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SUMMARY

In this dissertation an investigation is conducted into the control
of electromechanical energy conversion on power flow principles. An
attempt is made to approach the subject as general as feasible, in or-
der to develop a theory for these types of systems., A group of the ge-
neral systems is selected for further theoretical investigation. Exam—
ples of these "machine-electronic” systems have been developed and in-
vestigated experimentally in order to establish the validity of the
theoretical approaches developed.

It is attempted to illustrate what the extent of the subject of ma—
chine-electronics is and how it has evolved through the years, since
this is not generally appreciated. Chapter | consequently treats me-—
thods of power flow control associated with the electromechanical ener~
gy conversion process, presents a review of methods for control of this
process, reviews the history of machine-electronics and concludes with
some information on the extent of the subject.

In Chapter 2 systematics for systems with electronic control of the
electromechanical energy conversion process are derived from power flow
principles. The systems are divided into three groups that differ fun-
damentally from each other {(Group I, Group II, Group III). It is shown
that some machine-electronic systems with a more complicated structure
are actually hybrid systems constructed from the different group-ele-
ments, Since the systematics are derived on a basis of fundamental
power flow it is important to investigate the effects of the different
harmonic components of the current circulating in stator and rotor cir~
cuit., These currents are generated by the switching action of the power
electronic switching circuits used to control the power flow. Existing
machine—electronic systems and systems that may possibly be constructed
are classified, and the different groups subdivided. This subdivision
of the different groups is executed by taking into account the circuit
structure and mode of switching of the power electromic circuits. After
having divided all the systems into their respective groups the mutual
relationship becomes more clear, and one may proceed with a general
theoretical approach.

By postulating that the effect of the periodical switched excitation
encountered in machine-electronic systems may be simulated in general
by a series and parallel switch acting in conjunction with a nonsinus-
oidal multiphase supply on the machine windings, a general theoretical
approach to machine-electronic systems operating in steady state is
developed in Chapter 3. The case of an n-m phase electroméchanical con-—
verter with either stator control or rotor control is investigated by
means of the instantaneous symmetrical component transformation and the
rotor-stator and stator-rotor rotating complex coordinate transforma-
tion. Solution for the machine currents yields the genmeral equations
for the instantaneous and mean electromagnetic torque. These expres-—
sions are split up into their pulsating, synchronous and asynchronous
components. Attention is devoted to a representation of the solved
currents in terms of equivalent circuits. The previous investigations
have all been conducted on a symmetrical n-m phase machine with arbi~
trary n-m phase unbalanced excitation. The implications of a symmetri-
cal switched excitation of the machine on currents, electromagnetic
torque and equivalent circuit representation are examined.
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Chapter 3 is concluded by developing a simplified model for the ana-
lysis of some Group II machine-electronic systems from the power flow
considerations of chapter 2. These simplified models are used later in
chapter 4 to gain insight into the behaviour of some machlne-electronlc
systems from the said group having rotor control.

Since it is impossible to investigate all machine-electronic systems
in detail in one volume, chapter 4 presents a selection. The groups of
machine-electronic systems having an essentially variable electromagne—
tic slip have been selected for investigation. To be able to conduct
a comparative theoretical and experimental study on these systems, it
was selected to investigate stator control by variation of the delay
of the instant of current ignition by the general methods of chapter 3.
Rotor control by variation of the delay of the instant of current ig-
nition, by variation of the delay of the instant of current extinction,
by a resistively loaded electronic chopper circuit, by electronic Scher-
bius cascade and by a reactive power compensated electronic Scherbius
cascade are all investigated by the simplified models developed in
Chapter 3 from power flow considerations. In order to illustrate the
differences in transfer function arising due to the different struc-—
tures possible for the information electronic part of a machine-elec—
tronic system, several possibilities for deriving the switching com~
mands for the stator circuit from system-related voltages are considered.
In the course of the investigations on the stator control system ex—
tensive attention is given to the nature of the induced stator phase
voltage when the electronic switch is nonconducting. An approximation
theory for this problem is developed. Solutions for the currents and
torque are found in terms of two components of the stator excitation
function of the induction machine. This excitation function is divided
into a "supply-derived excitation” acting on the machine windings du-
ring conduction of the switches, and an "induced voltage derived exci-
tation" acting on the machine windings during the time that all switches
are blocking. An investigation is conducted into the approximation ob-
tained with the induced voltage derived excitation components neglected.

By observing the simplifying assumptions under which the power flow
model was constructed, the rotor control gystems are investigated. The
different possible methods to derive the switching commands for the
systems are investigated for each case. For the rotor control systems
with delay of current ignition or delay of current extinction extensive
calculations on some mechanical and electrical characteristics are pre-
sented. For the other systems, calculations of characteristics are only
presented in so far as they convey new insight.

Chapter 5 presents the experimental work conducted on the selected
groups of machine-electronic systems. The present study concerns elec-
tromechanical energy conversion, and therefore it is not necessary to
cover all systems in detail., A brief description of each of the systems
is presented with the aid of a simplified block diagram. As all the
systems had to be designed and developed prior to the experiments an
appreciable part of the experimental work was involved herewith. This
is not interesting for the present study, and not presented. However,
some of the problems appeared to be of general significance for the
entire field of machine electronics. Therefore some aspects.of the use
of force commutated electronic switches to interrupt inductive currents
are presented. Problems encountered during tramsmission of triggering
commands to static switching circuits and the measurements taken to

14



solve them are also presented. The application of semiconductor
_switching elements under the conditions sometimes prevailing in the
described experimental equipment,necessitated development of spec1a1
testing facilities to 1nvest1gate some switching phenomena.

Torque-speed curves as a function of the control parameter, are pre-
sented for all the systems investigated in the course of this study.
From these curves it is possible to derive the experimental transfer
functions. Electrical characteristics for the stator ignition angle
controlled induction machine are presented in the form of stator cur-
rent, rotor current, extinction angle and power factor as a function®
of control parameter and slip. Space limitations prohibit the presen-
tation of all electrical characteristics of this system and all the
rotor control systems at length. Therefore these characteristics are
presented very briefly. The novel electrical and mechanical characteris-
tics that may be obtained by, for instance,such an unconventional sys-—
tem as the control of the current extinction angle,are pointed out and
compared to the characteristics of the ignition angle control and an
uncontrolled induction machine. Harmonic torques observed during the
experiments are briefly referred to, and oscillograms are presented to
illustrate system behaviour, validity of assumptions and measurements.

The experiments have shown that the theory developed in chapter 3,
and extended for stator control in chapter 4,describes the behaviour
of the system accurately. The simplified models developed for analysis
are suitable for a qualitative insight into the behaviour of the ma-
chine-electronic systems. It was concluded that the assumptions made
during the analysis proved to be justified under those conditions pre-
vailing when the machine—electronic system is applied as part of an
electrical drive.
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INTRODUCTORY REMARKS

Rotating electrical machines have a relatively long history compared
to some other branches of electrical engineering. For the duration of
this historical development schemes have been devised to change the
relation between the torque delivered by a particular machine and its
mechanical speed. The relationship between these two mechanical
variables of the machine, being determined by the electrical parameters
of the machine, the parameters of the supply and the type of machine, .
is of a predestined form for a specific machine operating from one of
the normally available supplies. The motivation for the above mentioned
search has been the necessity to achieve a range of operating conditions
with a given load and a specific driving machine. Practical execution
of the theoretical schemes suggested to achieve this end did not always
follow so easily, and the eventual widespread practical application of
the solutions to the problem was in many instances prevented by the
intricate combination of economics, reliability, efficiency, power
factor, speed range, regulation, simplicity, ease of control and
maintenance, power~to~weight ratio, obsoleteness and many other factors
determining the practical future of a solution to a problem in
engineering practice.

The past two decades have seen a new stimulus of the search for
efficient control of the electromechanical energy conversion process,
while more advanced performance of these systems has simultaneously
become a requisite. One of the most important stimulating factors has
been the continuously expanding automation. The almost universal
application of electronic control systems resulted in the requirement
of a low power electronic signal as input. The advanced performance
requisite is posed by the increasingly narrowing tolerances and
increasing system complexity, brought about by the characteristics
expected of the processes or systems employing the controlled electrical
machine as a prime mover in some or other capacity.

The century of history of the electrical machinehas presented a rich
array of methods to change the torque-speed relationship of electrical
machines, the half-century old electronic method being but one of the
solutions to the problem, as is to be illustrated subsequently in this
work. Although the other control methods may again bloom to new life
some day in the future, availability of an enlarging family of semi-
conductor switches capable of operating in the complete power spectrum
of microwatts to megawatts — at the opportune moment during the past
two decades — has decided the search in favour of power electronic
control for the present and foreseeable future, The methods of
controlling the electromechanical energy conversion process by using
power electronics form the basis of this study. This subject has come
to be known as machine-electronics.
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Due to the previously sketched circumstances, the field of machine-
electronics is extensive, and expanding fast in some respects. Yet it
is probably correct to remark that our ability to subdivide and
specialize, in the process of solving technological problems and finding
new applications, is also in this case steadily outranging our ability
to unify them and relate them to each other afterwards. Finding this
mutual relation is an essential element to aid insight, and promote
the engineering art of machine-electronics more and more to the
engineering science of machine-electronics. The present investigations
were initiated as a first stepping stone on the path of unifying
research into the field of the electronic control of the electro-
mechanical energy conversion process.

Unifying research sometimes leads to new aspects (in this case new
control methods) coming to light, due to a particular field proving
not to have been investigated yet, when known aspects are ordered in
a systematic classification. Furthermore it may be expected that these
types of investigations may clarify how the combination of previously
found solutions to the conversion control problem may be combined to
define new hybrid solutions to eliminate disadvantages and enhance
advantages. Especially in engineering science, where every solution to
a problem is in its essence a compromise, this may be an important
result. On the other hand, although both these above mentioned aspects
have also been found to hold for the investigations described in this
dissertation, it is the opinion of the author that merely the possibility
that unification of some of the detailed knowledge of the field may
result, should be enough stimulation to undertake such research.

It is not the intention to attempt the impossible and present a
recipe of how one should proceed at such unifying research. Some remarks
concerning the attempt contained in this study will be made in order to
explain the background somewhat, since but a4 fraction of all the
investigaticns can eventually find their way into a final presentation
such as the present study.

The almost quite random nature of the literature known on the
subject necessitated systematic bibliographical work. From this an
extensive bibliography has already been compiled. (?? This.accentuated
the history the subject has. One quite often encounters the idea that
machine-electronics is a modern subject having grown out of the
availability of power semiconductor switches. As there is nothing further
from the truth, the reader will find that this study not only represents
technical matters, but also an amount of pure historical research - of
technical interest non the less. This historical research has brought
matters to light not previously appreciated.

Paramount to an investigation covering a wide field is a suitable
classification of the subject matter. As the classification concerning
machine-electronics was non-existent when the investigation started, a
systematic classification was devised and is discussed here. It has
already been mentioned that this systematic classification resulted
in the recognisation of inadequate attention to some matters, having
ultimately had practical results in the new approaches to the
electromechanical energy conversion control problem. Such a
classification necessarily also results in a well documented survey
of the field.

An attempt was made to develop a method whereby the characteristics
of switched electrical machines are to be calculated. In the power

18



branch of electrical engineering much importance is attached to a
knowledge of the harmonic components of non~sinusoidal voltages and
currents. This with regard to design of the electrical machine and
other equipment, and the fact that the system is mostly supplied from
the national power grid, into which harmonic currents may not be
introduced at random. When the machine-electronic systems operate at
higher power levels the harmonic components of voltages and currents
may result in serious interaction with other electrical equipment, and
even cause malfunctioning of the system itself, In these cases it is
even more important to be able to know the harmonic components in
advance. The above considerations resulted in the method of theoretical
analysis being essentially a Fourier method. The calculations are
complicated by the fact that the differential equations contain
perlodlcally varying coefficients even under constant speed constraints.
It is believed that all these problems have been solved satisfactorily,
however.

The theoretical characteristics of the power electronic circuits
found in the machine-electronic systems also need systematic classification
and investigation. Where all the previously investigated aspects were
general, a restriction was observed here, however., It is possible to
devise a classification for the main groups of power electronic circuits.
However, the variety in these circuits prohibits an exhaustive study of
the different variants to the same extent that it is possible for the
different methods of control of electrical machines, resulting in the
said restriction. Consequently the agpects represented here chiefly
concerns the circuits employed in the groups of systems investigated
experimentally during the course of this research. By combining the
knowledge of the behaviour of the switched electromechanical
transducer and the power electronic circuits, it then proved feasible
to calculate the characteristics of the investigated systems by
applying the appropriate constraints.

It is inevitable that when one comes to experimental investigations,
they will again have a specialized character, In order to counteract
this tendency as much as physically possible, a whole range of systems
from one of the classified groups were selected, designed and developed.
This tends to impart the character of a comparative practical study to
the experimental investigations. This is in itself already valuable.
During such investigations it is difficult to decide at what degree
of sophistication the development should be discontinued, as the
primary objective is not to develop flawless practical systems, but to
provide support for the theoretical analysis. Investigation on the
realized system will continue to point out the unrealistic assumptions
that had been made in designing the system or in developing improvements,
as the results are never exactly predictable during these stages. The
spiral has to be broken off at some point.

Development of the machine-electronic systems and subsequent
experiments stressed that the behaviour of the power semiconductor
elements is known insufficiently to allow reliable and optimum design
of the systems. Development of extensive dynamic testing facilities
had to be incorporated into the research program in order to investigate
some effects physically. These investigations, just as the majority of
the work on power-electronic circuits, do not have such an intimate
relation with the attempt at conducting unifying research on machine—
electronics, and are consequently only reported on in the experimental

19



section in so far as it is important in that constellation.

In conclusion some remarks concerning that part of the machine~
electronic system not referred to in the above paragraphe will be made.
The switching action of the power electronics is related to current or
voltage levels, related to the machine on their part. It will become
clear when design of the systems is discussed, that at the power,
voltage and distortion levels involved, it is an art on its own to
derive this relationship electronically. Often this is responsible for
the failure of an otherwise elegant method of control. Delivering the
gswitching command to the different switching elements in the electronic
switch itself proves to be yet another specialized art. The binary and
linear electronic circuits introduced between these input and output
units are of more "normal" character, yet must answer to very stringent
requirements on the point of spurious noise immunity. These low-power
electronic circuits operate in close proximity to the power switching
circuits generating periodic current-time gradients sometimes in
excess of a few hundred amperes per microsecond. As one may reasonably
expect,the characteristics of all these "information - electronic"
circuits are assumed to be ideal during the theoretical analysis of the
power-electronic electrical machine subsystem. The same considerations
are regarded during the initial design stages - it is only during
development that these time consuming problems come into their own.

Interaction between non—ideal characteristics of the power-electronic
circuits and the eletromechanical transducer, or vice versa, has as a
matter of fact not been anticipated in the idealized theoretical
constellation, yet may be expected to occur in practical systems. As a
systematic knowledge of these effects is non-existent at present, it
appears to be an extremely worth-while subject for future unifying
research on the electronic control of the electromechanical energy
conversion process.
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MACHINE ~
DEVELOPMENT AND
Synopseie

In this chapter the different possibilities to control the power
flow between power source and mechanical load are considered. Of these
possibilities the control of the power flow during the electromechnical
conversion process is investigated further. A representation of the
different fundamental possibilities to achieve control of the power
flow during conversion is given. A representative survey of electrical
drive systems with control of power flow is drawn up in order to
illustrate the relation of machine-electronics to all the other
solutions to the investigated problem.

After definition of this subject, an investigation of the development
of power—electronic switching devices, power electronic circuit techniques
important aspects of machine-electronics and the extent of the subject
is presented.

- 1.1 THE DIFFERENT METHODS TO CONTROL ELECTRICAL MACHINES

The control of electrical machines finds reason for existence in the
fact that although a large amount of power or energy is needed in
mechanical form to aid and supplement the mechanical power living beings
can develop, an appreciable part of this power is transported by
electrical methods. The rotating electromechanical converter is
probably the most commonly empleyed transducer to obtain mechanical power
from this system. A situation as in fig. 1.1 is the result.

Assume the power characteristics of the mechanical load given. If the
existence of a large number of random mechanical loads be accepted, it
becomes a logical conclusion that they cannot all be connected to
identical transducers - i.e. control of power flow is implied. Let the
power flow from generation to load be followed:

Electrical power is obtained from a generating system, where energy
is converted from non-electrical to electrical form. Control of power
flow at this stage is a possibility. However, comsidering that it has
been electrical practice to centralize power generation as much as
possible at power stations and that this station feeds an enormous number
of random loads, it follows that this type of power control is not
feasible. If it is wished to control the voltage of an electrical
system, this must be done locally.

During transmission a loss of power P, _ in the electrical power
transmission system may be found. This e suggests another method to
control the power flow: changing parameters of the transmission system.
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Again due to the centralized nature of the majority of these systems
this type of power flow control is only feasible if it is applied
locally.

Power then passes the electromechanical converter where it is
converted into mechanical power at a loss Pdem' This is an obvious
possibility to control the power flow. To what extent this is
possible is to be investigated subsequently. The converted power now
passes in its mechanical form via the mechanical transmission system -
with a transmission loss P - to the mechanical load. Changing the
loss parameters of this M ¢ ransmission system offers the last
possibility to regulate the power flow to the load, as the use of
slip couplings (electrical and mechanical) illustrates. Under these
conditions the electromechanical energy converter has an aggregate load
that is constant. In summary the power flow in the electrical,
electromechanical and mechanical systems may then be described by:

Pz - Pdet - Pdem * Pdmt * Pm I.1a

and
P, -P =P 1.1b

It will now be considered how the mechanical power P is to be
influerced. en

In order to investigate the main groups of control methods for power
flow control in the electromechanical energy conversion process,
consider a general converter as in fig. 1.2. Let it have a stationary
"stator" (s) and rotating "rotor" (r), constructed of magnetically
active material, and carrying regpectively n and m sets of symmetrical
windings. The characteristics of the magnetically active material are:

a. The material has no magnetic hysteresis

b, The material has infinite electrical resistance.
The n,m machine "phases" are fed from n,m phase symmetrical supply
systems of fundamental frequencies f_ and f_ . Examine the voltage
relations of the winding of the k th phase:r

d¢k
R S T -2

In general the flux linkages with the k th phase may be written as a
univalued function of the different machine currents 'and the angular
coordinate:

¢k = ¢k(il’ iz, i3, . ik vevey @) 1.3a

This has the consequence that the magnetic field energy is also a
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FIG, 1.1 SCHEMATIC REPRESENTATION OF POWER FLOW BETWEEN ELECTRICAL
SUPPLY AND MECHANICAL LOAD.

FIG. 1.2 SCHEMATIC REPRESENTATION OF ELECTROMECHANICAL ENERGY CONVER-
TER OF THE ROTATING TYPE.

23



univalued function:

ceee 1oaiaes 8) 1.3b

W= W (11, 12, 13 k

m

For this conflguratlon the instantaneous electromagnetic torque T in
the air gap is found as (B%

BWI;
Te = ge—— 1.4a
with instantaneous electromagnetic power flow:
de
= T oo R
Pem e dt : 1.4b

The magnetic coenergy of the system is represented by:

oo 'k
Wm = E f¢k.d1k 6 = constant 1.5
0

Expression 1.4 indicates that the instantaneous value of the air gap
torque may be directly influenced by the flux-linkages. This will
influence the instantaneous power flow. Taking into consideration that
the flux linkages with the k th phase always contain a "leakage" term
(ik) that is in no way active in the electromechanical energy
conversion process, relations 1.2a and 1.32 may be modified into:

B = by ) * oy (s Bgs dgs vees B wene 0)

1.3¢
and
min
3y g di 3 di 3¢.
i o .k kh . _q kh . dg
o = Rt T, X +§ B, dt * T35 @ 1.2
q=1

When one assumes that the supply is fundamentally a voltage source, as
in 1.2b, and zbandons variation of the flux linkage change with current

3¢kh/diq or with angular coordinate
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acpkh/ as

it follows from the voltage equation (1.2) that the magnetic field in

the machine may be influenced by changing the current in the k th winding
(1.5). Two fundamental possibilities present themselves to achieve this
change in current:

(i) alteration of the supply voltage s

(ii) inclusion of an additional curcuit =~ element in series with

the machine winding.
This alternative will be examined further. Relation 1.2b indicates that
the two voltage drop terms already occcurring in the machine winding
(both "non-conversion"”, "non-coupled" voltage drops) without having
part in the conversion process may be termed resistive and leakage drop.
These two terms may be modified by external circuit elements of resistive,
inductive or capacitive character. An extension of this idea is the
inclusion of a switching element (periodically varying resistance) to
influence the magnitude of the winding current by periodic operation.
Depending on the mode of operation, this switch may indirectly give
rise to resistive, capacitive or inductive effects.

Alternative (i) clearly constitutes control of a supply parameter
(which should be executed locally according to the initial discussion
in this chapter). Whether the modification or the resistive voltage drop
or leakage drop be classified as control of a supply or a machine
parameter is largely a matter of definition.

The first alternative (i) will be referred to as power control
through magnetic field change by voltage variation, Alternmative (ii) is
fundamentally variation of 2z circult parameter somewhere between the
electrical power source and the active electromechanical converter and
is consequently named power control through magnetic field change by
circuit parameter variation.

When one is interested in the control of the mean electromechanical
power flow, the above mentioned actions should be executed to result in
a change in the mean electromagnetic torque:

27
%
T =B [ T .d6 1.6a
e 27 e
8
o

with 60 arbitrary and p the number of pairs of poles.

It ~ is now furthermore possible to prove that if continuous conversion
of electromechanical power is desired, i.e. the mean value of the
electromagnetic torque in the air gap must have a value different from
zero:

Te #0 1.6b
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and the converter operates at constant angular speed W the frequencies
of the currents on stator and rotor should be (B16

lZwusfs i'Ewurfr| = fpwmt 1.7

where p_ and u_ may in general be any real numbers, not necessarily in-
tegral. Consider the fundamental harmonic current (y__ = 1).
Keeping the magnetic field in the machine constant means keeping
the torque in the machine constant (1.4, 1.5). Adjusting the stator and
rotor frequency gives amodified speed of rotation for the air gap field,
corresponding to a modified mechanical speed w_ for continuous electro-
mechanical power conversion. Conversely the b frequencies on the rotor
or stator may be kept constant, and the number of pairs of poles p
changed, This also results in a change in-the speed of rotation of the
air gap field, and consequently adjustment of mechanical speed. These
types of power flow control schemes are to be referred to as power
control by variation of welocity of rotation of the magnetic field in
the air gap.

In the preceding paragraphs attention has been devoted to obtaining
power flow control in the electromechanical energy converter by change
of torque or change of speed. As indicated in fig. 1.1, however, the
intention is to transfer the electromechanical power to the load.
Consider the mechanical equation of motion {complementary to the n + m
electrical equations of motion 1.2a):

2 E10

d’s m

J =2+ T_ 4+ T ..
r dt2 £ out 98

= T 1.8a

If the electromechanical converter operates at constant speed w as
stated and the kinetic energy reservoir may be neglected in the
flow considerations, the electromechanical power flow will be described
by:

Tout'mm = Te.mm - Tf.mm 1.8b

This indicates that the output power will be effectively controlled by
both the measures suggested in the previous paragraphs, and that these
measures may be applied separately or simultaneously. This will depend
on the characteristics of the load and the performance expected of the
system. As an example it may be considered that in conventional
practice the variable speed operation (in steady state) of a drive
system is obtained by modification of the torque-speed relation of the
driving machine, resulting in the equality 1.8b being fulfilled at
another speed.

For the further clarification of the power control principles during
the conversion process the types of transducers to be found will be
classified into two types: synchronous and asynchronous. The definitions
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depart from the classical definitions in this field.

Synchronous electromechanical comverters are converters im which both

the stator and the rotor windings are fed by currents with frequencies
- determined by external sources, the mechanical speed having a discrete
set of values according to rel. 1.7 (All synchronous machines and
commutator machines fall into this class. These machines are all dually
fed, unless permanent magnets are used to substitute windings carrying
a current of frequency zero.)

Asynchronous electromechanical converters are converters in which
either the rotor or the stator frequency is determined by an external
source, and at least the frequency of the current on the other member
is determined solely by electromagnetic induction, related to the
mechanical speed according to rel. 1.7 (This category includes induction
machines and contrary to conventional practice some dual-feed machines-
under certain control modes.)

Fig. 1.3 gives an indication of how these fundamental principles may
be used to classify the different systems used for the control of
electromechanical power conversion. In the above, and in this survey
one is able to include the commutator machines in the group of the
synchronous converters by viewing this machine as & synchronous machine
with a frequency changer, as one is apt to do on inspiration of the
generalized machine theory (8! . This general classification does not
include all the cross—coupling effects such as converters showing both
synchronous and asynchronous effects during their operation, for instance.

A survey of the controlled electrical drives that have been developed
through the years, and may be developed, is indicated in fig. 1.4. In
order to obtain better correspondence with historical electrical
engineering practice, it has been subdivided into alternating and direct
voltage supply systems, with the normal machine types also included.

The classification of fig. 1.3 has been kept in mind as far as possible.
For the remainder the diagram is self explanatory.

1.2 MACHINE-ELECTRONIC SYSTEMS IN THE PRESENTED SURVEY

Examination of fig. 1.4 indicates that an electronic counterpart
may be found for most of the control methods -~ with exception of the
. change of pole-pitch, This diagram further gives a good impression of
what percentage of all solutions to the power flow control problem
is electronic in nature. For completeness it must be remarked that some
solutions have been omitted, notably systems with cascading of induction
machines, induétion machines with rotating stators, a complete survey of
all a.v. commutator machines and a complete survey of all types of
special "rotating converters" (in the classical sense).

It should be noted that all but one of the electronic systems
controls the power flow in the main flow path. The family of field-
control systems, being the exception, operates at s much lower power
level than the machine ~ but has a correspondingly longer time comstant,
The most efficient mode for all systems with electronic control of the
power flow is a switching mode. In larger systems this becomes a
necessity. Needless to say this switching action subjects the
electromechanical transducer to harmonic powers it is not called upon
to handle under symmetrical sinusoidal excitation, and also introduces
them into the power supply system.

In order to continue the investigation of the machine-electronic
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systems for the control of electromechanical power conversion, a few
concepts to be used hereafter will now be defined.

1.2.1 DEFINITIONS OF POWER ELECTRONICS AND MACINE-ELECTRONICS

Under normal conditions the accent in an electrical system falls on
the information processing aspect or on the power processing aspect,
quite apart from the power level involved, In the electronic systems
used in combination with electrical machines, these two functions are
both present., It will be postulated here that the part of the system
in which the accent is on information processing be called the
information electronics and the other part of the system correspondingly
the power electronics, These functions will not be fulfilled by
electronic elements operating at different power levels in all practical
systems, but for the majority of systems it is customary. The case of
micromotors with electronic commutators, is one of the notable
exceptions. It is worthwhile to note that diverging power levels for
these parts of the system are usually accompanied by correspondingly
diverging times of response. The word "machine—electronics" in itself
is misleading, since as such it merely means electronics used with
a machine, and it is specifically intended to indicate a system consisting
of an electronic part and a rotating electromechanical transducer
(rotating electrical machine). The use of this word is only justified
since it forms a handy acronymn for something that may be specified
as a "power-electronic rotating electromechanical transducer” system,
From the preceding it is clear that a machine-electronic system consists
of two subsystems - the electronics and the rotating electrical machine.
With respect to the electronics it may be remarked that mostly the
information-electronics is left out of the analysis of the system, and
the subsystem electronics becomes the power electronics. As definitions
may therefore be considered:

Power electronics

concerns itself with the study of that part of an electronic system
in which the accent falls on the processing of power necessary at the
output rather than on information. The definition is not coupled to a
certain absolute level of power, but is relative.

Machine electronics

concerns itself with the study of systems consisting of power-
electronics in conjunction with rotating electromechanical transducers
(rotating electrical machines), The machine-electronic system controls
power flow during the electromechanical energy comversion process.

1.3 THE DEVELOPMENT OF THE SUBJECT OF MACHINE-ELECTRONICS

The oldest known switch used in the control of electrical machines
is the mechanical commutator, This was followed by a mechanical
switching arrangement to control the field of generators, the Tirrill
controller, Subsequently the gaseous valves showed promise for
generating the switching functions necessary to control machines. These
devices had some disadvantages and at a time it appeared that the
mechanical metallic rectifier (a modified commutator !) was the future
promige, Almost simultaneously it was succeeded by a device developing
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in parallel - the transductor or magnetic amplifier. The era of the
semiconductor switches then dawned - an era from which we, being still
concerned in its development, are able to derive but limited historical
perspective.

Numerous works have been published and circuit configurations and
methods of controlling electrical machines electronically worked out
or suggested in the past. It has therefore become extremely difficult
to ascertain the origin of most of the circuits and methods of control
employed at present in machine~electronics. The aim of this historical
introduction is to present the knowledge acquired on these matters in
an attempt to clear up some of these aspects.

1.3.1 DEVELOPMENT OF THE DIFFERENT SWITCHING DEVICES

Although the practical application of these devices did not come
into being before nearly a quarter of the twentieth century was past,
it is interesting to note that the physical principles underlying the
behaviour of mercury-arc rectifiers had apparently been recognised in
1882 by Jemin and Meneuvrier (B', They gave an account of the property
of an electric arc established between mercury and carbon electrodes,
mentioning that the current will flow in one direction only. In 1889
Fleming investigated the property of unilateral conductivity of the
electric arc in air, while between 1894 and 1898 Sahulka described the
results of indentical investigations pertainingto atmospheric arcs
between mercury and iron or carbon electrodes.

All these experiments were conducted under atmospheric conditioms.
In the years 1890 - 1892 Arons made the first vapour lamps by enclosing
the arc in an evacuated vessel. Apparently a rectifier based on the
unidirectional conduction principle of the mercury-arc emerged around
1900 when Cooper-Hewitt took up the manufacture of these lamps on a
commercial scale for lighting purposes. During further investigations
of his lamps the idea of building a converter for alternating current
to direct current cropped up. This conversion equipment was apparently
first demonstrated at the turn of the year 1902 - 1903 (8.5in public,
and aroused considerable interest. The mercury-arc rectifier~family
developed from this beginming in all its varieties. Table 1.1 gives an
impression of this develcpment and of related devices. It may be gsaid that
the development of the mercury-arc rectifier~family did not reach a
stage where enormous practical development of circuits was inspired
before 1930,

1.3.2 DEVELOPMENT OF THE CIRCUITS FOR THE ELECTRONIC CONTROL OF
ELECTRICAL POWER

It is of course impossible to sketch the development of all the
power electronic techniques in a few words ~ therefore only the most
important ideas concerning:

(i) power electronic frequency changers,

(ii) d.v. to d.v. transforming circuits (electronic choppers),

(iii) phase control circuits for adjusting output voltage will be

traced.

Although in the previous paragraph it has been indicated that the
efficient controlled power switches had a gradual development, static
frequency conversion dates from 1903 as far as rectification is
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concerned. Performing the inverse of this process proved more difficult
as a suitable method of controlling the arc-discharge was not available,
Before 1906 Steimmetz actually built an inverter circuit by using a
single-cathode, four anode unit in which the discharge spontaneously
switched from anode to anode in predictable order (fig. 1.5a).
Switching characteristics of the tube were found to be mostly dependent

on the interelectrode distance of the electrodes (5 .

It appears

reasonable to assume that this characteristic was necessary to start up

the circuit, and once a-c loads had been connected to the output natural

commutation would aid the process of inversion. This process for the
circuit shown depends on the cyclic transfer of the arc in order
{=2~3-4=~1, Prince developed the later well known parallel
1925, adding forced commutation to the scheme in 1928. As indicated in

fig. 1.5b his first inverter circuit used natural commutation, assisted

inverter in

Mercury-arc rectifier (glass envelope)
Mercury—arc rectifier (metal envelope)

Controlled mercury—arc rectifier
(ignition by high voltage impulse
on auxilary electrodes)
Hot-cathode mercury vapour tube:
without grid phanotron, with grid
thyratron

Mechanical field regulator
Contact rectifier, high current
metal contacts

Selenium rectifier
Copper-oxide rectifier
Junction thyristor, p-n-p-n
configuration ‘

Bidirectional triode switch
p-n-p-n-p configuration

Cooper-Hewitt
Cooper—-Hewitt
Schafer

Cooper~Hewitt

Langmuir
Tirrill
Koch
Kesselring
Koppelman
Presser
Grondahl
Shockley
 Moll/York

Gentry, Scace

Flowers

1900
1908
1910
1903

1914

1902
1801

1923
1941
1925
1926
1951

1956
1957
1964

@
(1
'
(87

(29

TABLE 1.1 DEVELOPMENT OF SOME SWITCHING DEVICES USED IN THE
CONTROL OF ELECTRICAL MACHINES

by the grids of the thermionic vacuum tubes. It was unable to handle
any reactive power, and therefore the synchronous machine in the

output circuit was a necessity. The use of 15 kV in order to overcome

the disadvantage of the high voltage drop in the vacuum switching

elements is interesting. The force commutated circuit of fig. 1.5c
was still unable to handle reactive power, but represented a major

advance in the characteristic that it was able to work independently
of an already existing supply. After the possibility to handle
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"Switching tube” inverter circuit Steinmetz pre~1906 @5
"Parallel™inverter circuit with Prince 1925 (58
natural commutation
Parallel-inverter circuits with Prince 1928 (57
forced commutation
Inverter circuits with geries Fitzgerald,
configuration Henderson,

Sabbah 1929 (30
Feedback dicdes to handle reactive Petersen 1932 (3%
power in inverter circuits
Decoupling diodes for commutation Umarov -~ 1956 (*7
circuits
Cycloconverter circuits Rissik = 1930 (81
Synchronous envelope cycloconverter Lobl 1932 (%
Asynchronous envelope cycloconverter Kramer pre~1935 (B!
Continuocusly variable cycloconverter Schenkel,

von Issendorf | 1932 (2
Direct-voltage chopper circuit Prince,

Hull 1926 (3

Tompkins 1932 (72
Phage control d.v, circuits Dunoyer,

Toulon 1924 (15
Phase control a.v. circuits Lenz 1933 (44
(anti-parallel configuration)

. TABLE 1.2 DEVELOPMENT OF S0OME IMPORTANT POWER-ELECTRONIC CIRCUIT
TECHNIQUES

reactive power with these circuits was introduced by Petersen in 1932
(fig. 1.5d), and the cycloconverter-family of circuits had been
developed, the development of power electronic frequency changers
advanced to a considerable degree. This may be observed by studying the
histograms of paragraph 1.4, Table 1.2 again presents some agpects of
this development.

