparing of a modulating wave with a sweep-wave
or carrier wave. In prior-art p.w.m power convertor
techniques, the carrier signal has mainly been of triangular
waveform whereas the waveform of the modulating signal has
taken many forms, some of which are as follows: triangular,

(14).(19)

sinusoidal, square and trapezoidal.’ Where quantizeﬂa??nmi““te
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sinewaves have been generated by digital means, they have
been filtered to convert them to smooth sinewaves. The
choice of carrier wave and modulating wave whizh in turn
determines the p.w.m, process, does not appear to be based
on any underlying fundamental basis or theory. In fact the
fundamental theory and practiée which has been applied in
communication systems has not been applied or referred to in
existing p.w.m.power convertor systems. Theretore, it was
thought that the application of established communications
concepts to p.w.m power convertors could provide a basis
for their design and possible improvement.

(3.2) The Choice of Carrier Waveform.

The choice of carrier waveform in communications practice
has been based upon the requirement for linear modulation,
that is to say: the width of the modulaﬁed pulses must be
directly proportinnal to respective instantaneous values of
the modulating wave. This process is demonstrated
graphically in Fig.(3.1) and may be proved mathematically

as follows:
Let the linear sweep-wave or carrier waye
be represented by: e, = a(tS - to), and the
modulating waveform by: e = AmCos wmt.
The instani of intersection of the ftwo waveforms 1is

then defined by: e = €.,

therefore, A Cos w t = a(ty - to)

_ A
and ts - to = gg Cos wmts
Therefore, the time shift (ts - to) of a given pulse edge

---=(3.1)

is proportional to the instantaneous value of the

modulating wave at instant,t_, which means that the width
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of the modulated pulse is directly proportional to

AmCosw_t at the instant of intersection of the two waves.

It may therefore be seen that the law of linear pulse-
width-modulation is satisfied when the carrier wave has

a waveform which is a linear function of time. It is for
this reason that the carrier wave (or sweep wave) chosen

for the systems to be described in succeeding sections of
this thesis will be linear functions of time. It is
prpbably for this same reason that prior-art p.w.m power
convertor techniques have mainly used carrier waves which are

linear functions of time.

(3.3) Modulation Depth or Modulation Index

This is defined as the ratio of the peak-value of the
modulation wave to the peak-value of the carrier wave. It
may be seen from the waveforms illustrated in Fig.(3.2)
that when the modulation index 1s zero, the unmodulated
output waveform consists of a uniform train of bi-polar
pulses of the same frequency as the carrier wave (or sweep
wave). It is important to note that it was this unmodulated
bi-polar waveform which was taken as the carrier wave in the
analysis presented in Section (2.4.2.1). It may also be seen
that the modulation index defines the voltage-time area and
its distortion over one cycle of the output modulated waveform.
The greater.the-modulation index the larger is the effective

amplitude of the wanted component of the output modulated
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waveform. Therefore, the variation ¢f the modulating index
provides a means of controlling the wanted component of the
output waveform from the power modulator. Although the
variation of the modulation index provides an ideal means of
controlling the amplitude of the wanted component of the
output waveform, it also changes the amount of harmonic
distortion. Decreasing the modulation index can increase the
percentage amplitude of harmonics of carrier frequency and
multiples of the carrier frequency. This will be enlarged upon
later in the thesis and it will be shown that a fixed carrier
frequency p.w.m, power modulator does not suffer from this
increase in harmonic distortion with decrease in modulation
"index when used for constant torque, cage rotor, induction

motor drives.

(3.4) The Generation of Leading-Edge P.W.M. Waveforms

The prior—art(l7)analogue technique of realising this type
of waveform, has mainly consisted of a direct comparison made
between the carrier wave and modulating wave as illustrated
in Fig.(3.3). It is immediately apparent that the trailing-
edges of the pulses occur at discreet uniform intervals,
whereas, the leading-edges are modulated, the amount of
modulation being dependent upon respective instantaneous
values of the modulating wave at the points of intersection
between the car-ier wave and modulating wave. It is
important to note that points of intersection ana switching

instants are coincident.

(3.5) The Generation of Trailing-Hdge P.W.M, Wavelorms
The existingclj)method of generating trailing-edge p.w.m,

waveforms in power convertors is illustrated in Fig.(3.4).
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It may be seen that the trailing-edges of the pulses are
modulated by an amount, which is proportional to instantaneous
values of the modulating wave, at respective points of
intersection. Once again it may be seen that respective
points of intersection and switching instants are again
coincident. The unnodulated leading=-edges of the pﬁlses

occur at uniformly spaced intervals which coincide with the
respective vertical sides of the triangular carrier wave.

(3.6) The Generation of Double-Edge P.W.M, Waveform

This form of modulation has been achieved in prior-art(l7)

p.w.m. power convertors by comparing the modulating wave with

a carrier wave having two slopes. This process is illustrated
in Fig.(3.5). It can be seen that both edges of the pulses
are modulated about their mean positions (the positions
corresponding to the negative apices of the carrier wave) by
different amounts; the amount of modulation being dependent
upon the respective instantaneous values of the modulating
wave at the points of intersection. The degree of asymmetry
of modulation is dependent upon the ratio of carrier frequency
t.o modulating frequency. For very large frequency ratio's,

: the modulation of both edges of pulses about their mean

(20

positions becomes symmetrical; ) whereas, for low frequency
ratio's the amount of modulation of both edges of each pulse
becomes asymmetrical. The switching instants and points of
intersection for the leading-edges and trailing-edges of
respective pulses do not occur at uniform instants, but the
switcning instant and the point of intersection between the

carrier wave and modulating wave for each pulse-edge still

remain coincident. The fact that respective switching instants
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and points of intersection have always been coincident in
existing p.w.m power convertors is of considerable
significance, and will be enlarged upon in Section (3.7).

(3.7) Identification of the Sampling Process in

Existing P.W.M. Power Convertors.

In Sections (3.6),>(3.5) and (3.4) of this thesis it has
been shown that in all existing p.w.m power convertors which
employ the analogue method of generating p.w.m. waveforms or
switching functions, the points of intersection between the
carrier wave and modulating wave and respective switching
instants of the p.w.m.waveform or switching waveform are
always coincident. It was also shown in Section (3.2) that
the width of the modulated pulses is directly proportional to
the corresponding instanténeous values of the modulating wave
at the points of intersection. It may therefore be said that
the p.w.m,wave has been modulated according to discreet
tsamples! of the modulating wave, such that the width of the
pulses reflect the information contained in respective
'samples!'.

Although the concept of 'sampling® is well established in
communications practice, it does not appear to have been
jdentified in or applied to existing p.w.m.power convertors.
It may be seen from Figures (3.5), (3.4) and (3.3) that
'samples' (instantaneous values) of the modulating wave which
oceur at the instants of the natural intersection of the
modulating wave and carrier wave coincide with the switching
instants of the p.w.m waveform: This process constitutes
'natural sampling'!', which is a well known concept in

communication theory and practice. Therefore, the sampling

(o]
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process in all existing p.w.m power convertors can be identified
as 'natural sampling'. It is also of particular interest to
note: that in Figures (3.5), (3.4) and (3.3) the sampling
instants (points of intersection) do not occur at regular
intervals. It will be shown later that a form of sampling
exists in which the sampling instants do occur at regular
intervals, and is known as 'regular sampling'. The 'regular
sampling' proceés is also well known in telecommunications
practice,( 8)but its application to p.w.m,power convertors is
entirely novel. The application of 'regular sampling!
techniques to p.w.m.power convertors and the numerous
advantages it has to offer, will be greatly enlarged upon in

succeeding chapters of this thesis.

(3.8) The Generalised Sampling Theorem.

Any sampling process must lie within the limitations of
the 'generalised sampling theorem!. Before discussing the
basic sampling theorem and one of its generalised versions,
it is important that the concept of a 'sample' be clearly
defined: "A sample is a measure of the amplitude of a signral,
evaluated over a short period of time during which the signal
changes by only a negligible amoun‘c".(8 )

The basic sampling theorem stems from the work of Nyquist
on telegraph theory and can be stated as follows: "If a signal
that is a magnitude-time function is sampled instantaneously
at regular intervals and at a rate slightly higher than twice
the highest significant signal frequency, the samples contain
all of the information of the original signal".(2l) This

statement implies that the signal must be sampled at regular
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or uniform instants and therefore, does not apply to the
natural sampling process. The basic sampling theory was
extended by Counchy, Yen, Yao and Thomas to include uniform
and non-uniform sampling and is now known as the generalised
sampling theorem(.e) This theorem states that: "If a signal
is band limited and if the time interval is divided into
equal parts forming sub-intervals (Tc) such that Tc is less
than half the period (Tm) of the highest significant frequency
(fm = %ﬁ) component of the signal; and if one instantaneous
sample is taken from each sub-interval in any manner; then a
knowledge of the instantaneous magnitude of each sampled plus
a knowledge of the time within each sub-interval at which a
sample is taken contains all the information of the original
signal“.(zl)
In the case of p.w.m the signal referred to in the
generalised sampling theorem would be the modulating wave
and the sample taken in the sampling interval, Tc’ would
modulate the pulse occuring in the same sampling interval.
Although the generalised sampling theorem has been applied
extensively to communication systems it does not appear to
have been applied to p.w.m. power convertors. This point is
of particular interest since the limitations of the sampling
theorem, which will be discussed fully in the next Section,
are of more relevance to p.w.m. power convertors than
communication systems. This is because the ratio of carrvier
frequency to modulating frequency is generalliy much lower in

power convertor techniques than in communication techniques.
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(Peak-value of carrier wave _
Peak-value of modulating wave

1) the required sampling rate
rises to m per cycle of the modulating wave which is greater
than the Nyquist rate of 2. It may also be seen from equation
(3.2) that for values of V < %, a sampling rate lower than
the Nyquist rate is implied. Therefore, for the single-edge
natural sampled p.w.m process it can be concluded that the
required sampling rate is dependent upon the modulation index,
and the sampling theorem only applies for the condition V = %.
' With the aid of Fig.(3.7) it can similarly be proved that
for natural sampled double-edge p.w.m.the condition for one

intersection between the carrier wave and modulating wave

per sampling period, TS, is:

[

W
m 2 m il
. - 0r —— < = ———(3,4)
wc v ws TV
where ws = 2wc

Therefore, for a modulation index of unity the sampling rate
must be greater than % per cycle of the modulating wave. In
fact for all values of V less than %, a lower sampling rate
than the Nyquist rate is implied.

From the above discussion it can be concluded that the
double-edge natural sampled p.w.m.process requires a lower
sampling rate than the single-edge natural sampled p.w.m.
method for all wvalues of modulation index. This allows the
double-edge p.w.m, prceess O operate at lower frequency ratio's
than the single-edge system without contravening the condition
for intersection of the modulating wave and carrier wave. It

is appropriate at this point to note that the limitations of
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the sampling theorem and the conditions for intersection

of the two waveforms have not been applied to existing p.w.m.
power convertors, nor referred to in the literature available
on such convertors,

-(3.9) Regular Sampling.

- This particular.type of sampling has been widely used in
communication systems but has not previously been applied to
p.w.m, power convertors. The reasons for its wide acceptance
in communications are not clearly defined, the literature
available suggest that its acceptance might have been
influenced by two factors: (i) it satisfies the basic
sampling theorem and (ii) it is argued that it provides an
improved signal to noise ratio when compared with natural
sampling. Therefore, it was thought that the application of
regular sampling techniques to p.w.m power convertors might
provide a means of improving the harmcnic spectra. The
application of the regular sampling process to the generation
of p.w.m, waveforms, basically entails the sampling of the
modulating wave prior to comparison with the carrier wave
(Fig.(3.8)). Samples of the modulating wave are taken at
regular intervals by means of the sampling switch, and are then
held constant over the sampling period by storing the samples
on a capacitor. This converts the modulating wave to its
regular sampled version which is then compared with the
carrier wave to produce the switching instants of the width
modulated pulses. 1t may be seen from Fig.(3.8a) that the
generation of the regular szmpled modulating wave is achileved

at a cost of only four extra components. This point is of
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considerable significance since the capital cost of the p.w.m,
convertor must be kept to a minimum if it is to compéte with
prior-art systems.

It was therefore felt to be appropriate at this point to
demonstrate the various methods by which p.w.m could be
achieved by means of the regular sampling process, and to
consider the limitations of this process at 1low values of
frequency ratio,

(3.9.1) Regular Sampled Leading-Edge P.W.M.

The analogue method of generating leading-edge p.w.m.
waveforms is illustrated graphically in Fig.(3.9). The
sinusoidal modulating wave is sampled at regular intervals
corresponding with the vertical sides of each cycle of the
triangular carrier wave. It may also be seen that the
trailing-edges of the pulses occur at these same regular
instants. The samples of the modulating wave are held constant
over their respective sampling periods, the sampling period
in each case being constant. The switching instants for the
leading-edges of the modulated pulses, are defined by the
points of intersection between the carrier wave and regular
sampled modulating wave. It is of particular interest to
notice that the respective sampling instants and switching
instants for the leading-edges of the pulses are displaced in
time-phase. In fact the switching instants lag the
corresponding sampling instants. When the leading-edge.
regular sampled p.w.m,waveform illustrated in Pig.(3.9) is
compared with the leacding-edge, naturcl sampled p.w.m.

waveform illustrated in Fig.(3.3) it is immediately apparent
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that the waveforms are different. Therefore, the harmonic
spectra for the two waveforms must also be different. It
will be shown in Chapters (4) and (5) that the harmonic
spectra for the regular sampled wave 1s greatly superior to
that for the natural sampled wave so far as induction motor
drives operating al low frequency ratio's are concerned.

(3.9.2) Regular_ Sampled Trailing-Edge P.W.M

It can be seen from Fig.(3.10) that the respective
sampling instants and switching instants for the trailing-edges
of the pulses are again displaced in time phase, whereas, for
all the natural sampled p.w.m processes they were coincident.
The leading-edges of the width modulated pulses occur at
uniform intervals fixed by the carrier wave frequency. By
comparing the p.w.m. waveform illustrated in Fig.(3.10) with
the natural sampled waveform illustrated in Fig.(3.4) it can
again be seen that the waveforms are different. The degree
of superiority of the regular sampled system over the natural
sampled system will be fully described in Chapters (4) and (5).

(3.9.3) Regular_Sampled_Symmetrical-Double-

e S e v e S B B e e o R e e = e e = e -

Edge Modulation

With this form of modulation both edges of the width
modulated pulses are modulated by the same amount about their
mean-positions. In Fig.(3.11) the mean-positions of the
pulses coincide with the negative peaks of the trianguiar
carrier wave. It may also be seen that for this method of
modulation, the modulating wave is sampled once per cycle of

the carrier wave at instants corresponding to the positive
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apices of the isoceles-triangular carrier wave, each sample
again being held constant over its respective sampling period.
The intersectiohs between each sample and the positive and
negative slopes of respective cycles of the carrier wave
provide the switching instants for both edges of the width-
modulated-pulses. By comparing the p.w.m. waveform illustrated
in Fig.(3.11) with the natural sampled double-edge waveform
illustrated in Fig.(3.5), it can again be seen that the
waveforms are different. It will be shown in Chapter (5) that
this particular type of modulation is very superior in
reducing the amplitude of unwantéd low frequency harmonic
components when the ratio ofvcarrier frequency to mddulating
frequency is also low. It will similarly be shown that this
type of modulation increases the amplitude of unwanted high
frequency harmonic components and may also introcduce unbalance
problems. This will be discussed at length in Chapters (4)
and (5).

It is important to note at this point that should the
symmetry of the carrier wave be changed such that its waveflonm
ceases to be an isoceles triangle, the sampling process still
remains regular, although the modulation becomes asymmetrical.
Therefore, varying the symmetry of the carrier wave, provides
an extra degree of control over the pulse-width-modulation

process, and yet maintains the regular sampling.

e O L L e on o b i o e o e e e e e e S e S SR e ——

Although there are numerous forms of asymmetrical double-
edge modulation, many of wiich have been described in Secticns

(3.9.3) and (3.6) of this thesis, the form referred to
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4hroughout this thesis as ‘asymmetrical' is dependent upon
regular sampling at twice the carrier frequency and the
comparison of the regular sampledvmodulating wave with an
isoceles triangular carrier wave. This type of pulse-width~
modulation is illustrated in Fig.(3.12), and it is immediately
apparent that both «dges of the width-modulated-pulses are
modulated by different amount. The amount of modulation of
both edges of each pulse is dependent upon the magnitude of
the respective adjacent samples taken at regular intervals
corresponding to the positive and negative apices of the
isoceles-triangular carrier wave. Lt may also be seen that
a time-phase displacement again exists between the sampling
instants and switching instants. When the p.w.m waveform
illustrated in Fig.(3.12) is compared with the double-edge
modulated waveforms illustrated in Figures (3.11) and (3.5)
‘it is apparent that the waveforms are again different. It
will be shown in Chapters (4) and (5) of this thesis that
this regular sampled asymmetrical-double-edge p.wW.m.process
which is entirely novel, is far superior to existing p.w.m.
processes in power convertors.

(3.9.5) Limitations_of_the_Regular_ Sampling

- s e T . G B D e T - v s S ame e o B e i o - o B
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It is essential to the analogue method of generating pulse-
width-modulated waveforms, that only one pulse per cycle of
the carrier wave occurs (for the reasons described in Section
(3.8.1.) of this thesisj). For this condition to be satisfied
two requirements must be met: (i) each slope of the carrier

wave must not be intersected by more than one held sample
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of the modulating wave and (ii) the modulating wave must be
sampled at a rate greater than twice the frequency of the
modulating wave when the wave is a sinusoid. Therefore, when
the modulating wave is sampled at the carrier frequency or at

a multiple of the carrier frequency the above requirements
impose limitations on the minimum value of the ratio of

carrier freqguency to modulating frequency. It may be seen from
Figures (3.9),(3.10) and (3.11) that for regular sampled single-
edge modulation and symmetrical-double-edge modulation, the

minimum value of frequency ratio must be greater than'two'

c . .

(T— > 2), whereas for asymmetrical-double-edge modulation, the
m

minimum value of frequency ratio must be greater than'one!

(;E > 1). Therefore, on account of the requirements of the
rggular sampled p.w.m. process alone, it is apparent that the
aéymmetrical —-double-edge system is superior when.the main
objective is to operate with a frequency ratio as low as
possible. It will also be shown later that the asymmetrical-
double-edge system provides a means of cancelling significant
unwanted harmonic and d.c. components in the spectra of the
output modulated ﬁaveforms.

(3.10) Interim Conclusions

Tne realisation of p.w.m. waveforms by analogue means has
been presented. The concept of sampling has been introduced
and the sampling process in all prior-art p.w.m,power
convertors has been icentified as tnatural sampling' which is
a well known process in communications practice. The
generaiised sampling theorenm was discussed and its limitations

when applied to the natural sampled p.w.m process were expocsed.



It was shown that the voltage-time-integral of the output
meodulated voltage from the power modulator could be controlled
by varying the modulation index (or amplitude »f the modulating
wave in the control circuit), which is an essential requirement
for inifinitely variable induction motor speed control systems.
'Regular sampling' was introduced and it was shown that
regular sampled p.w.m.can be achieved at an added cost of only
four components. It was also shcwn that the regular sampled,
asymmetrical-double-edge system allows the ratio of carrier
frequency to modulating frequency to approach unity, whereas,
for the regular sampled single-edge and symmetrical-double-
edge systems the frequency ratio can only thecretically
approach ‘'two'.

The use of the regular sampling process for reducing and
eliminating significant unwanted harmonic components will be

enlarged upon in the succeeding two chapters of this thesis.
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(4) IMPROVEMENTS IN THE P.W.M. POWER CONVERTOR WHEN

OPERATING IN THE SYNCHRONISED MODE.

(4.1) Introduction

Although p.w.m, can be achieved by numerous methods, seven
of which have been described in Chapter (3) of this thesis,
there are only two possible modes of operation so far as the
comparison of the carrier wave with the modulating wave is
concerned. The carrier wave and modulating wave are either
'synchronous' or‘'asynchronous'. Synchronous operation allows
the ratio of carrier frequency to modulating frequency to
take integer values only, whereas, asyncrhonous operation
allows the frequency ratio to be infinitely variable. The
choice of mode has a significant bearing on the frequency
spegtrum of the output p.w.m.waveform. This chapter will deal
with the synchronous-mode only, whereas, Chapter (5) will be
entirely devoted to the asynchronous-mode of operation.

(4.,2) Prior-art P.W.M Systems

Almost all prior-art p.w.m.power inverter systems have

. 1)
operated on integer ratio's only.(2 ’

Since integer ratio
operation can only be achieved by synchronising the carrier
wave with the modulating wave or by synchrenising the 'chops'
or 'pulses' in the p.w.m. output waveform with scme reference
wave,(22)such systems fall into the synchronised-mode of
operation.

Tt was shown in Chapter (3), Section (3.7}, that the
sampling process in existing analogue p.w.m.contrcl schemes is

(21)

natural sampling. It is said in the literature that such

systems of control have many disadvantages:
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(i) Considerable harmonic distortion occurs in the
output p.w.m.voltage waveform when the ratio of carrier
frequency to modulating frequency is low.

(ii) Amplitude and phase unbalance of the fundamental
components of the output p.w.m,wéveforms in a three-phase
system can occur.

(iii) D.C. components can exist in the harmonic spectra of
the output p.w.m,voltage waveform.

It was therefore decided to investigate the operation of
the three natural éampled prior-art control schemes presented
in Sections: (3.4), (3.5) and (3.6) of Chapter (3), with the
aim of establishing relationships between the above
disadvantages and the ratio of carrier frequency to modulating
frequency.

(4.2.1) Analytical Investigation Into Natural

— — e f  — ——— vy — - ans o e ——— oy

The three natural sampled systems described in Chapter (3)
were numerically synthesised by means of a digital computer.
The details of the computer programs developed for this purpose,
are described in Appendix (1 ) of this thesis. The reason for
the choice of numerical synthesisation rather than time~domain
analysis is basically because the production of time-functions
which describe harmonic spectra for p.w.m.waveforms, becomes
very tedious and time consuming. However, it may be of interest
to note that time-functions can be produced for all of the
p.w.m, process described in Chapter (3) by means of a Double-
Fourier-Series techniqﬁe.(g)

It is important to note at this point that the three natural
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sampled p.w.m,waveforms described in Chapter {(3) are for
single-phase operation only. Three phace operation is achieved
by comparing three sinusoidal modulating waves of equal
amplitude but displased in time-phase by 120° and ~120°
respectively, with a single-phase carrier wave, where the
carrier wave and modulating waves are synchronised in time-
phase. The reason for comparing the three~phase modulating
waves with a single-phase carrier wave rather than with three-
phase carrier waves is that harmonic components of carrier
frequency and multiples of the carrier frequency zare said to

(21)

cancel in three-phase, three-~wire systems. This will become
more apparent in the succeeding sections of this chapter.

(4.2.1.1) Details of Computed Harmonic

. . S e S S A G e B o e e e GEe G Ee e R o —

The switching instants of>the natural sampled p.w.m, control
waveforms coincide with the instantaneous points of
intersection between the carrier wave and respective modulating
waves as described in Chapter (3). The switching instants of
of the three-phase.p.w.m.contrbl waveforms resulting from the
natural sampled trailing-cdge, leading-edge and double-edge
p.w.m processes are also representative of the output voltage
waveforms between each LINE and D.C. NEUTRAL of the power
convertor shown in Fig,(4.1) when the power converter is
controlled by each of the three p.w.m, control schemes. The
method by which a p.w.m.control signal is made to drive the
power convertor will be fully described in Charcer (%), however,
at this point in the analysis it was thought sufficient to

state: that the p.w.m.output waveforms from the power convertor
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are identical to the respeétive P.w.m, control signals so far
as the switching instants are concerned. Therefore, the
computed harmonic spectra are directly related to the output
voltage waveforms of the convertor shown in Fig.(4.1).