A direct voltage chopper circuit, or d.v. to d.v. transformer,
necessitates the forced commutation of direct current through the
electronie switch., Although this art was well understood before 1930,
as introduced by Prince (7 and Hull (30, and treated explicitly by
Tompkins (7 it was apparently not applied to the control of electro—
mechanical transducers until recently.

On the other hand efficient phase control circuits were developed
early, and applied with success to the control of d.v. machines and
other d.v. loads, and to the control of a.v. loads. Using the idea of
control of the discharge of Cooper—Hewitt, Dunoyer and Toulon (15
effectively demonstrated how to obtain regulation at the output of an
electronic mutator in 1924. Modifying this idea for current flow in
both directions, Lenz (44 proposed and tested the antiparallel
naturally commutated switch configuration in 1933, This configuration
and the previous found extensive application in the control of welding
equipment (23,
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1.3.3 DEVELOPMENT OF IDEAS T0O CONTROL ELECTRICAL MACHINES

Ideas to use electronic elements to control, regulate or augment
electrical machines appear to have been put into practice for the first
time during the years immediately before and after 1920, It is possible
that these contributions may not be characterised as machine-electronics
as it is known today, yet it may be considered as the very beginning of
the subject.

1.3.83.1 Initial attempts

In the year 1917 Bolliger came upon the idea of a "high-voltage"
d.v. machine (published 1921) in which the substantial part of the
commutator action is executed by a mercury-arc rectifier. To quote
Bolliger: 'Der Kommutator arbeitet lediglich als ein bei leerlaufenden
Phasen kontaktmachender Spannungsschaltapparat, ohne jede Stromwendung
unter den Burstemn. Der Gleichrichter hingegen wirkt als ein durch die
Betriebsphasenspannungen gesteuerter Stromwendeapparat, ..." (83 .

From the previous paragraph and from figure 1.6a it may be gathered
that by connecting the discharge tube in series with a mechanical switch
he was able to obtain the characteristic of a controlled rectifier.
This is the more remarkable, since at that stage the controlled mercury-
arc rectifier still belonged to the future. The high voltages in the
reverse direction and the actual commutation were the responsibilities
of the rectifier. This indicates that Bolliger had already fully
realised the necessity for a static electronic commutator -~ but did not
yet have the necessary circuit elements. His appropriate comment on his
work was: "Einen Anfang zu etwas dass noch micht ist".

Van der Bijl described control systems for d.v. generator current
and voltage in 1920 (82 , attributing the origin of the ideas to Wold.
In these systems a vacuum triode ("audion") was connected either in
series or in parallel with the field winding of the generator, the
essential control element (fig. 1.6).

In the years before 1930 Voorhoeve in the Netherlands investigated
possibilities to control generator voltages by electronic means.
Contrary to the work reported by Van der Bijl, he employed vacuum
diodes, the heating current being the variable (fig. 1.6)., This was
done in the conviction that gas discharge tubes did not yet have the
constant characteristics essential for achieving accurate control.
later work by the same group included the use of vacuum triodes, but
was overshadowed by the fast developing control schemes with grid
controlled mercury-arc rectifiers (6573

1.3.3.2 Machines with electronic commutators

Reference has already previously been made to the fact that the
electronic switches may be used to perform the same function as the
mechanical switches in conjunction with an electrical machine.

One of the initial ideas that sprung from the availability of the
controlled mercury-arc rectifier was to build an electronic commutator.
This idea grew gradually. It is worth mentioning that in 1913 two steel
tank mercury-arc rectifiers were installed in a traction unit of the
Pennsylvania Railroad in the U.S.A. This unit, with four motors of 200
h.p., 600 V, completed approximately 20.000 km in normal traction
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service in the years before 1920 (87 . In this case two frequency
conversion processes are to be cbserved, one of which is still mechanical.
The first machine to use a true electronic commutator was the machine

of Kern - a now famous example (3¢ . In fact, Kern suggested various
configurations, one being shown in fig. 1.7, the first locomotive

being built with this system by Brown Boveri around 1930.

In the years before 1940 these types of machines were studied by
many workers, and were originally primarily intended for traction
purposes (#7 ., Although it was applied on the European continent and in
the U.S.A. to a certain extent (7 , the thyratron or controlled mercury-
arc commutator motor never attained true widespread practical
application, despite considerable enthusiasm (see for instance dicussion
of Alexander to Marti & ). One of the ideas being worked out at present
is the use of thyristor frequency changers in conjunction with squirrel-
cage induction machines for electric traction purposes (34 This idea
is not new - it has been considered in the past, but rejected (¢,

The reason for the rejection of this proposal in 1940 was the enormous
amount of equipment needed, it being impossible to tramsport it aboard

an ordimary locomotive. Thyristors are relatively small in size and
eliminate this problem, as has been illustrated by the presant experiments.
The main hazards besetting the application of this type of traction at
present seem to be economics and reliability.

The interest in electronic commutators ~ stimulated anew by the thyris-
tor — has apparently stimulated the use of transistors for the same function
in small machines. This is the inevitable conclusion, as it was not before
1962 that this type of electronically commutated machine received serious
attention (0%, although switching transistors were .available years before.

1.3.3.3 Schemes for control of induction machines without changing
the supply frequency

Compared to direct current machinés, wound rotor induction machines
are relatively cheap and it is therefore interesting to investigate
all possibilities to control them. Electronic regulation of the rotor
current of these machines has only recently received some worthwhile
attention, however.

The first work on electronic rotor control of induction machines
concerned electronic Scherbius cascades., The considerations that
mercury—arc controlled rectifiers are expensive and have a voltage
drop of 15V - 25V during forward conduction confined these investigations
to larger machines. Alexanderson proposed an electronic Scherbius
cascade in 1938 (* . Working independently, St¥hr reported investigations
comparing machines with an electronic commutator to the mentioned
cascade in 1939 (% . Later thezoperation of the electronic Scherbius
cascade was extended to the oversynchronous region of operation (68 .
Subsequently H¥lters (1943) (37 also investigated this type of system.

To his system the rather unfortunate name of “Asynchromstromrichtermotor"
was given. This name has since been used to indicate another type of
system, i.e. that of a variable frequency inverter feeding an induction
motor, the motor windings being part of the inverter. '

Development of silicon rectifiers renewed the interest in systems
consisting of wound-rotor induction machines and frequency converters
in the rotor (4% , while thyristors hold the promise of making this
drive economic and compact - also for smaller machines.
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The magnetic amplifier was, and still is, applied with good results
to stator and rotor control @ , but it is only during the last decade,
after the development of the thyristor, that this type of control has
received increasing attention in the form of electronic switching of
the rotor current, notably in Germany {(see for instance (2 ). Although
the idea of using antiparallel switches to regulate voltage has been
existent for a long time it does not seem to have been worked out
further for stator control of induction machines. In the years around
1950 the idea of applying phase-control to rotor and stator circuits of
induction machines by magnetic amplifiers found wide application (13
Only after 1960 did interest arise in employing this type of control to
advantage on the stator of squirrel cage motors by using electronic
switches (30 , The appearance of the triac has made this type of drive
an attractive proposition in the lower power range (< 10 kW),

1,3.3.4 Voltage regulation of direct voltage machines by mutators

Control of d.v. machines fed by three phase or single-phase a.v.
systems drew attention after the introduction of the controlled
mercury-arc rectifier in 1928, It was realised that this offers the
possibility to regulate the main current in the motor (¢ , and was
apparently first extensively investigated by Schilling (6* (See fig.
1.7.) Later attention was devoted to constructing static Ward-Leonard
drives in this way. (See for instance (®®* .) Semiconductor switches
increased the possibilities, and it may be expected that the present
popularity of this type of semiconductor controlled drive will still
continue for a considerable time. In the same way that the thyristor
revived the interest in converter locomotives in countries with a.v.
traction systems, the controlled mercury-arc rectifier originally
initiated design of converter locomotives - the first example being
that of Reichel (0 .

1.3.3.5 Electronic chopper control of direct voltage machines

Apparently the inventor of armature voltage control of d.v. machines
by pulse modulation, the so-called series chopper - was Blaufuss in
1940 (8 ., The problem was to obtain a mechanical or electronic switch
that could be operated reliably and fast enough to achieve this control.
It took years before the idea of Blaufuss was taken up again. The first
practical realization of this scheme by electronic means appears to be
due to Jones (3 in the U.S.A, and to Abraham, Heumann and Koppelmann
(' in Germany, the two groups working independently, and employing
thyristors as switches., It is interesting to note that the electronic
chopper as employed by these groups was discussed in 1929 by Hull in
relation to the parallel inverter (3% . These types of power—electronic
systems have since developed rapidly - especially with respect to the
circuit improvements possible. Electronic choppers regulating series
directvoltage machines is one of the most successfull machine~
electronics systems at present, finding widespread application for low
loss control in traction circuits.,
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Semi-electronic commutator machine Bolliger 1917 (83
Field-regulation of generators by Vander Bijl, 1920 (82
vacuum triodes Wold
Field-regulation of generators by Voorhoeve 1928 (75
vacuum diodes
All-electronic commutator machine Kern 1930 (34
Electronic Scherbius cascade Alexanderson 1938 @
Electronic Ward-Leonard control Schilling, 1933 (63
Bayha 6
Electronic chopper control Jones 1961 (33
Abraham, 1962 (
Heumann,
Koppelmann

TABLE 1.3 SOME IMPORTANT DEVELOPMENTS IN MACHINE-ELECTRONICS

1.4 GROWTH OF THE SUBJECT OF MACHINE ELECTRONICS

As a conclusion to this introductory chapter on the development and
extent of the subject studied it will be attempted to present some
statistical information to indicate the growth, This information has
been extracted from a bibliography (79 that is continuously being
renewed, so that it may be taken to be representagive. The bibliography
includes a selected list of contributions of 2x10”, the most important
selection criteria having been that the contributions should treat
theoretical and/or experimental study of problems in machine-electronics
and power electronics. It may therefore be concluded that its contents
reflects research activity for the most part, and is less influenced
by application, fabrication and commercial aspects.

The histogram of fig. 1.8a depicts the time distribution of that
part of the contents of the bibliography that concerns power electronic
frequency changers and their associated circuit and power system techniques.
Time distribution of the contents as far as the investigations on the
actual machine-electronic systems are concerned may be found in fig.
1.8b. It should be noted that the histogram of fig. 1.8c indicates the
work on power semiconductor switching elements, such as diodes,
thyristors, triacs etc. and does not concern any of the circuit
techniques associated with applications of these components. These
circuit techniques are included in 1.8a.

By studying these histograms one may take note of the fact that
activity in the field of power electronics in the period 1930-1940
was of the same order as the present activity in this field. The same
does not hold for the activity in the field of machine electronics. To
the author’s opinion this is the proof of the statement already made
that the nature of the gaseous switching elements restricted their
application to larger machines, added to the steadily increasing
application of electromotive power through the years.

In conclusion, it is clearly evident how the new surge in both
branches corresponds to the activity in the field of power semiconductor
elements, and that there is all reason to expect this activity to continue
even its rate of increase for the near future. In conjunction with the
" formation presented in the other paragraphs of this chapter these
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expectations constitute a motivation for the systematic study to be taken
up in the following chapters.
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CHAPTER 2

SYSTEMATICS OF MACHINE-ELECTRONTIC
STEMS

Synopsais

The different possibilities to develop a systematic classification
for the machine-electronic systems are briefly investigated and the
criterion of power flow in the electromechanical converter selected.

The model used for classification purposes is described and three
fundamental groups of systems identified according to the power flow

in the electromechanical converter. It is found that some groups of
hybrid systems may be distinguished, and the possibility for constructing
further hybrid systems is pointed out. The stringent constraints
regarding harmonic currents in the model are relaxed, and the implications
investigated.

The three fundamental groups of systems discerned on theoretical
grounds are related to the practical systems by presenting a classified
survey of practical machine-electronic systems. Subdivision of the
machine-electronic groups according to the switching functioms
generated by the power-electronic circuits and according to the structure
of these circuits, concludes the chapter.

2.1 THE DIFFERENT CRITERIA APPLICABLE FOR CLASSIFICATION OF MACHINE-
ELECTRONIC SYSTEMS

2.1.1 THE SYSTEMS TO BE STUDIED

For the purpose of the systematic classification to be investigated,
let a variable speed drive system as in fig. 2.1 be regarded. The
system is defined as being enclosed by boundary B, with transfer

. : 1
function [F] so that

(

the input and output vectors [x, ] and [x ] being multi-dimensional,
as will be treated in the follo%gng chaptgg. For the present the
boundary is shifted to B, for investigating the machine-electronic
systems. This includes information-electronics, power electronics
and electro-mechanical energy converter. These functions have been
defined in the previous chapter.

The systemactic classification will concentrate on the power flow
characteristics, and the information electronic part is excluded. Being
energy processing, the machine-electronic systems use switches as

X el = [F] - [xin] 2.1
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adjustors. By the nature of a switch the proportionality between input
command and current flow through the switch disappears once it has been
closed. Possibility of control is regained only after the zero-current
condition has again been reached, and it may therefore be expected

that the systems are discrete-time systems. The transfer functiomns
calculated in the course of this study does not take this into account,
but concerns mean values of the relevant electrical and mechanical
variables.

Systems characterised by linear differential equations with constant
coefficients may be considered time-invariant. As will be clear in the
next chapter the equations describing the electromechanical transducer
are generally non-linear, but reduce to linear differential equations
with time-varying-coefficients under constraints of constant speed of
rotation, It will be shown that irrespective of the excitation, these
equations may be subjected to coordinate transformations reducing the
set of equations to linear differential equations with constant
coeffficients. This is the reason that - despite the time-dependence of
the general equations - the machine electronic system will be considered
as time-invariant.

2.1.2 REVIEW OF POSSIBILITIES FOR CLASSIFICATION OF THE SYSTEMS

A systematic study may be conducted from a number of viewpoints. Some
of the most obvious alternatives are given below.

.1 Classification according to the type of power supply needed to
excite the system.

.2 Classification according to the different types of power-
electronic circuits used as adjustors in the system.

.3 Classification according to the parameters in the theoretical
torque-speed relationship that are subject to changes due to the
control action.

.4 Classification according to the type of electrical machine chosen
as output unit for the system,

.5 Classification according to the fundamental power relations in
the system.

2.1.2.1

In the past a powerful tradition has grown in electrical engineering
with a view to the grouping of electrical drives or electrical machines
into the two categories Ma.c drives" and "d.c. drives". * This may
also be introduced as regards machine~electronic systems, since the
systems known at present are either fed from an alternating voltage
supply, or from a direct voltage supply. The latter may be obtained
from batteries or by rectification and filtering. To a certain extent
these criteria have been applied to compile fig. 1.4 - in order to
find some correspondence with present practice.

* In fact these drives may better be termed "a.v. drives" and "d.v.
drives', since in practice machines are almost always fed from a
voltage supply, and not by a current source.
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It is felt, however, that such a grouping of the machine-electronic
systems will only lead to confusion by placing drives with totally
different characteristics in the same category. (Example: an induction
machine fed by (a) a cyclocounverter, (b) chopped voltage source of
fundamental frequency.)

2.1.2.2

Recently some extensive attempts have been made to develop a systematic
approach to power electronic circuits by Abraham and Koppelman ( and
Heumann ( , and this may also be employed to systematize the machine-
electronics, A classification using details of the power-electromnic
circuits to distinguish between the different systems will tend to
obscure the function of the machine~electronics as part of an electrical
drive. As will be evident later this type of classification may be
used to advantage for subdivision of the main types of machine-
electronic systems, but is not suited to setting up a general
classification.

2.1.,2.3

Under the assumption that rotating electromechanical transducers
operate under steady state conditions, have sinusoidal spatial current
distributions on moving and stationary members, have a linear magnetic
circuit; and are excited by voltages and currents of simple harmonic
type, the torque speed relationship becomes a function of the lumped- .
elements in the equivalent circuit, and the voltage impressed thereon.
When one of these parameters is changed, the torque speed characteristic
is influenced and one may therefore speak of systems with R_,
control - as has become customary in machine practice. This metﬁod of
claggification is not suitable for a general approach to machine-
electronic systems. It is not feasible to represent the power control
effects by the variation of elements of the equivalent circuit, As will
be shown later the switching elements cannot simply be included in the
equivalent circuit.

2.1.2.4

The same arguments that plead against a division of machine-electromnic
systems into a.v. and d.v. categories, also plead against classification
according to the output machine. Although such an approach may be useful
when it concerns choosing a system for given environmental conditioms,
it must be dismissed as a possibility for a general classification,

2.1.2.5

Machine-electronic systems may always be considered to be part of an
electrical drive, and as such power considerations are of primary
importance. When one examines the power flow in the differemt machine-
electronic systems, it becomes apparent that there are groups of systems
in which the power electronics influences the flow of power in different
ways. Use of this characteristic to set up a classification should aid
ingight and the validity is not affected by any internal change in the
power—-electronics. In the following it will be attempted to develop
such & classification system.
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2,2 POWER FLOW IN RELATION TO SYSTEMATICS OF MACHINE-ELECTRONIC SYSTEMS
2.2.1’THE PHYSICAL MODEL TO BE USED IN THE SYSTEMATICS
2.2,1.1 Particulars concerning the model

The rotating electromechanical converter is taken to consist of a
stator and a rotor, both constructed from magnetically active material
and carrying windings as described in paragraph 1.1, chapter 1, For
the definitions regarding synchronous and asynchronous transducers omne
may algso refer to the same paragraph.

To distinguish between different methods of electronic control of
electromechanical power conversion in the present chapter, it is
necessary to define two basic power electronic units: an “electronic
switch™ (ES) and an "electronic frequency changer" (EFC). In order to
appreciate the differences and similarities between these two units,
it is necessary to examine the principle of electronic power flow
control by switching action.

The machine-electronic system is mostly fed by a fixed power source
as already considered in chapter 1. It is usual for this power source
to have a voltage of only fundamental frequency (f,, or f = 0 in the
case of a d.v. source). Introduction of the (non-linear) switching
element - contained in both ES and EFC - converts the single frequency
power into a power spectrum. The use made of all these harmonic power
components now determines the character of the power electronic umit.

If it is attempted to arrange the switching action and the internal
power circuit structure (for instance electrical and magnetical energy
reservoirs) in such a way that the component of the output power used
corresponds in frequency to the fundamental input power, the arrangement
will be termed an electronic switch. In this configuration it is
usually attempted to suppress all other power components as much as is
feasible. The function of an ES therefore approaches amplitude and phase
adjustment of the output voltage and current, as has been stressed in
chapter 1 where periodical switching action was seen as an extension
of the concept of circuit parameter variation.

When it is attempted to arrange the switching action and internal
power circuit structure to obtain a main output power component
differing essentially in frequency from the input power, the arrangement
is to be termed an electronic frequency changer. The function of an
EFC therefore approaches the conversion of input power at a fixed
frequency into output power of a different (variable) frequency. In
practice it is mostly found that an electronic frequency changer is
built up out of an arrangement of electronic switches and electro-
magnetic energy reservoirs. In the following considerations it will be
agsumed that the EFC works between the fixed input frequency f and
the variable output frequencies f_or f .

Whether the power circuit arrangement” functions as ES or EFC, it is
inevitable that the output power will still contain voltages of different
frequencies. Sometimes these components may be put to use in the
electromechanical energy conversion process, and sometimes they are
merely dissipative. To investigate the power flow in the different
machine-electronic systems, some ideal characteristics will firstly be
ascribed to the EFC and ES in paragraph 2.2. These constraints are
then to be relaxed afterwards. The ideal characteristics are:
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(a) no generation of harmonics or subharmonics other than the

desired frequency,

(b) zero internal impedance,

(c) ideal switching without power loss.

These idealized characteristics are specified when used, and do not
apply universally for all the subsequent arguments.

Regarding the configurations used, some further remarks are
necessary. An electronic frequency changer (EFC, fig. 2.2a) may be
naturally commutated or force commutated, both these functions being
indicated with the symbol for the switching element. The specific
functions of natural and forced commutation are to be discussed in a
later chapter. The same remarks may be applied to an electronic switch
(ES, fig. 2.2b). It is stated clearly that the switching element symbol
bears no relation to the direction of power flow. To be able to construct
a commutator machine in the classical sense in the proposed system it
is necessary to interpose a mechanical frequency changer between either
the stator and the supply or the rotor and the supply (fig. 2.2e and f).
In both cases it is necessary to provide a read-out of the rotor
angular position, and feed this information to the frequency changer
in order to satisfy the angular speed condition. Classical commutator
machines are mostly constructed to have configuration (f), since the
mechanical frequency changer may then be coupled to the rotor - the
stator containing only the field winding. Technically there are
advantages in constructing the electronic counter-part of the commutator
machine inversely, i.e. with configuration (e). To obtain uniformity
the mechanical variant will also be presented in configuration (e) in
this work.

In terms of the model it is also to be understood that two supply
lines indicate a d.v. system, while triple feed indicates a balanced
multiphase voltage system, the voltage of which may either be simple
harmonic functions of time or be of a more complex character. This
enables direct and alternating voltage commutator machines to be
incorporated symbolically into fig. 2.2 (e) or (f).

2.2,1.2 Power flow in the model
Consider the rotating electromechanical converter. Let it be a

symmetrical machine connected to a symmetrical supply operating in
steady state. Therefore:

dwkin dwem
—_— = = 2.2
dt 0 dt
with W, . and W__ the mechanical and electrical energy contained in the

machinelrespectlvely. Consider the power balance for the assumed model
as shown in fig. 2.3 ( :

s s r r

. - P + P, =P + P .
Pln de in de em 2.3a
P =P + P 2.3b
em dm a
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Furthermore taking into account that the mechanical angular speed at
which output occurs is identical for all harmomic torques,

- P =P, =-P, + 7T .0 2.4

The currents circulating in the stator are supposed to be of general
order Mg (chapter !). As indicated in appendix AZ.! these components

»
Pin

: ] r
L Fae

111

Wi T

Pln

FIG. 2.3 POWER FLOW SCHEME USED IN SYSTEMATIC MODEL.

are divided into components or order v_ due to the stator excitation
and v__ due to the induction from the ° rotor. The same comsiderationms
applysrto division of the rotor harmonics of order y_ into v_ and v_ .
Consequently the following components may be discerned for the term§®
of e.q. 2.4:
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As indicated in appendix A2.,1 the torques expected in general from the
model studied may be seen as a summation of synchronous torques

T
e,(vs,vr)

and asynchronous torques

T
e(vy sV o )

The harmonic asynchronous torques only occur when the stator and rotor
excitation by the electronic circuits may not simultaneously be seen
as current sources (See fig. 2.5 (a)).

The stator and rotor currents are assumed known. General calculation
of these currents for the con itions in the model is to be investigated
in a later chapter. If the y stator phase is fed by a power electronic
circuit representing a current source:

.Y 2 : a
il = N/ s(vs) cos(vsmst mVs) 2,53

\)-]

Similarly for the rotor phase:
N ¥ cos{v w.t = ¢ ) 2.5b
(v ) T T v
b r
v =]
T
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The general frequency condition has already been mentioned in relation
1.7 for the rotor and stator currents, For the fundamental harmonics in
relation to the present model this results in the following angular
speed condition

= [ e e m— 2.6
® (p }

In chapter ! it has been stated that the synchronous transducers
are always fed on both rotor and stator. For the following discussion
the rotor frequency of these transducers will be assumed zero, giving
a configuration known in conventional practice as a synchronous
machine. v

Now consider the general power balance equatiom 2.4 again. It is
indicated in appendix A2.] that for the assumed model it may be
expressed as:

s _ pS j: : s _ : : s -
{Pin(l} Pde(l) } * { Pin(vs) Pde(vs,vsr) }
v V sV
s s’ sr
T T ] D) S
{de(l) in(1) Pde(\’r9\’rs) - Pin(vr) o+

rs \Y
r
T . .+ E T E : =
+
e(1})’' m e(vs,vr) W, Te(v MR
v rs sr
8 Y sV
rs’ st
v ,vs > 1
Vv_,v >0 2.7a

In principle this power flow equation will now be used to investigate
the power flow in the different systems. In the first instance all the
harmonic effects will be neglected, and the power flow investigated
for the fundamental component.
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55



2.2.,2 PUNDAMENTAL POWER PLOW IN THE DIFFERENT SYSTEMS

When it is assumed that the power flow control is executed in sucha
way as to eliminate the generation of harmonics, the relations become
simply

w
s s s — s
P, - P = P = T — 2.7b
in(1) de(1) g(l) ™ “e()’p
where PS(]) is the power flowing across the air gap at the fundamental
8 harmonic frequency. Therefore:
T r - S
Pie) " Finc) " Tety ' 3 2.7¢
with
®
3
_— = w
W w
_s 8
P

Fig. 2.4 indicates the fundamental groups of machine-electronic systems
that may be distinguished. Considerations will now be given to the
characteristics and fundamental power flow:

GROUP I SYSTEMS may be characterised by an electronic frequency
changer between the electrical ports on either the rotor or the stator
and the fixed power supply system for these ports. In general the
remaining electrical ports may either be connected to a constant power
supply system, or have a short circuit applied across them. It will be
agsumed that the EFC will be located on the stator side. Two families
of variants exist: class ! and class 2. The difference between these
two classes is that in the latter the rotor position is coupled to the
EFC, determining the frequency and phase relationship of the stator
voltage explicity by the mechanical speed and rotor position respectively,
while in the former the EFC receives an external command. In this case

the frequency and phase relationship of the stator voltage may be
determined by other considerations than the instantaneous rotor speed
and position. Reference to Group I systems may be made as "variable
frequency control”™, but it is more accurate to observe the definition
of chapter I: This definition says that the speed of rotation of the
fundamental harmonic component of the air gap magnetic field is
controlled. The voltage of the EFC is mostly controlled to keep the
magnetic ;field constant, resulting in a constant torque.

Examine the power flow in a synchronous converter (f_ = 0) operating
at speed w__, irrespective of its class (I or 2). Let the load torque
be constangn(fig. 2.5b), and the frequency changer ideal

w
ST1

Te(l)n *Tp = Te(l)n * “mn 2.8a
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Recuding speed by a factor q

w _Zm_ Ysn 2.8b
m q Pq

it is evident that the losses should remain constant {(fig. 2.5g)

T T

Pde(]) - Pin(l) = 0 2.8¢

while relation 2.7¢ indicates that the rotor source only supplies the
(constant) excitation dissipation loss. Since the synchronous air gap
power is equal to the electromechanical output power the input power is
reduced by the same factor as the output power. The same considerations
apply for a speed increase. As may be seen from fig. 2.5b there are two
modes of power control in this situvation. The frequency change of the
EFC causes a horizontal translation, but by electronic switching action
it is also possible to abtain a vertical shift of the point of operation
by expansion of maximum torques in the torque-power—angle diagram.

Next examine the power flow in an asynchronous converter operating
at speed w__, irrespective of its class. Let the load torque be constant
(fig. 2.5¢"2nd d), and the rotor be short circuited.

S w
- SN -y n sn o

Te(l)n 'y = Te(l)n P * Te(l)nwmn

(=

and 2.8d
s w
T _ = n sn
Pde(l) Te(l}n p

Reduce mechanical speed by a factor q (relation 2.8b). Two cases are
to be distinguished, depending on whether the slip frequency or the slip
be taken constant. In the first instance:

s _w__ = constant
sn

2.8e
Ysn -1 “sn
w = + w 61"———) = (~——— + Aw )
s q ™ q q s
(see fig. 2.5c), and the second instance:
“sn “rn
w =-—, g = constant = — 2.8f
8 q n (,osn
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(see fig. 2.5d). Therefore the two relations describing the power flow
becone:

constant slip frequency:

7 Ysn + Bug =F *n“sn s 1 F

e()n |qp p e(Dn P q e()n“m

2.8g
constant slip:
w 8 w

1 = sn 1 = nsn . w 1
- T % - T o 4 T - 2.8h
q ‘e(l)n’ p q ‘e(l)n” p e(l)n q “on 8

An examination of these last two relations indicates that the first type
of gystem operates at constant rotor loss with decrease of mechanical
output. The second type of system has a decreasing rotor loss with
decreasing mechanical speed. In the former instance the EFC does not
reduce the fundamental synchronous air gap power directly proportional
to the reduction in output power, while this direct proportionality
exists in the latter instance, Conversely it may be remarked that when
the mechanical output power is increased (fig. 2.5¢, d) the dissipation
loss remains constant in the first, but increases in the second case.
These loss characteristics are represented by curve b and curve a of
fig. 2.5g respectively. As in the case of the synchronous transducer

it is also possible to obtain an increased torque at a specific speed
by increasing the magnetic field in the air gap by electronic switching
action.

In summary, one notices that in all the electromechanical power
converters employed in Group | systems, the EFC changes the synchronous
power flow across the air gap in the same sense as the change in output
power. Dependence of the dissipative power loss on the speed is a
function of the constraint applied to the rotor frequency, but the power

" loss never increases with decreasing speed. The torque-speed curve is
mainly subjected to a horizontal translation due to the action of the
EFC (fig. 2.5b, ¢, d).

GROUP II SYSTEMS may be characterised by an electronic switch
inserted between the electrical ports on either rotor or stator and the
electrical supply system, as indicated in fig. 2.4. In group I systems
no essential difference was made between inclusion of the power- )
electronic switch in rotor or stator, but in group Il gystems this
difference is essential. Although these systems operate with a
switching circuit, it is assumed that the fundamental stator, respectively
rotor, frequency remainsg constant, while the glip is variable.

Asynchronous operation of the electromechanical converter necessitates
a variable frequency rotor supply. This is a complication, and it will
be assumed that in group II systems the rotor electrical ports have
a short circuit applied across them when the ES is in the stator,

(class 1) or that the rotor supply input terminals have a short circuit
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applied across them when the ES is located in the rotor (class 2).

During operation at a mechanical speed W relation 2.8d describes
the power balance. At present no difference will be made between the
effects that rotor or stator control have on the torque speed
characteristics (fig. 2.5e). It will be assumed that the control by the
power switch is executed in such a way that no harmonics are introduced
into rotor or stator. Let the mechanical speed now be reduced by the
factor gq

- Wen o Sew L

Toyn " 3 = Yetn * "3 Tel)n g 2.9a
with

r S Den -

Pde(l) = 5 . Te(l)n 2.9
and

s +q-1
g = 2.9¢c
q

An examination of these relations indicates that the electrical power
dissipation in the rotor will increase linearly with decreasing speed
as depicted in fig. 2.5h. The power electronic switching circuit does
not adjust the synchronous fundamental power flow across the air gap
when the mechanical output is reduced, but merely causes a change in
the torque-speed relation for constant stator frequency. The torque-
speed curve "rotates” around the point of synchronous operation of the
fundamental machine in the torque-speed plane.

GROUP III SYSTEMS may be characterised by an electronic switch
operated in conjunction with a mechanical frequen¢y changer (fig. 2.4).
Two different approaches are possible: the power switch may be connected
in series with the mechanical frequency changer (MFC) in the stator, or
it may be interposed between the power supply system to the rotor and
the electrical ports on the rotor. The group of electromechanical
converters with MFC - known in conventional practice as commutator
machines— may be supplied with either d.v. or a.v. to rotor and stator.

Relations 2.8a and 2.8c¢ describes power flow in case of a change of
mechanical speed. As may be deduced from fig. 2.5f the change of power
flow concerned with this action is the responsibility of the MFC. The
fact that the rotor supply consequently only covers the rotor loss is
the reason that this supply is termed "field-supply', and the associated
control by ES: field control (Group III, class 2). As may be seen by
inspection of fig. 2.7, Group III systems are at present in practice
exclusively operated with direct voltage excitation of the rotor and
direct voltage input to the MFC. The electromechanical comverter is
never operated in the asynchronous mode.

Again with reference to relation 2.8a the effect of the electronic
switching
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in class 1 or class 2 will be examined. These relations will be valid
when it is assumed that the mechanical frequency changer is ideal to
such an extent that the switching harmonics introduced by the electronic
switch at its input do not influence itsg output. In practice this will
mostly not be the case, so that one may expect a continuously changing
harmonic power balnce resulting from the beat frequencies of the ES and
the MFC. This effect will be neglected for the present. It will further-
more be assumed that the MFC is ideal. The effect of the switching on the
power flow then reduces to a decrease of the amplitude of the fundamental
supply. No control is exerted on the MFC. This should alter the flux-
linkage conditions in the machine in such a way that the fundamental
torque is reduced. Inclusion of the ES in the rotor circuit will have
the same effect. According to 2.8c the rotor power_loss will also _
decrease in this case. For a constant load torque T as in fig. 2.5f

the loss characteristics of fig. 2.5g curve (b) applies.

In summary it may be concluded that in Group III machine-electronic
systems power flow is controlled by changing the magnitude of the
fundamental air gap torque by a power electronic switching circuit on
either rotor or stator. The possibility of variable speed operation is
due to the inclusion of a mechanical frequency changer in the system.

If the variable speed operation is not desired, the frequency changer
may be omitted.

2.2.3 A CLASSIFICATION FOR MACHINE-ELECTRONIC SYSTEMS:
A SUMMARY OF THE PREVIQUS PARAGRAPHS

In the previous paragraph the power flow conditions in the
transducers have been examined, and it became evident that the power
flow of the fundamental harmonic component is not subjected to the
same effects in the different groups of systems. In all the fore-
mentioned cases the function of the power-electromics was then defimed
according to the influence on the fundamental power flow in an ideal
situation., This results in the following definitions:

GROUP I MACHINE-ELECTRONIC SYSTEMS arve those systeme in which the
power flow across the air gap of the electromechanical converter at a
constant load torque is controlled by changing the veloeity of rotation
of the fundamental air gap field by means of an EFC. Due to this
characteristicof the system it is capable of delivering this torque at
different mechanical speeds with either constant electrical power loss
or power loss increasing with speed, depending on whether constant slip
frequency of comstant slip is observed. The magnitude of the electro-
magnetic torque in the machine may also be influenced by switching
action in the EFC. Group I machine-electronic systems may be divided
into class | and class 2 systems. In the former,frequency of the output
voltage of the EFC is determined by external requirements (externally
directed systems) and in the latter the frequency and the phase of the
output voltage of the EFC is determined by rotor speed and position
(self-directed systems). All these systems may in principle use either
synchronous or asynchronous electromechanical converters.

GROUP IT MACHINE-ELECTRONIC SYSTEMS arve those systemg in which the

power flow across the air gap of the electromechanical converter at
constant load torque is not affected by the power—electronics for the
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fundamental harmonice., The control of output power is obtained by the
modification of the torque-speed relationship as a result of the
presence of the ES to such an extent that the electromechanical
converter operates at variable slip with constant stator frequemncy.

The constant fundamental power flow across the air gap implies that

this system is unable to deliver the same mechanical torque at various
mechanical speeds with the same electrical power loss during conversion.
The power loss increases with decreasing speed (increasing slip). Group
IT1 machine electronic systems may be divided into class 1 and clags 2
systems., In the former the electronic switch acts on the stator windings,
and in the latter om the rotor windings, Variable slip neccessitates the
use of asynchronous electromechanical converters in these systems.

GROUP IIT MACHINE-ELECTRONIC SYSTEMS are systeme with power flow
eontrol by alteration of the magrnitude of the fundamental component of
the electromagnetic torque with an electronic switch. In order to operate
at variable speed the system contains a self-directed mechanical frequency
changer to adapt the velocity of rotation of the fundamental field
component in the air gap to the mechanical speed. The gystem is therefore
in principle capable of operating at a constant power loss with variable
speed and constant load torque. Whereas both the functions of changing
the magnitude of the air gap torque and the velocity of rotation was
concentrated in the EFC in Group I systems, these functions are respec-
tively fulfilled by the ES and the MFC in Group III systems, Group III
machine~electronic systems may be subdivided into class | and class 2
systems. In the former the ES is located in series with the MFC in the
stator, and in the latter the ES is introduced between the rotor windings
and rotor supply. When no variable speed operation is desired, but
merely a control of power flow by variation of the magnitude of the
fundamental electromagnetic torque, the MFC may be omitted in either case.

2.2.4 SOME HYBRID SYSTEMS

With reference to the groups of systems depicted in fig. 2.4, and
discussed in the previous paragraphs, possibilities for some hybrid
systems now present themselves.

During discussion of Group II machine-electronic systems it was
obvious that the systems have increasing loss with decreasing speed
(fig. 2.5h). If an EFC of Group I systems is now introduced between
the rotor and the supply of Group II, class | systems, or between the
rotor ES and the supply of class 2 systems, a possibility arises of
feeding some of the asynchronous rotor power to the supply. It proves
possible to control the power flow sufficiently by the EFC in the rotor,
s0 that the ES in either rotor or stator becomes unnecessary, There are
reasons for retaining the ES in series with the EFC in some systems,
although these reasons de not concern power flow considerations, but
considerations such as power factor and system response time. As these
considerations are not included in the present chapter, note is only
to be taken of the existence of these systems.

This leads to the hybrid GROUP IIA MACHINE-ELECTRONIC SYSTEMS of
fig. 2.4, Class | systems are derived from Group II class | or 2 by
the said elimination of the electronic switches, and class 2 systems
still retain the ES for reasons subsequently to become clear.

Examine the power flow in Group IIA hybrid systems: Let the load
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torque be constant (fig. 2.5e). Concerning power flow the two variants,
class I and class 2, will be identical. The power switches and frequency
changers are assumed to be ideal, generating no harmonics other than the
fundamental and having no dissipative power loss. Power flow is described
by relation 2.8d4. Let the speed be decreased by a factor q according to
2.8b. Relation 2.9a now describes the power flow, with:

.0
r r gn

Pie() = Fin() * Ty * T3

If the EFC is now arranged to absorb power from the rotor the possibility
arises to modify the loss characteristics as a function of speed (fig. 2.5)

r
Fa.u

’Plrnm

FIG. 2.571 LOSS CHARACTERISTICS FOR HYBRID GROUP IIA MACHINE-ELECTRONIC
SYSTEMS,

The electromechanical converter still operates in an asynchronous mode,
for the power flow across the air gap is still occuring due to induction
effects (see definition, chapter 1). It is to be noted that although an
EFC is employed, systems of Group IIA differs from Group I regarding
the influence of the power electronic circuit on the power flow. In
Group IIA systems it is employed to feed back the excess rotor power
whereas it is employed to adapt the air gap power in Group I. Since
a high efficiency is usually desired, it will be attempted to keep the
rotor dissipation as low and constant as possible over the speed range.
A brief remark on a possibility of a hybrid system in Group III
concerns simultaneous stator and rotor control by an ES. In fig. 2.4 it
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may be seen that the ES either controls the power flow in the main
path or to the field. If the field supply is taken from the main power
supply, between the ES and the MFC, a new hybrid system results, with
the said simultaneous control (fig. 2.6a).

As an illustration of all the further hybrid systems that may be
constructed from the systematics discussed, the system of fig. 2.6b
may be taken. Main power flow control is achieved by the EFC, while
vernier adjustment of speed is possible by an ES in the rotor, thus
obtaining a hybrid system Growp I-II, class 1-1. There are many more
possibilities for constructing hybrid systems, but seeing that these
systems have not been investigated during the course of this study, and
may not yet be encountered in practice, this discussion will not be
extended.
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FIG. 2.6 ILLUSTRATION OF SOME HYBRID MACHINE-ELECTRONIC SYSTEMS DE-
RIVED FROM THE FUNDAMENTAL SYSTEMS.

2.3 A MORE DETAILED INVESTIGATION OF POWER FLOW IN THE
MACHINE-ELECTRONIC SYSTEMS

The power flow equation 2.7a contains information concerning the
harmonic components. Although these components have been neglected
in the previous paragraph in order to state the control principles,
practical machine-electronic systems are influenced by their presence
to such an extent that it is necessary to take their influence into
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account., This will be done in subsequent chapters. Power flow
considerations will be necessary to develop some aspects of the theory
and will therefore be examined in more detail in the following paragraphs.
During these investigations the power electronics will be taken to
operate with negligible dissipative power loss. As these systems are all
used in variable speed drives, the power flow will be investigated for

a change in speed represented by reducing the mechanical speed by a
factor q as beore. Conditions prior to this speed change will be referred
to as nominal (n), in agreement with the previous paragraphs.

2.3.1 POWER FLOW CORSIDERATIONS FOR GROUP I SYSTEMS, CLASS 1 AND 2

If the EFC is not taken to be ideal, the stator supply contains
harmonics. Firstly assume the rotor to be excited by a direct voltage
(f; = () source having zero impedance for harmonic currents. The
fundamental torque is synchronous in nature; the harmonic torques are
asynchronous since the stator current source contains harmonics of
order Ve As indicated in appendix A2.1 the power flow becomes:

c
w s
Te(])n . ;n + E Te(v Yn E__lz__z§2§3 =
rs P
s
E' .ow + T. svrsn(- 1 vswsn
e{l)n mn e(v_ )n
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e(v_n mn
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v
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Reduction of the mechanical speed by a factor q - according to relation
2.8b - does not alter the harmonic slip s of the currents induced
into the rotor by the stator magnetic fiefas(see equation AZ.8f).

The power balance consequently becomes:

(o4

w _ s
L T . L 1 T D vswsn .
g e p g e(v_)———=F0 -
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1 T
q e(vrs) 2.11b

It is evident that the fundamental power flow is reduced by the reduction
factor of the speed when the fundamental torque is constant, as already
seen previously.

Relation A2.8f indicates that in the present case it is always valid
that

s >0 2.11e
vrs

For the following discussion it will furthermore be considered that the
converter operates in the region appreciably removed from the locked
rotor point. In general the harmonic asynchronous torques may be either
positive or negative. The stator is fed by a current source, and
consequently the maximum harmonic torques will be constant. Although
the harmonic slip now remains constant with a change in fundamental
harmonic speed, or equivalently with a change in mechanical speed, the
harmonic torques may still be subject to change, since the rotor
harmonic frequencies will be subjected to change. The expression for
the harmonic slip indicates that for the range of operation specified
by 2.1lc and 2.11d, the harmonic slip approaches unity for the higher
harmonics, so that it may be expected that the harmonic torques do not
change appreciably, and at least not by an order of magnitude.

If the argument 1is accepted that in this way the sum of the
harmonic torques remaing approximately constant, it may be concluded
that for these systems the harmonic power output also changes
approximately proportional to the change in mechanical speed. It is to
be noted that it cannot be predicted whether the individual synchronous
harmonic powers and the individual harmonic power losses will increase
or decrease with the change in mechanical speed, as it depends on the
direction of rotation of the harmonic fields in the air gap, and
consequently on the number of machine phases and the order of the
harmonic.

When the rotor of the converter has no external supply, but a short
eircutt 1is applied across the rotor electrical ports, the power
relation 2.7a becomes (see appendix A2.1)(induction machine}:

c

s
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2 :Te(v n W 2.12a
rs mn

where the fundamental torque is now asynchronous in nature, In 2.8e and
2.8f it is stated that the reduction in mechanical speed by a factor q
results in different conditions for constant slip frequency control and
constant slip control. In the first instance the harmonic slip at w
becomes: n

s + As
vrs vrsn vrs

for 2,12b
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In the second instance the harmonic slip (rel. A2.8f) s remains

constant and the fundamental frequency is reduced by thgrgpeed reduction
faetor. For the power flow under the different conditions the following
power balances may be sef up.

Constant slip frequency:
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constant slip:
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Equation 2.12¢ indicates that when the conditions for a constant
fundamental torque are fulfilled, fundamental input power decreases
less than fundamental output power due to the constant fundamental
rotor loss. When the slip is constant, the input power, rotor loss
and output power for the fundamental frequency decrease by the same
factor. Operatiom for both cases is assumed to be in the motoring/
dissipator region

s >0 2.12e

The harmonic mechanical output power inm 2.12¢c and 2.12d decreases with

the same factor as the fundamental output power when the harmonic torques
may be assumed constant and the locked rotor point is not approached.

In practice these torques will not be absolutely constant, but since

the harmonic slip approaches unity, these torques should not change
appreciably. Corresponding to the situation in the controlled synchronous
transducer, whether the individual harmonic power inputs and power losses
increases or decreases agian depends on the number of phasesand order

of the harmonics. These powers will change by the factor of speed reduction
only in the case of control with constant slip.

2.3.2 POWER FLOW CONSIDERATIONS FOR GROUP II SYSTEMS, CLASS 1 AND 2

It may be expected that the assumption of negligible harmonics in the
stator supply or the rotor supply during electronic switching is
unrealistic. A considerable difference in harmonic power flow between
class 1 and class 2 systems is found. This in contrary to the assumption
of paragraph 2.2.2 that the stator and rotor switching affects the
torque — gpeed characteristics indentically. Class 1 and class 2 systems
will now be examined in succession.

Consider a system of Group II, class 1 operating at constant angular
speed w__. The power flow is described by a relation similar to 2.12a.
Let the™Mechanical speed be reduced by a factor q as previously. The
balance becomes:
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Let the operation of the converter be in the region
sn
O<w <«<— or 1l <s <0
m p

It is assumed that operation occurs at constant load torque:

(Te(l) * :>: Te(vrs)> = (Te(l)n+ z :Te(vrs)n>
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The synchronous speeds of fundamental and harmonic rotating magnetic
fields in the air gap of the machine do not change, being respectively

syn “sn
“m(1) © 7p
and c
-1 3w
syn = 8 8N 2.13¢
myrs p

The last expression corresponds with fundamental slip
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In the case op Group I systems the approximation was used that the
higher harmonic slips approach unity. The same approximation will be
used in the present case. From 2.13b it may be seen that for the higher
harmonics the contribution of the change in mechanical speed to the
change in harmonic slip becomes negligible.

In order to comment on the change in mechanical output powers and
power losses the individual torque components should be considered. In
the next paragraph, where a review of machine-electronic systems will
be presented, it will become evident that in some systems of Group II,
class 1, current control is incorporated and as such the harmonic
frequency spectrum of the stator current may be assumed constant for
a constant value of the control parameter over the speed range. Since
a change in speed will normally entail a change in control parameter,
it cannnot be stated that the harmonic frequency spectrum will remain
constant with a change in speed. When no current control is used, the
change in harmonic content for a constant control parameter with speed
defies general description, so that for the speed change at constant
torque operation no general conclusion can be reached.

When some restrictions corresponding to practical situations are
applied, it is still possible to reach some conclusions regarding the
power flow. The system will be mostly designed so that the contributions
of the fundamental torque (2.13¢) to the output torque is an order of
magnitude larger than the contribution of the harmonic torques. The
change of the contribution of the harmonic¢ torques is now restricted
by the fact that the harmonic slip approaches unity, and is subjected
to a neglegible change by the change in speed when one applies the
same considerations as has been applied in the case of systems of
Group I in this respect. The change in harmonic dissipation will
congequently also be small.

The fundamental slip 2.9¢ is subject to a much larger change, and
as the fundamental synchronous speed remains constant, relation 2.13a
indicates that the dissipation in the rotor increases linearly with
decreasing speed at (approximately) constant fundamental torque. The
constant harmonic synchronous speeds (2.13d) also results in
approximately constant total harmonic input power.

As before no general indication can be given as to the decrease or
increase of the individual harmonic input powers, power losses and
output powers with the change in speed, as the direction of rotation
and action of torques are dependent on harmonic order and number of
machine phases.

Let the power flow in a transducer in a system of Grouwp II, clasg 2
now be investigated. The ES is in the rotor circuit, and therefore the
rotor current may be taken to contain harmonics of order v_. By combining
the relations A2.10e and A2.10g derived in appendix AZ2.1, ¥ the power
flow equation in this case may be written for nominagl operation at speed
w _ as:

mn
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Again assuming that the mechanical speed is changed according to 2,8b,
the new situation is described by:
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In fig. 2.5e¢ operation at constant torque has been taken as normative
for the investigations, Therefore

Te(l) * : : Te(vsr) T Te(l}n * ; :Te(vsr)n 2.1hc

v Y
85T ST

The general situation now differs from the situation with stator
switching with respect to the synchronous speed of the harmonic fields
arising due to the rotor switching. With stator harmonics or order v

it was possible to establish that the harmonic synchronous speed does

not fall into the region 0 < s < l. The harmonic synchronous speed in the
present case is (see relation A2.10b):
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This corresponds with a certain mechanical speed of the fundamental
machine. At this mechanical speed the fundamental slip is:

vser 1
8

R 2. l4e
o

Cr
1 - { 1) VL

This indicates that the region where the harmonic asynchronous torques
will pass through their synchronous speed may be characterised by the
following ranges for the fundamental slip, with the harmonic magnetic
fields rotating with (c_ = 2) or against {(c_ = 1) the direction of
rotation of the fundamefital rotor field: r

2.14F

It may therefore be expected that some of the harmonic induced currents
will have a synchronous speed in the motoring region of the fundamental
machine. It may then be estimated that there is a probability that the
harmonic torques change by an order of magnitude with a change in speed,
in contrast to what has been experienced in previous cases.

The fundamental slip s at low speed still follows from 2.9¢, but the
harmonic slip is described by:

@ooeP s, gs
= +
Sust Svsrn ¢, Z.14g
(~ 1) "vsuw

rnsn

Similar to class 1 systems of Group II the fundamental power loss in
the rotor will increase with a decrease in speed. If the fundamental
torque component may be assumed constant this increase will be linear
and the synchronous power flow across the air gap may be taken as
constant for this component. Examination of the terms representing
the synchronous power flow for the harmonic components indicates that
this does not hold for these components, as the ''synchronous speed"
for these components continuocusly changes.

It may therefore be concluded that no general statement concerning
the harmonic power flow can be made with the conditions known at present.
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This problem is investigated further for a simplified model in appendix
A2.15, while attention is also devoted to the case where the rotor
electrical ports are connected to a voltage supply of rotor frequency.
These problems will again receive attention in subsequent chapters.

2.3.3 POWER FLOW CONSIDERATIONS FOR GROUP III SYSTEMS, CLASS 1 AND 2

As pointed out in paragraph 2.2, the electromechanical transducer
in these systems operates conventionally as a synchronous machine
(f = 0). As such the MFC may not be considered to be ideal, and
equation 2.)la, with the successive considerations, applies to these
systems when the MFC is fed from a well-filtered source of direct
voltage. It is worthwhile to point out some problems that may arise
in these systems, but due to the limitations in the scope of the present
work they will not be treated here.

When the ES in series with the MFC gives rise to harmonic currents
of arbitrary order, it may be expected that the harmonic currents arising
due to the interaction of the two switches, and having beat frequencies
of £__ and T , may in general give rise to synchronous and asynchronous
torqués (appgggix A2.1, relation A2.5b) which may upset the power
balance and power loss in the transducer considerably. It is to be noted
that the fundamental frequency f__. varies continuously in some systems
(d.v. choppers), while the harmonic content of the switched current also
changes due to the change in waveform. Where hybrid systems of Group
I1IIA, class 1-2 are used, the rotor currents also contain these beat
effects.

2.4 A REVIEW OF MACHINE-ELECTRONIC SYSTEMS

The possibilities for a systematic classification have already been
investigated. Qut of all the possibilities the criterion of power flow
was selected, and the power flow subsequently investigated for groups
of systems. According to this power flow the different fundamental
groups of systems have been defined and the possibility of constructing
hybrid systems having additional advantages has been pointed out.

No mention about the "internal structure"” of the power-electronic
circuits (ES and EFC), their modes of operation or their interrelation
has been made. These characteristics will be extremely inportant as
far as a more detailed investigation into power flow, harmonics and
system characteristics is concerned. This will be done in subsequent
chapters.

A classification of practical machine—electronic systems may be
found in fig. 2.7. It is the intention of the figure to relate the
abstract models constructed in this chapter to practical realisable
systems. As yet no circuit detail is presented, With regard to these
systems, and those to be presented in future it may be remarked that
the representation of the power switching elements by thyristors or
mercury—arc rectifiers is in no way intended to restrict the work to
these systems. All the models examined, and still to be examined,
relate in the first instance to electronic switching, and is therefore
universally applicable. Only in second instance are the nature of the
switches taken into account. As the experimental work.concerns higher
power applications, the power electronic switching elements inevitably
have thyratron-like characteristics.
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PIG. 2.7 A CLASSIFICATION OF PRACTICAL MACHINE-ELECTRONIC SYSTEMS.
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Brief reference to the structure of machine-electronic systems of the
three fundamental groups will be made in order to be able to distinguish
the different variants,

2;&.1 GROUP I SYSTEMS: FREQUENCY CONTROL OF INDUCTION AND
SYNCHRONOUS MACHINES

The control of induction and synchronous machines over a wide
frequency range requires an adjustment of the amplitude of the output
voltage of the fundamental frequency of the inverter in order to
prevent saturation of the magnetic circuits of the electrical machine.
Of these converters or inverters a wide variety may be found in
practice; the details are the same for class 1| or class 2 systems, It
is worth pointing out the main types to be found:

First divide the circuits into two types (see fig. 2.8), depending
on the nature of the commutation employed to reduce the current through
the electronic switches in the converter to zero. Two cases will be
considered.

(1) Natural commutation: The current through the switch becomes
zero as a consequence of the circuit voltages always present in the
circuit due to either the supply system or the load.

(ii) Forced commutation: The current through the switch becomes
zero as a consequence of a voltage introduced at a certain time into
the circuit. This voltage may be in parallel or in series with the
conducting element.

In practice it is found that circuits employing natural commutation
have a series configuration (see fig. 2.81) (example: all supply-
synchronous converters or mutators) and most circuits with forced
commutation use the parallel configuration (see fig. 2.8k) (example:
d.c., choppers of the high-low type or parallel inverters).

In each of these two classes different systems may be distinguished,
depending on how the voltage-adjustment of the fundamental frequency
is carried out., It is important to distinguish between all these arts,
as each will influence the machine in a characteristic way. With regard
to the representation of the ocutput voltage waveforms in fig. 2.8 it
should be noted that these waveforms are depicted for resistive loads
of the force commutated converters. This has been done in order not to
complicate the classification by the different influences that inductive
and active effects in the machine have on the performance of the power
electronic circuits. With an electrical machine as load the waveforms
will depart from the given functions in a way determined by the internal
structure of the power—electronic circuit.

FORCED COMMUTATION CONVERTERS (fig. 2.8a, b, ¢)

The normal alternating voltage supply is first converted by a rectifier,
and when necessary passed through an intermediary energy reservoir with
inductance and/or capacitance. The direct voltage is then again converted
to the necessary m-phase, variable frequency output by the force-
commutated inverter.

Regulation of the fundamental output voltage with frequency
(approximately proportional to frequency) may be obtained by including
an autotransformer or induction regulator in either the input or the
output circuit (fig. 2.8a (1),(ii)). This technique will keep the
frequency distribution of the output voltage constant and change the
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amplitude of the peak voltages. Correspondingly the different harmonic
frequencies remain constant in relation to the fundamental harmonic. It
is also possible to adjust the intermediary direct voltage by using a
controlled mutator as first stage (fig. 2.8b)., The same considerations
as previocusly mentioned apply for the voltage harmonics at the output
(assuming that the filtering is effective).
When the output voltage is composed of a series of pulses, as

indicated in fig. 2.8c, it is possible to obtain regulation of the
output voltage by pulse-width modulation P¥m or pulse-frequecy modulation
pfm. The amplitude of the pulses remains constant. Consequently the ’
frequency spectrum relative to the fundamental output voltage will
change drastically with frequency. An advantage is the possibility of
obtaining good simulation of any desired current waveform by employing
two-level current control, with the desired waveform as the input(i r
i ). The current harmonics then reduce to a low percentage at the °

chopping frequency when appropriate freewheeling and feedback
diodes are included.

NATURAL COMMUTATION CONVERTERS

This type of converter (fig. 2.8d) may actually also be seen as a
subsynchronous mutator. By repetitive triggering of either the anti-
parallel branches for equal periods an output voltage with positive
or negative mean value may be obtained. Changing this repetitive
triggering period changes the output frequency. In the simplest system
the elements in the mutator are gated "on" during the conduction period,
the input or output voltage being regulated by means of autotransformers
or induction regulators (synchronous cyclo—converters). However, when
employing a delay of the triggering angle of each individual element to
regulate the output voltage, voltage control with frequency similar to
the methods in fig. 2.8c may be used (variable ratio asynchronous
cycloconverters (fig. 2.8d iii)). The differemce between the different
types are mostly not reflected in the circuit comfiguration - the
configuration of fig. 2.8i or 2.8] may be used for all variants basically.
The only exception is the fixed ratio asynchronous cycloconverter family,
where an extra commutating harmonic transformer is introduced in the
output.

Differences amongst the force commutated converters may further be
found in the ways in which the power switches are arransed in the forced
commutation part. Basically most of these complicated arrangements may
be broken down into a number of the centre-tapped circuits (fig. 2.8e
and 2.8g) — depending on whether d.v. source or output transformer is
centre~tapped - or the bridge~type circuits (fig. 2.8f{ and 2.8h}.

Actual commutation circuits to obtain the desired voltages are
responsible for the enormous variety of inverter circuits found in
practice. This is important to the extent that these details have to
be taken into account when calculating the influence of the switching
on the electrical machine, and oftem affect the circuit economy and
reliability.

2.4.2 GROUP II-SYSTEMS.
S8TATOR AND ROTOR CONTROL OF INDUCTION MACHINES (fig. 2.9)

Basically the stator and rotor comtrol systems may be divided
according to the frequency of operation of the switches used to
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GROUP I SYSTEMS. FREQUENCY CONTROL OF INDUCTION AND SYNCHRONOUS MACHINES.
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LEGEND TO FIG. 2.8

EFC :
M :
SM :

e an

(b) :
(c) :

d) (1) (ii):
(d) (iii):
(e), (£f):
(g)s (h)3

(i), (G):
(&), (1):

Electronic frequency changer

Induction machine

Synchronous machine

Respectively fixed supply frequency and variable
stator frequency

Filter circuit or commutation circuit

Unit for voltage adjustment, such as an induction
regulator or autotransformer

Information input for voltage and frequency variation
Instantaneous output voltage with a resistive or
inactive load, as applicable

Pulse width modulation

Pulse frequency modulation

Symbol for two level current control

D.v. source for inverter building block, centre—
tapped to give a voltage E/2 as applicable
Instantaneous voltage for parallel commutation
Instantaneous voltages for series commutation
Fundamental methods of adjusting voltages with
frequency by autotransformer, induction regulator
in input or output

Voltage adjustment by control of the input mutator
Voltage adjustment by pulse modulation of the inverter
waveform

Main methods of adjusting input or output voltages
of cycloconverters by autotransformers or induction
regulators in input or output (Fixed ratio cyclo-
converters

Voltage adjustment by ignition angle control
{Continuous ratio cycloconverters)

Principal building blocks for multiphase inverter
circuits with centre-tapped supply or with bridge
circuits

Principal building blocks for multiphase inverter
circuits with centre~tapped output transformer, or
a bridge configuration essentially similar to (f)
Principal building blocks for fixed ratio and
continuously variable cycloconverter circuits
Principal methods of commutation in forced and
naturally commutated circuits
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GROUP II SYSTEMS. STATOR AND ROTOR CONTROL OF INDUCTION MACHINES.
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LEGEND TO FIG. 2.9
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Electronic frequency changer

Electronic switch ‘

Fixed stator supply frequency

Variable rotor frequency

Rotor resistor .

Smoothing inductor

Commutation capacitor

Instantaneous part of the stator phase excitation
derived from the supply voltage, or instantaneous
part of the induced rotor voltage applied to the
shorted rotor circuit, as applicable

Pulse frequency modulation

Pulse width modulation

Symbol indicating two level current control
Instantaneous stator or rotor phase current, as
applicable.

Stator control by "high~frequency" switching
Stator control by extinction-angle variation
Stator control by ignition-angle variation

A combination of (a)(ii) and (b)(i) gives full
conduction angle control in the stator circuit
Stator control by low frequency pulse train
switching

Rotor control by ignition angle variation

Rotor control by low frequency pulse train switching

Rotor control by extinction angle variation
Combination of (¢)(i) and (d)(i) again leads to
rotor control by conduction angle variation
Rotor control by "high frequency" switching.
Rotor control by recuperation of the slip power
through a classical electronic Scherbius cascade
Rotor control by recuperation of the slip power

through a power factor compensated electronic Sherbius

cascade

Principle methods of constructing uncontrolled
mutators

Principle methods of constructing direct voltage
choppers

Principle methods of constructing controlled mutators
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influence the torque-gspeed characteristic, In both stator and rotor
circuits the following switching modes will be distinguished:

(i) Switching frequency much higher than the stator/rotor frequency,

(ii) Switching freqency equal to the stator/rotor frequency,

(iii) Switching frequency much lower than the stator/rotor frequency.

It is not usual to choose the switching frequency of the same order
as the stator/rotor frequency. In such 2 case the beat frequencies will
affect the machine-behaviour adversely, and therefore it is normally
attempted to avoid this drawback in systemsoperating with modes (i) and
(iii). Systems with switching frequency much higher than the rotor or
stator frequency have forced commutation. In order to avoid using 2 m
antiparallel switching circuits for an m~phase machine, a bridge~
rectifier circuit is inserted between the stator windings and the star
point, or the slipring voltage is first fed to a rectifier (fig. 2.9a (i)
and fig. 2.9d {(ii). The output of this rectifier is then shorted by a
forced commutation or d.v. "chopper" circuit. Analogous to the previous
example of such a pulse system in the inverter category, the stator
voltage/rotor current may be regulated by a pulse width modulation(pwm),
a pulse frequency modulation(pfm% or a two-level control of current
(i ., i ,). In none of these casgses will the harmonic components be
cogétang% It is to be noted that as scon as the high frequency switching
circuit is cascaded with a rectifier, the influence on the machine changes
as the switching character is now that of switching at rotor/stator
frequency, with the high frequency superposed. Normally it is attempted
to obtain quasi-continucus flow of current in the machine windings by
incorporation of freewheeling switching elements and impedances in the
switch. Under these conditions the behaviour approaches that of
stator/rotor frequency switching as far as the machine is concerned.
Influence of the high switching frequency on power electronic aspects
remains to the same extent as previously,

Switehing frequency equal to the stator/rotor frequency. In this
cage one may distinguish between three methods of conducting~angle
control, each with its own merits. The angle of stator/rotor
current extinction may be regulated (fig. 2.%9a (ii) and fig. 2.94 (i)),
or the angle of current ignition may be regulated (fig. 2.9b (i) and
fig. 2.9¢ (i)). In both cases of extinction control the basic circuit
configuration is the same as for the high-frequency control, The
differences in commutation will be pointed out subsequently. The
antiparallel configuration of the switching elements for the ignition
angle control is indicated in both fig. 2.9b and 2.9c. A rectifier
with switching of its output as in a and d cannot be employed as the
possibility exists that current flow will extend beyond

m+ 2
2m )

T (

The extinction angle control will tend to add capacitive influence
to the fundamental harmonic frequency, and the ignition-angle control
inductive influence. Combination of these two types (fig., 2.9a (iii)
or fig. 2.9d (iii)) leads to control of the power factor of the machine~
electronic system, and may be used for optimization in a specific
situation.
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Switehing frequency much lowver than the stator/rotor frequency. The
circuits operate with natural commutation identical to the ignition angle
control in the previous case. For both cases the circuit configurations
may be chosen identical (fig. 2.9b (ii) and 2.9¢c (ii)). This extremely
simple method of control functions by changing the on-off ratio of the
switches per switching ecycle, i.e. t. /T. The natural commutation has the
consequence that the control range i8 not continuous, but proceeds in
discrete steps determined by the fundamental frequency of the rotor/
stator.

Systems feeding back the slip power to the supply have a hybrid
nature as already stressed previously. With reference to fig. 2.4 these
" gystems consist of either a frequency changer (class 1) or an electronic
switch and a frequency changer inserted between the rotor and the
rotor supply voltage (class 2). Fig. 2.9e indicates that the frequency
changer consists of an uncontrolled and controlled mutator as rectifier
and supply synchronous inverter in cascade., When it is taken into account
that the rectifier switches at rotor frequency, and the supply synchronous
inverter at supply frequency, it may be expected that the further
hybridization of the system by including the electronic switch can only
be worthwhile when the switch operates at a frequency appreciable higher
than the rotor frequency (fig. 2.9f). These systems will exhibit
characteristics commensurate with the switching at rotor frequency.
Superposed on this influence on the rotating electromechanical converter
will be the effect of the supply synchronous inverter (mutator)and the
"high" switching frequency of the power switch.

Further diversity in systems for stator/rotor control of induction
machines at a frequency much higher than, or equal to, the stator/rotor
frequency may be found due to the forced commutation methods employed.
Some systems, especially those for extinction angle control, employ a
d.v. forced-commutator chopper at the output of a rectifier or mutator
circuit (fig. 2.9a, d). With parallel commutation this will give rise
to short—circuit currents through the diodes, and it is essential to
employ series-commutation (fig. 2.9j).

On the other hand other systems (current control) employ an impedance
in parallel to the chopper, with a large inductor to decouple the chopper
from the rectifier, and keep the current constant. In these cases a
chopper with parallel forced commutation may be used (fig. 2.9k). Further
differences that may be found in the arrangement of the rest of the
commutating circuits will be treated later (circuit details for obtaining
correct charge polarity and voltage on the commutating capacitor etc.).

2.4.3 GROUP IIT SXS?EMS: ELECTRONIC CONTROL OF D.V. MACHINES
AND FIELD CONTROL OF SYNCHRONOUS MACHINES

As indicated in fig. 2.10a, b the armature voltage or field voltage
of the d.v. machine may be controlled by an electronic converter.
This converter may be a mutator or a high-low d.v. chopper. A third
possibility may be found by combining (2) and (b) obtaining a series
machine regulated by either of these means (hybrid Group IIIA). This
type of control is extremely important for all traction purposes,.

Control of d.v. machines by mutator employs a circuit with natural
(series) commutation. The circuit configuration may be of an m—phase
neutral point form, or of m-phase bridge-form (fig. 2.9g, h, 1, m). A
freewheel-diode may be included in the output, and control of the out~
put voltage is obtained by adjustment of the current ignition angle in
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each branch (fig. 2.10e (i)). This will adjust the mean output voltage
from positive through zero to negative values. The output current is
unidirectional, indicating that the direction of power flow through the
mutator may change. It is one of the important advantages of these types
of circuits when employed in electronic armature and series control
that recuperative braking is possible.

Contrel of d.v. machines by d.v. high-low chopper uses a circuit
with forced commutation - mostly of the parallel type, as no parallel
discharge path to the element to be commutated exists. The system
may incorporate an m-phase rectifier and intermediary L-C circuit as
shown in fig. 2.10f. The methods of control possible are analogous
to all the previously discussed pulse systems: pulse-width modulation,
pulse~frequency modulation, and a combination by using a two level
current control. Recuperative braking is not possible with this system:
power flow is confined to one direction. When recuperative breaking of
the d.v. machine is desired, a low-high chopper as indicated in fig.
2,10g must be added to the system. The rectifier circuit must become
a mutator in order to absorb the reversed power flow. Fgiling this, the
L~C circuit may be replaced by a resistor to enable electrical braking,
With a d.v. source available from lead batteries in battery traction
vehicles the system becomes simpler, the rectifier/mutator and the
filter circuit being unnecessary.