The LINE (A) to D.C. NEUTRAL voltage illustrated in Fig.
(4,1) is taken as the reference so far as the computation of
harmonic spectra for each LINE((A),(B) and (C)), to D.C.NEUTRAL
voltage is concerned. This means that every harmonic
component for each of the above mentioned waveforms, is‘divided
by the wanted component of the LINE (A) to D.C. NEUTRAL voltage
waveform and expressed as a percentage. Similarly the LINE
(A) to LINE (B) voltage waveform is also taken as reference
for the harmonic spectra of the three LINE to LINE voltage
waveforms. This means the harmonic components for each LINE
to LINE voltage waveform is divided by the wanted component
of the LINE (A) to LINE (B) voltage waveform and expressed as
a percentage. This procedure allows an immediate check to be
made on the degree of amplitude unbalance between any three
respective components of the three modulated waveforms concerned.

The phase of every harmonic component is expressed as an
angle between O and + m or O and - m. This allows a check on
the phase unbalance between respective harmonics to be made,
and also provides a facility for determining the phase-sequence
of any three harmonics of the same order for any three
respective voltage waveforms.

(4,2,1,2) Leading-Edge P.W.M,

— e o a a wue ? n ee  bd  — ————

It may be seen from the computed results presented in Fig.

(4,2) that d.c. components of different magnitude exIst in the
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the LINE to D.C. NEUTRAL voltage waveforms. This leads to the
existence of d.c. compcnents in the LINE to LINE voltage
waveforms. It may also be seen from Fig.(4.2) and Pig.(4.3)
that any three harmonics of the same order in both the LINE

to D.C. NEUTRAL voltage waveforms and LINE to LINE voltage
ﬁaveforms do not form balanced sequence sets. Further computed
results illustrated that the reason for the existence of d.c
components in the LINE to LINE voltage, and amplitude and

phase unbalance between any three harmonic components of the
same order, in both the LINE to D.C. NEUTRAL voltages and LINE
to LINE voltages, for a frequency ratio of ‘three and modulation
index of hnitf; was entirely due to the natural sampling
process lying outside the limitations presented in Section
(3.8.1) of Chapter (3). It was shown in Section (3.8.1) of

Chapter (3) that for leading-edge p.w.m.and a modulation index

Peak value of Carrier Wave
Peak value of Modulating Wave
fe

of frequency ratio was, 5o = M. However, when the modulation

index was reduced to 0.5 and the frequency ratio,%%, held

of tunity' [ = 1] the minimum value

constant at 'three' sych that‘the sampling process lay within
the limitation presented in Chapter (3), it became evident
from the computed results that the d.c. components and amplitude
and phase unbalance of harmonics of the same order were
completely eradicated., It was also found that the triplen
harmonics in the LINE to D.C. NEUTRAL voltages formed balancea
zero-sequence sets, which resulted in complete cancellation cf
these hoarmonics in the LINE to LINE voltage waveforms.

From the computed résults illustrated in Figures: (4.2) and

(4.3) and further computed results the following relationships
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became apparent for leading-edge p.w.m., provided the natural
sampling process lay within the limitation described in
Section (3.8.1) of Chapter (3):

(1) For all values of integer frequency ratio given by:

fc _
Tm - Do

even order and odd order harmonics are present in both the
LINE to D.C. NEUTRAL voltage waveforms and in the LINE to LINE
voltage waveforms.

(2) For all triple-integer values of frequency ratio
given by:

fe _ 4.
Tm = 20

harmonics of order, 3n, which are present in the LINE to D.C.
NEUTRAL voltage waveforms, form balanced zero-sequence sets.
This means that such harmonics completely cancel in the LINE
to LINE voltage waveforms. D.C. voltgge components are also
eliminated from the LINE to D.C. NEUTRAL voltage waveforms
which means that such components of voltage are also eliminated
from the LINE to LINE voltage waveforms. It was also found
that for these values of frequency ratio, respective harmonics
of orders:

(3n - 2),
form balanced positive-sequence sets, whereas, respective
harmonics of order:

(3n - 1),
form balanced negative-sequence sets.

(4) For ocd and even non-triple-integer values of fregquency

ratio given by:

1
o
(@



==+t [3- -1
and fe _ . n
= =30 -3 [3+ (-1)7]

respectively, respective harmonics of order, n, in the LINE

to D.C. NEUTRAL voltage waveform, did not form balanced
sequence sets. It was also found that a relationship between
phase-sequence and harmonic order for any three respective
harmonics did not exist. D.C. components of voltage were also
found to occur in the LINEto LINE voltage waveforms.

(4.2.1.3) Trailing-Edge P.W.M.

From the computed results for this particular modulation
process, it was found that the amplitudes of harmonic components
and d.c. components were the same as for the leading-edge p.w.m,
process, for all values of frequency ratio. Harmonic order
and phase-sequence were also found to be the same as for the
leading-edge p.w.m. process.

(4.2.1.4) Double-Edge P.W.M,

From the computed results illustrated in Figures (4.4) ana
(4.5) and from further computed results the following
relationships became apparent:

(1) For odd values of triple-integer frequency ratio given
by:

feo _ n
—FIE = j(dn l),

d.c. components did not exist in the LINE to D.C. NEUTRAL
voltage waveform nor in the LINE ®o LINE voltage waveforms.
Harmonic components of'order, 2n, were eliminated from the

LINE £oc D.C. NEUTRAL voltage waveform and therefore, from the









LINE to LINE Voltage waveform. Respective harmonic components
in the LINE te D.C. NEUTRAL voltage waveform of order, 3n,
formed balanced zero-sequence sets, which therefore compietely
cancelled in the three LINE to LINE voltage waveforms.
Respective harmonic components in the LINE to D.C. NEUTRAL
voltage wavefcrms and in the LINE to LINE voltage waveforms
of order, (3n - 2), formed balanced positive-sequence sets,
whereas; respective harmonics of order, (3n - 1) formed
balanced negative-sequence sets.

(2) TFor even triple-integer values of frequency ratio
given by:

fe _
.fﬁ - 3(2n),

d.c. components were eliminated from the LINE to D.C. NEUTRAL
voltage waveforms and therefore from the LINE to LINE voltage
waveforms. Respective harmonic components of order, 3n, in
the LINE to D.C. NEUTRAL voltage waveforms again formed
balanced zero-sequence sets which resulted in complete
cancellation of these components in the three LINE to LINE
voltage wavefcrms. The phase;sequence of respective harmonic
components in the LINE to D.C. NEUTRAL voltage waveforms and
in the LINE to LINE voltage waveforms were the same as for
the odd triple-integer values of frequency ratic, that is to
say:
(i) recpective harmonic components of order, 3n,in the

LINE to D.C. NEUTRATL voltage‘waveform formed balanced zero-
sequence sets,

(ii) respective marmonic components of order, (3n - 2),
in the LINE to D.C. NEUTRAL voltage waveform and in the LINE

to LINE voltagc waveforms formed balanced positive-sequence

[}
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sets.

(iii) respective harmonic components of order, (3n - 1),
in both the LINE to D.C.NEUTRAl voltage waveforms and LINE
to LINE veoltage waveforms formed balanced negative-sequence
sets.

(3) For odd non-triple-integer values of freguency ratio
given by:

Lo snw g [3-(-0)7

d.c. components of voltage did not occur in the LINE'to D.C.
NEUTRAL voltage waveforms nor in the LINE +to LINE voltage
waveforms. Harmonies of order, (2n), were also eliminated
from the LINE ¢to D.C. NEUTRAL voltage waveforms and LINE to
LINE voltage waveforms. It is of particular interest to note
that considerable ‘'amplitude' and ‘'phase'! unbalance of the
respective wanted harmonic components in both the LINE tc
D.C. NEUTRAL voltage waveforms and in the LINE to LINE
voltage waveforms cccurred for noﬁ—triple~integer frequency
ratio values of 'five' and 'seven!. However for odd non-triple-
integer values of frecuency ratio of ‘eleven' and above, the
degree of 'amplitude' and 'phase' unbalance of respective
wanted harmonic components became insignificant (less than 1%).
Respective harmonic components corresponding to the carrier
frequency and integer multiples of the carrier frequency of
order, n %%, which e*isted in the LIANE =o D.C. NEUVRAL voltage
waveforms formed balanced zero-sequence sebs wiich therefore
cancelled in the LINZ to LINE vcltage waveforms.

However, respective harmonic components in tne LINF to D.C.

NEUTRAL voltage waveforms and LINE to LINE voltage waveforms
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whose order was not equal to the carrier frequency or
integer multiples of the carrier frequency, did not form
balanced sequence sets. The phase-sequence of these
components was also quite rancdom.

(4) For even non-triple-integer values of frequency ratio

given by:
= =3n -3 [3+ (-1,

d.c. components of voltage of considerable magnitude existed
in the LINE to LINE voltage waveforms for all values of
modulation index. However, for non-triple-integer values of
frequency ratio above 'ten' the d.c. components of voltage
became insignificant (less than 1% of the fundamental
component). Respective fundamental harmonic components of
both the LINE to D.C. NEUTRAL voltage waveforms and LINE to
LINE voltage waveforms were unbalanced in both "magnitude’
and 'phase!', for non—triple—integer_values of frequency ratio
below 'eight'. Above ‘'eight' the degree of unbalance was
less than 1%. Respective harmonic components in the LINE

to D.C. NEUTRAL voltage waveforms of order, n %%. formed
balanced zero-sequence sets, which resulted in the cancellation
of these components in the LINE to LINE voltage waveforms.
Respective harmonic components in both the LINE to D.C.
NEUTRAL voltage waveforms and in the LLINE tc LINE voltage
waveforms of harmonic order other than tn %%' fformed

unbalanced sequence sets. A relationsiiip between the pnase

sequence of these components and harmonic order was alsc not

apparent.,
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(h.2.1.5) Choice of Natural Sampled
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The computer analysis of the three natural sampled p.w.m.
systems has shown, that natural sampied double-edge p.w.m.
is superior to natural sampled single-edge p.w.m. for mainly

two reasons:

(i) For single-edge p.w.m. operating with a modulation
index of ‘'unity', the minimum value of frequency ratio is

given by:

%% > 7, ((Section (3.8.1) of Chapter (3))

Therefore, for integer-frequency-ratio operaticn, the minimum

value of frequency ratio for a modulation index of ‘unity’

.. fe _ . .
1s == © b, because, 7, 1s not an integer value. However,

for double-edge p.w.m. and a modulation index of 'unity'
the minimum value of frequency ratio is given by:
fe
fm

This means that for integer frequency ratic operation at a

> %, ((Section (3.8.1.) of Chapter (3)).

modulation index of ‘'unity', the minimum value of frequency

ratio is given by: %% = 2. When a natural sampled

p.w.m.
process is made to operate outside the above limitations of
frequency ratio for a modulation index of unity, a very
considerable increase in harmonic distorticn of the output
p.w.m. voltage waveforms will occur, as was discussed in
Section (4.2.1.2) for ratural sampled lead-edge p.w.m.

(ii) For all integer values of frequency ratio which lie

within the limitation of the natural sampling process (a3

described in Section (3.8.1.) of Chapter (2)), the voltage

-4
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harmonic spectra of the natural sampled double-edge p.w.m,
process is superior to the voltage harmonic spectra for the
single-edge p.w.m, processes for two reasons; (z) for single-
edge p.w.m.even order and odd order harmonics are always
present in the LINE to LINE voltage spectra and (b) less
harmonic cancellation takes place for single-edge p.w.m.
than for double-edge p.w.m.

Because natural sampled double-edge p.w.n, has proved to
be superior to natural sampled single-edge p.w.m for 2all
integer values of frequency ratio, it was decided to
investigate the natural sampled.double-edge p.W.m, process
experimentally,

(4.2.2) Experimental Investigation_Into

e - a - ame W s e G Y- e Gue o B e ATy e S mce Gme - —
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A light-current three-phase, natural sampled double-edge
p.w.m. control circuit was designed and constructed to check
the authenticity of the computed harmonic spectra. A block
diagram of the system is illustrated in Fig.(4.6) and a
schematic diagram of the control circuit is included in
Appendix ( 2). It may te seen from Fig.(4.6) that the
control circuit mainly consists of: a three-phase signal
generator, a phase-locked-loop and three voltage compairalor.

- eircuits. The three-phase modulating wave generztor supplies
three output sinusoidal waveforms displaced in time-phase by

-120° ana 120° respecsively, where both the amnlitude and
frequency of the output waveforms can be varizd. The phasge-
locked-loop generates a triangular carrier wave which is

synchronised with vhe PHASE (A) oulput-wave of the irodulating






wave generator and is at "N" times its frequency (N.Wm).

The three sinusoidal modulating waves are theil compared with
the single-phase triangular carrier wave in the three
comparator circuits. The three output pulse-width-modulated
waveforms from the three comparators are then made tc supply
three 1 KQ resistors connected in star as shown in Fig.(4.7).

(4.2.2.1) Measurements Techhigue,

e o ey P = = e i ]

The d.c. components of voltage in the LINE to LINE voltage
waveforms, were measured by connecting a moving-coil vecltmeter
between respective pairs of LINES in the circuit shown in
Fig.(4.7).

The harmonic voltage components of the LINE to D.C. NEUTRAL
voltage wavefcrms were measured by means of a low frequency
wave analyser (Muirhead D-788A) connected between the D.C.
NEUTRAL and respective LINES. Similarly, the LINE to LINE
voltage harmonic components were measured by connecting the
low frequency wave analyser between respective pairs of LINES.

The phase angle between any three harmonic components of
the same order, were measuredbby means of two identical low
frequency wave analysers and one phase-meter {(Dawe, Type 630).
Consider two identical wave analyers connected between LINE
(A) and the D.C. NEUTRAL and LINE (B) and the D.C. NEUTRAL,
where both wave analysers are tuned to rarmonic ccmponents of
the same freguency. By connecting a phase-meter between the
two pairs of output terminals of the wave analysers cuch that
the harmonic component of the LINE (A) to.D.C. YEUTRAL voltage
waveform is taken as reference, A phase angle, AB, can be

measured. If the wave analyser between the LINE (B) and D.C.
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NEUTRAL is then transferred to the LINE (C) to D.C. NEUTRAL

and again tuned tu vhe harmonic component of the same frequency
as in the previous case a phase angle, eAC, can be measured

by means of the phase-meter. The phase angle given by:

eAC - eAB,, is then the phase angle between respective harmonic
components in the LINE (B) to D.C. NEUTRAL wvoltage waveform

and LINE (C) to D.C. NEUTRAL voltage waveform. By repeating
this process the phase angles between any three respective

harmonic components can be measured.

(4.2.2.2) Experimental Results.

The ‘'amplitude! and t'phase! of respective harmonic components
in the three LINE to D.C.NEUTRAL voltage waveforms and in
the three LINE to LINE voltage waveforms were measured by the
technique described in Section (4.2.2.1), for various values
of frequency ratio and modulation index, the magnitude of the
fundamental component of the LINE (A) to D.C. NEUTRAL voltage
waveform was taken as reference for the LINE to D.C. NEUTRAL
voltage harmonics, while the magnitude of the fundamentall
component of the LINE (A) to LINE (B) voltage waveform was
taken as reference for the LINE to LINE voltage harmonics.

Experimental and theoretical LINE to D.C. NEUTRAL and LINE
tc LINE voltage harmonic spectra for a modulation index of
unity and frequency ratio's of : %% = 3,6,5 and 2 are
illustrated in Ficures: (4.8),(4.9),{4#.10) and (4.11)
respectively.

(4,2.2.31 Discussion_of Results and

e el o - - G W —— - ek

The result obtained from the analytical investigation into
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natural sampled double-edge p.w.m, have been shown to agree
with the results obtained by experimental investigation. The
results obtained from both methods of investigation have
demonstrated that the harmonic spectra of the p.w.m, output
voltage waveforms from the convertor illustrated in Fig.(4.1)
are very dependent upon the value of integer frequency ratio.
It has been shown that the first choice of integer frequency

ratio values, are the odd triple-integer values given by:

%I%=339:15-—-—_-f-3(2n-1)’

because cf the following factors:

(i) Positive and negative half-wave symmetry is achieved
which eliminates even order harmonics and d.c. components
from the output LINE to D.C. NEUTRAL voltage waveforms.

(ii) 0dd triplen harmonics of order: 3(2n - 1) which:exist
in the LINE to D.C. NEUTRAL voltage waveforms, form balanced
zero-sequence sets, which results in the cancellation of these
harmonics in the LINE to LINE voltage waveform when supplying
a three-phase, three-wire load.

The second choice of integer frequency ratic values have

been shown to be the even triple-integer values given by:

These values of frequency ratio have bteen shown to be inferior
to the odd triple-integer values because they introduce even
order and odd order hermonics into the LINE to D.C. NEUTRAL
voltage waveforms. Hcwever, it was also shown thattriplen

/

harmonics of order; 3(n), form balanced zero-sequence sets,

which cancel in the LINE to LINE voltage waveforms when
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supplying a three-phase, three-wire load.
The third preferred choice of frequency ratio values have

been shown to be the 0dd non-triple integer values, given by:

f
F= =5, Ty 1l,= = = = = - Gn+ 3 [3- DD

Although it was shown that these values of frequency ratio
eliminate d.c. voltage components and hérmonics of order;
2 n, from the LINE to D.C. NEUTRAL voltage waveform and from
the LINE to LINE voltage waveforms, it was also shown that the
following disadvantageb existed: respective harmonic
components in both the LINE to D.C. NEUTRAL voltage waveforms
and LINE to LINE voltage waveforms did not form balanced
sequence sets.

The least preferred frequency ratio values have been shown

to be the even non-triple integer values given by:

fe oo, 4, 8,------- ,(3n - 3[3 + (-1)7]

It was shown fhat these values of frequency ratio present the
following disadvantages: d.c. voltage cemponents, even order
harmonics (of order 2n) and odd order harmonics (of order
(2n - 1)) all exist in bofth the LINE to D.C. NEUTRAL.voltage
waveforms and in the LINE to LINE voltage waveforms.

A relationship between harmonic order and phase sequence
was also shown to exist for triple-integer values of frequency

ratio, that is uo say: for frequency ratio values given by:

%_I';‘l =%, 6,09, 12, ~ -~ ==~ L in),
respective harmonic of order: (3a - 2), (3n - 1) ana 3(n),
formed balanced positive-sequence sets, palanced negative-

sequence sets and balanced zero-sequence sets respeccively,
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in both the LINE to D.C. NEUTRAL voltage waveforms and LINE
to LINE voltage waveforms. However, for non-triple integer
frequency ratio values given by:

fe

= =3n-1 [3+ (17
nd f
= = =3+ [3- D7,

respective harmonic components did not form balanced sequence

sets and no apparent relationship between phase sequence and

harmonic order existed.

(4.3) The Application of Regular Sampling to P.W.M.

Power Convertors Operating in the Synchronised Mode.

The main object of any power modulator intended for
infinitely variable induction motor speed conftrol systems, is
to produce a sinusoidal output voltage waveform which is
variable in both magnitude and frequency. Such an objective
cannot be achieved of course because all power modulators
introduce some degree of harmonic distortion. Therefore,
consideration must be given to the most acceptable harmonically
distorted waveforms. For the convertor shown in Fig.(4.1)
the most desiréble voltage waveforms between eacih LIKE to
D.C. NEUTRAL would consist of fundamental components whiich
form a balanced positive-sequence set, plus the 'minimum'
number of harmonic components - where the respective harmonic

components form balanced zero-sequence s2ts:

~

_ P . o ~ . R t Ay S. .
Von = Vae t V,Sinw t+ + Vn_lsln(n Dw bt + V Sin nw ©
—_———(4.1)
i O -—Aw' Qs {
- g3 - 120°) + =--- ¢ Sin(n-Dw_t
Vo, ® Vae * vy in(uw b 1207) n-1 ( -
~ . t __ \
+ Vn51n nw (4.2)



- A . O ~
vcn Vdc + V181n(mmt + 1207) + === + v,

in{n-
~1Sin(n-Luw t

+ VnSin nw -——=(4.3)

When such hypothetical waveforms are applied to a balanced
three-phase, three-wire load all the remaining harmonics with
the exception of the wanted harmonic components, would cancel

in the LINE to LINE voltage of the convertor shown in Fig.
(4.1) such that:

Voo =V, = VY3V, Sin(ugt + 309) ———e (4,0
Vo = Vop = /3 Vq Sinlupt - 90°) - (4.5)
Vo = Vap = /3 Vy SinCugt + 150°) = (4.,6)

Therefore, the currents flowing in each phase of the load would
correspond to the fundamental harmonic voltages only. Should
respective super-harmonics (harmonics of higher order than the
fundamental components) in equations (4.1), (4.2) and (4.3)
form balanced positive-sequence sets or balanced negative-
sequence sets, 'no cancellation' will ocecur in the LINE to
LINE voltage waveform. However, when respective super-
harmonics in equations (4.1),‘(M.2) and (4.2) are unbalanced
in 'phase! or 'magnitude' or both, tpartial cancellation' can
occur.

Therefore, there remains two possible m=ans of imovroving
the harmonic spectra of the LINE to LINE voltage waveforms
without the addition o’ extra power compcnents:

(i) the amplitudes of the harmonics in the LINE tc D.C.
NEUTRAL voltage waveforms can be reduced, or (ii) the phase

of respective harmonic components in the LINE to D.C. NEJTRAL

voltage waveforms can pe made equal or near equal such that

138



respective harmonics form zero-seduence sets which cancel

in the LINE to LINE voltage waveforms. It has been shown in
both Section (3.7) and Section (4.2) that the sampling process
in prior-art p.w.m power convertors is natural sampliing.
However, it was shown in Section (3.9) that there is an
alternative sampling process known as 'regular sampling',which
is common in communication systems, but which has not
previously been applied to p.w.m.power convertors. It was
therefore decided to investigate the application of resgular
sampling to the double-edge p.w.m. process, and cbserve whether
regular sampling improves the harmonic spectra of the output
p.w.m.voltage waveforms at low values of carrier frequency/
modulating frequence ratio.

(4.3.1) Analytical Investigation Into_Régular

Two forms of regular sampled double-edge p.w.m.were
présented in Secticns (3.9.3%) and (3.9.4) of Chapter (3):(1)
regular sampled symmetrical double-edge p.w.m,and (ii) reguler
regular sampled asymmetrical double-edge p.w.m.respectively.
The generation of fhree-phaze p.w.,m,control waveforms from
a single-phase carrier wave and three-phase regular sampled
modulating waves by both these processes 1s achieved by
comparing each phase of the regular sanpled modulating wave
with a single vhase carrier wave, as described in Section (3.9).
It is once again important to emphasise that when the p.w.m.
control waveforms are made to drive the power convertor
illustrated in Fig. (4.1) the switching instants of the control

waveforms will be representative of the switching instants of
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the LINE to D.C. NEUTRAL voltage waveforms of the power
convertor. Therefore, computer programs were written which
determined the switching instants of the p.w.m.,waveforms and
which calculated harmnonic spectra for both the LINE to D.C.
NEUTRAL voltage waveforms and LINE to LINE voltage waveforms.
The details of the computer programs are included in

Appendix ( 3).

From the computed results shown in Figures: (4.12), (4.13),
(4.14) and (4.15) and from further computed results for odd
triple-integer values of frequency ratio given by:

fe
fm

= 3(2n -1)
the following conclusions can be drawn:

(i) Regular sampled, symmetrical double-edge p.w.m. is
inferior to regular sampled asymmetrical double-edge p.w.m.
because the symmetrical p.w.m,process introduces both even
order and odd order harmonics in the LINE to LINE voltage
spectra. The amplitude of the most significant harmonics
(the harmonics nearest the fundamental) in the LINE to LINE
voltage spectra are also considerably larger for the symmetrical
p.w.m, process than for the asymmetrical p.w.m,process.

(ii) TFor both regular sampled, double-edge p.w.m, processes
the triplen harmonics of order, 3n, which existed in the LINE
to D.C. NEUTRAL voltzge waveforme, formed balanced zero-
sequence sets, which will therefore cancel in the LINE tc LIN

voltage spectra when suppiying & three-wire, three-phase load.,

(1ii) Respective harmonics which existed in the three LINE
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to LINE voltage waveforms of order: (3n - 2) and (3n - 1),
formed balanced positive-sequence sets and balanced negative-
sequence sets respectively.

When the computed results for the natural sampled double-
edge p.w.m. process illustrated in Fig.(4.4) are compared with
the computed results illustrated in Fig.(4.12) and Fig.(4.14),
it is immediately apparent that the regular sampled
asymmetrical double-edge p.w.m. process is superior to both
the natural sampled double-edge p.w.m. process and the regular
sampled symmetrical double-edge p.w.m. process. It is equally
apparent that the regular sampled, symmetrical double-edge
p.w.m. process is inferior to the natural sampled double-edge
p.wWw.m. process.