Pield control of synchronous machines by either a high-low chopper
circuit or a mutator circuit is a possibility indicated in the combination
of fig. 2.10d, e and £. While the natural commutation in the mutator
circuit limits the electronic speed of response to the appropriate
part of a cycle of the a.v. feeding the circuit, the corresponding
speed of response of a high~low chopper circuit can be much higher. Id
practice circuits of the mutator type are mostly employed,

LEGEND T0 FIG. 2.10

ES : Electronic switch

SM H Synchronous machine

v : Instantaneous voltage applied to controlled tranducers

C, L : Filter circuits for d.c. current

A : Internal impedance of transducer to be controlled

E H Induced e.m.f. of transducer if applicable

(a) : Armature <ontrol of a d.v. machine with the ES in series
with the MFC

(b) : Field control of a d.v. machine with the ES and MFC
respectively on stationary and rotating members

(¢) H Hybrid control system with the ES influencing both the
armature through the MFC and the field (Series control
by electronic converter)

{d) : Field control without an MFC: excitation~control of a
synchronous machine

(e) : Principle of mutator control for (a), (b), {c) and (d)

(£) : Principle of high~low chopper control for (a), (b}, (c¢)
and (d)

(g) : Principle of recuperative control for (a) and (c)
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CHAPTER 3

A GENERAL THEORETICAL ANALYSIS OF
THE ELECTROME C H ANICAL CONVERTER
AS USED IN THE ACHINE-ELECTRONIC
S STEMS
Synopsis

In machine-electronic systems the excitation of the electromechanical
converter is determined by electronic switching in the stator or rotor.
The effect of this switching may be reduced to the action of one series
and one parallel switch per phase, both idealized. Under some constraints
regarding construction, materials and switching mode, the general problem
of an n-m phase converter switched in either stator or rotor, as used in
Group I, II or III machine-electronic systems, and having unbalanced
excitation on the different phases, is investigated. After determination
and transformation of the general excitation functions the case of a
converter switched in the stator circuit is examined further. Expressions
for the instantaneous symmetrical component transforms of all {(n-2) and
(m-2) zero torque currents and four conversion currents on the stator
and rotor respectively, are found. The instantaneous electromagnetic
torque is calculated from the expressions for the conversion currents.
Attention is given to representing the transformed voltages and currents
in an equzvalent circuit.

It is shown that the investigated model 31mp11f1es somewhat under
conditions of balanced excitation, The results are linked with the
harmonic magnetic fields rotating with and against the direction of
rotation of the fundamental magnetic field, as investigated for the
power flow problem in the previous chapter.

Two simplified models that may be applied to a range of systems from
Group II with rotor control are investigated and found suitable for
approximate calculation of system characteristics.

3.1 REPRESENTATION OF THE EFFECTS OF THE POWER ELECTRONIC CIRCUITS ON
THE EXCITATION.

If it is possible to reduce the influence of the power electronic
circuits to the action of idealized switches and known supply systems,
combining to form an excitation function, the problem may be approached
as a general gwitching problem and the solution will consequently gain
in generality.

Every “winding phase” of the electromechanical transducer will be
connected in some or other way to the power supply through a power
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electronic circuit. The construction and disposition of the windings

are for the present considered to be arbitrary. Constraints here-on

will be imposed in the following paragraph (3.2). As will be evident

from the previous chapter the different windings of an electrical

machine in any of the systems may be considered to be excited by:
(1) EFC,

(2) Es,
(3) ES in series with MFC,
(4) MFC.

In the review of machine-electronic systems in paragraph 2.4 brief
reference was made to the internal structure of the power electronic
circuits. From the internal structure of an EFC one may deduce that its
effect on the winding excitation in case (1) may be represented by a
multiphase system and switches in series and /or parallel with the
windings. In general the voltages of this equivalent multiphase system
will not be simple harmonic functions of time, but it is always possible
to express these voltages as an infinite series when the EFC operates
in the steady state. In the next paragraph (3.2) it will be evident that
the switching action is constrained in such a manner that the composite
effect of the equivalent multiphase system and the switching action on
the windings — comprising the part of the winding excitation derived
from an external supply - can be expressed as a Fourier series.

Let the excitation in case (2) be investigated. The electronic
switches have as input a known voltage from a given supply system that
may be expressed mathematically. If the switching is suitably constrained,
The same type of expression as in case (1) can be derived for the supply-
derived part of the winding excitation function.

When such an ES is in series with a MFC as in case (3) it will be
assumed that because the mechanical frequency changer generates a
"multiphase" voltage system, it is possible to represent the effect of
the ES by switches in series and/or parallel to the machine windings
fed by the said multiphase system. This results in the same situation
as in (1). The switching effects of the MFC itself may also be
incorporated in the series/parallel switch, giving the possibility to
include (4) in the description.

It therefore becomes possible to obtain a mathematical expression
for the excitation function derived from an external supply in the
case of all Group I, Group II, Group III and hybrid groups of machine-
electronic systems with steady state operation of the electronic
switching circuits, the electronic frequency changers and the mechanical
frequency changers.

The results of the present chapter may therefore be considered valid
for all machine electronic systems when the conditions of paragraph 3.2
are fulfilled. In general these results are applicable to all systems
for control of electromechanical power conversion whenever a mathematical
expression for the total excitation function can be derived, and apply
to all the switched systems for control of electromechanical power
conversion depicted in fig. 1.4, under the constraints of paragraph 3.2.

3.2 MODEL TO BE ANALYSED.

In order to compile the differential equations describing the
behaviour of the rotating electromechanical energy transducer and still
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retain a possibility of solving these equations, certain restrictions
have to be placed on the construction of the machine, the materials
utilized in this construction and the effects that will be taken into
account.

3.2.1

CONSTRUCTION: a. The electrical windings carried on the rotor
and stator of the machine are included in the magnetic circuit
in such a way that the magnetic field is not disturbed by their
presence if unexcited.

b. The windings are arranged in such a manner that
the radial component of the magnetic field in the air gap may be
represented by a simple harmonic function of the circumferential
coordinate,

¢. The machine phases on stator, rotor respectively
are all symmetrical in resistance and arrangement.

d. The structures are of double cylindrical nature,
and the air gap between rotor and stator bodies is constent,
being negligible when compared to the radius of the rotor or
stator bore.

e. No permaenent magnets are included in the
system.

3.2.2 MATERTALS USED:a. The magnetic material employed to comstruct

3.2.3

3.2.4
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the machine is of such a nature that the magnetic fluzes in the
machine are in every state univalued. (no hysteresis flux).

b. The material is free from magnetic energy loss
and has an infinite electrical resistance.

c. The magnetic material does not saturate
magnetically, and the permeability is of such an order that
compared to that of the air gap, it may be taken to approach
infinity.

EFFECTS NEGLECTED: a. Axial end effects in the stator and rotor
windings, and their influence on machine-performance are neglected.

b. The electromagnetic field energy of the
electrical machine is taken to be only determined by the magnetic
field. The influence of the electrical energy of the distributed
winding capacitances are therefore not taken into account,

THE SWITCHING AND EXCITATION:
a, It will be assumed that the n stator phases and m rotor phases
are connected to a multiphase grid [u:gL [u?g] respectively

through (n + m) electronic switching circuits. This indicates

that the stator and rotor applied voltage will not be considered
to be simple harmonic functions of time.

b. The only restrictions placed on the operation of the electronic
switching circuits are:

(i) The switching functions developed by the n, m electronic
subsystems respectively are identical for stator, rotor circuits



FIG 3.1 DIAGRAMMATIC REPRESENTATION OF N-M PHASE DOUBLE CYLINDRICAL
ROTATING ELECTROMECHANICAL ENERGY CONVERTER WITH SWITCHED
EXCITATION IN ROTOR AND STATOR CIRCUITS.
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respectively in relation to the corresponding phase relation of
the supply grid.

(i1) To a first approximation the switch characteristics are
assumed to be ideal, i.e. no voltage drop during conduction, -
infinite resistance when blocking, zero switching time and no
power loss during switching.

3.3 FORMULATION OF THE EQUATIONS

In this paragraph the equations will be given for an electro-
mechanical converter having an arrangement as described in the previous
paragraph, with n stator phases and m rotor phases. The compiled
equations are then simplified by an instantaneous symmetrical component
transformation. In order to eliminate angular dependence of the mutual
coupling terms, the equations are subjected to a complex rotating
transformation. For systems with stator control a Ku rotor-stator
transformation is employed, while for systems with rotor control it is
indicated that a Ku stator-rotor transformation is desirable. After
partitioning the equations into groups active in producing electro-
mechanical energy conversion due to mutual coupling and groups without
any contribution in the said process due to the absence of any mutual
coupling, the appropriate excitation functions are derived. Solution
of the current then allows calculation of the instantaneous electro-
magnetic torque of the n-m phase converter.

3.3.1 THE GENERAL N-M PHASE STATOR-ROTOR EQUATIONS

Keeping the previous assumptions in mind, a machine with an
n-phase stator and m-phase rotor, both with p pairs of poles, will be
considered. The transducer has n electrical stator ports, m electrical
rotor ports and one mechanical port on the rotor, The {m + n + 1)
differential equations describing its behaviour are:(®%

R o s
ss | s |
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Taking the winding symmetries in the machine into account, it may be
proved that for the vth and wth phase on either rotor or stator

LV (V) vy (k) LV wk) (v v

3.4
SS,IT $8,TT ’ 88 ,TT SS,TT

Furthermore the same considerations for the mutual inductances of the
windings lead to

IV ot oM cos p(e + 2 LT - 2T 3.5
pu pn

This will result in the simplification of equations 3.1, 3.2, 3.3 into

3.6
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where the inductance matrices have all been simplified to the following
form in which the symmetry is eirculant:
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3.3.2 REDUCTION OF THE GENERAL EQUATIONS BY AN INSTANTANEOUS SYMMETRICAL
TRANSFORMATION

It may be shown that these equations may be considerably simplified
by employing the symmetrical component complex transformation(B', as
this will lead to a diagonalisation of the parameter matrices. Under
use of the power-invariant transformation(B® ,
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the complex numbers z and z being
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This now indicates that the (n+m+!1) non-linear differential equations
have been reduced to (n+m-4) linear, independent equations that may be
solved in terms of the transformed currents and four non~linear
equations. The above parameters clearly indicate, however, that only
the four non-linear equations remaining will yield the necessary
coupling between electrical and mechanical ports. This concerns two
transformed stator currents and two transformed rotor currents, to be
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with the differential operator D = ;’i
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3.3.3 COMPLEX ROTATING ROTOR-STATOR TRANSFORMATION:

With reference to fig. 3.1 it will now be useful to regard with
some attention the nature of the systems in which the electromechanical
component is to be employed. It is extremely rare in practice to
encounter systems with simultaneous switching in rotor and stator
circuits. The switches are mostly incorporated in either rotor or
stator. In cases where switching circuits are incorporated in both
stator and rotor supply, they are usually intended for operating in a
different speed range of the machine, so that they are by design not
supposed to operate simultaneously. With switching elements incorporated
in either rotor or stator, the complementary electrical ports may be
assumed to be excited by voltages that are simple harmonic functions
of time. Capitalizing on this knowledge, when the switching elements
are contained in the stator circuits, equation 3.11 will be transformed
by the Ku~transformation—~to eliminate the angular dependence of the
mutual coupling terms-to the stator frequency. Therefore: (B

il o LIRS B o (V631 o | (Rl D) o
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The voltage equations are transformed into
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equation 3.10

From 3.10a the expression for the electromagnetic torque becomes,
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3.3.4 COMPLEX ROTATING STATOR~ROTOR TRANSFORMATION.

Complementary to the statement made in the introduction to paragraph
3.3.3, systems may also be found in which the stator circuits are excited
by a multiphase system of voltages that are simple harmonic functions of
time, and the switching elements are incorporated into the rotor. If it
is considered that the complex voltages obtained from the instantaneous
symmetrical transformation (eq. 3.9a) require the transformation of the
switching functioms, it is obvious that to avoid the additional
frequency tranformation of the switching functions, it is attractive to
transform the whole system by a complex rotating transformation to the
frequency at which the switching action is taking place, as has already
been done in the case of the stator switched systems. This same
philosophy now inspires the transformation of the equations from the
stationary reference frame of the stator to the rotating reference
frame of the rotor. Again taking eq. 3.11 as basis, the following
transformation is to be performed:
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where

The resulting transformed parameter-matrices and the voltage
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It is useful to note the transformed torque equation now as:
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When equation 3.17a is evaluated, the torque expression 3.10a for
the complex transformed stator and rotor currents becomes
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and from 3.14a it is obtained that
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By employing the characteristics of the instantaneous symmetrical
component transformation that(
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it may be shown that these two expressions are identical.

3.3.5 PARTITIONING OF THE STATOR-TRANSFORMED AND ROTOR-TRANSFORMED
EQUATIONS.

It has already been noted that after diagonalization by the
instantaneous symmetrical component transformation, the problem of
the switched n—m phase transducer has been reduced to an equivalent
two phase problem as far as the electromechanical energy conversion
is concerned. This is clearly reflected in the (n-2)stator, and (m=2)
rotor, voltage~current equations that give no indication of coupling
between rotor and stator. As there is consequently no contribution
to the electromagnetic torque to be expected from these equations,
they will be referred to as the zero equations. The remaining two
stator equations and two rotor equations represent the energy-
conversion process. Whereas the (n+m—-4) zero equations are of linear
differential form, the 4 conversion equations contain angular-
dependent terms due to the angular dependence of the inductance
terms. Although the complex rotating transformations have removed
this angular dependence, these conversion equations will contain
speed terms, and it is therefore desirable to solve them separately.

By adding the resistance and inductance matrices of 3.13a the
stator-transformed zero equations are rewritten as:
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The currents contributing to the electromagnetic torque are

contained in:
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Performing the same partitioning on the equations describing the
system under a Ku-transformation from the stator to the rotor, it

may be shown that in the equations
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so that these zero equations will not be developed further. Analogous
to the conversion equations resulting from the rotor-stator
Ku-transformation, the conversion equations resulting from the stator-
rotor Ku-transformation become:

where
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3.3.6 THE EXCITATION FUNCTIONS.

3.22a

3.22b

3.22¢

Before solution of either the zero equatioms (3.19a, 3.21a) or the
two sets of conversion equations (3.20a, 3.22a) is possible, the as
yet undefined excitation functions have to be determined.
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It was previously stated that of the two vectors E@] and
l}:] comprising the voltage excitation functions of the electro-

mechanical converter, only one set at a time will be determined by
switching. The remaining electrical ports are assumed to be excited
by a multiphase system having voltages that are simple harmomic
functions of time. As the electronic switches are for the present
analysis considered to be ideal, all voltage changes caused by
switching are instantaneous. The switching mode is taken to be
strictly periodic, with switching function:

=3

S(t) = g Su(t -tttk Tsw) - sﬁ(r. - toff+ k Tsw) 3.23
k=0

where S is the unit step function and t__and t __the times of
u on off

switching on and off respectively and Tow the period of the switching
function.

The stator or rotor electrical ports will then be excited by the
multiphase systems

n .
m 1 X . ] . x* . J—
u |= — Hlexpj(w t - x-1a ) + 07 exp~jle t - x~14 ) 3.24a
58 /5_"3% 5 g s g g
with
. n _ 2: _ 27 X X . nX 4
x: 1,2,3 m, AS = b= US = Usexp-Jes 3.24b
T r r

Rearrangement gives:
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Due to the fact that the switching is constrained to be periodic,
the voltages on the electrical machine ports that are controlled
may be expressed in a Fourier series (in an exponential form).
Taking phase "1" on the stator as normative, it is found that:

o

=](t) =L ﬁl expiv w t + ﬁl‘ex -jv w t
Ug - 5 syFPIVgYg syEEPTIV Y

v =0
s

* == -
the vs-th effective harmonic voltage component being USv in the

switched circuit. When the electromechanical transducer is fed by a

true alternating voltage system in the steady state the direct voltage
components will be assumed to be eliminated. In normal a.v. systems the
percentage of even harmonics is negligible. Switching action by power
electronic means may actually introduce even harmonics Into the excitation
function of the machine. However, as it is normally attempted to reduce
the harmonic content as much as possible, and elimination of even
harmonics may be obtained by the simple measure of a half-wave symmetric
switched excitation, only odd harmonics will be considered in the
following calculations. The number of cases where this does not apply

is very limited, while the criterion is certainly fulfilled by all the
systems to be investigated in chapters 4 and 5. Consequently it is
possible that:

v = (2h + 1),(h=0 ®}

Taking the corresponding phase shift into account for the different

o)
phases, it is possible to represent the vectors %@ as:

s
¥
—=] ] B £}
o Us 2ne1
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Taking into account the instantaneous symmetrical component
transformation, and employing relation 3.8b, the vectors
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%] are obtained, i.e.
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In the case that no switching occurs, the instantaneous symmetrical
component voltages, found from 3.8b and 3.24, will reduce to:
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> .
+ (z) i exp-_]mrt

o 1
z )m * 3.27

It is clearly to be noted that the general coefficients ax )

s
¥ 2Zh+}
are to be determined from the known product of the switching
o :
function 8(t) and the supply vector u: el and the induced
r

excitation in the x-th phase. This gives an indication under which
conditions one may expect to solve the equations by expressing the
excitation function on the controlled electrical ports of the
machine as a complex Fourier series. This will only be successful
under constraints of constant speed, and constant switching
frequency. As soon as speed chdnges are allowed it will not be
possible to express the induced voltage on the controlled ports
explicitly as a function of time.

3.3.7 GENERAL SOLUTIONS FOR STATOR AND ROTOR CURRENTS.

In multiphase electrical power systems it is universally
attempted to supply a voltage being a simple harmonic function of
time, and to observe this restriction also as far as possible for the
currents. It is therefore extremely important to know the harmonic
power drawn from the supply by electronically controlled electrical
machines. From the viewpoint of interference of machine-electronic
systems with other equipment (telecommunications for instance) and
with its own functioning, the harmonic frequency-spectra of the
currents and voltages are also important. Furthermore the electrical
machine designer prefers accurate prediction of the harmonic content
of the currents and voltages in the machine, in order to adapt the
design to the detrimental effects caused by the inevitable deviation
of the materials and construction from the ideal conditions set out
in section 3.2.

111



These arguments serve to illustrate that in the systems at present
under investigation it is important to know the Fourier-components
of current and voltage. This section will be devoted to solve for the
currents directly in terms of these components by employing the
excitation functions of the previous section.

The (n+m—4) zero equations for stator and rotor may be solved for
the steady-state currents when the input voltages are known. This can
only be done under a constraint of constant mechanical angular speed
(in spite of the absence of terms indicating a coupling between rotor
and stator in these equations), for those zero equations related to
the controlled electrical ports.

Before it is possible to obtain the currents in the case of the
4 conversion equations the inverse operational impedance matrix must
be derived. The impedance matrix for the conversion equations contains
variable elements in terms of the mechanical angular speed. In order
to be able to determine the steady-state currents as a sum of their
respective Fourier components the constraint will be applied that

de _ i
i constant N 3.28a

Therefore the speed—dependent terms of relations 3.20c and 3.22¢
become

(D * jpD8) = (D # jpu ) 3.28b

Now consider the zero currents in the circuits not related to
the controlled electrical ports. For these circuits the yth transformed
current may be found from relations 3.19, 3.2! and 3.24 as:

m
—e ] 1
i.?;’zml Z{(zs)y 2}{ i: xyexpjmst& {zs))y iz’xy*exp-jw t 3.29a
T it T T r r T £
v

where y = (1,3,4, ~ ~ =~ ﬁ-l)

-4
2% o @)% w12 exp-jo +7) 3.29b
8 S % 8 8 S S
r T rr r r
tan V] = (0 L)) 3.29¢
T I
R

(")

The zero-currents in the remaining n-2, or m~2 equations related to
the contrelled ports are then represented by:
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T
; (2h+1 w]s:L§)
tan §) =— 1Tt 3.30¢
§ el (R

T

when taking into account the above relations and relation 3.26.

To obtain the conversion currents it will be necessary to
distinguish between stator—controlled and rotor-controlled transducers.
Consider the stator-controlled transducers. From 3.20:

-1
P )< ks .. Jks
[1"] = [zt] F’] 3.31
s ; )
r T
m
Consider eq. 3.20c; from the definitions of L2 and Lg follows
n n ¥
m m
J— i pol
LZ ”Z(z ) v—lLav =Z(z )-m-l -1 13V ooy 3.32
g s ss Lss s 8
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Therefore ;
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st 0 JE@qer
[ t:Iks 0 Zep 0
zZ = ,
JIEU_IMsr (D-jpmm) 0 Z;D
0 Jlt@lusr (D+3 pmm) 0

the elements being specified by:

ZsD = (RS + LSD)
zI = R_+ L_(D¥jpw )
o r PR L™
& ks
Taking |2 , and calculating the appropriate cofactors, the
t

inverse matrix is as in. 3.34. The currents in the conversion
equations as transformed to the stator is then expressed in terms of

this operational admittance matrix, taking into account that the

stator excitation will be influenced by switching.

1 0 - Vl& sr’
ks- = ks-
ZD ZIDZD
]
k -1 0 ks+ 0
t]*® Zy
VA =
qé sr(D-mem) ZsD
L ° 2 25
rD°D rDD
0 _ %ﬂl{{sr(nﬂwm)
z* gkst
rD'D

The impedance Z§S+ is represented by
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m 2 -
%—(Msr) D(D + Jpwm)

T
PAGMIETRNE ¢ S - 3. 34b
D SD Z.;.
rD
Since
t
B = f Bdt + 6 = (u t + 6 ) 3,35

o]

from relation 3.28a, the final solutions for the stator and rotor
currents in the stator—controlled system (rotor-stator transformed)
upon expanding eq. 3.31 are:

.2
;I21 t :’t vz er 'l'tl]i t - ——
i’ = - . u_'expti(pw t + 8 ) 3.36a
s - - - r m o
zks+ Z+ st+
D rD'D

fn —,

“ 2
%,t e ZEMsr(D+dem) =0, t
r s

i Pexpri(pe £ + 8 ) = = e | g +
m ) e st+
DD
3.36b
4 2
+ 80 um’texp+j(pw t+ 8 )
— — r - m o
2+ st+
r0D

Formulation of explicit expressions is to be undertaken in the next
paragraph. The true stator and rotor currents may then be found from
the inverse transformation of 3.2%a, 3.30a, 3.36a and 3.36b if
necessary.
Now turning our attention to the equations transformed to the
rotor, an analogous expression for the conversion currents as in
the previous case is obtained.
.t kr ¢ kr . . kr
i =11z . Ju 3.37
£ £

By noting the equivalence of inductances in the relation 3.22¢
according to eq. 3.32 it is obtained that:
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¢ kr 0 sD 0 4 sr(D-jpwm)
A = 3.38a
‘/P{“A\{srn 0 Zp 0
b@%l
0 4 er 0 ZrD
with zrn = (Rr + LrD)
3.38b
z:'_ =R+ L_(D+ipw )
sD s s L™
¢ kr
From |2 and the appropriate cofactors the inverse is calculated
as: t
ZrD 0 _ !4 sr(D+mem) 0
+ _kr+ + kr+
Zsp%p Zgp?p
z J% (0-jpu)
D 4 sr m
0 B 0 - 3.39a
k -] 7" Zkr~ 7" zkr~
4t Ty sD“D sD“D
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ZEMer 0 1 0
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sD™D D
: ”n
0 - ZEMer 0 1
7~ Zkr- Zkr-
sD'D D
2 )ZD(D+ipw )
grr ), B e Wy 3.39b
D pa] + ‘
Z

sD

It is now possible to expand eq. 3.37, and to obtain the stator
and rotor currents for the rotor-controlled system (stator-rotor

transformed) as:
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it —,, —— rD et —., ———— |
i exp+3(pmmt + 60) =y Y exp+J(pmmt + 60)
7 Zkr—
sD'D
3.40a
'%EMsr(Dinmm) ;%,t
¥4 ST — m =
+ + T
7 Zkr—
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;%t ?Mer '121t -, —— ﬁr’
T V s .
i = - v Y exp+3(pmmt + 60) + + 3.40b
A Zkr=
sD'D D

Formulation of explicit expressions is to be undertaken in the next
paragraph. The rotor and stator currents may be found from the inverse
transformation of 3.29a, 3.30a and 3.40a anf 3.40b if necessary.

3.3.8 INVESTIGATION OF EXPRESSIONS FOR CURRENT AND TORQUE UNDER
CONDITIONS OF PERICDICAL SWITCHING.

Relations for the currents in terms of the excitation functions
and transformed operational winding impedances are now known. By
employing symmetry characteristics of the excitation function and
evaluating the actual transformed impedances it is possible to
obtain exact expressions for the currents, and consequently arrive at
an explicit expression for instantaneous and mean electromagnetic
torque. These calculations for the case of stator-switched electro-
mechanical transducers will now be pursued in the present paragraph.

As already stated in the course of this chapter the equations for
the electromechanical converter under control by stator switching are
all referred to the stator coordinate system. The general relations
have been obtained (3.36a and 3.36b), and will now be examined in
more detail.

From rel. 3.26 the instantaneous symmetrical component voltages
for the switched stator circuits are:

° by 1-2h+1
ﬁz,t {(ZS)x 1}

- i expj(2h+1 w_t) +
mzz s 2n+l s

Zn,t = =
[T {(zs) } 3.41a
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The rotor circuits are not switched and consequently the
instantaneous symmetrical voltage components reduce to:

It has already been noted that a characteristic of the Fortescue
transformation is that the first and second sequence ("positive"

[42:¢]
r

m

=\[ITEZ

*m,t x=]

(zr)Zx-l

| ™

xh

s 2h+l

X .
. Urexp ju t

U exp—j(2h+] mst)

. X .
+
Urexpjmrt

3.41b

and "negative" sequence) components, concerned with the conversion

equations, are complex conjugates (rel., 3.18c). Performing the
Ku-transformation on the rotor voltages and taking the complex
relationship into account, the two previous equations change to:
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s
T
3.41c
2 [E——— Pt 3 —
LR expi(Zh+l w t) + V0 exp-j{Zh+l w t)
n ® s 2h+1 s sZ2h+1 s
=22l
Y2n
x=1 h=0 Swn —_— Sxp* J—
v expj(2h+) w t) + V exp-j(2h+] w_t)
s 2h+l s s 2h+l $
N o
and
o]
u
T
em,t ks
T 3.41d
b e - - -~
SXp . 2 I
Vr epr(wSt + peo) + Vr exp J(ms 2paht peo)

DRI, e <xp* . ‘
Vr epr(ws quht peo) + Vr exp J{wst + peo)

{See appendix A3.1)

If the conversion currents in the stator are expressed as:
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gﬁ,t =2,t iZ,t 2,t ks

+ u
88 (us ) sr ( T )
hd .
n,t #n ‘n,t, m,t k
(G (i SRS Gl ¢ Wl
S8 ) $r T r

3.42a

it may be shown (see appendix A3.1) that these currents have the form:
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The components due to the rotor excitation are correspondingly
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Similarly the stator-transformed rotor conversion currents are:

iz,t ks ~2 t ks(—r ) + 2 t ks(uz,t ks

r I'S rr T )

- 3.43a
*m,t ksi |¥m,t ks =n,t m,t ks, m,t ks
r 1rs (- )+ Lre ( T )
As indicated in appendix A3.1 these currents are now to be
expressed as:
ii’t ks *P exp3(2h+l o t)+I exp-3(2h+1 w t)
n = |t 2h+l ¢ 2+l
= _l__:E : :E
Von L
. x=1 h=0],
i?’t ks ™ ___expj(Zh+l w t)+IxP _exp-j{2h+l w t)
r 2h+l S r 2h+1 B
3.43b
ixPexpjw t + ixn;xp-j(m -2pw_t)
o IT 3 rr s m
+ _J__:E :
/m
=1 o cxp*
Irrexpg(ms—zpwmt) + Irrexp—Jmst

where the complex amplitudes for the currents due to stator
excitation are:
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Correspondingly the components resulting from rotor excitation may
be given by:
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Since the components of all the instantaneous symmetrical component
currents in rotor and stator are now known, it is possible to
investigate the relation for the electromagnetic torque further for
steady state operation of the electromechanical energy transducer.
By substitution of equation 3.42b and equation 3.43b into relatiom
3.17a the instantaneous electromagnetic torque is obtained as:

(see Appendix A3.1)
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In this expression for the electromagnetic torque the products
of the different current components of relation 3.17a may be
distinguished. It may now be shown that this expression is equivalent
to the following relation in which the complex—~conjugate nature of
the positive and negative sequence current components has been taken
into account. (Refer to appendix A3.1)
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Inspection of this relation for the torque indicates that the torque
may be considered to consist of synchronous, asynchronous and
pulsating components. The pulsating components hias not been
encountered in the simplified power flow considerations of the
previous chapter. The instantaneous electromagnetic torque is now
represented by: i
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T = E TPuls ST (» 7703 v t) + z qPuls. T8 5y )
e e(2h+1) e(2h+1)
h=0 h=0
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e (2h+1)
h=1

@ @
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h=0 h=0

oo

. E :Tasyn.sr y pASYR.TS | L@syn.rs 3.44c
e{2h+1) e(1)h=0 e(l)
h=0

where all the different torque components are defined in appendix
A3.1.

If one is now interested in the mean value of the electro~
magnetic torque important for the continuous conversion of electrical
into mechanical energy, examine relation 3.44c. The pulsating
components of torque will not contribute to the mean value, and these
components appear to have a frequency of pulsation independent of
the speed of the machine. The synchronous torques will only contribute
to the mean torque at certain speeds, while the asynchronous components
are time independent, and will contribute at all speeds, barring their
synchronous speeds. From relation 3.44b consequently follows:

s 2h+l r 2h+l

n n o
Y i ™ P
T =- P—J@M 2 2 E Im{?y“ X }
e 2%¥n sr
y=1 h=0

x=1
= ¥ .
+ Im J37P I%P
8 2h+l r Zh+]
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or equivalently:
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3.4 EXAMINATION OF AN EQUIVALENT CIRCUIT REPRESENTATION.

In the previous paragraphs of this chapter a method has been
developed to calculate currents and torques in an n~m—phase rotating
electromechanical converter subjected to switching action on sets of
windings. It was found that it is possible to obtain exact expressions
for currents and torques caused by all harmonic components of the
excitation function. This general solution also covers unbalanced
conditions of excitation as far as amplitudes of the excitation
components are concerned. Investigation of the characteristics of
switched transducers found in the literature may be devided into two
main classes. Either the system is simulated on an analogue computer
(For the case of induction machines see for instancefxps,or an
attempt is made to calculate the performance in terms of the normal
equivalent, circuit of the transducer under sinusoidal excitation (for
instance(’ ). When the method developed in this chapter is valid {(that
is under steady state conditions), it is evident that simulation
with an analogue computer is in principle not necessary although it
may be considered feasible for other reasons. In order to be able to
evaluate the validity of the attempts to use the conventional
equivalent circuit, it will now be investigated to what extent it is
possible to represent the calculations in terms of equivalent circuits.
Attention will be turned to the case of a transducer subjected to
control by stator switching.

The instantaneous symmetrical component currents under the Ku
rotor-stator transformation are given in relations 3.29, 3.30, 3.36a
and 3.36b. The partitioned stator and rotor equations of relations
3.19 and 3.20 have indicated that the voltages are related to the
currents by an operational impedance matrix in each case. The diagonal
matrices with respectively (n-2) and (m-2) rows and columns may be
represented by a series of (n-2), (m-2) independent equivalent
circuits. These circuits are to be termed "operational impedance"
equivalent circuits. Correspondingly the 4 by 4 operational impedance
matrix relating the conversion currents and voltages may be represented
by a four mesh "operational impedance" equivalent circuit. All these
equivalent circuits necessary to describe the electrical behaviour of
the switched n-m phase electromechanical transducer are given in
fig. 3.2.

The transformed rotor and stator conversion currents of relations
3.362 and 3.36b are calculated by superposition , as an inspection
of relation 3.42a and 3.43a, and of appendix A3.1.1 suffices to
illustrate. These superposition componments are shown in the equivalent
circuits of fig. 3.3. It may be shown by a simple calculation that the
impedances of these circuits correspond to the appropriate elements
of the operational impedance matrix.

As soon as the transformed voltages impressed on the “operational
impedance" equivalent circuits of figs. 3.2 and 3.3 are expressed as
a known function of time, the impedance elements in the equivalent
circuits of fig. 3.4 and 3.5 are specified. With reference to the
zero equivalent circuits of fig. 3.4 and fig. 3.5 and the relations
3.30, 3.29
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=zx!

s 2h+i

=5%3
s 2h+1

3.46a

3.46b

The zero torque-currents of relations 3.30 and 3.29 may then be
calculated from the components found from the (n~2) and (m~2) stator
and rotor symmetrical component zero equivalent circuits.

Regarding the two four mesh equivalent circuits of fig. 3.4 and
fig. 3.5 for the complex amplitudes of the instantaneous symmetrical
component transforms of gtator and rotor currents due to the switched
stator voltage and due to the rotor excitation respectively, the
appropriate terminal voltages have already been defined in relations
3.41c and 3.41d. For the circuit concerning the conversion currents
in fig. 3.4(a) a simple calculation proves that for the input
impedance between terminals | and 0, the following holds:

Similarly:

resulting in calculation of

- =P
Z = Z
10 8 2h+l
. .n
yA =
20 s 2h+]

the

3.46¢

currents as in 3.42c. From the same
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also follows that

equivalent circuit it
.———-‘,nm
- }%P 12h+1 §7~ Xy %xp
s 2h+1 e 1 o
r o {Rr.2h+3 * 32h+1xr} s 2nri
2h+1 e
. R . + jZh+1X } .
or iP - { £ Zhts £y, 3.46d
sr 2h+l 5T . fnm
32h+l"Z—XM
In exactly the same way it follows that:
2h+1 o
. R o—=—m—+ j2h+1X } .
50 - { T gh+2-s L3 A 3.46e
e = 20
j 2h+]"r XM

st 2h+!

Relations 3.46d and 3.46e result in calculation of the rotor

transformed currents according to 3.43c.

From the equivalent circuit of fig. 3.5(b) a similar reasoning
leads to the calculation of the rotor and stator currents due to the
general unswitched rotor excitation as givenm in 3.42d and 3.43d.

Due to the similarity with the previous proofs this will not be
repeated. It will be considered proven that the equivalent circuits

of figures 3.4 and 3.5 represent the necessary steps for calculation
of all the complex amplitudes in the previous transformed model of the
switched machine. The case of a rotor switched, stator fed machine
has not been presented beyond the general solutions for the currents
after stator-rotor transformation (paragraph 3.3.7) and expansion in
terms of the operational impedance matrix (relations 3.40a and 3.40Db)
in the present chapter. However, a corresponding situation regarding

an equivalent circuit representation is found. Therefore the
conclusions drawn regarding validity of attempts to use the equivalent
circuit for sinusoidal excitation to estimate behaviour under switched
conditions will be considered valid for both stator and rotor switched

equivalent circuit for a multiphase induction machine

The ''normal”

machine-electronic systems. The circuits obtained for an n-m phase
machine with a short circuit applied to the m rotor electrical ports
resemble the circuits of fig. 3.4 for only the fundamental harmonic

component in rotor and stator. It should be noted that these currents,
and the voltages impressed on the equivalent circuit are not the

actual machine currents or machine terminal voltages. As the
excitation and currents are all simple harmonic functions of time,

and is in conventional practice mostly represented by "vectors" or

systems.
will be taken as example, since the further theoretical and
experimental investigations in chapters 4 and 5 will concern Group II
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"phasors", this difference is normally not in evidence. When the
machine excitation functions, and consequently the currents, contain
harmonic components, the difference becomes apparent, as the
transformations employed do not have the same influence on all
harmonic components.

This leads to the conclusion that attempts to investigate the
characteristics of a switched electromechanical converter by
applying the switched voltages to the equivalent circuit(® or by
incorporating the switches into the equivalent circuit(®® are incorrect
and may only lead to reasonable results when the percentage of harmonic
voltages in the excitation fumction is low(’’ . In a following
paragraph (3.6) some investigations into the possibility to represent
switched machines by a more simplified model than hitherto used are
to be conducted.

3.5 REMARKS REGARDING SOME SIMPLIFYING CONDITIONS IN THE INVESTIGATED
MODEL.

During the previous calculations of the characteristics of a
switched electromechanical transducer possible asymmetrical effects
of the supply systems were incorporated in the conditions of
assumption. It was furthermore assumed that all odd harmonic components
are represented in the instantaneous symmetrical component transforms
of the stator and rotor currents used to calculate the torgue. Some
simplifying conditions will now be investigated. Let the rotor
excitation in the case of a stator-switched electromechanical
transducer be examined.

The instantaneous symmetrical component transforms of the rotor
excitation functions are given in rel. 3.41d, with the elements
specified in relation A3.1b, With reference to rel. 3.24b that
specifies the different phase voltages, let

F oo gl a2 - - =0 3.47a
r T r r T
Therefore:
m
vP o= Z;ﬁ" = m.0 3.47b
r r T
x=]
and m
Vo= z :g (z )Wl § =0 3.47¢
r r r

In this balanced case the rotor excitation consequently becomes,
after transformation:
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["e2,t ks ™ . .
u, u, epr(wst+p60)
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=V 3.47e
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Let the instantaneous symmetrical component transforms of the stator
excitation functions now be examined when all phases have balanced
excitation, i.e.:

7 =g -7 -5 =7 3.48a
s Thil s Tl s Zn*l s Onel s InTl

The complex amplitude of the instantaneous symmetrical component
transforms of the positive sequence voltage is (from rel. A3.la and
rel. 3,4lc)

n

= 2 =iy :
w =T E 2 3.48b
s 2h+1 s 2h+l1
x=1
h=0,1,2,3,4, .---
It may now be shown that:
n
rs G4 11
x-1 =
:E: Zg
x=1
for all h = nk, k=0,1, 2, 3,  cenn... o

138



For all other h,

This indicates that the transforms are different from zero for harmonics
of the order

v = {2nk + 1) 3.48¢
Therefore, from relation 3.48b
w = n. T 3.48d

s 2nk+1 s 2nk+1
k=0,1, 2, 3, ~= ===

Examination of the conditions for the negative sequence component
voltage indicates that:

- - =\ n=1=2Zh+1
7 __-T __Z %(zs =) f 3.48e

s 2h+tl s 2Zh+l

when relations A3.1a and 3.41c are taken into account. In this
summation

n
n~2h+2

Z ;(‘zs ) z =n

x=1

for all h = gn-1 g=1,2,3,---- -

For all other h n

Z ;(z )n-h+2$=0

x=1
These transforms are different from zero for harmonics of order

= (2ng - 1) 3.48f

and relation 3.48e¢ is to be noted as:
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7" = n.
s 2ng=~1l 2ng~1

(=it

Again taking h as representing zero and all positive numbers

(2ok+1) = (Znh+1) ; (2ng-1) =(2nh+2n-1) 3.48g
h=0,1, 2, ece-. ®

The instantaneous symmetrical componment transforms of the stator
excitation are consequently represented by:

3ot - |7 expj (Zaht1u_t)

s s Znh+1
V2 :

Imt n=0[|T expi(Znh+In-1w t)
8 s 2nh+2n-1 8

+ ﬁ‘ __ exp~j(2nh+2n-lw_t)
s Znh+Zn-1 s
3.48h
é’ . ——
U exp~j(Znh+lw _t)
s 2nh+l s

In these expressions for the excitation function tramnsforms it has
now been indicated that in the case of balanced excitation the
harmonic spectrums of the respective terms are reduced in contrast to
the general unbalanced case where all uneven harmonics occur. During
computation this may lead to a considerable reduction in labour. It
will be found in chapter 4 that for semi~four-phase systems:

(2nh+1) = (4h+])
} 3.48i

(2nh+2n~1)E (4h+3)
Correspondingly for three phase systems:
(2nh+1) = (6h+1)

. } 3.48]
{2nh+2n-1) Z (6h+5)
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" Reference to the equivalent circuits of figs. 3.4 and 3.5 shows that
if only the conversion currents are taken into account, and the rotor
excitation is reduced to zero, the equivalent circuit of fig. 3.6 may
be set up. In this circuit it may now be shown how the electrical
effects of the series of magnetic fields rotating with and against the
stator fundamental magnetic field, as investigated in the power flow
model in appendix A2, have been separated.

For stator harmonic fields arising due to switching in the stator
the harmonic slip is rewritten from rel. A2.8f as: ’

e, -
-1 vy T 1-s
Syps = T 3.49a
NS
-0 \)S
e, = 1,2
Rs iZa{ X g I x“) ﬁ'mﬁ(x,-@ x“)
® L+ -
f“_; P
s Znhit r Inhsl

?p_
4
H im l []R " )

&=n = R mﬁ-‘i)
V s Znmignd i ki30T Xy nhednes,

n | P

s2nhs Ind r 2nh+2n-1

+ — Jr we—
2 1.1 L
s —
1 2nmeZnt (VIR x,‘)  Baba (x,v\f'-“ﬁ x,‘)

FIC, 3.6 EQUIVALENT CIRCUIT FOR THE POSITIVE AND NEGATIVE SEQUENCE
COMPONENTS OF A STATOR SWITCHED CONVERTER WITH BALANCED EX-
CITATION.
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For the harmonic fields rotating with the fundamental field a slip

v = 1+3s
S A 3.49

B8
vIs Y
38

is obtained, while the slip

v + 138

s =5 3.49c
vrs v

is associated with the fields rotating against the direction of
rotation of the fundamental field. Taking note of the fact that in
fig. 3.6

2 (Yo e femez) | B 3.494
t | 2nh+s st > 7r | 2nh+2n-s s~ :
vrs vrs

it may be seen that the equivalent circuit between terminals | and 0
clearly represents the effects of the harmonic fields rotating with
the fundamental field, while the circuit between 2 and O represents
the effects of the harmonic fields rotating against the fundamental
field,

If the case of a three phase converter is examined, rel. 3.48j
states that in combination with the above, harmonics of order 7, 13,
19, 25 etc. will rotate with, and harmonics of order 5, 11, 17, 23 etc.
will rotate against the fundamental harmonic field. This corresponds
with results to be found in the literature regarding three phase
machines (3%

In conclusion to these remarks concerning some simplifying
conditions of the assumed model, the influence of the excitation
conditions on the different torque components are to be examined.

Let the influence of the rotor excitation be examined first.

As discussed, the multiphase rotor excitation is balanced.

With reference to rel. 3.44b and 3.44c the following torque
components will be zero:

1) synchromous torques due to interaction of fields arising from
unbalanced excitation and harmonic fields

o_.*_.
n&__ jet In

on A0
v O0=I =1 =
T Ir =~ "Sr=- rT = 8T

I
Il
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2 sy (2h+T-su_t) = 0
e(2h+1)
h=0
3.50a
E yn (2hTswst) =9

e(2h+1)
h=0

2) synchronous torques due to the unbalanced excitation regarding
the fundamental harmonic stator and rotor fields

7 (280 £) =0 3.50b
8
e(l)

When the rotor excitation derived from an external supply is reduced
to zero, the torque expression will be simplified further, since the

following conditions will hold, with reference to relation 3.44b and
3.44¢c

gy — - — .
W=o =i =P = iP = iP?
T rr rr s ST

Therefore the following"pulsating"torques will disappear:
D U ey S0

e(2h+1)
h=0

3.50c

&€

E pPuls.ts (2w t) =0
e(2h+1)

h=1

The above conditions will simultaneously result in the elimination of
all asynchronous components arising from the rotor excitation

3.50d
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asyn

T =0
e(1)h=0
3.50d
pASYRLTS =
e(l)

In relation 3.48h it has been shown that in the balanced case not all
the harmonic components exist in the instantaneous symmetrical
component transforms, so that it may also be expected that the
spectrum of harmonic pulsating and asynchronous torques due to
stator-rotor interaction will be reduced in the balanced case. This
will be further investigated in the application of the theory to a
stator control system in chapter 4.

3.6 CONSIDERATION OF SOME SIMPLIFIED MODELS FOR THE THEORETICAL
ANALYSIS OF THE ELECTROMECHANICAL TRANSDUCER USED IN THE
MACHINE-ELECTRONIC SYSTEM.

Up to the present consideration has been given to a model as

general as passible for the switched electromechanical transducer.

It has been illustrated that under some constraints this model may

be applied to all machine-electronic systems discussed under Group I,
Group IT and Group III in chapter 2. Application of this model to the
analysis of a stator controlled semi-four-phase machine in chapter 4
will indicate that the computational procedures concerned can be quite
involved. By way of comparison it has therefore been decided to
develop a range of simpler models for some systems to be analysed. It
will be realized that the less general such a model is, the more it
becomes necessary to develop additional models for other systems. This
increases the amount of specialized work, and forces one to make a
selection in the presentation.

It has been selected to present some models that may be used to
analyse rotor—controlled induction machines in the present paragraph.
These models are also used in chapter 4 for actual system
investigations, and fit into the general intention of an experimental
investigation of examples from all classes of Group II and Group IIA
systems. As a basis for this simplified model the power flow
investigations of chapter 2 will be used.

In appendix 2.1.5 a simplified power flow model for systems with
rotor harmonics of order v, = 7h+1 was investigated. It will be

supposed that the most general case is investigated, i.e. the rotor
electrical ports are fed by a voltage source. From relation A2.12f
the electromagnetic torque is found as:

= ) r _of
Te() su Z : Pie2n+1)” Pin@1) 3.51a
h=0
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At a given slip it is therefore necessary to know the total rotor
dissipation and input power to calculate the mean electromagnetic
torque. Since the rotor source voltages and the rotor winding
resistances are known, it becomes a matter of obtaining the different
rotor current components.

In general it is possible to classify the rotor control systems
into two groups as far as the solution for the current is concerned.
These two alternatives are now to be examined in succession.

3.6.1 ELECTROMECHANICAL CONVERTERS WITH SWITCHING IN THE ROTOR TO
CONTROL THE CURRENT FLOW ANGLE.

In the discussion of Group II systems in paragraph 2.4.2 it was
illustrated that in some variants the angle of rotor current flow
per period is changed to achieve power flow control. In these systems
the switching rhythm is equal to twice the rotor frequency, and it
will be assumed (in accordance with appendix A2.1.5) that the stator
of the converter is fed by a "flux source" while the rotor voltage
sources are zero. This has as a consequence a constant fundamental
rotating field causing an induced e.m.f. in each phase that is a
simple harmonic function of time. Referring to fig. 3.1 it can be
seen that the effect of the stator of the machine has now been
entirely replaced by the constant rotating field. The torque is now
given by:

T = ...E._ r
Te(l) s . Z Pde(2h+l) 3.51b
h=0

The induced rotor e.m.f. in the xth phase is:
X . —
e = S'J§~Ero 51n(mrt x=1 Ar}
In the following it will now be assumed that the transducer is a

semi-four-phase machine. The voltage equations during the conduction
period in the "a" and "b" phases are:

aBb
a,b d a,b .a,b a,bli.a,b
%2%
e b i
s a,b _ T 8, =
with Ear’] = b » E-r ]
ey
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Due to the spatial arrangement of the windings of the transducer
mutual influences may be neglected, and as has been done previously
all windings are assumed to be identical. Therefore

L ,
o T
[Lg’b:l - ; [Ra’b] - 3.51d
T T

with L o the leakage inductance per phase. In order to determine the
current’it will now suffice to comsider only one phase, say phase "a",
Solution of equation 3.51c during conduction results in:

Ba
sYZ Ero
i = ———————————-gsin(m t - ¢_)=-sin(o - ¢ Jexp-(w_t = a)cot ¢ _43.52
T T2 7.2 T b T T 1
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FIG. 3.7 EQUIVALENT CIRCUIT AND WAVEFORM DEFINITIONS FOR SIMPLIFIED
MODEL OF ROTOR-SWITCHED ELECTROMECHANICAL TRANSDUCER.
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By using relation 3.51b it may now be shown (see appendix A3.3) that
the mean electromagnetic torque may be calculated from:

B 2 EZ, sin(2a - y_)-sin(26 - ¥_)* £ cosy +
Teqry = . 2
R
w?rsv_g_+ szz
R s ro
2 sin(a - ¢r)
+ —y—— (cotwrsinB + cosf)exp— Ecotwr -
cosec
T
- (cot&r sing + coso ) 3.53

At each value of the slip the known harmonic current spectrum now not
only enables one to calculate the torque, but also the power factor,
effective rotor current and supply distortion caused by the harmonic
currents. Investigation of the current flowing in the supply
necessitates relaxation of the constraint that the rotating magnetic
field is constant, and consequently introduces some errors.

3.6.2 ELECTROMECHANICAL CONVERTERS WITE SWITCHING CIRCUITS IN THE
ROTOR HAVING A CURRENT SOURCE EFFECT.

Again referring to the discussion of Group II and Group IIA systems
presented in paragraph 2.4.2, the feasibility of the model to be
investigated will be illustrated. In systems of Group IIA, class 1,
for recuperation of the slip power, a large inductance is included in
the output of the rotor rectifier (fig. 2.9). This tends to keep the
current at the output constant, and at the input to the rotor the
power electronic system acts as a current source. The same
considerations apply to systems of Group IIA, class 2. In systems of
Group 11 class 2 where switching at a frequency much higher than the
rotor frequency is used for control in the rotor circuit, a rotor
rectifier is mostly used (see fig. 2.9). Inclusion of an inductor
between the chopper and the rectifier combined with a two level
current control system results in a current source presented to the
rotor input. Any influences that commutation effects in the power
electronic circuits may have on the current harmonic distribution is
neglected for the present.

With reference to rel. 2.5b the current in the xth rotor phase is
then known as:
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X _ /— =X —_—
i = vV2 E I cos(2h+lw_t - ¢ =) 3.54
r r o011 T r 2h+1

h=0

Now it has been stated in appendix A2.1.5 that the source
connected to the rotor electrical ports supplies only fundamental
power. If the electronic switching circuits mentioned above are seen
as current sources for the rotor, the constraint of fundamental power
delivered by the rotor sources must be relaxed. The power balance for
the rotor electrical power consequently becomes:

-]

— SwS r r
Ty 5" E P -p 3.55
P de(2h+1)  in(2h+1)
h=0

From the known particulars of the electronic switching circuit the

harmonic power input p* may be considered known, as will be
in(2h+1)

evident in chapters 4 and 5. The electromagnetic torque is then

consequently found from:

-] -]

2
_ _ P L r
Te(l) sw_ 'Rr z : Ir 2h+1 Z Pin(2h+1) 3.6

h=0 h=0

It is now again possible to calculate the torque, power factor and |
effective rotor current at any point in that part of the torque-slip
plane included by the maximum torque-slip characteristic. Since the
harmonic content of the rotor current is now known, the harmonic
distortion of the stator supply current may be estimated.

Although the calculation of the harmonic currents flowing in the
stator circuit necessitates relaxation of the assumption of a
constant rotating magnetic field, no error is introduced, as the
amplitudes of the harmonics derived from the rotor current source
may in first approximation be supposed to be independent of the
induced rotor voltage wave-form.
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CHAPTER 4

THEORETICAL INVESTIGATIONS OF SOME
CHARACTERISTICS OF GROUP II AND GROUP
ITA MACHINE-ELECTRONTIC SYSTEMS

Synopsts

In this chapter the theoretical investigations are restricted to
the group of machine-electronic systems that are to be investigated
experimentally. The switching mode for each system is investigated,
and attention given to the contribution of the information-electronics
to the steady state transfer function. For the purpose of these afore-
mentioned investigations the information-electronics and power electro-
nics are idealized.

The investigations conducted comprise an example of the application
of the generalized theory for switched electromechanical transducers
as developed in the previous chapter to a stator controlled induction-
machine, and application of some simplified methods of analysis for
rotor control systems.

The stator controlled machine-electronic system belongs to Group II,
class 1 and is controlled by delay of the instant of triggering of the
electronic switches. The rotor controlled systems fall into Group II,
class 2 and Group IIA and comprise rotor control by delay of the in-
stant of triggering of the electronic switches, rotor control by delay
of the instant of current extinction of the electronic switches, an
electronic Leblanc cascade, an electronic Scherbius cascade and a
compensated electronic Scherbius cascade.

In the parallel usage of these two approaches it is attempted to re-—
flect the philosophy that the approaclies lying between these two
alternatives are mostly restricted in utility, and do not necessarily
aid insight.

It is attempted to present calculated characteristics for each sys-—
tem investigated that may subsequently be compared with the experimen-
tal results of the next chapter on Group II machine-electronic systems,

4.1 THE SYSTEMS TO BE SUBJECTED TO INVESTIGATION

In this chapter Group II and Group IIA machine-electronic systems
are to be investigated as an example of general investigations of the
characteristics of machine-electronic systems. The systems to be treated
are chosen to have as a field of application the low, medium and high
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power range of electrical drives, in order to achieve a representative

study. '

Examples of Group IT machine-electronic gystems that are to be in~
vestigated in thig chapter are:

(1) control of the stator voltage by delay of the ignition instant of
the electronic switches in the stator circuit;

(2) control of the rotor current by delay of the ignition instant of
the electronic switches in the rotor circuit;

(3) control of the rotor current by variation of the extinction in-
stant of the electronic switches in the rotor circuit; (In this
case the ignition angle will be taken as constant.)

(4) control of the rotor current by employing a chopper circuit with
a resistive load in the rotor circuit;

(5) control of the rotor current by recuperation of the slip power to
the supply system via an inverter;

(6) control of the rotor current by recuperation of the slip power to
the supply system via an inverter with power factor compensation
with an electronic chopper circuit.

It may be stated that system (1) finds its application in the low
and medium power range., Systems cited in case (2) find application
chiefly in the medium power range, with some applications in the
lower and higher ranges. An example of this type of control applied
to a Ward Leonard Ilgner set in the high power range will be given in
the experimental work. Systems of the type investigated in (3) are
novel, and have neither been investigated nor proposed previously as
far as known at present. These experiments are a direct result of the
systematic investigation indicating the feasibility and simultaneously
the lack of such types of investigations. Although it is disputable
whether the specific system investigated will be applied in practice,
the results obtained will certainly stimulate the application of similar
ideas in other systems, This will be discussed at some length later
however.

Systems with recuperation of the slip power, and consequently all
systems of Group IIA, have as a field of application the medium and
high power ranges. The systematic «lassification and investigation of
the machine~electronic systems have also indicated that the majority
of the examples known and used at present pay little attention to the
power factor and harmonics presented to the supply system. In chapter
1 it was illustrated that machine-electronics is not a new subject,
but due to the factors mentioned in chapter 1, application was res—
tricted in the past. At present the situation is changing, and the
total power capacity of the systems already installed is increasing
rapidly. This is steadily increasing the importance of the amount of
reactive power and the harmonic currents drawn from the supply. Direct
harmonic compensation has not yet been investigated for machine-elec-
tronic systems. The power factor problem stimulated the development of
systems cited in (3) and supplied the incentive to investigate com—
pensated power recuperation systems such as (6).

Up to the present no attention has been paid to the influence the
information-electronic part of the system has on the characteristics.
For the purposes of classification only the power flow in the electro-
mechanical converter was taken into account. Under a specific set of
operating conditions, when the electromechanical converter operates
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at a certain speed, delivering a specific load torque, the power fac-
tor, machine and electronic gswitch currents and harmonic components

of all the currents are not influenced by the information electronic
system as long as it has been designed to operate satisfactorily under
these conditions. However, as soon as one is interested in the charac~-
teristics for open or closed loop application of this control system,
the characteristics of the information electronics become important.
In this chapter attention will be devoted to the influence an ideal
information electronic subsystem will have on the transfer charac-
teristics of the machine-electronic system.

A word zbout the theoretical models to be used in all these
investigations is in order. In chapter 3 an extensive analysis as well
as a simplified approach were developed, Whereas the extensive analysis
may be applied to all machine~electronic systems with the correct con=~
straints, the simplified analysis was specifically investigated with
induction machines with rotor control in mind. The extensive analysis
will be applied to the systems with control of the stator voltage by
delay of the ignition angle of the electronic switches, whereas a sim-
plified approach will be used for all the rotor control systems to be
investigated. In the stator control system with ignition angle delay
the nature of the electronic switching circuit - in principle two
antiparallel thyristors - is so simple that it is not necessary to
account for their presence by a further investigation of the model.
The same considerations hold for the ignition angle delay of the rotor
current to a certain degree, In all the other systems to be investi-
gated, however, the characteristics of the electronic switches have
to be taken into account in the analysis in order to be able to find
correspondence with the experimental investigations later.

Lastly it must be remarked that to correspond with the majority of
subsequent experimental investigations,the electromechanical converter
to be used in the analysis of the present chapter will be a semi-four-
phase induction machine,

4,2 AN EXAMPLE OF GROUP IT CLASS | MACHINE-~ELECTRONIC SYSTEMS:
CONTROL OF THE STATOR VOLTAGE OF AN INDUCTION MACHINE BY VARIATION
OF THE IGNITION ANGLE.

As has been explained in the previous paragraph, attention will now
be devoted to the theoretical investigation, under the idealized con-
ditions of chapter 3, of the control of the applied stator voltage by
delay of the triggering instant of the electronic switches in the
stator circuits. The current reduces to zero during each cycle by
natural commutation, and correspondingly the switching rhythm is at
the stator frequency. By employing the complex-Fourier approach of
chapter 3, it is possible to obtain expressions for the stator currents
of a semi-four—phase induction machine.The known values of these cur-
rents as a function of the delay angle of the control system enables
one to obtain torque-speed characteristics, transfer function, har-
monic current distortion and power factor for the proposed system.
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4.2.1 INVESTIGATION OF THE SWITCHING MODE, AND DERIVATION OF THE
SWITCHING COMMANDS.

The switching function is zero up to 2 time t, after the line zero
v e . . s .
voltage condition. The different possible stable “asymmetrical con-
ditions due to triggering (8 will be examined later. It will now on-
ly be assumed that:

resulting in a LY, € ws + T 4.1

where ws is the steady state phase angle between voltage and current
in the unswitched condition.
The information for operating the switches must be derived in some
or other way from voltages related_to the system. Fundamentally there
sy s E L X = .
are three possibilities, namely, u~ , u and G . It is furthermore
o s e s, . .
also dependent on the principle cho§en for thé input unit of the in~
formation electronics subsystem. Two methods for operating this func~—
tion block present themselves. Let the applied voltage be
X i -7 &
usg = KEUSg 81n(wst x—1 a ) 4.2

and the induced voltage across the machine winding when the electromnic
switeh is nonconducting be:

X x
< < b4 = -
tY —= <t t e = e, {t, as s) 4.3
8
therefore
toe < t <t 3 =X (t, o, 8) 4.4a
¥ =% Y s s s
8 8
and _ x
b, <t<t ii’sf = u 4.4b
s Yg g
In the ideal case
X X
< <« £ - .
t.Y.._=Tr t ta u, uSg ey (t, s 8) 4.5
] s
ta < t <t u = +Ue
8 Ys e

where U_ is a small constant positive voltage drop of the order of 1
volt,

In the first instance consider that the voltage zero condition at
the input of the information—electronics subsystem is detected, and
the derivation of the triggering command related to this instant. Three
types of control will result
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FIG. 4.1(a) VOLTAGE AND CURRENT DEFINITIONS FOR A STATOR PHASE WITH
VOLTAGE CONTROL BY DELAY OF THE INSTANT OF CONTROL IGNI-
TION.

FIG. ¢4.1(b) WAVEFORM DEFINITIONS CONCERNING THE STATOR VOLTAGE CONTROL
BY DELAY OF THE IGNITION ANGLE IN THE STATOR.
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(1) Input u:g : zero conditions are detected at
Wt = he , (h=0,+1~~~~x) 4.6

If the triggering instant is now obtained by introducing a constant
delay, the operating conditions are specified by

ta = constant
or 8 4,7

{ls constant

This type of control will be referred to as "constant ignition angle
delay" or " a_ =-control™.

(ii) Imput u”. Since relation 4.1 specifies a , vy and £ zero
conditions of thé input voltage will be_detected at Sthe inStants
given by relation 4.6. However, since e may exhibit a zero voltage
condition in the interval (tas ~ ty——w), a possibility exists for in-
troducing this additional informatifn into the informatiom-electronic
subsystem input. Whereas the first zero voltage condition is specified
explicitly, the last is dependent on slip, ignition angle and opera-
ting conditions. Design of the information electronics will then need
to eliminate this second condition. The triggering angle will then al-
so be specified by relation 4,7 in this case.

(iii) Input u, . Zero voltage conditions will be detected at

w.t = Yo © hr (h=0, +1, +2 ===+ x) 4,8a

With a constant delay after the detection of the above condition,
operation is now specified by:

) = constant
ag Pl
or ’ 4.8b

Aas = (as Yg T) = constant
To this type of control will be referred as "ignition delay with con-
stant blocking angle", or " Aa_-control”.

In the second instance the angle of triggering may be determined by
integration of the system~related input voltage up to a pré-set limit.
As will be discussed later, there are various practical reasons that
impart considerable elegance to this method (see chapter 5). Again
three types of control will result:

(i) Input uzg. The operating conditions are specified by:

t
o
5
X

usg dt = constant 4.9

0

which reduces to relatiom 4.7 after evaluation with an input umit
started at t = 0,

154



With a continuously integrating input unit the conditions are:

s
f u* dt = comstant . 4.10
sg

making it unsuitable for control since the information contains no zero
voltage reference.

(ii) Input u_. With integration initiated at the zero conditionm,
the operation is constrained to:

t — t

YT a
o ode + ot (t, o , s)dt = constant
sg s g’

4,11

Ys—“
Considering the implicit dependence of e* on the operating conditions,
one is not likely to employ this method.
(iii) Inmput u,- The input voltage is nearly zero during conducting
of the switch, therefore ‘

ty -7 ta 4 o
s s S
f u dt + -[ o dt - /ex(t, o , s)dt = constant
e sg 8 [
0 t— L — . 4.12
Y 7 Y ¥

This method will suffer from the same drawbacks as the previous pro-
posed integration of the applied winding voltage.

Considerations regarding the practical execution of the systems
have confined the investigated types to constant ignition angle delay
{o_-control) and ignition delay with constant blocking angle (aq -~
conitrol). In the following paragraphs attention will be given to the
transfer functions of these two variants. As the calculation of harmo-
nic distortion, power factor or torque is general, the results do not
suffer from a limited applicability, however.

4.2.2 THE SYSTEM EQUATIONS FOR THE SEMI-FOUR PHASE INDUCTION MACHINE
WITH STATOR VOLTAGE CONTROL BY IGNITION ANGLE DELAY IN THE
ELECTRONIC SWITCHES.

4,2,2.1 Equations for the assumed model.

The general relations developed for an n-m phase induction machine
under switched excitation on the stator side will now be applied to the
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specific case of a semi~four-phase machine with the previously explained
ignition delay, switched at the stator frequency.

Consider an electromechanical transducer with four phases on rotor
and stator, corresponding voltages and currents being:

”ua r;é- _;é“ -;a
s T s T
ub ub ib ib
n s n T s LT T
u l= N L ; R o -
¢ ¢ .C .c
u u i i
s T s T
d d .d .d
u u i i
4,13
From relation 3.8a
zZ =z = ex jE
r s P (12 )

giving an instantaneous symmetrical component transformation matrix
for the Fortescue transformation:

S ——

From relations 4.13 and 4.14, in accordance with relation 4.9, it may
be ghown that under semi-balanced constraints on this system, i.e.
for

a c b d
Ug T T U 3 Uy T T
------- 4,15
.a .C .b .
17 = ~ i y io= - 1d
S 8 s s

The voltages and currents under the instantaneous symmetrical component
transformation become:
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a,i;"" 0 0 0,8
T
0,i%t 1 i u,iP
8, 8,
% %
= i 4.16
L] *
u,iz”z 0 0
%
u,i&’t i -3
%

This proves that the zero-torque voltages and currents do not occur in
the above semi-balanced four phase system, which may be represented by
its equivalent semi-four-phase system

uP ,ia’b] 4.16a
% %

It is worthwhile noting that even in the case of this semi-four-phase
system being unbalanced, the representation will be complete, and the
zero-torque equations will remain zero. In the following analysis this
representation will be employed, and will have general validity. The
semi~four-phase machine and electronic system are both represented
schematically in fig. 4.2(a). Referring to this model, the voltage-
current equations are noted as:

- - - . - W
(<3 N L .5
ug Rs + !)[.s o 'D{M“cos p%t] D{?!srcos P(wmt" 2p)} i
,
b ! n b
ug [} R8 + DL :D{M"coo p(”‘nt E)} D{H“Ws pmmt} i
...... TP U U oo I AP 90 ¥
i
LY .8
(] D(M“coa pmmr.} D{M"cos p(wt 2p) )' F’r + DLI i,
il : b
0 E{Msrcoa p(um:+ zp)} D(Msrcos pmmt} : Rr + DL: i
L J L

under assumption that the mechanical speed is constant, and equal to
.

: = = . + =
Therefore: @ wmt (80 o) FurthermorebgLs,h Lsc s Lr Lr,h + ch

4.2.2.2 Considerations concerning the exeitation functions.
Following the procedure of chapter 3, and taking the previous argu-

ments into account, the transformation matrix for the Fortescue trans—
formation now becomes
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FIG. 4.2(a) DEFINITIONS PERTAINING TO THE ANALYSED SEMI~FOUR-PHASE
INDUCTION MACHINE MODEL.
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FIG. 4.2(b) CONTROLLED INDUCTION MACHINE MODEL UNDER PARK-TRANSFORMA-
TION.
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giving
[{'{]“,c Nz Eli]a "j[u i]b ) [:: i](") -~ - 4.18b
A, A o e

With reference to figures 4.2(a), 4.3 and relations 4.3 to 4.5 the
excitation functions for the two stator phases may be expressed as:

i

Ez () §2g(t) + E:(t)

32 () Ezg(t) + ZZ(c)

The waveforms contain only odd harmonics. The switched parts of the
supply voltages are:

=3 o« - 2h"’1
Usg (t) )
1 E N p—
. "z & Usg Zhet *P 1T u t) +
usg (t) 1
W 2ht]
-3
2% JR——
+ Usg F5FT e¥P ~i(2h+] wst) 4.19b
1
with
z LA -1 S —
0 =2 107 (exp -iThy, - exp ~jZha) -

sg 2h+l —

@)™ (exp ~jTrTy, - exp -jZh+ia_ ) 4.19¢
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and

n U
Uggl =~ —%g' j&s + i(exp -jZYS - exp -j2as) 4.19d
as indicated in A4.1 along with the alternative expressions.

In order to find the full excitation function, the induced voltage
during the time interval (a_~ ¥ -7), (non-conducting period of the
electronic switches), must “be eStimated. Inspection of the expected
voltage and current relationships as a function of time (fig. 4.3)
indicates that it may be expected to find two modes of operation as
far as the determination of the induced voltage is concerned. During
the following investigation of the induced voltage phase "b" will be

taken as normative and phase "a" as complementary.

4.,2.2.3 The nature of the induced voltages during blocking periods:
two approximations,

MODE I (See fig. 4.3a,b)

During the time that the switch is nonconducting in the normative
phase, the current in the complementary phase is zero (first blocking
period) starts its conduction cycle (second blocking period), and
again reduces to zero before the normative phase again resumes its
conduction (third blocking period). For this mode therefore:

i
(as - i-) > Yo T 4.20a
?: -0 ]
fb -0 t for (ys-ﬂ) < wst < (as- 5)
s
i% = i%)
5 s for (¢ -y < t < {y - 5 - === 4,20b
LA s 2 8 s 2 :
s
Ig-o "
sb for (ys-§) < wst < o
18 =0

MODE II (See fig. 4.3c,d)

For this mode the current conduction in the complementary phase
overlaps the non-conducting period of the normative phase completely.
Therefore

Grg =1 % (o = ) -~ -=- 4.2la
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(a) Mode 1

- (b) Mode I

{¢) Mode 11

{d) Mode 11

FIG. 4.3 WAVEFORMS RELEVANT TO THE STATOR CONTROL WITH IGNITION DELAY.
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= %)
8 FT=F <w t < a - 4.21b
s s 3

i~ =0

a
8
.b
s

The induced voltage under operation according to mode I will now be
examined.