(4,3.1.2) Even Triple-Integer_Values_of

o o e v e e o B e T e e o B vy - - T aa o Y e

From the computed results for even triple-integer values
of frequency ratio given by:

fe .
fm

the fcllowing conclusions became apparent.

3(2n),

(i) Regular sampled, asymmetrical p.w.m. is superior to
regular sampled symmetrical p.w.m. because it considerably
reduces the amplitude of the most significant harmonics in
the LINE to LINE voltage spectra.

(ii) Respective harmonics of order, 3n, in the LINE to
D.C. NEUTRAL voltage wavelorms again formed balanced zero-

sequence sets, whicn therefore cancelled in the LINE to LINE

voltage waveforms.
(iii) Respective narmonics in the LINE to LINE voltage

waveforms of order: (3n - 2; and (3n - 1) again formed
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balanced positive-sequence sets and balanced negative-sequence
sets respectively.

The regular sampled, asymmetrical double~edge p.w.m, process
was again fourid to be significantly superior to the natural
sampled double-edge p.w.m process, however, the regular
sampled, symmetrical double-edge p.w.m process was again
found to be inferior to the natural sampled double-edge p.w.m.

process.

(4.3.1.3) 0dd_Non-triple Integer_Values

—— ——— ——— ——— Y ——— o —— o Bt ——— e —— -

The odd non-triple integer values of frequency ratio

are given by:

fe _ 1 \n

= = =+ [3- 171,
From the computed results for these values of frequency ratio,
the following conclusions were drawn:

(i) Regular sampled, asymmetrical double-edge p.w.n.is
again superior to the regular sampled, symmetrical double-
edge p.w.m.process because the symmetrical p.w.m.process
introduced both even order and odd crder harmonics in the
LINE to D.C. NEUTRAL voltage waveform, whereas, the
asymmetrical p.w.m, process introduced odd order harmonics only
in the LINE to D.C. NEUTRAL voltage waveforms.

(ii) The amplitudes of the mos?® significant harmonics in
the LINE to LINE voltage for the asymmnetrical doubie-edge
p.w.m, process, were considerably less than the amplitude of
corresponding harmonics for the symmetrical double-edge p.w.m,

process.

It is of considerable importance to add that both regular
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sampled p.w.m,processes, completely eradicated the ‘'amplitude’
and'phase! unbalance of the fundamental harmonic components,
which occured in the natural sampled, double-edge p.w.in,
process, for these values of frequency ratio. It was again
observed from the computed results that the regular sampled,
asymmetrical double-edge p.w.m. process was considerably
superior to both the regular sampled, symmetrical double-
edge p.w.m, process and the natural sampled double-edge p.w.m,
process. However, the voltage harmonic spectra for the
regular sampled symmetrical p.w.m,process were again
considerably inferior to the voltage harmonic spectra of the
natural sampled double-edge p.w.m, process.

4,3.1.4) Even Non-triple_ Integer Values

e W o —— e —— - - o e = d e o o S S v -

These values of frequency ratio are given by:

Lo=sn-y 3+ 1],

From the computed results for these values of frequency ratio,
the following conclusions became apparent:

(i) Regular sampled, asymmetrical double-edge p.w.m.
was again superior to regular sampled, symmetrical double-edgc
p.w.m,because it reduced the amplitudes of the most
significant harmonic components.

(ii) The regular sampled, asymmetrical p.w.m. process alson
eliminated the d.c. ccmpcnents from the LINE to LINE voltage
waveforms which occured in the natural sampled double-edge
p.w.m.process.

(iii) The amplitude ano phase unbalance of the wanted

harmonic components which cccured in the natural sampled,
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double-edge p.w.m, process were completely eradicated by the
regular sampled asymmetrical double-edge p.w.m,process.

(4.3.1.5) Interim Conclusions

The analytical investigation has demonstrated that the
novel regular sampled, asymmetrical double-edge p.w.m, process,
ig considerably superior to both the novel regular sampled,
symmetrical double-edge p.w.m.process and the prior-art
natural sampled, double-edgé p.w.m, process for all values of
integer frequency ratio. However, the novel regular sampled,
symmetrical double-edge p.w.m process was found to be inferior
to the prior-art natural sampled double-edge p.w.m, process
for all integer values of frequency ratio.

(4.3.2) Experimental Investigation Into_ the

o e R e o e o o e - - v o o T e e e T
——

e o e e s et T S e e i T e e . B e e Y e —— s e o e e o s

Because this novel p.w.m. process has been found to be
considerably superior to the prior-art, natural sampled double-
édge p.w.m, process, it was decided to investigate this process
experimentally and compare tﬁe experimental results with the
experimentally determined results for the natural sampled
double-edge p.w.m.process presented in Section (4.2.2).

(4,3.2.1) Control Circuit for Regular

o Sl e s e - W o T e S g s S e S S S
. e T — - — . - ———

The regular sampled asymmetrical double-edge p.w.m.control
waveform (or switching function) was achieved by the circuit

represented in block diagram form in Fig.(4.16). A schematic
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diagram of this circuiﬁ is included in Appendix (4), It may
be seen from Fig.(4.16) that the control circuit mainly
consists of: a three-phase signal generator, a phase-locked
loop, three sampled-and-hold circuits and three voltage
comparator circuits. The three-phase modulating wave generator

supplies three output waveforms displaced in time-phase by

120° and 120° respectively, where both the amplitude and
frequency of the output waveforms can be varied. The phase-
locked~-loop generates a triangular carrier wave which is
synchronised with the PHASE (A) output wave of the modulating
wave generator and is at 'N' times its frequency (N.tm). The
three sampled-and-hold circuits regularly samples the three
output modulating waves at twice the frequency of the
triangular carrier wave (2N.Wm). The three regular sampled
modulating waves are then compared with the single-phase
triangular carrier wave in the three comparators circuits.
The three p.w.m, control output waveforms (or p.w.m, switching
functions) are then made to supply three 1 k@ resistors
connected in star as for the natural sampled control circuit
presented in Secticn (h,2.2).

£t is of considerable importance at this point to
re-emphasise, that in prior-art p.w.m.power convertors, the
control waveform (or switching function) has been achievea
by making a direct comparison between the sinusoidal
modulating wave and the triangular carrier wave as 1llustrated
in Fig.(4.17). Hcwever, it may be seen from Fig.(4.18) that
the novel regular sampled asymmetrical double-edge p.w.m.

control wave is realized by comparing the triangular carrier
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wave with the regular sampled modulating wave. This process
which is shown in Fig.(4.18) is achieved by the inclusion of
only one sample-and-hold circuit per phase, between the
modulating wave generator and the comparator circuit. When;
one cycle of the natural sampled double-edge p.w.m waveform
is compared with a corresponding cycle of the regular sampled
asymmetrical double-edge p.w.m. waveform (Fig.(L4.19)), it is
immediately apparent that the symmetry_of the two wavefcrms
is different, It is this change in the symmetry of the p.w.m.
waveform resulting from the regular sampling process which
improves the harmonic spectrum of the p.w.m, cutput waveform.
The degree of superiority of the harmonic spectra for the
regular sampled asymmetrical double-edge p.w.m. system for the
various values of integer frequency ratio, will be enlarged
upon in the following Sections of this chapter.

(4.3.2.2) Harmonic_Spectra

e 2 —— S —— =T o= - —— -

The harmonic spectra presented in the succeeding Sections
of this Chapter are for the three LINE to D.C. NEUTRAL voltagez,
and the three LINE to LINE voltages, as illustrated in Fig.
(4.1). The measurements technique used to determine the
'magnitude! and 'phase' of each harmonic component is the
same as that described in Section (4.2.2.1). it is important
to note that in the spectral diagrams for each of the three
LINE to D.C. NEUTRAL voltages, the amrlitude of each harmonic
componenﬁ is expressed as a percentage of the amplitude ol
the fundamental harmonic component of the LINE (A) to D.C.
NEUTRAL voltage. Similarly the amplitude of each harmonic

component of the three LINE to LINE voltages is expressed 2s

.
N
AN






a percentage of the amplitude of the fundamental harmonic

component of the LINE (A) to LINE (B) voltage.

(4.3.2.2a) 0dd_Tripile-Integer_Freguency

It is of particular interest to observe from the harmonic
spectra illustrated in Fig.(4.20) and the phase-sequence chart
shown in Fig.(4.21) which are both for the LINE to LINE voltage
waveforms, that the wanted harmonic components form balanced
positive- sequence sets and that all triplen harmonics do in
fact cancel. It is also quite evident that respective harmonics
of order (3n - 1) and (3n -2) respectively, co not cancel. What
is also of considerable importance is that the most significant
harmonic (the 5th) is reduced by 12%. It is important to note
that this reduction in the amplitude of the most significant
harmonic 1s not due to partial cancellation iIn the LINE to
LINE voltage, but is entirely due to the regular sampled
asymmetrical double-edge p.w.m process. This property of the
regular sampled asymmetrical double-edge p.w.m. process of
always reducing the amplitude.of the most sigrificant harmonic
components is illustrated further Dby Fig.(L.22).

(4.3.2.2b) Even Triple-Integer Frequency

- - - -

It is again of particular interest to ncte from the
harmonic spectra illustrated in Fig. (#4.23),,that the most
significant harmonic for the natural sempled double-edge
p.w.m,pfocess is the 'second'which has an amplitude of ik,
wile the next most significantharmonic couripcrent is the

'fourth! which has an amplitude of 34%. However, for the


















regular sampled asymmetrical double-edge p.w.m, process it may
be seen that the harmonic of most significance is the 'fourth’
which has an amplitude of 24%. It may also be seen from
Fig.(4.23) that triplen harmonics do in fact cancel in the
LINE to LINE voltage, while harmonic components of order

(3n = 2) and (3n -~ 1) respectively, do not cancel.

It may therefore be concluded that for even triple-integer
multiple values of frequency ratio, regular sampled
asymmetrical double-edge p.w.m.is superior to the natural
sampled double-edge p.w.m, process because it once again
reduces the amplitude of the most significant harmonic
components.

(4.3.2.2c) 0dd_Non-Triple-Integer

——— e — - mn e AR e e e e S S
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The results shown in Figures (4.25) and (4.26) illustrates
that for the natural sampled double-edge p.w.m, process,
amplitude unbalance of 2% occurs between the fundamental
components of the three respective LINE to LINE voltage
waveforms. It may also be seén that the amplitudes of the
5th harmonics have been reduced to approximately 4% by partial
cancellation. However, it is also evident that no three
harmonics of the same order in the three respective LINE to
LINE voltage waveforms produce balanced sequence sets. Whereas,
for the regular sampled asymmetrical double-edge p.w.m. process
it is quite evident that the respective fundamental components
form balanced positives-sequence sets, 'third' harmonic
components form balanced pesitive-sequence sets and the'seventh!

harmonic ccmponents form balanced negative-sequence sets.
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It is also of considerable importance to note once again
that the regular sampled asymmetrical double-edge p.w.m.process
reduces the amplitude of the most significant harmonics:
the 'third' by 10% while the 'fifth' is completely eliminated.

(4.3.2.2d) Even Non-Triple_Integer

- = e G — v S — g o e - ——— — g ——— ] a—- —

It is of considerable importance to note from the LINE
to LINE voltage spectra and the LINE to LINE harmonic
sequence charts illustrated in Figures (4.27) and (4.28)
respectively that:

(i) D.C. Components of 29% in amplitude can exist in
the LINE to LINE voltage waveform for the natural sampled
system, whereas, such components are completely eliminated in
the regular sampled system.

(ii) For the regular sampled asymmetrical double-edge
p.w.m. process the fundamental harmonic components form a
balanced positive-sequence set. However, for the natural
sampled dcuble~edge p.w.m process, the fundamental componénts
form an unbalanced positive-éequence set where the amplitude
unbalance alone can amount to 11%.

(iii) The regular sampled asymmetrical doub;e-edge D.W.m,
process again reduces the amplitude of the most\significant
harmonic (the second) by approximately 11%. when compared

with the natural sampled system.

(4,3.3) Amplitude_Control of the Fundamental

el el et e e v e o o e o e e e e v e e S e e e

Tt has been shown carlier, that an essential requirement

of a power modulator intended for induction motor speed









control systems, is that both the frequency and magnitude of
the wanted harmonic components be variable. TFor constant
torque applications the ratio of the magnitude of the

wanted harmonic component to its frequency must be maintained
approximately constant. It was shown in Section (3.3) that
for the natural sampled double-edge p.w.m, process, the
magnitude of the wanted harmonic component is proportional

to the peak-value of the modulating wave. It may be seen
from Fig.(4.29) that for both the natural sampled double-edge
p.w.m, process and the regular sampled asymmetrical double-
edge p.w.m, process that the amplitude of the wanted harmonic
component is directly proportional to the modulation index
for all values of integer frequency ratio.

(4.4) Interim Conclusions

From the results presented in this chapter and further
results which have beeh determined, the following conclusions
can be drawn:

(i) PFor odd and even triple-integer values of frequency
ratio, fundamental relationships relating the phase-sequence
of respective harmonics in the LINE to D.C. NEUTRAL voltage
waveform or LINE to LINE voltage waveform have become evident.

(ii) PFor non-triple integer values of frequency ratio no
relationship appears to exist for the phase-sequence of
respective harmonics in the LINE to D.C. NEUTRAL voltage nor
in the LINE to LINE voltage.

(iii) Complete cancellation of harmonics in the LINE to
LINE voltage can only be achieved: whenn harmonics of the same
order form balanced zero-sequence sets in the LINE to D.C.

NEUTRAL voltage. However, partial cancellation of harmonics
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in the LINE to LINE volfage can occur when harmonics of the
same order in the LINE to D.C. NEUTRAL voltage form unbalanced
sequence sets.

(iv) The amplitude and phase unbalance of the wanted
harmonic components for non-triple integer values of frequency
ratio which occurred in all prior-art p.w.m, systems, is
completely eradicated by the proposed regular sampled
asymmetrical double-edge p.w.m,process. Similarly the d.c.
components in the LINE to D.C. NEUTRAL voltage waveforms which
occurred in existing double-edge p.w.m,systems for even non-
triple integer values of frequency ratio are also eliminated
by the regular sampled, asymmetrical double-edge p.w.m. system.

(v) The novel regular sampled asymmetrical double-edge
p.w.m process always considerably reduces the amplitudes of
the most significant harmonic components for all integer

values of frequency ratio and modulation index.



(5) A _NOVEL ASYNCHRONOUS MODE CONTROL SCHEME FOR A P.W.M

POWER CONVERTOR,

(5.1) Introduction

Almost all prior=-art p.w.m. power convertors have operated
in the synchronous mode such that the ratio of carrier
frequency to modulating frequency has taken integer values
only. The synchronous mode of operation requires the
modulating wave and carrier wave to be synchronised in time-
phase and it was shown in Chapter (4) that such a requirement
necessitates the use of a phase-locked-loop circuit. However,
the main disadvantage of a phase-locked-loop is that it adds
complexity to the control circuit and only remains 'locked'
over a specified range of frequency ratio's, therefore imposing
limitations on the ratio of carrier frequency to modulating
frequency. If, however, the carrier frequency is set at a
constant value which is greater than the maximum required
frequency of the wanted harmonic component of the output
modulated waveform (to satisfy the sampling theorem), and the
modulating wave and carrier wave are asynchronous, then
varying the frequency of the modulating wave provides a range
of frequency ratio between unity and infinity, that is to say:

fC o m——— ol
1< g7 < (5.1)

Constant.

where fc

Although the constant-carrier-freguency asynchronous-mode
p.w.m control scheme appears to be the most logical system to

use for infinitely varlable induction motor speed control
(21)

systems, the literature available ~ suggest that such a

means of generating p.w.m, waveforms is virtually useless for
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all applications, because, sub-harmoniccomponents, d.c.
components and a 'beat effect! occurs in the output frequencies.
However,the magnitudes of these undesirable components
relative to the amplitude of the wanted harmonic component
does not appear to have been determined, the effects of
frequency ratio variaticn on these unwanted components and
'beat effect!'! phenomena have also avoided analysis in the
literature. Indeed, it is not clear in the litzrature whether
the 'beat effect' mentioned occurs in the outpuﬁ complex
voltage waveform or in the magnitude of the wanted harmonic
component of the output complex voltage. It was therefore
decided to investigate the asynchronous mode of operation.

(5.2) The Natural Sampled Asynchronous Mode of

Generating P.W.M Control Waveforms.

The prior-art technique of generating double-edge p.w.n,
control waveforms is shown diagrammatically in Fig.(5.1) and
graphically in Fig.(5.2). It is important to note that the
modulating-wave-generator and carrier-wave-generator are
entirely asynchronous. This means the triangular carrier
wave and the three-phase modulating waves illustrated in
Fig.(5.2) have no known timelphase relationship, whereas, with
the previous synchronised-mede system the carrier wave and
three-phase modulating waves were synchronised in time-phase.
It may also be seen from Fig.(5.3) (drawn for one-phase only)
that the poin®ts of instantaneous intersection betwecen the
carrier wave and modulating wave (the samplirg points) coincide
with the switching points of the width-modulated-output-wave.
This constitutes natural sampling as described in Sectlon

(3.7) of this thesis. It is also of zonsiderable importance
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to note that the p.w.m,output waveform over a period of time
corresponding to one cycle of the modulating wave (betwecn

t =0 and t = %ﬁ) is different from the p.w.m, waveform over
the period of time corresponding to the succeeding cycle of
the modulating wave (from t ='%ﬁ to t = %ﬁ), in fact it is
quite evident that the p.w.m.waveform pattern only starts to
repeat itself after a period of time, T = §_° The time-pericd
%ﬁ, is therefore the fundamental—repetitiothime, Tr, or the

frequency, %F’ which in the case illustrated is equal to %E,

is the fundamental repetition frequency, fr, Although

fr = gﬂ in the case illustrated in Fig.(5.3), this relationship

is not true for all values of frequency ratio, indeed it will
be shown in the succeeding Section that the relationship
between the fundamental repetition frequency, fr, and the
ratio of carrier frequency to modulating frequency, %% , 1is

different for each value of %%.

(5.2.1) Relationship_Between Fundamental

e e e e e o e e T - —_— - . T Y S S R S ——— =
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From the previous Section it is now quite evident that when
the ratio of carrier frequency to modulating frequency is

equal to non-integer values, that is to say:
%% ;ﬁ-n, where n = any integer value,.

then the fundamental repetition frequerey, fr, of the
modulated waveform will always be different from the frequercy
of the modulating waveform, fm, whereas, for the synchronised-
mode of operation presented in Chapter (4). the repetition

frequency of the modulated wave always egualed the frecuency

]
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of the modulating wave. Therefore, for the asynchronous-mode
of operation, the first harmonic component of the p.w.m.
voltage~-waveform-spectira will not be of the same fréquency as
the modulating signal, but will in fact be equal to the
fundamental repetition frequency of the output modulated
waveform. It is therefore, of considerable importance that

a relationship be established between the ratio of carrier
frequency to modulating frequency, %%, and the fundamental
repetition frequency, fr, of the modulated wave.

The constant-carrier-frequency asynchronous-mode p.w.I.
system, which is the system being presented in this Chapter,
is designed such that the carrier frequency, fc, is maintained
at a constant value, and the modulating frequency, fm, varied
between the limits:

0< fm< fe -~==(5.2})
The upper limit of the modulating frequency is of course
determined by: (1) the sampling theorem, (2) the maximum
required frequency of the wanted harmonic component of the
output modulated waveform and (3) the amount of harmonic
distortion of the output modulated waveform considered to be
acceptable. Therefore, it is intuitively obvious that when
the p.w.m.power convertor is made to drive a three-phase
induction motor, where the speed of the motor is required to
be smoothly increased from zero to a maximum value corresponding
to the frequency, fc, then the ratio of the carrier frequency
to modulating frequezney, ic , must decrease from infinity

fm
to unity, that is to say:

1 < E‘—rﬁ < ® --—-(5-3)



which means the frequency ratio, %%, must pass through integer
and non-integer values. It would therefore appear that there
is a possibility that a required motor speed could occur when
%% equals an integer value, thus infering that at this

desired speed the fundamental repetition frequency, fr, would
be equal to the modulating frequency, fm. However,, it must
not be forgotten that the modulating-wave-generator and
‘carrier-wave-generator are entirely asynchronous. Therefore,
the slightest shift in frequency of either generator will

result in the value of %% moving away from the integer value,

thus confirming what has been determined experimentally:

simply that the frequency ratio, %%, passes through integer
values but never settles on a true integer value.
(6)

According to the literature the fundamental repetition
frequency, fr, of a modulated waveform, is equal to the highest
tcommon factor' (the largest number that will divide into two
or more other numbers an integer number of times) of the
carrier frequency and modulating frequency. Therefore, for
the-p.w.m, process illustrated in Fig.(5.4) where the carrier
frequency equals 1000 Hz. and the modulating freguency equals
300 Hz, then the fundemental repetition frequgncy is 100 Hz,
which means the wanted harmonic component is thé 3rd harmonic
of frequency 300 Hz, Now, rather than determine the ‘harmonic
order' of the wanted component from the values of carrier
frequency and modulating frequency, it is far simpler to work
in terms of frequency ratio. By referring to Fig.(5.4) once
again, it may be seen that, %% = l%%% = l% which can be taken

to mean: for 10 cycles of the carrier wave 5 cycles ol the

wanted component occurs, whereas, only 1 cycle of the

t—
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fundamental exists. Therefore, for any non-integer value of
frequency ratio the 'order' of the wantedharmonic component
can be determined in terms of the fundamental harmonic
component. For a further example consider the frequency

ratio:

fo ., 1 _ hooi
fm 1000 - 1000

then for U001 cycles of the carrier wave, 1000 cycles of the
wanted harmonic component exists, whereas only one cycle of
the fundamental component occurs. This means the ‘'order' of
the wanted harmonic component is '1000'. Therefore, for this
particular value of frequency ratio 999 sub-harmonic components
(harmonic components of lower frequency order than the wanted
component) can exist. Although this novel technique of
expressing 'harmonic order' from the non-integer value of
frequency ratio only, is very convenient when discussing
harmonic spectra, it is however, very important to note, that
to determine the absolute value of the fundamental repetition
frequency and the frequency interval between adjacent harmonic
components, eilther tﬁe absolufe value of the carrier frequency

be expanded

’_I

or modulating frequency must be known, This wil
further in the Sectior devoted to the analysis of the'beat
effect' phenomena.

(5.2.2) Analytica
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Because of the limited amount of literature on the
asynchronous-mode of operation and the vagueness of its

contents, it was decided to make an analytical investigation
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into the natural sampled asynchronous-mode p.w.m,process by
means of a digital computer. The computer programs written
for this purpose, calculate the amplitude and phase of
respective harmonics for non-integer values of frequency
ratio. A facility was also provided which simulated the
random time-phase displacement between the carrier wave and
modulating waves. Details of the computer programs are
included in Appendix (1).

(5.2.2.1) Effects of Random Time~Phase

It has been emphasised in the preceeding Sections of this
Chapter, that the time-phase displacement between the carrier
wave and modulating wave is entirely random. The literature
availabiég)’(2%&ggests that this random time-phase
displacement can result in the tamplitudest and 'phases' of
the wanted harmonic components becoming unbalanced when three-
phase modulating waves are compared with a single-phase
carrier wave. It was therefore decided to investigate this
problem analytically and determine the degree of unbalance.