This case is treated fairly extensively in Appendix A4.2. Consider
the situation during the first blocking period. Phases "b" and "a"
both block, and the rotor currents will decay exponentially in each
phase. As no coupling(magnetic)exists between the two phases first
order equations are expécted. During the second blocking period; at
t = t,, phase "a" starts to conduct. The situation is reminiscent of
a two phase synchronous machine where a short circuit has been applied
to both rotor circuits, and the field is switched on to an arbitrary
supply. As these types of problems may mostly be simplified con-
siderably by employing a d-qtransformation fortherotor variables, the
same line of attack will be followed here, and the model of the
machine as shown in fig. 4.2(b) is obtained.

Let the direct—axis current, and voltage of the rotor circuit id
u_, and the quadrature-axis current and voltage 1q, u; of the rotdF
circuit, respectively be defined as:

i ud cos t sin t i,u?

U, pwm Pwm sU,.
| . . b
i,u sin pu t cos puw t iu

4.22

Define i%, .as the tranmsient current that will flow in the comple-
mentary phads, ("a"), during the second blocking period. Taking into
account that the current in the normative phase will be zero, and that
the rotor circuits have an external short circuit, the transformation
results in:

—Q:;“ _;s * LD Mol 0 ] r;:é~
egz 0 0 M_ D igz
0 - M_D R, +1LD p L ig 5
0 - pmer - pmer Rr + LrD - :.23

where id and 1%, refer specifically to the direct and quadrature axis
currents during “the second blocking period. Examination of relation
4.23 and fig. 4.2(b) indicates that the change in flux linkages in
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the quadrature-axis of the now obtained model a8lways represents in-
duced e.m.f. in the phase b during blocking. This suggests treating
the whole problem of determining the induced e.m.f. in the blocking
phase with this model, as may be found in the treatment of Appendix
A4.2. Considering this treatment, the induced e.m.f, in phase '"b"
during the first blocking period may now be shown to be

bi__ __"'1‘—_—- a _b -1 —
el = Msr exp -t L (1-s wSIr(t]) Ir(t]> T yeos 1-s mst

- (=5 msx‘;ctl) + 13t T;])Sin 5wt - - - = 4.24

where Ia(t } and I?(tl) are the initial values of the rotor currents
in the Fa"'and "b" phases of the semi-four-phase machine model, and
the time

S

W
8

th o= (t -

The induced e,m.f. in phase "b" during the second blocking period will
now be examined.

The characteristic equation for 4.23 may be calculated in terms of
the rotor and stator time constants and the slip as:

-1 =1 -1

-1
T T T+ 21
3.y s +TI§A2+)§r S+T:s—2m2%)\
(v} T T s

Ty + 1-5 mz
+ —1_—€ =0 - - -~ 4,25

Although this equation may be solved accurately numerically, little
information pertaining to the influence of variation of slip on the
flux linkages, and consequently the induced voltage, can be extracted
from these solutions. With finite rotor and stator time constants it
is possible to divide the slip scale into three regions, defined by the
approximations used for the characteristic equation in these regions.
If
-1

o wwz(r-z + 27

-1 -1 ——2
T
s ' r s r

y << -5 4,26a

certain coefficients of rel. 4.24 may be simplified., On the other hand,
when

-2 w-z >> l--s2 4,26b
r s

T

another approximation will arige., Defining the boundary slip as the
slip where the inequality changes to an equation, the corresponding
boundary slips will be:
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g, =1+ 0—l w’2(1‘2 + 2 T_l T-‘) } 4,26¢
fa — ] r 8 T
for the first approximation and
-1 =1
s =14+ g T 4.26d

for the second approximation, as is shown in appendix A4, It is to be
noted that in the slip range
-1 -1, {4 -1 _-1

-1 -2, -2
W (Ir + 213 T, ) T T, 4. 26e

s = +1ig
no approximation is valid, and for numerical solutiom the accurate
equation must be used.

Before attempting to formulate the dependence of the induced e.m.f,
on slip, one additional simplication will be made. If the dependence
of the relative resistive voltage drop in the stator on machine power
is investigated, it is found that its decrease is inverseley propor—
tional to more than the square~root of the relative increase in
power (83, As the stator leakage inductance decreases less, it may be
expected that the electrical stator time constant will only increase
with machine size. Neglecting the influence of the stator time con-
stant will furthermore not alter the problem fundamentally, nor change
the order of the system when the stator resistance is supposed to be
negligible, It should furthermore be noted that under conditions of
very large stator time constant, the slip range separating the two
diffé;ent approximation regions approaches minimum span. (see fig.
4:3.1

Solving 4.23 under these constraints for the quadrature axis current,
it may be shown that under first approximation the induced e.m.f. is.
represented by:

bi

. el -1
e = Msr exp -t To (w

i i
S P Iq..) cos w t"
e riii e rii e

- qi T-l Iqi

. 1"t -
o Iriji * Te Ipyj) sinugt z’
_ qi . qi oo
ws/? Irz 31n(mst + ¢2 ) 4,27a
with 2as -
t" — (t - )
and st

— 1 , e 2 2, =2 -2 2.4
{(20. l+g )Tr 3w, (1-s wg 4o T 1+6%) 4.2

-
i

and the constants as specified in appendix A4.2.
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For a given machine with given rotor time constant, the eigen~
frequency of the induced e.m.f. will be a function of the slip, and
when the slip becomes either large or small, this frequency will
approach  the mechanical angular speed, trangferred to the electrical
side, or simply the "mechanical frequency" I-sw . On the other hand,
as pointed out in appendix A4.2, when the slip approached the boundary
slip for the first approximation (i.e. the machine reduces speed in
either direction of rotation), the eigenfrequency departs from the me-
chanical frequency at a rate in excess of that at which the boundary
slip is approached. Depending on machine size (i.e. on machine resis-
tances and leakage coefficients) the eigenfrequency may become so low
that the eigenfrequency of the induced e.m.f. is transformed in a
damping term at slips closer to one.

Solution of the set 4.23 for il under the constraints of the second
approximation - slip around unityr- results in a non-oscillating ex-
pression for the induced e.m.f., as already anticipated in the above
argumentation. e now becomes:

bii -1 ii -1 ~1 ii ~1
e = =M 1 I8 exp ~t". 1+ 1 I3 exp t".r
s2 ST e= rii e e+ “riii e+
ii . ii
+u /2 13 gin(e t + ¢3Y - 4,28a
with s r2 8 2
1
-1 -1 -1 (B -1
T =41+ T e (F } - - 4.28b
e+ e - Tr EZ
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FIG. 4.3.1 SLIP-SCALE FOR ILLUSTRATION OF THE FIRST AND SECOND APPROXI-
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and t" as defined previously. It may be observed that the amplitude of
the transient component at a specific slip is now only a function of
the equivalent time constants. Slip must still be taken into account,
although it does not appear explicitly in 4,28, The constants are still
found to be slip dependent. (See appendix A4.2)

Referring to the values of the constants of the first approximation:

(13t

. and the sustained component 194
rii r2

and the second approximation:
and the sustained component Igél)

and the boundary slips, some limiting situations will now be examined,
It has been mentioned that when the stator time constant tends to very
large values, the boundary slips for both approximations become separa-—
ted by a minimum value

(oto 4.29

%fa 1,2~ %sa 1,2 =
(refer to fig. 4.3.7and to appendix A4.2).

With the rotor time constant increasing, the boundary slips move
towards the stationary condition of the machine, extending the region
where the induced e.m.f. shows an eigenoscillation. The expressions
for the first approximation may not be investigated for the limiting
condition of unity slip, however, due to the constraint of rel. 4.26a,
unless the rotoytime constant also approaches the limiting condition
of a very large’'value. This is not interesting in practice. The ex—
pressions for the first approximation will be investigated later in
this chapter for the limiting condition of extremely large rotor time
constant at a value of glip different from unity, to indicate that they
correspond with the third approximation, where all resistances will be
neglected.

The second approximation is valid as zero mechanical speed is
approached. At zero speed the values of the appropriate constants from
4,28a will be:

s T

- T Tt -t} ..

R T
T T e~ e+
4.30
2

Iqii - Te+ (te. - ) iqil (t=t.)

riii 2 ( _ N r2 2

T (=T,

qii _
Ir2 0

where the initial value of the quadrature current at the start of con-
duction in the complementary phase can be determined from relation
A4 .20a, appendix A4.2 as:
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.qi .qii 2ms_zysﬂ
w =0 : 1r2(t—t2)—1 2 — e

=t )=1 (e=t )=1° -
- (t tz) lri(t tz} Ir(t])exp T

r 2w
s

4,31

Referring this to the relation for the induced voltage (4.28a), and

taking fig. 4.2(a) and (b) ingo account, it may be deduced that in

the steady stationary state I_{t,) = 0, so that in the stationary

condition an induced voltage dcross the normative phase can only ap-—

pear when the flux linkages in the quadrature axis are still decaying

toward zero. In steady stationary condition this voltage will be zero.
During the third blocking period a similar situation as in the first

blocking period arises - only the initial conditions differ. The in-

duced e.m.f. in the normative phase is therefore of the same form as

in rel. 4.24, i.e.:

ebl =M _exp -t"' 755 0 198 - 271 19 ) cos Tosw £
s3 sT r s ri r ri s
-f 1-s w Iq¥ + T-] Iq¥. sin 1-s @ t"{ - -~ = 4,32
s ri r rii s
with Zys-w
m o _ -
e o= (e 2w )
s

As pointed out in appendix A4.2, the constants in the above expres-
sion may be determined by calculating the initial conditions either
by the first or the second approximation during the second.blocking
period. In effect this results in two expressions for e’ , which
are not investigated further, as they have the same propérties.

Reviewing the expressions obtained thus far for the induced voltage
in the normative phase, and taking the complex expressions for the
different constants into account, it may be seen that the Fourier coef-
ficients, and consequently the currents calculated according to the
methods of chapter 3, will be extremely complicated. Mostly the time
that the induced voltage has to be taken into account will be less than
a quarter period of the supply frequency, and the question arises
whether it is not feasible to investigate an approximation that assumes
the rotor time constant to be very large. This will also aid the in-
sight into the problem by simplifying the expressions. The role of the
rotor time constant can be accurately estimated by afterwards comparing
the third with the first and second approximations.

4.2.2.4 The induced voltage during blocking with all resistancesneglec—
ted.

From relation 4.29 it is evident that under the constraints that the
stator and rotor resistances are assumed zero

Sfa 1,2 ¥ S¢a 1,2 4,332

so that the difference between first and second approximations dis-
appears, while the boundary slip according to 4.26¢ and 4.26d becomes:
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The approximation

The equations for the four circuits of fig. 4.2(b) are:

aii
sl
bii
sl
t, < t <t

0

resulting in a second orde
tory solution for il

bii
t1<t<t2 : eS

4.33b

investigated therefore describes the whole slip

scale, with exception of unity slip, which isalimiting condition.

(refer to fig. 4.3.1)
Congider the first blocking pericd:

M D
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-1-s w L
s T
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[dii
rl
.qii
rl
4.34

characteristic equation, giving an oscilla-

r and ir’ consequently for the induced e.m.f.
in phase "b" from 4.34 and A4.31d

ii
1

_ .q vy a, e _ +b P
y = Merlr 1 stMsr Ir(tl)cosl sw t Ir(t])31nl swst

4,352

- It may be seen that the induced e.m.f. is proportional to the me-
chanical frequency, and that the eigenfrequency there of - as found
previously for the first approximation - now corresponds to the me=-
chanical frequency. This is concurrent with relation 4.27b.

Now consider the second bloeking period. The descriptive equations

are:
u?
s2
ebiii
s2
Eo<t<t, =
0
0

LD
s

M D
sr

-1=sw M
5 st

S——

sT

LD
r

-l=-sw L
5 r

0

M D
sr

I=sw L
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—

iaiii
s2

idiii
r2.
.qiii
i
r2

4.36

For the solutions of the characteristic equation describing this third
order system one may state categorically that the solution contains
one d.c term and two oscillating terms at the same eigenfrequency

than before (due to the positive, real nature of the coefficients),
plus a sustained supply frequency term. As proved in appendix A4.2

the d.c term as well as the sustained supply frequency term of the
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quadrature current has zero amplitude. From 4.36 and A4.34b the cor-
responding induced voltage is:
<t<t Pl _y pi

_ T a . ._<b,. O
t2 3 €go oD = 1 stMsr Ir(tl)cosl smst Ir(tl)31n| smst

4.35b

This induced voltage corresponds to that previously found for the first
blocking period, and is a continuation thereof.

As indicated in the appendix A4.2, the same equations and solutions
for the direct and quadrature-axis currents and induced e.m.f. are
found in the third blocking period. For the induced e.m.f. during the
whole blocking period it is therefore found that:
<t<t : eb N eb11 . eIS)111 biii

t 4 s sl

1

v a To5w ¢ — TP Py
= ]-s mSMSr;Ir(tl)COSl sw _t Ir(tl)51nl smst

4.35¢

A few words concerning the limiting conditions of the first approxima-—
tion of paragraph 4.2.2.3 are in order. This has already been antici-
pated in the named paragraph. The last part of appendix A4.2 indicates
what the limiting values of the quadrature current of the approxima-
tion concerned are. As remarked earlier, approximation one passes

over into approximation three (all resistance neglected) in the limit,
while the second approximation disappears (only valid at unity slip).
The limits of the equatioms calculated in A4.2 prove this statement.
Furthermore it may be seen that with the rotor resistance tending to
zero, or the rotor time constant tending to a very large value, the
coupling between the normative phase and the complementary phase due
to rotation disappears: the component of the induced e.m.f. having a
supply frequency disappears. In this state the limiting condition

also illustrates that the influence of switching the complementary
phase on and off during conduction of the normative phase disappears.
The induced e.m.f. continues its oscillation at an eigenfrequency
corresponding to the mechanical frequency, with amplitude determined
solely by the initial conditions at the instant the electronic switch
in the normative phase commences to block. Depending on the electrical
time constants of the machine circuits, these views have to be adjus-
ted according to the investigation of the previous pages.

Up to the present attention has been devoted to describing the
induced e.m.f. during the blocking period of the normative phase under
conditions where no overlapping of conduction with the complementary
phase occurs. With reference to fig. 4.3(c) and- (d) it may be seen
that during operation according to mode II the "a" phase conducts
during the entire blocking interval of phase "b". The system is again
described by the simultaneous set of rel. 4.36, although the initial
conditions in the solutions will differ from the initial conditions
for mode I. In the following investiigations it will be assumed that
the induced e.m.f. under operating conditions according to mode II may
be represented by the same type of expression as used for mode I.

Seeing that the induced voltage is now known, the expression may
be noted in its Fourier components as follews:
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as indicated along with alternative expressions in appendix A4.3. This
may now be substituted in 4.19a to obtain the complete excitation

functions for the present case.

4.2.2.5 Transformation of the complete excitation functioms.
By using relation 4.18b and 4.19a the symmetrical component stator

voltages now become:
=(+) =a =a
b .
s | 1 ] usg(t) + es(t)

Ezg(t) + 22(t)

The complete set of voltages will be:
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< fr—
[\

— pow—

=a .=b
usg(t) + Jusg(t) +

Ezg(t) - jizg(t) + 820 - jzg(t)

—

e2(6) + jan(e)

0

0

Substitution of the components from relations 4.19b and 4.37a indicates
that not all the harmonic components will exist in the instantaneous
symmetrical component voltage transforms, The relation simplifies into
an expression containing only the 4h+1 st and 4h*3 rd components as

follows:
ﬁ(*ﬂ 3@ e+ T E ) exp j(@0FTw_t)+
s sghh+1 skh+1’ ¥P ] s
oy — : (I3
+ (Usgm + 1-s ES m)&xp’_]( h+3wst)
= E 4.38a
={~) h=0 s = e P
u, 3 (Usgzg:§~+ 1-s 551315) exp 3(&h+3mst)+
+ (ﬁ’-———- + 1= %’ -3 (&n+T )
sghh+l 5 % &h+l)exP i¢ gt

In the relation the harmonic components will have the following values:

The switched supply components:

—

< . U A 4 U
Usgnet = Usg{(Aszmﬂ) * (Bszmn)Z} eXP ~30 ZheT
U
B
¢U———~ = arctan séh+1
shh+1 AU
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where cos 4hy_ - cos 4ho cos &h+2y - cos 4h+la
AU . s s _ s s
sbh+1 ™ 4h 4h+2

sin &hys - gin éhas

1
Bt T (

4h+2

sin 4h+2ys ~ sin 4h+2as
h h
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for h=0:
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The switched "induced voltage" components:
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Similarly it may be found that:
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2 214
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BEb 1 sin (4h+ —sas) - gin (5h+4-s.ys—w) .
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Before the currents can be found it must be considered that the
instantaneous symmetrical voltage-current equations are still subjec-
ted to the Ku rotor-stator transformation to relate all equations to
the stator reference frame. However, as the rotor voltages are zero,
and this transformation does not affect the stator conversion
voltages, the above expressions may be employed to calculate the
rotor and stator currents.

4.2.3 SOLUTION FOR THE MACHINE CURRENTS.

The currents now have to be solved from the set of relations 4.17.
The transformed equations, after having applied the instantaneous
symmetrical component transformation and the complex rotating rotor=-
stator transformation succesively as in chapter 3, become:

=(+)] ks 2t [ks gt ks () [ks
uS_- S 8T 15
e d = = 4.3%a
[0 :I [Zt] ks [zt ks [{ (i)]ks
rs T r

from relations 3.12 and 3.20a, with the symmetrical transformatiom as
specified in paragraph 4.2.2.2, and the complex rotating transformation

given by:
0 _]
4.39%

[exp -jpwmt
8
exp jpwmﬁJ

1=

The currents are now specified by:

. 7] [, I
i+ $(+)
§ $
#(-) =)
[i(i)]ks s s
s = = | . 4,39¢
T $(+) . s (+),ks *
‘lr exp Jpwmt 1r
() . 2 {~),ks
_lr exp Jpwmt; _lr |
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and the composite impedance matrix by:

rﬁ R +L D 0 ! M
8 s

|
[Zt]ks _ 0 R+L_D l 0

Rr+Lr(D+mem)

4.39d

while the zero torque currents all have zero amplitude, as has already

been proved earlier in this chapter.

Calculating the inverse impedance matrix, the following result is

obtained:
M D
1 0 _ ST
ks— - kg=-
ZrDZD
1
0 -
-1 ks+ 0
([%%]ks) - ZD
_ Msr(D—quh) 0 ZsD
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rD D

4,40a

4.40b
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giving the currents as:

[Egi)] ks _ [zt]ks o
r 0

Expanding:
£(+) - 1 z
s zks~ . u(+) 4.41a
D s
A = 1 Lo 4.41b
s st+ 8
D
. M__(D - jpw ) :
'(+)exp jpa, == S B, §§+> bd.ble
7~ ks-
D D
M (D + jpu) .
MG _ _ _Sr m =(=)
i exp-jpuy = ;:—-;E;r—-—— .oy 4,414
rD D

since the transformed rotor voltages of equations 3.3b are still zero.

The "positive sequence” and "negative sequence' stator currents,
being the complex conjugate of one another, will be expressed as
follows:

2(+3 . %p

s Z T el (Bhvlu e) + e 4h+1 e~ (4h+3u b
RO) h=0 T __ex @3 t) + 1P —exp-j G+ Tu_t)
s Rrats & 4h i 8

4. 42a

In these expressions the values of the harmonic components may be

found from: B - —
sp 30y v 178 By _
sth+1 é
s4h+1
L eU v T B . E )
Sl lgmr eI by i I- Is&hﬂ exp ") Y o7net
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Similarly for the 4h+3 rd terms:
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Rgmes ) * 3 Xgqms - 4R3-S
4.42b
As already remarked, the rotor excitation in the present case is zero,
and the investigations of chapter 3 now indicate that the transformed

rotor currents will be of the same frequency as the stator currents.
Therefore:

L4 . .

*(+);ks P s pp— n _
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4.43a

Analogous to the expressions for the stator currents the expressions
for the harmonic components of the rotor currents ultimately reduce
to:

.
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In all these expressions it is valid that
X =2mfL 5 X_=2mEL i X, = 2mEM 4.43d

Since the instantaneous symmetrical current transforms are now known
for both "positive sequence” and "negative sequence" currents in the
stator, the true stator phase currents may be found. From relation
4,18a it follows that:

3o 1 1 S

1
= 75 4,442

b 3 . (=)
1s(t) 3 i i

By substitution of the values of relations 4.42 and rearrangement, the
phase currents are found as:
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Expansion of the exponential functions results in the alternative
trigonometrical form

T:(t) © -s5in sin
_ mU_ — _ U_____ =U__ _
=2 E Ry (4h+‘“st ¢34h+1)*194h+3 (5“*3“ ¢ ws4h+;)
?:(t) h= cos cos
Lsin
E r— E
+ I-g I (4h+lmst—¢szgzi)+
cos
sin
=E — E
+ Ism (%+3wst.¢sm) 4.b44¢
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The instantaneous symmetrical component transforms calculated for the
rotor currents may be found from the relations 4.43, after the inverse
Ku-transformation of relation 4.39b as:
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Taking into account that

.a t(+)
1r(t) 1 1 r
- 1
4 7 . (5 4,450
i (8) =i i i

the rotor phase currents may eventually be reduced to the following
trigonometric form:
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4.2.4 THE ELECTROMAGNETIC TORQUE FOR THE IGNITION ANGLE STATOR CON~-
TROLLED INDUCTION MACHINE.

The electromagnetic torque as a function of time, and the mean
value of the electromagnetic torque, may now be evaluated when one
considers the known currents. From chapter 3 the torque of the semi-
four-phase induction machine under consideration is noted as:
v(+) 16

r

_. OIS — -
Te = Jpnsr {ls - i exp J(l suw t) exp~j (1 swst)

4.46a

By noting the expressions for the instantaneous symmetrical component
and complex rotating transforms of the stator and rotor currents res-
pectively, as represented in relationms 4.4 2 and 4.4 3, the electro~
magnetic torque may be expressed after multiplication and rearrange-
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ment as:

sp* ] - TP +p*
JIJMsr Z ( sdh+1° Ir4h+] Isl;h+]'1rloh+1 ) *

oo - i
s4h+3° r4h+3 sbh+3° "r4h+3

+ [T IP— exp j8h+huw t - %n:———-ipt———-exp -j8h+buw t
s4h+3" "rd4h+1 s s4h+3" "r4h+] s

P A )
(Iséh+l r4h+3 exp- 38h+4w t séh+]'1r4h+3 exp 38h+4wst>
or
© ® 4,46b
asyn.sr puls.sr
Te =) e, @ ) o@D b.46c
h=0 h=0

Comparison of relation 4.46c with the torque relations 3.44a and 3.44c
indicates that in the present case the only effective torque components
remaining are the asynchronous stator-rotor components for the funda-
mental frequency and all the harmonic frequencies. As the rotor is not
excited in the present case, all the rotor-stator asynchronous torques,
all the synchronous torques and rotor-stator pulsatingtorques havezeroam-
plitude. The only pulsating torque remaining is again the stator-
rotor component with a frequency equal to the sum of the corresponding
harmonic frequencies.

Taking into account the complex conjugate nature of the different
parts of the torque expression, the components may be expressed as:

asyn.sr - - 2p* *p =n +n*
Te(4h+1), (4h+3) ZPMsr(Im‘IslbhH “Leane } * Im{154h+3'1r4h+3 })
4.46d
puls.sr in .
Te(8h+4) - -ZPMsr(?n{134h+3'Ir4h+l exp 38h+4wst}
2p* 'n* A
+Ih Is4h+l rihe3 °XP 38h+4w t .b6e

Concerning the above expressions for the electromagnetic torque of the
stator controlled semi-four-phase induction machine a remark concer-
ning the currents will be made. In the relations 4.4.2 and 4.4 3 a
distinction was made between the components of the current transforms
calculated with aid of two different excitation functions. The exci-
tation function on its part was divided into a set of Fourier compo-
nents due to the supply voltage switched on to the machine windings
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and a set of components due to applying a voltage exactly equivalent
to the induced voltage, to the winding during the time that the non
linear switching circuit had disconnected the machine from the supply.
This division gave rise to the "supply-voltage components' and "in-
duced voltage compomnents'" of the current transform as referred to
above.

This division was executed with the purpose of investigating the
effect of neglecting the "induced"components in the calculations, in
order to estimate the magnitude of these effects, since they compli-
cate calculations considerably. Concurrent with this philosophy, the
torque equation 4.46b is written in terms of these two series of cur-
rent components. Taking 4.46d and 4.46e into account it may be shown
that the expression reduces to:

©

=u U [ u U
Te'zm%rz: IMMJJMMJSm@sMH]_quHJ

h=0

— =E U B U \
Lszne1 Teanei Sln@’s4h+l '“’sr4h+1}

+ 1-s TU IE sin U —
s&h+1° r4h+] Y sZheT "V sran+l

T=225F £ . @JE _E
Lstnrt Tranet 510 sZneT "V srinel

+ 1-s

_ U ) il U v
shh+3° “r4ih+3 ° s&n+3 ¥ srihes

_ —l_— '-i‘E IU . E _ U
S ‘sin+3  r4n+3 MW Znr3 TV srZnes

= E U _E
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For the continuous conversion of electromechanical energy the mean
torque must be found from relation 4.46d, and results in:

= _ asyn.sr
T, = z : e(4h+1), (4h+3) 4.46a

h=0

The above expression will now be examined in order to determine the
mean electromagnetic torque in the case of continuous current flow,
In this situation

(Ns -m = ag = WS 4.47a
From rel. 4.38e it may be seen directly that

Ea _ LEa - Eb _ zEb - _ =

Asarrt = Beanrr = it - Begner - O = Bggmen
From rel. 4.38d

Ea _ ,Ea - ,Eb - Eb - - =

Agne3 = Bames - Aqnes & Begmes 7 0 % Eggms

In 4.46a all components containing currents due to the "induced-exci-
tation function" reduce to zero. For h#0, it may be shown from 4.38b
that:

U U U U

ATt © Beznat - Ashnes - Pedme3 S 0 F

1
(=11}
1

(=]

s4h+1 s4h+3
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since 4h is an ¥ntegral multiple of 2. For h=0,

VA R
A, =0 ;3 B =1

From 4.46a it is then deduced that

= =0 U . U U
Te h 2pMsr Isl ) Irl sin 1‘Isl l;}srl) 4.47b
with the constants as defined in rel. 4.42b, Alternatively this rela-
tion may be written in terms of the parameters characterising the
normal equivalent circuit of a balanced induction-machine under sinus-

oidal excitation as:

2 Rr
T =p.2.U0, -~
e 8g §
R_R X X 2 R_X R X 2
© I‘.S~ s§Tr + I'.S_*.Sr
8 I\® %y Xy s Xy Xy

which may be shown to be equivalent to the expression of the torque
of a symmetrical balanced multiphase machine normally found in the
literature (813

4.2.5 CALCULATION OF SOME SYSTEM CHARACTERISTICS FOR THE STATOR CoN-
TROL BY VARIATION OF THE IGNITION ANGLE OF THE ELECTRONIC
SWITCHES.

In this paragraph attention is to be devoted to the calculation of
some system characteristics to indicate the application-of the theory
treated in the previous paragraphs concerning the stator—controlled
semi-four~phase machine. The torque-speed characteristics from which
the appropriate transfer function - describing change of torque with
change in ignition angle at a given speed - may be deduced, are sub-
sequently to be investigated experimentally for two variants of igni-
tion delay, i.e. o~control and Accontrol. The power factor, as well
as the effective current drawn from the supply, are important in power
applications. The same may be said of the harmonic distortion of the
supply current.

4.2.5.1 Torque-speed characteristics and transfer functions.

In the previous paragraph comment was given relating to the divi-
sion of the electromagnetic torque into a series of components due
to the "supply excitation function" and a series of components due to
the "induced excitation function”.

From relation 4.46d it may be seen that of all the terms constitu-—
ting the electromagnetic torque, those arising from an interaction
between "supply-excitation currents” and "induced-excitation currents”
contain a term proportional to speed, i.e. I-s. The terms arising from
an interaction between components of currents entirely due to the
"induced excitation function” are proportional to the square of the
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speed, or to T:EQ. This already seems to indicate that at low speeds
all the induced-excitation currents may be neglected to a good approxi-~
mation. However, one should also consider the dependence of the ampli-
tude of the coefficients of the series representing this excitation;
i.e. E VAL and E -—=, as well as their respective phase angles, on
the ° b S4h+3variation of the ignitgon anglz o and the angle
of natural commutation vy_. In order to proceed with this investigation
it will now be necessary to consider the determination of the angle of
natural commutation y_ and the initial conditions determining the in-
duced voltage conditions.

4.2.5.1.1 The angle of natural commutation and the initial conditions
for the induced-excitation function.

The stator phase currents derived in expression 4.44c may be em~
ployed to determine the angle of natural commutation when the conver-—
ter operates at low speed and the terms containing the induced e.m.f.
may be neglected. Selecting the current in phase b:
at wst = Ys

U U
s—-—éhﬂ(as,?s,s)cos 4h+1YS-¢S——4h+](as,Ys,s)

it
Lo}
m

.b
1S(wst Ys)

v U
* I mrs(agavgsslcos|bhdy —y gommla v, 8)

- 4,48a
At a given slip and a given delay angle the above equation may be
solved iteratively to obtain the angle of natural current extinction

When the "induced excitation function” is taken into account, more
equations will be necessary, as the initial conditions of the induced
voltage are still unknown. In paragraph 4.2.2.4 the initial conditions
of the induced e.m.f. of the machine in phase b was investigated.
Using the condition that

.b —
1S(wst = Ys-n) =0 4 ,48b

and the equations for the rotor currents 4.45¢, it is possible to
derive the following set of equations. (See appendix A4.4)

{XMI:U(aS,YS,s)} {T:EXMY:Ea(aS,Ys,s)~f2} {T:EXMYiEb(aS,YS,s;F 1

bU - JbE —_ bEb
{XMIr (as,ys,s)} {l—sXMYr a(as,ys,s)} {I--SXMYr (as,ys,s)-fﬁ}c E:: =
bU — bE — ,bEb bb
{ I (as,vs,s)} {l-sYs a(as,YS,S) } { 1-sY " (ag,v,,8) }J E__
4,48c
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The expressions for the infinite series Iiu(as,ys,s) H IEU(as,ys,s) 3

bU aEa bEa bEa

I (ogavgss) 3 Y o,y s8) 5 ¥ (asys8) 3 Y (a,y,8) 5
aEb bEb bEb

Yr (as,ys,s) A & (as,ys,s) and Ys (as,ys,s)

are specified in appendix A4.4. The equations now express the relation

between the angle of ignition delay a , the angle of natural commugation
. « a.a .%. . A

Ygs tgg slip s, and the initial conditions of the induced voltageE

and ES at the time when it is known that the phase current in phase

pt unﬁergoes natural commutation as specified in 4.48b. By elimination

it is now possible to obtain an expression relating only the triggering

angle, angle of current extinction and the slip of the machine to each
other:

XMI?U(aS,Ys,S) - &IEU(GS,YS,S)
T:EXMY:Eb(aS,YS,s) T:EXMYSEb(aS,YS,s)-JZ .
T:EXMYiEa(aS,YS,s)-Jz i TZEXMYEEa(aS,YS,s)
T:;XMY:Eb(as,ys,s) TZEXMYEEb(aS,YS,s}-/Z

XMIZU(GS’YS’S) _ IZU(GS’YS’S)

_ TZEXMYgEb(aS,YS,s)—JZ T:EYzEb(aS,YS,s) o
T:EXMY:Ea(as’Ys’S) _ YZEa(as’Ys’S}
T:EXMYEEb{us,YS,s)~/2 YSEb(as,ys,s} 4 isd

From the above relation it will now be possible to solve by iterative
computation at a constant value of triggering delay and slip for the
value of the extinction angle y _that satisfies the relation.

Manipulation of the same set of equations gives values for the
initial conditions of the induced e.m.f. in phase "b" as:

bU au

XMI'E (aS’YS’S) _ XMII' (aS’YS’S)
e DED e AED
1=sX Y 7 (g sy ,8)~VZ T=sX, Y " (a_,vy_,8)

E2i= XM :E s''s XM T 8" '8 4.49a
a T bE

1-sXy¥, (as’Ys'S)—gﬁ N ~SXyYr g(as’ys’s)
J— E —
ok Y2 (0 v ) ex, P,y 07
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(a 2Yg28) XMIaU(a sYg28)

Is
T——-z CHR »8) 1 sXMYaEa(uS,YS,s) -2
EDPa— — 4.49b
I-SXMYI(GS’YS’S) _ Y (as’YS’S)
— aEa bEa
]-SXMYr (as,ys,s)—/Z (a Y ,8)

In principle it may now be considered that it has been shown that the
angle of current commutation in the phases, and the initial conditions
of the induced voltage are all calculable to an arbitrary degree of
accuracy. Exact expressions have been obtained, and these have to be
solved by iteration.

4,2.5.1.2 The power factor, supply current distortion and effective
stator phase current.