Consider the natural sampled double-edge p.w.m, process

i1lustrated in Fig.(5.5), where the three modulating waves

are defined DYy:

- - 3 ————
Vg - B sinw t + ¢,) (5.4)
Vo C A Sln(mmt + 450 -—=(5.5)
and Ve © A Sin(wmt + ¢3) ——(5.6)

Now the three wanted narmonic components of the three

modulated waves can be defined dy:
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vg = By Sin(wt + 91) -——=(5.7
Vy = By Sin(ut + 8,) --=-={5.8)
v, = 33 Sin(wt + 93) --=-=(5.9)

It was found by computer analysis that for the natural
sampled double-edge p.w.m, process:

B =B

"
o

----(5.10
and 5 o, 0 } (5.10)

provided:

%5 %1 = 1209, %3 95 = 120°
} —mmm(5.11)
and fec 3n
fm m

where n and m equals any integer value. This applies for ail

(Peak value of Carrier wave )
(Peak value of modulating wave)

values of modulation index
between zero and unity. Therefore, if it 1s assumed that the
three-phase modulating waves are always balanced in both phase
and amplitude, which is normally the case in practice, then

the three wanted components of the three modulated waves will
alsc be balanced in both 'phase' and tamplitude® provided the
numberator of the frequency ratio, %%, is a triple-integer
multiple (3,6,9,12 etc.). It is also appropriate at this

point to note that fundamental amplitude and phase unbalance

of the wanted harmonic components, occurred in the synchronised
mode natural sampled double-edge D.W.M, Process when the
frequency ratio, %%, dic not equal a triple-integer multiple.

This was enlarged upon in Chapter (4) of this thesis. One

exception to the rules depicted by eq.(5.10) and eq.(5.11)
fe 3

occurs for a frequencty ratio of: m -3 and a modulation index

of unity. These values lezd to considerable unbalance of the
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three wanted harmonic components, whereas, a frequency ratio

fe . .
o % and 2 modulation index of 0.5, does not cause

of:
unbalance of the wanted harmonic components. In fact, the
degree of amplitude and phase unbalance for a frequency ratio
of: %% = % and a modulation index of unity, was found to be
of the order: 7% and 11° respectively.

It can therefore be concluded that the amplitude and/or
phase unbalance of the wanted harmonic omponents which exists
in the asynchornous-mode, natural sampled p.w.m, system, is not
due to the random time-phase displacement between the carrier
wave and modulating waves, but, is entirely due to the

natural sampling process.

(5.2.2.2) Desirability_ for_Balanced

Consider the three-phase power convertor illustrated in
Fig.(4.1), Chapter (4), which is again shown in Fig.(5.6).
It was shown in Chapter (4) that for the synchronised mode
of operation, the most desirable harmonic spectra of the three
LINE to D.C. NEUTRAL voltage waveforms, consisted of three
fundamental harmonic components which formed a balanced
positive-sequence set, plus super-harmonics which formed
balanced zero-sequence sets. This allowed the respective
zefo-sequence sets to cancel in the LINE to LINE voltage
waveform, such that a balanced three-wire, three-phase load
connected between the LINES would draw balanced positive-
sequence currents only. However, it has already been shown
in this Chapter that for the asynchronous-mode of operation

the output voltage spectra can contain sub-harmonic components
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as well as super-harmonic components. Therefore, the most
desirable harmonic spectra of the three LINE to D.C. NEUTRAL

voltage wavefcrms would be as follows:

Van © Vd.c. + GISinwrt + =-- 4 GnSin nmrt + G Sinmmt
+ —-— GmSin me ¢ ----(5.12)
Ven * Vd.c. + GISinwrt + =+ GnSin nw t + G Sin(mmt - g%)
+ -4 Ams:'m mw,,t -—=-(5.13)
Von © Vd.c. + GlSinmrt + -— GnSin nw,t o+ G Sin(wmt + g%)
+ -— 4 GmSin mw t --=-(5.14)

the three LINE to LINE voltage waveforms would then be given

by:
v, = /3. V sinut + P emem(5.15)
Voo = 73 v sin(u t - ) —===(5.16)
_ o . 57 e
v, = /3. Vsin(et + 2D (5.17)

Such hypothetical LINE to D.C. NEUTEAL voltage waveform
spectra are, of course, not possible in practical systems, as
was stated in Chapter (4). Therefore, consideration must be
given to the p.w.m process which produces the most acceptable
harmonic spectra for all non-integer values of frequency
ratio. Such an investigation can be best achieved by dividing
the LINE to D.C. NEUTRAL voltage spectra into four areas cf
study: (i) d.c. components, (ii) sub-harmonic componets (iii)

wanted harmonic components and (iv) super-harmonic components.



(5.2.2.2a) D.C._Components

When the three d.c. components in the three LINE to D.C.
NEUTRAL voltage waveforms described by equations: (5.12),
(5.13) and (5.14) respectively, are not equal, d.c. components
will exist in the LINE to LINE voltages. Therefore, when three-
phase, three-wire loads are connected between the three LINES
shown in Fig.(5.6), d.c. components of current will flow in
the load. When the load is inductive such that the impedance
of each phase of the load is of the type:

ZL =R + j.wDL.
where

w,L. >> R, and R > 0.
then small components of direct voltage can circulate large
components of direct current, because the reactance, W,L.;
presents no impedance to the flow of direct current. Therefore,
for induction motor drive applications d.c. components of
voltage in the ouptut LINE to LINE modulated voltage are
clearly undesriable.

Becuase the frequency ratio,%%, has an infinite number of
values it is not possible to present results for all the
possible values of %%. However, it may be seen from éhe
computed results illustrated in Figures (5.7), (5.8) and
(5.9) that d.c. components greater or cqual to 1.0% of the
wanted harmonic component of the LINE {A) to LINE (B) voltags
do exist for values of %% < 9, for the natural sampled doutle-
edge p.w.m process. Therefore, if the figure of 1.0% is
taken as the criterior of acceptability so far as d.c.

components alone are concerned, the minimum value of frequency
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ratio is:

|

> . . s
= 9. This minimum value of frequency ratio

Hy
8

therefore imposes limitations on the operating frequency
range of the power ccnvertor. For example, consider the
carrier frequency is set at 300 Hz, and the power convertor

is required to supply an output voltage whose wanted component

has a frequency of 120 Hz, then %% = %, which is outside the
limits:
fe
< fm <

in fact, the maximum frequency of the wanted harmonic
component of the output modulated voltage is limited to
approximately 33Hz. Therefore, to achieve an output wanted
harmonic component of 120 Hz, requires the frequency of the
carrier wave to be increased to apparoximately 1080 Hz, which
means the number of commutations in the power convertor are
increased by 360%. This increase in the number of commutations
in the power convertor causes the efficiency of the power
convertor to decrease. The design complexity of the power
convertors also increases with increase in the frequency of
operation. Therefore, power convertors operating at high
frequencies is clearly undesirable.

(5.2.2.2b) Sub-Harmonic_Components

Tt has been shown in previous Sections of this Chapter,
that when the fundamental repetition frequency of the output
modulated waveform is different from the frequency of the
modulating wave, sub-harmeoriec components of voltage can occur
in the harmonic spechra of the output modulated voltage.

if the three LINE to D.C. NEUTRAL voltages: V

Therefore, an?
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Vo and Vcn’ of the convertor illustrated in Fig.(5.6)

contain sub-harmonic components, where respective sub-harmonic
components in the three voltages do not form balanced zero-
sequence sets, complete cancellation of the sub-harmonic

components in the LINE to LINE voltages: V V.. , and C

ab’ "be ca’
will not occur. When the impedance of each phase of a three-
phase, three-wire load is again of the type:
Z;, = R+ j. L.

where w.L.>> R and R » O.
then the inductive reactance opposing the flow of sub-harmonic
currents can be very much less than the inductive reactance
opposing the flow of the wanted harmonic components of current
(harmonic component of current of same frequency as modulating
wave). Therefore, small sub-harmonic voltages can circulate
large sub-harmonic currents. For induction motor drive
applications it is once again evident, that sub-harmonic
components in the output modulated voltage are totally undesirable.

It was found by computer analysis that for the natural
sampled double-edge p.W.M:Process, sub-harmonic voltage
components do in fact exis% in the output voltage spectra for
low non-integer values of frequency ratio. Fig.(5.10)
illustrates the first, nine harmonic voltage components in both
the LINE to D.C. NEUTRAL voltage waveforms and LINE to LINE
voltage waveforms, where the amplitudes of the harmonics are
expressed as percentagss of the amplitudes of the wanted
component (The 5th harmonic component). Is is interesting

to note from Fig.(5-11) that respective sub-harmonic components,

respective wanted narmonic components and respective super-
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harmonic components all: form balanced sequence sets. The
triplen order harmonics in the LINE to D.C. NEUTRAL voltage
waveforms, again form balanced zero-sequence sets, which
means cancellation of these compohents in the LINE to LINE
voltage waveforms will occur. From the computed results
illustrated in Fig.{5.10) and further computed results the
following relationships became apparent:

(1) All triplen order harmonics (3rd, 6th, 9th, ---,‘3n)
always cancel in the LINE to LINE voltage, provided the
numerator of the frequency ratio fraction, %%, is a triple-
integer multiple, that is to say:

fc _ 3n
when o S e

and 3n > m,

then harmonics of order, 3n, cancel in the LINE to LINE voltage.
(2) A1l even order harmonics (2nd, U4th, 6th, =--, 2n) are

eliminated from the LINE to D.C. NEUTRAL voltage and therefore

from the LINE to LINE voltage when:

%% = %%ﬁ—;—%%, where n > m,

2n - 1
= (-———'2T), where n > m,

(3) When

HJ| )
glo

both even order and odd order harmonics can be present in the
LINE to LINE voltage.

(4) When fec - 2n
fm (Zm - 1)

and n > m
both even order and odd order harmonics can again be present
in the LINE to LINE voltage.

From the computed results illustrated in Fig. (5.12) and
from fTuprther computed results, it became evident that for low

values of modulation index, sub-harmonic voltage components

equal to 1% or more of the wanted harmonic component, exist in
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the LINE to LINE voltage spectra for non-integer values of
frequency ratio below 'ten'. Therefore, if a sub-harmonic
component amplitude of less than 1% is taken as the criterior

for accpetability, then the limiting value of minimum frequerncy

ratio is given by:

fe
o 2 10.

This means the usable range of frequency ratio is bounded by
the limits:
fec

which results in the same consequences described in Section
(5.2.3.1.). Once again sub-harmonic components in the LINE
to LINE voltage spectrum, are cleariy undesirable.

(5.2.2.2c) Wanted Harmonic_Components

. e S S0 S SN AN G L S . e A NS My it B G Sen S Gt de

For the asynchronous mode of generating p.w.m, waveforms,
it has been shown (Section 5.2.2.2)) that the wanted harmonic
components are of the same frequency as the modulating wave.
For three-phase, induction motor drive applications it is
particularly important that tﬁe three wanted harmonic
components form a balénced positive-sequence set, fcr all
values of frequency ratio and modulation index.u It was found
by means of computer analysis, that the degree of ampliftude
and/or phase unbalance between respective wanted harmonic
components was less than 1% and/or 1¢ raspectively, for
nearly all non-integer-values of frequency ratio which lie
within the limitations of the sampling theorem. In fact it
is true to say that the degree of unbalance between wanted

harmonic components is greater for the synchronous-moce of

operation (integer values of frequency ratic) than for the
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asynchronous-mode of operation (non-integer values of
frequency ratio). However for reasons of theoretical
argumentation, it must be added that 'true-balance'! of the
wanted harmonic components only occurred for non-integer
values of frequency ratio given by:

fec _ 3n
m - . and 3n > m

where m and n are both any integer values.

(5.2.2.2d) Super-Harmonic_ Components

Super-harmonic components are considerably more important
in the asynchronous-mode of operation than in the synchrouous-
mode of operation because of the frequency interval between
adjacent harmonics (the fundamental repetition frequency).

It was shown in Chapter (4) that the minimum value of
frequency between any two harmonics is the modulating
frequency, provided the mode of operation was synchronous .
However, it was shown in this Chapter that for the
asynchronous-mode of operation the minimum value of frequency
between any two harmonics is ﬁhe repetition frequency, which
can be very much less than the modulating frequency. Consicer
fe = 550 Hz and fm = 250 Hz, then the fundamental repetition
frequency is: fr = 50 Hz. Therefore, the frequency interval
between adjacent harmonics is 50 Hz.

From the computed results illustrated in Figures (5.10)
and (5.12), and from further computed resuits, it was found
that the conditions for the existence and cancellation of
super-harmonics were mainly the same as the conditions which
apnly to sub~-harmonics; that is to say:

(i) All triplen harmonics (of order: 3,6,9, ---,3n) which

f
0
~J



exist in the LINE to D.C. NEUTRAL voltages, completely cancel
in the LINE to LINE voltage, provided:
fo . 3n

-

m - and 3n > m.

(ii) All even harmonics (of order: 2,4,6, ---,2n) are
eliminated from the LINE to D.C. NEUTRAL voltages and therefore
from the LINE to LINE voltages provided:

%% = E%%—E—%g, where n > m

(iii) Both even order and odd order harmonics can be
present in the LINE to LINE voltage waveforms when:

(a) fe _ (2n - 1)

m- ~——2-I-n—’ where n > m
or (b) %% = T?ﬁg%—fi where n » m

(iv) The higher the value of frequency ratio, %%, the
smaller the amplitude of the most significant harmonics.

(5.2.3) Interim Conclusions

It has been shown analytically that the natural sampled,
prior-art technique of generating double-edge p.w.m.waveforms
in the asynchronous-mode, introduces many undesriable features:

(1) Direct voltage components are introduced into the
harmonic spectra of the LINE to LINE voltage waveforms when:

fe
m <0

(2) Similarly sub-harmonic components of voltage exist

A fc 3
in the LINE to LINE voltage waveforms for values of, Hr. lecs

than 'ten'.

(3) Slight amplitude unbalance and/or phase unbalanze
between the wanted harmonic components has been shown .0 exis®t

3 -1 requ ratio.
for certain low, non-integer values of frequency ra
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(5.3) _The Applicaticn of Regular Sampling Techniques

To the Asyvunchronous Mode of Generating P.W.M.

Control Waveforms.

It was shown in Chapter (4), that the application of
regular sampling techniques, completely eradicated the many
undesriable features of the prior-art, natural sampled,
synchronised-mode p.w.m.control schemes. It was therefore
thought that the application of the same techniques to the
prior-art asynchronous-mode p.w.m.control schemes may again
overcome the many disadvantages which have been shown to
exist. It is of particular importance at this point, to
again emphasise, that the application of regular sampling
techniques to p.w.m.power convertor control circuits, is
entirely novel.

(5.3.1) Analytical Investigation Into_the Application

e e i M e S o e e e S P A . - P S S Gme . M A S ane S ——— i — o ——

of Regular Sampling Techniques to the

Asynchronous Mode of Generating Double-Edge

P.W.M. Waveforms

Harmonic spectra for both the LINE to D.C. NEUTRAL voltage
waveforms and LINE to LINE voltage waveforms were computed
for both the regular sampled symmetrical double-edge p.wW.m.
process and the regular sampled asymmetrical abuble—edge
p.w.m,process for non-integer values of frequency ratio.

(5.3.1.1) D.C._Components

The computed results for both the regular sampled
symmetrical modulation process and regular sampled asymmetrical
modulaiion process demonstrated that the direct voltage

components were compliletely eliminated from the harmonic spectia

19:
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of the output modulated veocltage waveforms for non-integer

values of frequency ratio.

(5.3.1.2) Sub-Harmonic Voltage Components

Fig.(5.13) illustrates the rirst twenty harmonics of the
LINE to LINE voltage waveforms for the natural sampled double-
edge p.w.m, process, the regular sampled symmetrical p.w.m.
process and regular sampled asymmetrical p.w.m.process for

1

frequency ratio values of: 1 1 2T7’ and>33%, and a modulation

17°
index of unity. It is quite evident from these results that
regular sampling significantly reduces the amplitude of the
sub-harmonics voltage components when compared with natural

sampling. For a frequency ratio of: IT%, the regular sampled

symmetrical p.w.m, process proves to be one exception. The

reason for this exceptlon is that %% = IT%’ is less than the
minimum frequency ratio value E%% > 2% specified by the

limitation of the regular sampling process when applied to
symmetrical p.w.m. This point was enlarged upon in Section
(3.9.5) of Chapter (3) in this thesis.

Therefore from the results illustrated in Fig.(5.13) and
further computed results it can be concluded that the
application of regular sampling techniques approximately
eliminates all sub-harmonic voltage combonents for all wvalues
of frequency ratio greater than 'two' E%% > 23 and all values
of modulation index between 'zero' and 'unity'. It is
important to again emphasise ét this point that for the natural
sampled p.w.m. process,sub-harmonic voltage ccmponents orly
became insignificant for values of frequency ratio greatcr than

nl-ten" E%—% > 10%
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(5.3.1.3) Wanted Harmonic_Components

It was shown in Section (5.2.2.2c) of this thesis that for
natural sampled p.w.m,at non-integer values of frequency ratio,
the degree of amplitude and/or phase unbalance between
respective wanted harmonic components was generally insignificant.
However, for the few cases where unbalance did oecur, the
regular sampled asymmetrical_double—edge pP.W.M. process
completely eradicated these undesriable effects.

(5.3.1.4) Super=Harmonic_Components

It may be seen from Fig.(5.13), that for a frequency ratio
of 2T%, the first twenty harmonic components in the LINE to
LINE voltage waveforms for both natural sampled double-edge
p.w.m, and regular sampled asymmetrical double-edge p.w.m, does
not contain super-harmonic components, whereas, for the
fegular sampled symmetrical double-edge p.w.m,process a super-
harmonic of 95% is included. Fig.(5.14) further illustrated
the harmonic elimination property of the regular sampled
asymmetrical double-edge p.w.m.process.

It may therefore be concluded, that the regular sampled
asymmetrical double-edge p.W.Mm,process is considerably superior
to both the natural sampled double-edge p.w.m,pProcess and
the regular sampled symmetrical double-edge p.w.m.process so

far as the elimination of super-harmonic components is concerned.

(5.3.1.5) Interim Conclusions

T e e e e — — - S M T P MR v

The analytical results have shown that the regular sampled
asymmetrical double-edge p.w.m, process 1is superior to existing

pP.W.m,Processes because:

(i) It completely eradicates direct voltage components from






the output LINE to LINE voltage waveforms.
(ii) The amplitudes of sub-harmonic voltage components
are reduced to an insignificant value which allows the useable

frequency range of the p.w.m, control generator to be increased

from:
O<-f—c-—<oo
1 fm
to
fc
2<-f-rﬁ' < oo

(iii) The most significant super-harmonic voltage
components in the output LINE to LINE voltage waveforms are
reduced in amplitude to an insignificant value.

(5.3.2) Experimental Investigation Into_the

— B o e e e e S e - —— - v D e s S o e - — -
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A light electronic control circult was constructed which
simulated the natural sampled double-edge p.W.Mm. Process, the
regular sampled symmetrical double-edge p.w.m.process and
the regular sampled asymmetrical double-edge p.W.Mm Process.
This circuit provided a means of comparing the analytical
results for the three p.W.m,processes with the experimental
results and also allowed a direct comparison to be made of the
experimental results for the three p.w.m.,procecses,

(5.3.2.1) Light Electronic_Control System which

o e o o o ot o e e o e e S i e e e . S s S e S

A block diagram of this control system is shown in Fig.
(5.15a), and it is particularly interesting to observe that
when the novel regular sampled p.w.m,control schemes are
compared with the prior-art p.w.m.control scheme illustrated

in Fig.(5.1}), it is again immediately apparent, that regular
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sampled symmetrical and asymmetrical double-edge p.w.m, is
achieved at a cost of only three sample-and-hold cirecuits.

The three-phase modulating wave generator generates three-
phase sinusoidal waveforms which are variable in both
amplitude and phase. The three-phase sample-and-hold circuits
regularly samples the three-phase modulating waves at the
carrier frequency or twice the carrier frequéncy. The single-
phase carrier-wave generator generates both a rectahgular
waveform and an iscoceles-triangular-waveform where both
waveforms are of constant amplitude and frequency and
synchronised in time-phase. The differentiating circuit
supplies the regular sample switching pulses to the three-
phase sample-and-hold circuit. The three-phase comparator
circuit compares the modulating wave or regular sampled
modulating wave with the-single phase carrier wave and thus
produces the p.w.m control waves. The p.w.m mode-switch
selects either natural sampled p.w.m or regular sampled p.w.m
whereas, the regular sampling switch selects elther regular
sampled symmetrical p.w.m or regular sampled Asymmetrical
p.w.m. The waveforms at the various numbered points in the
block diagram are iliustrated in Fig.(5.15b). The three-
phase comparator circuit was made to supply three, 1k®
resistors connected in star as illustrated in Fig.(5.106).
Oscillograms of the true LINE to LINE and LINE to D.C. NEUTRAL
voltage waveforms are illustrated in PLATE {(5.1). A schematic
diagram of the 1light electronic control scheme illustrated

in Fig.(5.15a) is included in Appendix (5).
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(5.3.2.2) Measurements_Technigue

The measurements technique used for the asynchronous-mode
of operation was the same as the measurements technique used
for the synchronous mode of operation described in Section
(4.2.2.1) of this thesis. However, it is important to again
emphasise that the carrier wave and modulating waves were
synchronised in time-phase in the synchronous-mode of
operation, whereas, the carrier wave and modulating waves
are asynchronous in the asynchronous-mode being presented
in this chapter. Because of this asynchronism between the
carrier wave and modulating waves the measuring of harmonic
amplitudes and phase was complicated by a 'beat effect' of
the meter movement of the waveform analyser.

When the wave analyser was connected between LINES or
between a LINE and the D.C. NEUTRAL of the circuit illustrated
in Fig.(5.16) and the carrier frequency to modulating
frequency ratio set to a low non-integer value%%% < 4),
it was observed for both natural sampled double-edge p.w.m,
and regular sampled symmetrical double-edge p.w.m.that the
meter-movement oscillated when the wave analyser had been
tuned to the wanted harmonic component. However, for the
regular sampled asymmetrical double-edge p.W.m.process it was
observed that the amplitude of oscillation of the meter
moVement was practically eliminated. 1IG was therefore decidcd
to investigate the 'beating effect' of the meser movement .

(5.3.2.3) Beat Effect_ Phenomencn

Basically there are two possible means by which the ‘beat

eftfect' can occur: (i) the meter movement rz=sponds to two or



more harmonic components where the amplitudes of the harmonic
components remain constant, or (ii) the meter movement
responds to one harmonic component where the amplitude of

the harmonic componeht is varying with time. Any other

'heat effect! must be a result of the combination of these
two means.

Because the waveform analysers (Muirhead, D-788A), being
used in the experimentation were the most 'selective! at
the time, it was only possible to make an analytical
investigation., The computer programs which have already been
referred to in this thesis were modified to compute: (a) the
amplitude of the harmonic components as a percentage of the
d.c. supply and (b) the fundamental repetition frequency
(fr) of the p.w.m.complex voltage waveforms. The resﬁlts of

“the investigation suggested:

(1) The 'beat effect' due to the change in amplitude of
the wanted harmonic component resulting from a change in
frequency ratio was very small(less than 1%), that is to say:
if the frequency ratio was set to 25%, for example and the
frequency ratio is then assumed to drift to 2ﬁl’ the change
in amplitude of the wanted harmonic component was less than
1%.

(2) The fundamental repetition frequency which is the
Jowest possible frequency interval between adjacent harmonics
can be very small for rcn-integer values of frequency
ratio near integer values, For example consider the carrier

frequency, fc, is set at 300 Hz, then for a frequency ratio,

%E = 3_%, the fundamental repetition frequency, fr, is equal
m

1
. . fe _ 4, th
to 5.77 Hz, whereas, for a Irequency ratio, T - O e



fundamental repetition frequency, fr, is equal to 42.86 Hz.
This dependence of the fundamental repetition frequency on the
value of frequency ratio can be expressed algebraically as

follows:

fe

let -f.-ﬁ

s Where M > N

1
==

and where the 'highest common factor' of M and N is unity,

then, 2% = N or fm = N.fr

therefore, N.fr = %.fc or fr = 2%,
therefore, when M >> fe. fr » O.

From the analytical results it may therefore be concluded
that the 'beat effect! phenomenon of the meter movement of
the waveform analyser is entirely due to the presence of the
wanted harmonic component plus sub-harmonic components and/or
super-harmonic components lying within the 10 Hz flat-top
selective pass-band of the waveform analyser. Therefore, 1t
may also be concluded that the reason for the observed 'beat
effect'! in the natural sampled double-edge p.W.M.Process for

values of frequency ratio givén by:

fe N
1< fm <

was due to sub-harmonics anrd super-harmonics lying within

the 10 Hz pass-band of the wave analyser; whereas, the reason
for the observed 'beat =ffect' in the regular s<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>