In the present case it has been assumed that the supply voltage is
derived from a symmetrical semi-four-phase supply system having vol-
tages that are a simple harmonic function of time. Again selecting
the "b" phase as normative the input power will be given by:

PSb v I cosy

in sg sl 4.50a

b Ib )
sg’ sl
In terms of relations 4.38 and 4.42 the r.m.s. value of the fundamental
stator current is:

[{U gAU AT (2B gPhsED, |2 {U gBU R T Eb)} ]i

(U

= 1 sl sr s] 1 sl sr s]
Isl a 2 )1
{(Rs]) +X 1 }2
s 4.50b
The power factor of the circuit is correspondingly:
I I
P.F. = cos ¢ b <b :El = {cos( %—-¢U? - ¢Z Y. :El 4.50c
@® i’y I sl "sl7) " %
sg’ sl s s
with ¢§1 defined in 4.42b and
U . T——-(Eba Ea bb Eb)
¢g? = arctan sg U 5 E] i; EJ 4.504
U A+ T-s (B2A] )
sg sl sl sr sl

From rel. 4.44c the amplitude of the different harmonic components in
the frequency spectrum follows, leading to the following expression
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for the r.m.s, value of the stator current drawn from the supply.

oy Sl « (s + (= T+ (= o) |

4,50e

4.2,5.2 Results of the theoretical caleulations on the syastem with
stator control by ignition angle delay.

In fig. 4.3.2 some of the results of the calculations performed for
the discussed system are displayed graphically.

The following values of the parameter a have been taken for the
curves: 8

(a) and (b): (e): (d): (e), (£), (8)
la_ = 452 oo = 542 1. a = 45° 1, o= 54°
2. a3 = 54 2. 0% = 63 2, 0% = 54° 2. 0% = 72°
3. a] = 63 3. a: = 722 3. a: = 632 3. a: = 902
e O el S Bl
6. a% = 90° 6. o° = 126° 6. o = 108° 6. a® = 144°
7. a: = 992 7. a: = 144° 7. a: = 1262 5

8. «° = 108 8. o = 144

9, o® = 117° 8
10. o® = 126°

]

The calculations for these curves have been executed by neglecting the
components contributed by the "induced excitation” function. With refe-
rence to fig. 4.3 it may be seen that in fact a model is then applied
where the stator windings of the machine are short circuited during the
"blocking"period of the electronic switch, i.e, from t to t, . Com-
parison with practical results later should point out s
discrepancies.

The general tendency of the torque-speed curves may be seen from (a)
and (b) , where (b) actually represents an "expanded" form of that part
of (a) at slips smaller than the slip of maximum torque. It may be ex—
pected that at high values of slip the model will provide a reasonable
approximation to practical behaviour. The control parameter a_ may only
be decreased up to the value where o = ¢ ,Hereafter either halfwaving
will occur, or the normal uncontrolled cufrent will be drawn, depending
on the type of triggering employed.

Calculation of the effective rotor and stator current and power fac-—
tor has been done for both high and low resistance cases, but is only
presented for a low resistance in fig. 4.3.2. Here the departure of the
model with "induced excitation" components neglected from the actual si-
tuation may be appreciated. Inspect the curves for the power factor. The
fact that the power factor becomes negative at low slip indicates the
discrepancy with the true model, and is caused by the current flowing
during the short circuit period from t to ta .

It is known that Takeuchi (¥has 8 calculated the charac-
teristics of a single phase induction machine with high resistance ro-
tor by what may be termed as a special case of the general theory deve-
loped in chapter 3. He comes to the conclusion that the induced e.m.f.
may be neglected under all circumstances, but seeing the above discre-
pancy this view cannot be supported. This will be discussed further in

chapter 5.

Yg=ur
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4.2.6 REMARKS REGARDING AN EQUIVALENT CIRCUIT REPRESENTATION.

In chapter 3 some attention was devoted to representing the complex
amplitudes of the instantaneous symmetrical component transforms of
stator and rotor current in an equivalent circuit. All the harmonic
components were included in the representation, that was intended to
be general., It has been indicated in this chapter that due to the
conditions in the semi-four-phase voltage system the simplifying con-
ditions may be introduced that only the 4h+1 st and 4h+3 rd components
exist for the first terms of the "instantaneous positive sequence"
and "instantaneous negative sequence' components respectively. This
situation is represented in fig. 4.4,

In the same way as previously it may be shown that the complex am-
plitudes of the harmonic components of the instantanecus symmetrical
component transforms of the stator and rotor currents calculated from
relation 4.41a to 4.41d are represented by the equivalent circuit, In
paragraph 4.2.2 it has been indicated that no zero components of vol-
tage and current occur in the semi-four-phase system, and consequent-
ly these circuits are not found in fig. 4.4. Due to the more compli~-
cated nature of the transforms in the case of the n-—m phase trans—
ducer treated in chapter 3 the difference between the complex coeffi-
cients of the Fourier series of the phase terminal voltage and the
transformed voltages impressed on the equivalent circuit is not so
evident as in fig. 4.4, The complex conjugate nature of these vol-
tages may be noted from the said figure.

Ry ARA[X X} HBRRX, X gy R e
2 {1 . L 1}
" »
o L
sgamr T8, a5a) =] x“l
Al ezmm sl iW““""l
P e
iy —-—
s 1 o I (I
Rg [Ahed (X - Xy} JERE X - Xoy) R, :m

FIG. 4.4 BQUIVALENT CIRCUIT FOR CALCULATING THE COMPLEX AMPLITUDES OF
THE HARMONIC COMPONENTS OF THE INSTANTANEOUS SYMMETRICAL COM~-
PONENT TRANSFORMS OF ROTOR AND STATOR CURRENTS IN THE SEMI-
FOUR—-PHASE INDUCTION MACHINE.
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4,3 EXAMPLES OF GROUP I1I, CLASS 2, MACHINE-ELECTRONIC SYSTEMS AND
GROUP ITA, MACHINE-ELECTRONIC SYSTEMS.

The investigations of the previous pafagraph on a machine-electro-
nic system with conduction angle control of the stator voltage were
executed by means of the general approach developed in chapter 3. In
the same chapter it was also pointed out that some systems may be in-
vestigated with a much more simplified model. The proposed models con-—
cerned the rotor control of induction machines in particular, and re-
ferred only to characteristics of the electro-mechanical converter as
subjected to switching effects. In the present investigation these
models are extended to include the effects of the information and
power electronics associated with each particular system in the same
way as done previously for the more extended calculations on the ig-
nition angle control of the stator.

4.3.1 ROTOR CONTROL OF AN INDUCTION MACHINE BY VARIATION OF THE DELAY
OF THE INSTANT OF CURRENT IGNITION.

The first method to be investigated was classified under systems of
Group II, class 2, as may be seen by reference to fig. 2.%¢ (i). In
this type of control an antiparallel electronic switch in every rotor
phase controls the current flow angle.Natural commutation is employed,
and consequently the triggering angles of the switches are to be de-
layed. The rotor is not fed by external voltage or current sources,
and the machine operates as an asynchronous electro-mechanical conver-
ter according to the definition of chapter 1. For the purpose of the
present investigations the induced rotor voltage per phase will be
assumed a simple harmonic function of time as in the discussions of
paragraph 3,6, Before giving attention to the equations describing the
currents and torques the switching modes to be expected will be exa~-
mined.

4.3.1.1 Imvestigations of the switching modes, and derivation of the
switching commands.

It has been stated that natural commutation is employed. This re~-
sults in the maximum effective current being equal to the steady-—
state, uncontrolled current of the machine, and the switching mode
may be described by:

@€ v, € W +m) 4.51

when the phase angle between steady state current and the induced vol-
tage is described by §_. The information for operating the electronic
switches must be relatéd to the time scale of the system, and should
be derived from some or other circuit voltage. With reference to fig.
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4,5(a) it will be evident that the only external voltage available in
the present case will be the voltage across the electronic switching
elements. As will be shown in chapter 5 it proves possible to simulate
the induced rotor voltage in some or other way, so that it will be
assumed for the present that this voltage is also existing for deriva-
tion of the switching commands.

Congider the possibility to obtain an electronic delay. This will
involve a discrete counting process, or in the limit, an integration
process starting at some point in the voltage cycle. For the purpose .
of this investigation integration will be considered, and the reference
or starting point taken as the zero voltage condition. Now the actual
input voltage to the information electronic system may be integrated,
or an integration of a specific voltage to be determined by other
considerations may be initiated, both starting at the zero conditiom
of the voltage. This second voltage that may be integrated will be
chosen as a direct voltage. In both cases variation of the triggering
angle will be obtained by setting a variable level at which readout
of the integrator occurs, causing an output pulse to be delivered.

It will now in succession be examined what type of characteristics
may be expected from the information electronics when the process is
related to the system voltages by integration of the input voltage
and by integration of a constant voltage.
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FIG., 4.5 VOLTAGE, CURRENT AND WAVEFORM DEFINITIONS CONCERNING THE RO-
TOR CONTROL BY IGNITION DELAY.
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The induced e.m.f. in the rotor windings will be taken tc be represen—
ted by:

0 <t < t e}; = §/2 ErO sin(wrt't-x-l.%) 4,52a

x = 1,2

It will be taken that the voltage across the electronic switch (see
fig, 4.5a) is described by:

t:

]
fb

~1T<t<ta u
Yr r
4,52b

]

ta <t <t u, Ue
T Yr

If the input voltage to the informationm electronics is now integrated,
it may be expected to encounter the following situations when the pro—
cess is always started at a zero voltage condition:

(i) Imput voltage ei, voltage integrated: The read-out conditions are
specified by:

t .
%re V2 E .
x r0
e, dt = ———— (1 - cos a__) = constant 4.53a
T W re
0
This implies that: “re
— !
w Y
s X
a., = arc cos 1 m j e dt 3 4,53b
0

which will be constant and independent of the slip, This will be refer-
red to as rotor contrcl with constant ignition delay or as "ar - control"

(ii) Inmput voltage u_, voltage integrated: The operating conditiouns of
the electronic switches will now be specified by:

ru /Z ErO —
u, dt = =—————7—— (cos Yy T T COS aru) = constant
4,542

The angle of triggering of the electronic switch will consequently be
given by:
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8]”

(6]
£ - - 8 ’
G, = 8rCCOSS ( COS Y T ?E—E:E u, dt 4,54b

Oy
This relation indicates that the triggering angle is now also dependent
on y_ . This type of control will be referred to as constant integral
delay. A comparison of the limiting conditions of the triggering angle

as derived by rel. 4.53b and 4.54b illustrates an important difference.
The minimum value of e is

o . =D
re,min
consequently 4.55a
are,min < wr
In contrast
aru,min = ¢r 4.55b

As will be evident later in chapter 5, rel. 4.55a implies a possibili-
ty of instability, unless the ignition angle is deliberately limited
to comply with rel. 4.55b.

If the zero voltage condition of the input voltage is now detected,
and an integration of a constant voltage initiated, the following con~
ditions are found:

(i) Input voltage e._, zero voltage detection:

The zero voltage conditions are detected at

w.t = gn (g =0,1,2 =~ =~ =) 4.56a
With a constant voltage of integration, and a preset read-out level,
the delay time will be constant.

Cap = PgetS0g 4,56b
Since the delay angle is now dependent on the slip,a different type
of characteristics from the previous alternative will be obtained,and
again it may be stated that

aret,min < li}r 4.56¢c

$0 that measures to avoid instability must be taken in an operative
syatem, In the following work this type of control will be titled
rotor control with constant triggering delay time, or t _ -control.
(ii) Imput voltage u_, mero voltage detection. or

The zero voltage conditions are detected at

w t =Y+ gn (8 = 0,21,22 = = - - =) 4.57a
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As before the integration process results in a constant delay after the
times defined by rel. 4.57a, i.e.

t -t = constant = t 4.57b
o YT du

or alternatively

o = (yr *osw ty - ) 4.57¢

rut du
The delay angle is not only dependent on the slip, but also a function
of the angle of natural commutation y_. From these conditions it may

T
be deduced that

%rut,min by 4.57d
and the system will not tend to the half-waving instability encountered
in the previous case, This type of control will be referred to as ro-
tor control with constant differential triggering delay or Ata ~con-
trol. T

After having examined the different alternatives for derivation of
the switching commands it is worthwhile to devote some attention to
their practical value. The slip-dependent delay angle of the t_ =~con-
trol and the At control will prove to be an important disad-'r
vantage. From r rel. 4.56b it follows that for the t_ -control the
delay angle decreases linearly with slip, so that it % may be expec-
ted that with a low rotor resistance the system will not be useful
due to the sharp increase of the torque with slip. For the t_ -—control
rel, 4.57¢ indicates that although the extinction angle is r inclu-
ded in the relation, the same type of characteristic must be expected.

4.3.1.2 The equations describing the system.

In paragraph 3.6 it was indicated how approximate characteristics
may be calculated for rotor-controlled machine~electronic systems by
using a simplified model, In the present case the current reduces to
zero by natural commutation, and consequently the relation for the

current will be: Yo
= 8'/i-'ErD
L = ;;3:;§:?q 31n(wrt-wr) + 31n(ar-wr) exp~(wrt—ar)cot¢r
T r ro
[+
T
4.58a

where the angle of natural commutation Y, must be found iteratively
from:

sin(yr-wr) = sin(ar-¢r) exp—(yr-ar) cot wr 4.58b
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The mean electromagnetic torque calculated by means of the rotor losses
is now expressed as

2 . .
_ 2p ErO s1n(23r-wr}-81n(2Yr-$r)
T

Teﬂf " srcos¢r + - 5
T ——-+m2L2
5 S2 s rg

ZSin(ar~¢r)
B ——a i + - - i +
(cot¢r51nyr cosyr)exp grcotwr (cotxprsmar cosar)
cosec™y.

+

4.58¢

By the necessary modification the different harmonic components of the
rotor current are to be calculated from rel. A3.8a and A3.8b. The
effective rotor current is to be found from:

12 sin2(ar-wr) - sinZ(Yr-wr)

= L -
ra o« (rymop) + 2 +

- 4 sin b 31n(ar—¢r) (51nar-sxnyr exp-arcotwf)

cosZ(ar—wr)-l
W (expf2£r C()tklli_'l) 4,58d

For calculations of the thermal effects in the semiconductor switches
the mean current is just as important as the effective -current, This
mean current is found from:

- /21 sin(azy )
Ir(x mean = T cos(ar-\t}r)—cos(y;tbr} * cotwr (exp—-é;rcotzbr—l)

4,58

The rotor current contains harmonics, and the power factor of the sys—
tem will differ from the power factor at which fundamental harmonic
power is delivered to the circuit. From the definition of power factor
for the case of fundamental and harmonic powers it follows that:

[t ]

rla cos ¢ 4,58f

r(erlr])

(®.F)_ =2

ra
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4.3.1.3 Caleulation of some system characteristics,

Fig. 4.6 indicates some calculations performed on an a_-control sys-
tem with the simplified model. The values of the control parameter are
ag indicated in the figure, while the calculation has been performed
for the case of a high resistance rotor and a low resistance rotor.

Before numerical calculation can be carried out, the question arises
what values to assign to the resistance and leakage inductance of the
model. In the present case it has been stated that the "constant flux"
model postulated in chapter 3 is also valid in the uncontrolled case.
Consequently these values are defined in relation to the measured
torque-speed curve of the machine to be used under uncontrolled con-
ditions. This leads to values of

E = 39V
R = 0.9950/phase
Lro = 14,4 mi/phase

The case of a high resistance rotor was investigated by adding an ex-
ternal resistor of 3Q/phase.

Examining the curves for the torque as a function of speed and con-
trol parameter, it is evident that the controlled operation at a cer-

tain ¢ is only possible up to

Oy = Uy

as found analogously for the stator ignition-angle control system. It
may be seen how this effect is also found in the region of slip smaller
than the slip of maximum torque. It does not appear that the slip of
maximum torque shows such an unpleasant dependence upon control para-
meter as with the systems having t_ ~control or At -control. This

: P o o
wil]l later be verified, T T
experimentally.

That the current is decreased in the higher resistance case may be
seen from a comparison of figures (b) and (f), while it is also imme=-
diately obvious how the power factor of the controlled high-resistance
machine is improved.

As may be expected the harmonic content of the rotor current will
decrease due to the harmonic content and according to the theoretical
expressions it should always be lower than the cosine of the phase
angle between induced rotor e.m.f. and fundamental phase current.

This is illustrated in fig. 4.6{(¢) and (d) or (g) and (h). The increase
in harmonic content of the rotor current with a decrease in slip is also
evident., This reduces the power factor in the same sense.
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FIG. 4.6 EXAMPLES OF SOME CALCULATED CHARACTERISTICS FOR A MACHINE-
E’LE‘CTROIVIC SYSTEM WITH o ~CONTROL.
0°+); -120 (-); 59 (0); = 90 fa); = 81 (x); = 72°(%);
(V); = 580 8); = 4500¢); = 30°(%); = 20°(+).
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4.3.2 ROTOR CONTROL OF AN INDUCTION MACHINE BY VARIATION OF THE INSTANT
OF CURRENT EXTINCTION.

In the classification system developed the method to be described
in this paragraph was classified under systems of group II, class 2.

It is basically represented in fig. 2.9d (i). Further detail regarding
the power electronic circuits will be represented in chapter 5, part

I. It was previously stated that this type of control was suggested

as a logical augmentation of the already existing rotor control methods
discerned in the classification system. Due to the matural commutation
employed in the system for control of the rotor current by variation

of the ignition instant the power factor is low. In contrast it may be
suggested to keep the instant of "switching on" constant, and vary the
instant of "switching off". This should improve the power factor over
the whole range of operating conditions. It will later be evident that
other improvements of performance are simultaneously introduced. It
should be realized, however, that the system complexity is considerably
increased by the forced commutation.

Similar to the systems with variation of the instant of triggering,
the present investigations concern an electromechanical converter with
short-circuited rotor. Applying the definition of chapter 1, it is evi-~
dent that the machine will operate as an asynchronous converter. The
assumprion that the induced rotor e.m.f. is a simple harmonic function
of time remains valid.

It has been stressed in chapter 2, that an advantage of a classifi-
cation system is that the possible combinations of ideas become clearer.
In the present case this may for instance be illustrated by variation
of both the instant of triggering and the instant of extinction. If
the current flow angle is kept constant, the current conduction may be
timed to optimize some or other system characteristic, as for instance
minimize harmonic generation, minimize current, or maximize power fac-
tor. The last case will be investigated as an extension of the system
with extinction angle control.

4.3.2.1 Specification of the switching mode, and derivation of the
switching commands.

As specified the conduction of the electronic switch is initiated
at the zero voltage condition of the induced e.m.f., and the current
is reduced to zero by forced commutation at a variable instant. This
forced commutation process cannot be expected to occur instantaneously,
since the model assumed for these calculations (see paragraph 3.6)
includes the leakage inductance of the machine phases. Consequently
the time taken for switching off is determined by the allowable circuit
voltages. For the present it will be assumed that this commutation
time

B
t T <<

com

4.59%a

N

f
r

and consequently the contribution of the rotor current flowing during
this time to the system characteristics (torque, power factor, effec-—
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tive current etc.) will be neglected. The calculations will be performed
as if the rotor phase current reduces to zero at the instant of commu-
‘tation. Consequently the following specifications for the switching
mode will be used:

a =0

T
0 < Br g 4.59b
0 <« ir g7

Assuming a simulated induced rotor e.m.f. to be still available, rela-
tion 4.52a remains valid. Taking the voltage across the electronic
switch to be described by:

0 <t < tS u =1

r

4.59¢

t. < t <t u_ = e
T

By

the two alternatives of either integrating the actual input voltage to
the information electronics, or detecting the zero voltage condition
will again be considered. The following alternatives then receive
attention. @

(1) Input voltage € voltage integrated:

Therefore:
t
re /'E
X _ 0
e dt = —— (1 - cos B_ ) = constant 4 .60a
T wg re
0

The extinction angle will be constant, and independent of slip:
) Bre
o
w r
s X
B__ = arccos {] — e e’ dt 4.,60b
Tre 7;2 E T
0

This type of control has been named: "rotor control with constant
extinction angle delay" or Br-control.

(ii) Inmput voltage U, voltage integrated

g

- Uesru ‘
u, dt = = gonstant 4.61a

S
8

0
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In this case the extinction angle will be slip dependent

u_ dt 4.61b

The voltage across the electronic switch during conduction has been
assumed to be constant, and in analogy to the integration of a constant
voltage initiated at the zero voltage condition of e*, the delay time
before current extinction is accomplished will be constant,

When controlling the instant of triggering, the natural commutation
causes the voltage across the electronic switch to pass zero after the
induced voltage. This is responsible for the difference in control
characteristics between rotor control with constant triggering delay
time and rotor control with differential triggering delay. In the
present instance the zero voltage conditions of the induced e.m.f. and
the electronic switch voltage are coincident. These conditions occur
at instants described by relation 4.56a.

Consider the case of zero voltage detection initiating integration
of a constant voltage. With a preset read-out level, the delay time
will be constant,

B, = tyese ) 4,62

rt 8
This type of control will be termed "rotor control with comstant in-
stant of current extinction" or t, -control. With none of the methods
inspected so far it may be r expected to find the half-waving
instability that is possible with"constant ignition angle delay control"
and with “constant triggering delay time control".

Relation 4.62 indicates that it may be expected that rotor control
with constant instant of current extinction will have characteristics
where the torque decreases with the slip.

4.3.2.2 The equations describing the system.

With reference to relation 3.52 the current is described under the
present conditions by:

By
= s%i'Ero
g © :%%::%:%: 51n(mrt-wr)+sln¢r exp-u .t cotq:r 4.63
+w_ L
T rre
0

where the commutation angle B_ is now known explicitly. Consequently
the mean electromagnetic torque becomes:
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T o= 2pEro ) 8 cosp - 51n(2%jwr)+91n¢r
e(l) r T 2
nw -‘+w2L2
8 2 8 T0
s
Zsin¢r
- ;;;;;?;- @ot$rs1n8r+cossr)exp—srcotwr-1 4.64
T

The different components of current are to be found from rel. A3.8a
and A3.8b, while the effective current becomes:

I sin2y +sin2(8_-y )
=2 T _ r r'r’ _ . 2 . -
B T Br 5 4sin ¢r51n8rexp Brcotwr
cosZwr-l
* Zcot\pr (exP-ZBrCOtwr - ]) 4,65a

For calculation of heating effects in the electronic switches the mean
current is just as important as the effective current, and therefore
the mean current may be found from:

Vi1 s inzll}

cos¢r~005(8—¢r)— L3

cos
‘3}1‘

(o]}

rB mean 71 (exp-Beoty -~ 1}14.65b

The rotor current contains harmonics, and therefore the power‘factor of
the system is again expressed in terms of all fundamental and harmonic
powers as:

(P.F.)rB = : . Cos wr(e i

4.66
T rl)

with Tr] as specified in appendix A3.3 under the conditions that ar=0.
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FIG. 4.7 EXAMPLES OF SOME CALCULATED CHARACTERISTICS FOR A MACHINE-
EEE’CTRONIC’ SYSTEM WITH 8 —CONTROL.
B,= 180°(x); 16‘2 ($); = T144 (go) = zze (@); = zzcs (x); = 108°
(x); = 90"(Y) = 72°k); = 45°0%); = 30° (x); = 10°(+).
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4,3.2.3 Caleulation of some system characteristics.

The theoretical results of calculations on systems with g_=-control
and tﬁ -control are shown in figures 4.7 and 4.8 respectively. The va-
lues T of the parameters are again given in the appropriate figure.
As in previous cases a low and a high resistance rotor were used
for calculations.

Determining the values of the circuit parameters of the simplified
model with which to perform the calculations has been discussed in the
case of a_~control. The same procedure was employed. In the present
case, however, the presence of the power-electronic switch was taken
into account to some extent. From the experimental results it will sub-
sequently become clear how the power—electronic switch necessary to
interrupt the rotor current affects the steady state torque-speed re=
lationship . Taking the experimentally measured torque-speed relation
in uncontrolled condition - with the power-electronic switch present
in the rotor - as starting point, the parameters were determined as:

Er =39V
R = 2.045/phase
ch = 17.5 mH/phase

The inductive effects are mainly caused by the series commutating
transformer of the power switch.

Comparison of figures 4.7 and 4.8 immediately indicates the diffe-—
rence between the B_-contrel and t, —control. It may be seen how the
current flow angle decreases with r decreasing slip in the latter
case. Whereas the (capacitive) phase shift between induced rotor vol-
tage and fundamental harmonic current remains nearly constant in the
case of B_—control, it may be seen how the angle becomes more capa-
citive with decreasing slip in the case of t, ~control.

The difference in both cases (B _—control T and t, —control) be-
tween low and high rotor resistancé is evident. Since r the "current
surge effect” will be lower in the last case, the maximum torque at
standstill, and current, will be lower.

Finally an inspection of these sets of figures, and comparison with
fig., 4.6 of o_-control suffices to illustrate the most novel charac-
teristics of Ehese systems - the increased torque capability and im-
proved (capacitive) power factor. It may again be seen what the in-
fluence of the harmonics on the power factor is for the different sys-
tems.
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G 19

FIG. 4.8 EXAMPLES OF SOME CALCULATED CHARACTERISTICS FOR A MACHINE-
ELECTRONIC SYSTEM WITH tB ~CONTROL.

ﬁB =omea(+); = 4(x); 5(*5‘,' = 6(®); = ?(Y); = 8(%); = H(R);
=p 10(a); = 12(0); 14(=); = 18(+); = 20(X); = 25(X);
= 30(%); = 40(Y),

W
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4.3.2.4 A combination of o -control and Br—controz to obtain minimim
phase shift betweeh fundamental current and induced voltage.

It has been pointed out that different criteria may be applied to
attempt an optimization of the rotor control by switching at rotor
frequency. If the current flow angle is now kept constant, the ignition
and extinction angles are related by:

Br = grO + o 4,66

Accepting the criterion of minimum phase shift between the fundamental
harmonic current and the induced rotor voltage, it is to be calculated
for what o

d -
EE;'(COS v) =0 4.67

where the harmonic phase angle has already been specified in appendix
A3.3. It is shown in appendix A4.5 what the necessary values of the
coefficients are to perform the calculation of rel. 4.6 7.

An example of the torque-speed relation that may be expected from
this method is shown in fig. 4.9. The calculation has been performed
for a machine with an open circuit rotor voltage of 200 V at stand-
still, and equivalent parameters for the simplified model as specified.

5;-18‘ R,= 11380
/ Kpe= 316 Q
Erg= 200V

FIG. 4.9 AN EXAMPLE OF TORQUE-SPEED CURVES THAT MAY BE OBTAINED WITH
CONSTANT CURRENT FLOW ANGLE AND MINIMUM FUNDAMENTAL PHASE

SHIFT
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4.3.3 CONTROL OF AN INDUCTION MACHINE BY USING A HIGH FREQUENCY CHOPPER
CIRCUIT WITH A RESISTIVE LOAD,

The machine electronic system to be investigated in this paragraph
has been discussed in principle in paragraph 2.4.2, where it was clas-
sified under systems of Group II, class 2 (See fig. 2.9d4 (ii)). In
principle a switching frequency much higher than the rotor frequency
of the machine is used. The schematic circuit diagram of fig. 2.9d must
be extended before a representative investigation into the gystem cha—
racteristics can be conducted.

When a high switching frequency in stator or rotor circuit is used
for the control of the power flow in an electrical machine, it will
normally be attempted to keep the machine current continuous by the
inclusion of either freewheeling switching elements or impedance ele-
ments in parallel to the electronic switching circuit. Such a lay-out
of the gystem will not only decrease the high frequency loss in the
electrical machine, but also decrease the switching losses in the power
electronic circuits caused by the forced commutation of the currents
in the inductive machine circuits., When this type of control is applied
to the rotor of an induction machine the only possibility remaining is
that of an alternative current path in parallel with the power electro~
nic switch. The arrangement is indicated schematically in fig. 4.10(a)
for a semi-four-phase machine. It is, however, an open question whether
this arrangement will ever be followed for a practical system, One of
the chief objections would be the necessity of constructing two anti-
parallel force commutated chopper circuits. Furthermore the minimum
switching frequency will be limited by the leakage inductance of the
machine, and it could be necessary to increase the inductance by inclu~—
ding an extra inductor in series with the parallel combination of
switch and impedance.

An arrangement that will be followed in an actual system is shown
in fig. 4.10(b). Inclusion of the rectifier has now reduced the num-
ber of necessary forced commutation switches., An inductor is included
in the output of the rectifier since the said machine leakage induc-
tance is not sufficient to assure that the current flow will be con-
tinuous under all conditions. In paragraph 2.4.2 it was already remarked
that the rectifier-chopper cascade will tend to impart some characteris—
tics of a system with control by switching at rotor frequency to the
arrangement, whilst the high switching frequency effects will be super-—
posed thereon. Seeing that the characteristics of systems built to the
configuration of fig. 4.10(a) or (b) respectively will differ so much,
only the last alternative is to receive attention in this section. It
should be kept in mind, however, that the investigations on the
switching modes of the high frequency chopper circuit conducted may be
applied for the most part to both configurations.

Finally, consideration must be given to the parallel impedance Z.
When the conduction through the electronic switching circuit is inter—
rupted, the current must revert to the parallel path immediately. This
excludes inductive elements in this impedance. It should therefore con-
sist of resistive and/or capacitive elements. The alternative with a
parallel resistor will be concerned in the next paragraphs.
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FIG. 4.10 SCHEMATIC ARRANGEMENT OF ALTERNATIVE METHODS OF ROTOR CON-
TROL BY HIGH-FREQUENCY SWITCHING.

Seeing that this type of control is dissipative as compared to the
systems for recuperation of the slip power, but still uses what may be
termed an electronically controlled counter e.m.f., it is suggested
that it is named an electronic Leblanc~cascade in analogy with the elec—
tronic Scherbius cascade.

4.3.3.1 An imvestigation of the ewitching modes and the derivation of
the switching commands.

From the previous discussion it will be clear that attention must be
given to the switching mode of the chopper at a frequency much higher
than the rotor frequency, and to the switching due to the rectifier.

In correspondence with previous investigation the switching will be
assumed to be instantaneous in all circuits, and no attention will be
devoted to the influence of the internal structure of the power elec-
tronic circuits on the system behaviour. These matters will be consi-~
dered in the experimental chapter.

Let the switching modes in the high-frequency chopper circuit first
be considered. For this purpose consider the schematic diagrams and
waveform definitions of fig. 4.11. These definitions have been set up
to be complementary to other work being done on machine-electronic sys-—
tems, and therefore it will be found that the actual system currents
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are negative. Basically two types of chopper circuits are distinguished:
high-low choppers and low-high choppers. The former is respomnsible for
the transport and control of power from a higher to a lower voltage

(Eh to Ep, also chosen to correspond with previously agreed conventions
outside the scope of this work. The low voltage inevitably corresponds
with the induced e.m.f. of an electrical machine) and the latter for
the transport and control of power from a lower to a higher voltage. In
high.low choppers the switching element exerting control om the power
flow is in series with the main power flow path, while in the low.high
choppers the controlling switch is located at quadrature with the main
power flow path. For the control of power flow in the rotor circuits

of induction machine choppers of the low-high type will now be con-
sidered further.

In fig, 4.11a a schematic representation of the high low chopper is
given. The necessary circuit structure is shown in fig. 4.11b. With
reference to the waveform it may be seen that 1_ is the time during
which power transport occurs, while during t_ power transport between
low and high voltage sources iz ero. The values of the input current
i, are i_and i_ during the respective times. In order to obtain some
51mplificationzof the relations the following will be considered valid:

Rl =0 4,68a
Eh =
——
o | I I T>-
En -= =" Ep-E,
O|T "‘,’ RiRy
1t Tz ’,,
t ’ !
] V4 i
[ :
1] ; \ —
174 1 i t
1 02
it Iz :
| .
\\\ |o’
-
\“.“‘ EL
------------- Ry

FIG. 4.11 FUNDAMENTAL DEFINITIONS REGARDING LOW-HIGH CHOPPER CIRCUITS
FOR POWER TRANSPORT,
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The last circumstance is brought about by the resistive load of the
chopper as already specified, while the former is an idealization of
the rotor, since it is valid that

Rr<< R 4.68b
As indicated in fig. 2.94 {(ii) the chopper is a typical pulse system,
and the power flow may for instance be controlled by one of the follo-
wing modes:

(i) pulse width modulation,

(ii) pulse frequency modulation,

(iii) two level current control, which is a combination of (i) and {(ii)
as far as repetition frequency and on-off ratio is concerned.

For the present systems the investigations are to be restricted to the
last type of control. Regarding the characteristics to be presented
certain restrictions will also be observed, since it is at present on-
1y desired to know those particulars that will affect the energy con-
version in the first instance.

It is indicated in appendix A4.6.1 that:
a. the mean chopper current drawn from the low voltage ports (Tl mean);
b. the mean chopper current delivered at the high voltage ports

(Ih mean)? -
c. the effective chopper current drawn from the low voltage ports (I.);
d. the effective chopper current delivered at the high-voltage ports

I,);

h'? . . .

may be represented by the following set of equations for a chopper with
resistive load when rel. 4.68a is valid:

‘_
_ (nﬁ m(k;;} 102y + (-igdny
Il mean iOI l-nR 4.69a
—} Tk
nR In (kR—nR)+ kR
" 1
n§ 1n(;;i§R)+ (l-kR)nR
Th mean i01 i %.69b
iy —
"® (q'nz) "
]_
I
1

= o1 T-n,
n + -
=1 (kR ) ® 4.69c

2i1



.
n In (k;iR) * ;‘i (1-k) (2mp#t+icy)

L = i02 4.69d
1
v o) s

The parameters ne and kR are limited by the following considerations:

0 < kR < 1

0 < n < kR 4.69e
At k =1 no chopper operation is found, since the two current levels are
equal, whilst k,=0 is a limiting condition due to the accompanying fact

that for this condition (see defining relations A4.50) either i, ~ = ,
or io -+ 0. The second part of the inequality 4.69%e is found from the
con31aeration that for operation of the chopper

ia, < I

02
Any of the equations 4.69a to 4 may now be used to investigate the
gtable region of chopper operation. As will be seen subsequently the
power transported to the resistance is of primary importance. Where
the chopper circuit is at present used for controlling an induction
machine, the variation of this power with the induced voltage (with El’
and consequently with the slip) is of primary importance.

2 4.69f

0 —

"R

FIG. 4.12 CHARACTERISTICS OF A RESISTIVELY LOADED CHOPPER CIRCUIT.
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In fig. 4.12 results of calculation of these normalized quantities for
different values of the curremt ratio k_ by digital computer are pre-
sented, In the case of constant maximum chopper current io the said
figure represents the power transport as a function of macéine slip. The
upper limit of the stability region is given by the maximum attainable
current ratio , and the lower limit by the maximum attainable value
of n,. This parameter is actually a measure of the ratio by which the
low voltage is transformed upwards at the instant of opening the chop~-
per switch. (see rel. A4.48) From fig. 4.12(a) it may be seen how the
operating region of the chopper circuit increases when the current
ratio is increased.

In the above considerations attention has been paid to the switching
modes and stability region of the low-high electronic chopper circuit
used, The presence of the rectification circuit will be considered in
more detail in the following recuperative system (electronic Scher-~
bius cascade), For the present purposes it will suffice to state that
the chopper frequency is considered to be much higher than the rotor
frequency, and the output current of the bridge rectifier consequently
nearly constant, With the instantaneous switching of the electronic
circuits as assumed (neglecting the effect of rotor leakage impedance
and resistance on rectifier commutation) the rotor current will have
the basic waveform shown in fig. 4.l4e.

Attention will now be turned to the derivation of the switching
commands, The two level current control will result in a certain mean
output current of the rectifier, as explained above. The relation be~-
tween this mean current and the machine torque will be examined in
the next paragraph. By what means this a.c. current is to be adjusted
will now be investigated., Two methods have been examined with a view
to feasibility for eventual technical realization. It is feasible to
change the difference

=i . -1 .70
o1 ~ Yoz 4.70a
while the current ratio remains constant, or to change the current

ratio while the differencé remains constant. The switching commands
are then derived in such a way that

Ai

I1 mean

= f(kR) 4,70b
Al constant
or that

I1 mean

i

- f(Al)kR constant 4.70c
For the system subsequently to be used for experimental investigations
these two relations were then investigated by digital computer, With
reference to the relations 4.69 a to d for the currents it may be .seen
that when the chopper circuit is applied in the rotor of an induction
machine the low voltage becomes slip-dependent, so that relations
4,706 and 4.70c can be expressed as:

Il mean £ kR’ El(s) Al = constant 4.70d
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FIG. 4.13 TRANSFER CHARACTERISTICS OF A RESISTIVELY LOADED
CHOPPER CIRCUIT.
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I, mean = £ lai, El(s) 4.70c

kR = constant

For the calculations = 129, and thelow voltage varies from zero to
100 V. These values have been chosen with a view to the possible ope-
ration of the Westinghouse Generalized machine in the regio s=0 to s=2,
gnd the rotor resistance value of the machine. The reasons for the
choice of these values will become clear in chapter 5.

The relation between the mean input current to the chopper and the
induced e.m.f. is shown in fig. 4.13(a) and 4.13(b) for the conditions
of 4.70(d) and (e) respectively. With increasing voltage chopper ope-
ration is discontinued at the point where

5l
Rh}loz

These curves indicate that only certain combinations of El’ Ai and kR
enable chopper operation. In fig. 4.13(c) and (d) the same
information is presented, but for a constant value of Ai and that
is realistic for the subsequent experimental investigations.
These two sets of curves illustrate clearly that for a decreasing in-
duced rotor voltage the relation between Ai and the mean chopper input
current at a comstant current ratio becomes increasingly linear, while
for a decreasing rotor voltage the relation between the current ratio

and the mean current for a constant current difference Ai, becomes
increasingly nonlinear. This is a very important observation when it

is considered to include the system in a closed loop, and will again
be referred to in chapter 5.

4.3.3.2 Equations for the assumed model of the electronic Leblanc
cascade.

Before examining equations for the electronic Leblanc cascade in
this paragraph, a set of general equations valid for all three the
rotor control systems with known rotor current will be deduced. Refer
to fig. 4.14(a). This figure represents a per phase power equivalent
circuit for such a system where the effect of the electronic switching
on the rotor may be seen as the action of a current source, The equi-
valent power—electronic circuit resistance is descéribed by R_, and the.
equivalent power electronic circuit voltage by V_ . In the présent case
the power—electronic circuits have been assumed o be ideal, but even
if this is not the case it may be shown that the power characteristics
of the circuit may be characterised by these two parameters. The per
phase smoothing inductance is L', while it is assumed that the d.c.
current I, contains a negligible percentage of a.c. components. The
corresponggng waveform for the rotor current with an mb—phase rectifier
bridge is shown in fig. 4.l4e.

Taking the relation between the effective rotor current and the
rectifier output current into account, the circuit may be transformed
to that of fig. 4.14b, when the smoothing inductor and the leakage in-
ductance are omitted. These inductances do not affect the power flow,
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and by the previous assumptions the influence of the leakage inductance
on the commutation is negligible. This is an important step in the
gimplification, as the omission of commutation influences results in
frequency independence of the circuit transformation. Inspection of
fig, 4.14(b) indicates that the non-linear rectifier has no further
influence on the power flow, with the result that fig. 4.14(c) may be
drawm.

With reference to the power flow models of chapter 2, and paragraph
3.6 the power flow for negligible stator resistance will be:

o0

() "Z Pae(2he1) 'Z Pin(zhen) * Te(1)n 4.72a
h=0 h=0
Consequently
- T = r - sms
Z Pde(zh+1) 'Z Pinconen) = Teqny 4.72b
h=0 h=0

From the equivalent circuit of fig. 4.14a, b or ¢ the electromagnetic
torque may be found as:

T D)2 i) LM
Te(l) = s, Ir (Rt + 5 Re) + 2m2 Ve 4.73

The rotor electrical power input per phase may be written as:

3

.1 r _ pt
Er.Ir-(P.F.)r = Z(Pde(l’hﬂ) Pin(2h+1)) 4.74a
h=0

Consequently the rotor power factor will be:

I v

Ay B Ve
BFIr =1E (Rr+§ERe)+ o2 E_ | o740

T 2m T

It is now important to note that when V #0, the model is restricted

to a slip region where the mean rectifi&d rotor voltage is equal to the
mean equivalent electronic circuit voltage, Under the present assump-
tions, with the rotor e.m.f. being a simple harmonic function of time,
the limit is given by:

2/7 sE
T

—2. [mb sin (2-;)] -,
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or

nV
e 4.75

Smin * JoE . {7
E 0 ™ 51n(E;X

For the present case the harmonic rotor current is related to the
effective rotor current by:

2h+1 n
2¢mb'sin (——————)
b I 4.76a

r 2htl m - r

=l

with

I = JKZ: I 4.76b

r mb de

It follows from the current waveform that the fundamental waveform is
in phase with the induced rotor e.m.f., yet the power factor of the
circuit will still depart from unity, since it may be written from
rel. 4.74a as:

it

f&nﬁ; sin —
rl ™
(PF.) = —= ——— 4,77
r I L

T
Having examined thege general relations for the three types of cascades
to be investigated, attention will now be turned to the electronic
Leblanc cascade. In order to analyse its behaviour in terms of the
above equations it will be necessary to state that

fchop >z fr

4.78

Ige = liggl »> ai

It will be pointed out in chapter 5 how these assumptions corresponds
with the experimental situation. Additionally it will then become clear
that when the condjtions of rel. 4.78 are not fulfilled, the system
becomes almost useless as an electrical drive.

When the semiconductor elements employed to construct the switches
are congidered to be ideal (no voltage drop) it may be stated that

Ve =0 4.79a
~T _.mep )2 Theg
. 'Te(l) S0, . Ir (kr + Zm'Re 4.79b

Alternatively, from rel. 4.72b and rel. 4.74a
/En?bsin(L)

1, emR g g |
e(l) wy 0" 'r T

4.79¢
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The equivalent resistance of the power-electronic circuit, R , varies
over the speed range due to the action of the electronic chopper cir-
cuit., It has been shown in appendix A4,6.]1 that the time of power trans-—
port from low voltage to high voltage side and the time of zero power
transport both depend on the current ratio kR and the voltage transfor-
mation ratio . During the operation of the electronic chopper circuit
in the rotor control system under discussion it has previously been
pointed out that there are three parameters to be varied in order to
cover that part of the torque-speed plane included by the normal torque—
speed curve of the machine in the motoring region. These parameters

are the said current ratio and current difference Ai and the slip
dependent rectified induced Yotor voltage E,. Writing the transport

and short-circuiting times of the chopper in terms of these parameters,
it is obtained that:

Ai.Rh
R

+E1

T, =1, 1 e 4.80a
t h ‘0 kR.Al Rh .
l-kR 1
and
A1 Rh
T, = Ty - 4 ,80b

1

During the experiments either Al or k, will be kept constant over the
speed range of the machine, as has already been done in the curves of
fig. 4.13. To arrive at a series of curves for experimental purposes,
the variable parameter (either Ai or k,) is assigned a range of wvalues,
and the torque-speed curve between standstilland synchromous speed
recorded. It will be evident from rel. 4.80a that with decreasing Eq
the time of energy transport will decrease, while rel. 4.80b indicates
that the time of zero tramsport will increase. Since

1

. —
chop T,

£ 4,81

it may be shown that when the chopper is on the border of itsg stabili-
ty region at zero mechanical speed of the machine, the chopping frequen-
cy will pass through a maximum before synchronous speed is attained.
This will later also be proved experimentally.

The slip dependence of the equivalent electronic resistance R_ due
to the above variation in switching periods may be deduced from rel.
4.79b and rel. 4.79c as:

R = s.R 4m sin {2} -Rr_. 2m 4,823
e app. m, m rom
with E o
-2, 4.82b
app Ir
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the apparent rotor resistance at zero mechanical speed, For a specific
torque-speed curve as shown in chapter 5, with both and Ai constant,
rel., 4.78 indicates that the rotor current remains coristant over the
speed range. From rel. 4.79c it follows that the torque should also be
constant, while rel., 4.82a indicates that when the apparent rotor re-
sistance at standstill is much larger than the rotor resistance of the
machine, the electronic rotor resistance varies directly proportional
to the slip.

4.3.4 CONTROL OF AN INDUCTION MACHINE BY FEEDING BACK PART OF THE SLIP
POWER TO THE SUPPLY S5YSTEM THROUGH AN ELECTRONIC FREQUENCY CHAN-
GER.

With reference to fig. 2.%e it may be seen that this type of system
has been classified in Group IIA, class 1. In principle the electronic
frequency changer consists of two mutator circuits (see fig. 4.15). The
first is an uncontrolled mutator used as a rectifier for the rotor in-
duced voltage, and the second is a controlled mutator used as a supply
synchronous inverter. The inductor included between these two mutators
is important for the efficient functioning of the system. However, as
this is well known, it will not be considered further®In the following
it will be assumed that this inductor is sufficiently large to keep
the output current of the rectifier approximately constant.

4.3.4.1 Imvestigation of the switching modes, and dervivation of the
switehing commands.

The switching mode of the rectifier circuit is determined by the
induced rotor voltage, resulting in the waveforms indicated in fig.
4,14, This is the reason why the electromechanical converter employed
in these types of systems may be included in the definition given of
asynchronous electromechanical converters in chapter 1. The effects of
the rotor harmonics caused by the switching action, and examined in
chapter 2, allows the present system to be investigated under the same
agsumptions as the electronic Leblanc cascade. The switching of the
rotor rectifier will now be of such a nature that:

2x

E. = E; 4.83a
For the supply-synchronous inverter:
£, =22 4.8%
i om

where m. is the "phase-number" of the inverter circuit.

The commutation in the supply synchronous inverter is retarded by an
angle o, with respect to the natural commutation instant. This natural
commutation instant is defined with all influences of supply impedances
neglected. The commutation action has been covered well in the litera~—
ture, and will not be analysed further (Bl Bn 8is
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FIG. 4.15 SCHEMATIC DIAGRAM OF ELECTRONIC SCHERBIUS CASCADE.

In the present case it is then found that the mean output voltage
presented by the inverter to the d.c. circuit is:

m,
v, = 2/27U .- sin (E—) cos o, 4.84
i sg'm m, i

In order to achievethis the switching commands initiating the commuta-
tion process at angle @, must be derived so that:

m
F<a, < ; 4,85

with the angle of conduction retardation again referred to the point of
natural commutation without control of the mutator elements.

4.3.4.2 BEquatione describing the model assumed for the electrowic
Scherbius cascade.

The equations developed in paragraph 4.3.3.2 for the general case
of an electronic cascade with known rotor current will be modified to
cover the present system. Due to the constraints placed on the commu~—
tation of the rectifier and the value of the inductance of the smoothing
inductor, the rotor current of the machine is still described by rel.
4,76a (see also fig. 4.14), Since the rotor resistance and the electro—
nic circuit resistance may not be neglected for power flow considera—
tions, the electromagnetic torque is given by:
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s 2m
with

m.
= ~Loag r_
de = 2V/2 Usg p sin (mi>

It should be noted that in contrast with the electronic Leblanc cascade
the value of the equivalent electronic resistance is now constant, and
is kept as low as possible in order to achieve maximum recuperation.
The power factor of the rotor circuit is still described by equation
4.77. However, since the inverter is decoupled from the rotor by the
d.c, intermediary circuit, it will present a different power factor to
the supply system, It may be shown that the fundamental harmonic cur-—
rent drawn by the inverter from the supply, experiences a phase shift
equal to the triggering delay angle of the inverter (%!' The power
factor consequently becomes:

2/ sin (;‘1—>
1 i/ cos ay 4.87

(P.F), = -
It may be seen that the power factor in the present case will be lower
than the power factor of the rotor circuit, and when it is considered
that the induced rotor voltage must be gomewhat in excess of the inver-—
ter back e.m.f., it is evident that near synchronous speed the inverter
power factor becomes very low. When the rotor resistance of the machine
is negligible in comparison with the electronic circuit resistance an
expression for either the rotor current or the inverter delay angle

may be obtained as: ‘

VT E 7y
Ir = g, rdo  _ 40 cos a, 4.88
o R oy Ry
or
sin(£~) J
cos o, = 8, ;E-EEQ- b - Ir‘ i Re 4.89
i “sg sin(;—) /-Z"Vdo
i
with

From relation 4.89 it may be noted that in the ideal case when the ro-

tor resistance and the electronic circuit resistance is negligible, the
inverter delay angle should vary directly proportional to the slip. Con-
sideration of relation 4.86 indicates that when the inverter back e.m.f.
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is small in relation to the resistive voltage drop in the rotor, the
gsystem will approach the operation of a normal induction motor, the ‘
behaviour being determined by the magnitude of the resistance. When the
inverter back e.m.f. becomes appreciably larger than this resistive
voltage drop due to either a decrease of current or a change in ¢,, the
system will develop an electromagnetic torque that is proportional to
the rotor current.

4,3.,5 CONTROL OF AN INDUCTION MACHINE BY FEEDING BACK THE SLIP POWER
T0 THE SUPPLY SYSTEM BY MEANS OF A CHOPPER-COMPENSATED SUPPLY
SYNCHRONOUS INVERTER.

The system to be investigated in this paragraph may be referred
to as an electronic Scherbius cascade with power factor compensation,
or reactive power compensation, by means of a low-high chopper circuit,
As follows from the previous paragraphs,the power factor deterioration
of a "clagsical" electronic Scherbius cascade is caused by:

(i) generation of higher harmonic currents in the rotor circuit, by
the mutator used as rectifier

(ii) generation of higher harmonic currents by the mutator used as
supply synchronous inverter to feed back part of the slip power
to the supply

(iii) commutation delay angle o, different from v radians during opera-—
tion of the supply synchronous inverter due to variation of the
slip voltage of the induction machine.

The study of the electronic Leblanc cascade with a low~high chopper
has indicated that the circuit can function as an efficient transformer
of a low, variable direct voltage, constant current input into high,
constant direct voltage, variable current with two level current con-
trol applied to the chopper. From the characteristics it may be deduced
that the output current is variable, but the output voltage constant
for a given Al and . It will now be clear that under such circum-—
stances the inverter circuit feeding back the slip power to the supply
system could operate at a constant commutation delay angle. The chopper
circuit may be chosen in such a way that this commutation delay angle
may have its optimum value. In the following paragraphs the consequences
of including a low-high chopper circuit for “reactive power compensa-
tion" of the supply synchronous inverter will be examined. This should
eliminate the power factor deterioration of the system due reagon (iii).
It will be evident that the other causes for power factor deterioration
are due to the system configuration, and cannot be improved upon with~—
out taking other measures that are not to be discussed here.

4.3.5.1 Investigation of the switching modes and derivation of the
switching commands.

Attention will in the first instance be focused on the low-high
chopper circuit. Refer to fig. 4.11. This circuit will be assumed to
work between the two direct voltage sources E, and E, , where E1 is
associated with the rectified induced rotor e.m.f. and E. with the

supply synchronous inverter back e.m.f. As in the previous cases it
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will be assumed that the influence of the commutation in the rectifier
bridge on the chopper circuit is negligible. This means that the rotor
resistance and leakage reactance may be added to the impedance of the
low voltage side of the chopper circuit showm in fig. 4.11.

Fundamentally the chopper circuit remains a pulse system, and as
such control of power flow between low voltage and high voltage sources
may be effected by more tharn one method of operation of the switch. As
previously only the two level current control will be considered. To
characterise the power transport, the mean and effective currents at
the low voltage input and the corresponding currents at the high voltage
output should be known. It is shown in appendix A4.6.2 how these cur-
rentg are to be calculated from the differential equations describing
the circuit behaviour during the time that switch S (see fig, 4.11a) is
either conducting or nonconducting. The expressions for the currents
are!

. (1-q) 1n(?§rg:l—— ~-qln kEnE+q ]

: .0z i il 4.90
1 mean n, np+g np+q-1 oha
inf ——w } + In | srmmee——
n(;z+q kEnE+q—]J
nE+q-l
. ]._02 (1-q) IH<W - (kE-])
I = —= 4.90b
h mea + -1
S LS W ST
nE+q kEnE+q-1
2 . [rgta] 2. (kgigtd

% (%F;" CTED T
L o= n T 4.90c

oy in T'-E"'q + In 'k‘E—nE'T(I:]—

2 _ [Pg*a! 2. 2
L 1(2)2 (q=1)° 1n EraT) 0, (1-q) (kp=1) + dnp(1-kp)
=TT ¥ +q-1
o fgrd
nE In nE+q + 1n W

4,904
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with the parameters in thege equations defined as:

E
voltage transformation ratio 1 q = El
h
. 01
current ratio : kE = 4,90e
02
102.R1

normalized resistive voltage drop: ng =

Fh

In obtaining these expressions it has been assumed that the equiva-
lent registance, of the high-voltage side of the chopper is megligible
in comparison with the equivalent resistance of the low voltage side.
Where the rotor resistance is added to the electronic circuit resis-
tance at the low voltage side in the present case, the simplification
appears to be justified. The parameters defined in relation 4.90c are
limited as follows:

0 <q < (Impy)
1 < kE < ® 4,90f
...g_<n <0

kE E

At q=0 no chopper operation occurs. When the voltage transformation
ratio is increased, the chopper discontinues. operation when the cur~
rent during the power tranmsport period does not reach the level i

any more, as represented by the first condition. Although the currént
ratio may vary theoretically as indicated large values of will be
eliminated in practical systems, due to the enormous increase of the
a.c. components superposed on the d.c. current. In the present case it
will be attempted to keep the current difference as small as possible
(see relation 4.78).

Any of the equations 4.90a to 4.90d may now be used to investigate
the stable region of chopper operation. Since it will be attempted to
use this chopper circuit as a d.c. transformer of comstant current,
variable voltage at the low voltage (rotor) inmput imto comstant vol-.
tage, variable current at the high voltage (inverter) output, it is
clear that as far as the behaviour of the electrical machine is con~-
cerned, the mean input current will be an important quantity. There-
fore the results of some of the calculations presented in fig. 4.16
display the normalized mean input current as a function of the voltage
transformation ratio. This choice of independent variable must also be
explained. During the operation of the chopper in the rotor circuit the
chopper will be expected to work into a constant high voltage. (This
voltage is derived from the d.v. of a supply synchronous inverter ope-
rating at a constant delay angle. The mean voltage will consequently
be comstant). The input voltage will vary with the slip of the induc~
tion machine and consequently fig. 4.16 displays input current as a
function of slip. As in the case of the electronic Leblanc cascade the
mean rectifier output current will prove to be proportional to the
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FIG. 4.16 TRANSFER CHARACTERISTICS OF A LOW-HIGH CHOPPER CIRCUIT.

torque, so that the abovementioned curves actually refer to torque-
slip curves. (The same as for fig. 4.13)

Brief attention will be devoted to the stability regions defined
in figure 4,16. Through the part 1 of each curve the low voltage is
so low that the level i, is not reached any more, S conducts conti-
nuously and no chopper operation occurs. Therefore no chopper operation
accurs for

q ¢ -k ng 4.91a

Through part 2 of the curves the chopper circuit is operating. This
operation is discontinued when the woltage transformation ratio in-
creases to the point where the current level i.. is not reached any
more, and S remains continuously in the nonconducting state. With rel,
4,90f and 4.%1a the stable operating region for the chopper circuit
with variation of the voltage transformation ratio is then

kg < @ < 1oy 4.91b

The difference between the maximum and minimum values of voltage trans-—
formation ratio still giving operation is

Gpax ~ Imin =1 'nEl (l-kE) 4.91c
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It may therefore be concluded that when the current ratio kE increases,
the regio of stable chopper operation will decrease. With an increasing
absolute normalized voltage drop ng the region of stable chopper also
decreases. These considerations give the stable region of operation of
the low-high chopper circuit, as a function of slip, in the rotor of
an induction machine.

The derivation of the switching commands will now be examined. It
has been chosen to vary the same quantities that functioned as varia-
bles in the chopper with resistance load used in the electronic Le-
blanc cascade. Therefore it will be necessary to keep either the
current difference constant, or the current ratio constant. The input
current drawn from the rotor rectifier will then be

Il mean £ [kE’ El(s)] AL = constant 4.92a

or
I1 mean £ [Al’ El(s)]kE = constant 4,92b
Seeing that these considerations lead to the same type of results al-
ready examined and presented in paragraph 4.3.3.!, the investigations
will not be presented in further detail here, In the experimental work
it will be pointed out that exactly the same information-electronic
system was employed to operate the low~high chopper between two vol-
tage sources.

4.3.5.2 Equations desceribing the model assumed for the electronic
Scherbiue casecade with reactive power compensation.

The general equations of paragraph 4.3.3.2 will be valid for the
present variant of the electronic Scherbius cascade., In deducing the
said equations, it was remarked that when the equivalent electronic
circuit voltage Ve is present, the model has a limited range of appli-
cation, In the present case this does not apply, since the voltage V
as seen at the input terminals to the chopper circuit is a slip de-
pendent quantity similar to the electronic circuit resistance seen at
the input terminals to the chopper circuit in the case of the electro-
nic Leblanc cascade.

The assumptions that the chopping frequency is much higher than the
rotor frequency and that the current difference Al is negligible in
comparison with the mean rectifier output current (see relatiom 4,78)
are still valid in the present case. Neglecting the commutation influ-
ences in the rectifier circuit results in the rotor current components
being written as in rel. 4.77. By using the models of fig, 4.14 it is
possible to evaluate the results of the switching of the rectifier on
the electromagnetic torque as represented in rel. 4.73, These equations
will not be repeated here.

However, the present modification to the electronic Scherbius cas-
cade has been suggested in order to be able to improve the power factor
of the system. The rotor current waveform is the same as previously,
so that the rotor power factor will still be given by rel. 4.77. The
inverter circuit is decoupled by the d.c. intermediary circuit and may
have a different power factor. Assuming the inverter back e.m.f. con-
stant and the chopper output voltage constant it is obtained in the
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ideal case that:

V. =E = Vdo cos a, 4.,93a

i h

where V. represents the idealized no-load back a.,m.f. of the inverter

as defined in rel. 4.86. Since this output voltage of the chopper is

constant, the power factor of the supply synchronous inverter as pre-

sented to the alternating supply system is:

va‘m.'sin(—:1
1 m, E

(P.F.). i “h

i comp. = . 4.93b
d0

w v

The first factor in the expression presents the effects of the harmonic
generation by the inverter and is a given value for the present con-
figuration. The second term may approach unity as a maximum value.
However, mostly the supply synchronous inverter is operated at a back
e.m.f. below the maximum value to eliminate commutation problems, and
consequently the last term will be somewhat less than unity. In contrast
to the power factor of the supply-synchronous inverter as given in rel.
4,87 it may be stated that for the compensated inverter:

(P.F.)i comp. = congtant 3 (P.F.)i 4.93¢

over the whole slip range in which the induction machine is operated.
Some remarks regarding the assumptions concerning E., E., V., and
are now in order. It has been assumed in all calculatlons that

tﬁe rectified rotor e.m.f E is constant and equal to El. In the
practical systems to be 1nves%1gated
m >3 4.94

so that this approximation is reasonable. The maximum variation that
may occur in the instantaneous back e.m.f. of the supply synchronous
inverter is almost independent of the number of inverter phases, and
equal to an appreciable percentage of the difference between maximum
positive and negative instantaneous values of the supply phase voltage.
The assumption that this voltage is constant as far as calculation

of the chopper characterigtics is concerned, will be seen to be justi-
fied by the inclusion of an energy reservoir between these two power
electronic circuits as represented in the experimental section.
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CHAPTER 5

EXPERIMENTAL INVESTIGATIONS ON GR OQUP
II AND GROUP IIA MACHINE-ELECTRONTIC
SYSTEMS,.

Synopsis,

In this chapter an account of the experimental investigations comn-
ducted on the variable slip category of machine-electronic systems is
given. The chapter is divided into two parts. Part I concerns aspects
of the synthesis of the systems to be used for experimental investiga=—
tions and Part II concerns the actual investigations and the results
obtained.

Part I supplies a short description of the functioning of each sys~—
tem with the aid of a simplified block diagram. Some typical problems
encountered in the course of the work are treated. These problems have
been chosen to be representative for the type of problem usually
occurring in the course of the development of a machine-electromic sys—
tem. Attention is devoted successively to the development of some of
the power electronic switching circuits, to the problems occurring in
transmission of triggering commands and in application of the semicon~
ductor power switches. In all these cases the measures taken to solve
the problems are explained.

Part II presents the actual experimental set-up for determining
some of the system characteristics, and presents the results of the
measurements. The theoretical and experimental results are compared,
and the chapter is concluded with an evaluation of the experimental
investigations.

PART I

SOME MACHINE-ELECTRONIC SYSTEMS OF GROUP II AND GROUP IIA DEVELOPED FOR
EXPERIMENTAL PURPOSES.

5.1 A SHORT REVIEW OF THE SYSTEMS DEVELOPED FOR EXPERIMENTAL INVESTIGA~
TIONS.

In the introductory paragraph to the previous chapter it was mentioned
that the investigated systems were specially chosen to cover the whole
power spectrum of controlled electrical drives. It will be evident that
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when conducting experimental investigations on a laboratory scale the
power range is restricted. The main group of systems investigated were
developed for a Westinghouse Generalized Machine used as an induction
machine. Although this confines the investigations to a low power level,
the instrumentation facilities and flexibility of the equipment is an
important advantage. This furthermore opens the possibility of a com-
parative experimental study of different systems using one electro-
mechanical converter. As pointed out in the introduction to this work
this is in itself very valuable and as far as known at present such a
study has not previously been undertaken. The investigations reported
on in this chapter by no means exhaust the possibilities of the experi-
mental complex developed.

It is concievable that the low power and semi-four-phase configura-
tion of the Westinghouse Generalized Machine may lead to some peculiari-
ties in system behaviour. For this reason two systems were developed
to be used for the rotor control of a 3kW three-phase induction machine.
Experimental results should then indicate to what extent the higher
power systems do not duplicate the characteristics of the semi-four-
phase systems.

In the systems developed, in correspondence with chapter 4, were
the following:

(1) Westinghouse Generalized Machine (WHGM). System for power control
by variation of the triggering instant of the antiparallel electro-
nic switches in the semi~four-phase stator circuit (a _—control and
Aas—control) s

(2) WHGM. System for power control by variation of the instant of
triggering of the antiparallel electronic switches in the semi-
four-phase rotor circuit (ar-control and Ata ~control)

U 1 .
(3) WHGM. System for power control by variation of the instant of
current extinction in the semi~four-phase rotor circuit with the
instant of triggering constant.(Rotor te-control)

(4) WHGM. System for power control by variation of the rotor current
through a rectifier and resistance-loaded electronic chopper cir-
c¢uit.(Electronic Leblanc cascade)

(5) WHGM. System for power control by feeding back part of the slip
power in the rotor of the induction machine to the supply system
via an electronic frequency changer.(Electronic Scherbius cascade)

(6) WHGM. System for power control by feeding back part of the rotor
slip power to the supply system via an EFC compensated for a low
power factor by an electronic chopper circuit. (Compensated elec—
tronic Scherbius cascade)

(7) Three-phase 3kW induction machine. System for power control by
variation of the conduction angle of the electronic switches in
the rotor circuit by delaying the instant of triggering. Executed
as an a-control system. The controlled machine is the prime mover
in a Ward Leonard Ilgner Set.

(8) Three-phase 3kW induction machine. System for power control through
an electronic Leblanc cascade. The controlled induction machine is
the prime mover in a Ward Leonard Ilgner set.
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In the abovementioned cases more than one variant of each system was
usually investigated, as will be evident from the experimental detail,
In some cases the systems 1-6 were also tried on three-phase or single
phase induction motors, but these experiments will not be covered in
the present survey. The larger part of the experimental work concerned
the development of systems functioning reliably to such a degree that
reproducible measurements were possible. In the course of this work

it was necessary to investigate some fundsmental characteristics of
the information-electronic circuits and the power~electronic circuits
and suggest some novel improvements. Investigation of the switching
characteristics of semiconductor switching elements brought to light
some phenomena not generally appreciated.

5.2 THE MACHINE~ELECTRONIC SYSTEMS DEVELOPED: STRUCTURE AND FUNCTIONING,

In this section a short explanation of the lay-out of each system
will be given with reference to a simplified block diagram, The inter-
val structure of each of the function blocks will be discussed as far
as it is comnected with the characteristics of the system. With the
exception of the chopper—controlled systems, the systems contain no
closed control loop. The chopper—controlled systems incorporate a two
level current control.

5.2.1 SYSTEMS FOR STATOR CONTROL BY VARIATION OF THE DELAY OF THE IN-
STANT OF TRIGGERING ON A SEMI-FOUR-PHASE MACHINE.

As indicated in fig. 5.1 the input voltage to the zero voltage de-
tectors (ZD1, ZD2) may be taken from the supply system (position 1) or
from the voltage across the electronic switches (pogition 2). From the
discussion of paragraph 4.2.1 it follows that in the first instance
ms-control will be the result, while in the second instance Aa_—control
is obtained. ZD1 and ZD2 deliver output pulses at gn , or vy+gr and
in(2g+1), or v+i(2g+1) . These output pulses are fed to a two-phase
delay unit DUl that delivers the output pulses accurately at (a+gm)

or Ao+(y+gr) and o+in(2g+1) or haty+in(2g+1)  to the respective
output triggering units TUl and TU2. As the discussion of paragraph
4.2.1 has indicated, it is at present not important for the a_-control
whether the supply voltage zero condition is used to start thé integra—
tion of a constant voltage. For the Ao _-control the only practical pos-—
sibility in the present get-up is to d8tect the zero voltage condition
of the voltage across the switches and then start the integration of a
constant voltage. To achieve this the delay unit DU] consists in
principle of two parallel, identical channels, comprising a pulse
shaping circuit, an integrating circuit and a comparator.

The output units deliver the triggering signals at a suitable power
level and voltage isolation level to the electromic switches. In prin-
ciple these units need only deliver a pulse-type signal for a dura-
tion of the order of the switching time of the semiconductor switches.
A blocking-oscillator with monopulse output will therefore be suitable,
However, it will subsequently become clear that the type of signal the
triggering unit delivers is very important to eliminate stable asyme-
trical switching modes. These considerations lead to the use of output
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units delivering a pulse train of duration (w~o) radians. Switch-off
signals are derived from ZDI, ZD2,

The number of output channels of TUl, TU2 as determined by the type
of switching element used in the power-electronic switches ES! and ES2.
With thyristor units two output channels per output unit is required.
Use of triacs simplifies the requirements, due to the fact that the
triac has bilateral conductivity, but singular triggering polarity. The
switches are naturally commutated as a matter of course. Filter net-
works in parallel to the electronic switches are used to protect them
for certain types of transients., When employing alternative 2 (Ao -
control) the distortion of the assumed waveform of the voltage acfoss
the semiconductor switch (see fig. 4.1(b)) must be taken into account
in the design,

It is worth noting that the triggering requirements for o _-control
are more stringent than for Ao _—control due to the absence of the
possibility of stable half-waving in the latter case. Monopulse
triggering is possible. For both systems integration in a closed loop
is possible by using the electrical input to DU1.

5.2.2 SYSTEMS FOR ROTOR CONTROL BY VARTATION OF THE DELAY OF THE IN~
STANT OF TRIGGERING ON A SEMI-FOUR-PHASE MACHINE,

5.2.2.1 4 system for Atm ~eontrol,
r

The simplified block diagram of the system as realized experiwen-
tally is shown in fig. 5.2. This type of system may be termed b t, -
control as discussed in paragraph 4.3.1. As indicated in the T
said diagram the two zero detectors ZD3 and ZD4 read out the zero vol-
tage conditions of the voltage across the electronic switches at in-
stants

t

+ §gT and t + $gT

Y, P
r Yr2

respectively. The output pulses of the zero detectors are fed to the
two phase delay unit DU2, In principle this unit again consists of two
separate, identical channels each having a pulseforming part, an
integrating stage and a comparator stage. However, the design have to
be such that it can work accurately over a wide frequency range of
perhaps 1000:1 due to the variation of the rotor frequency. The out-
put signals at times

t + igT and t——— + lgT
% a_+ s
r 2

excite the trigger units TU3 and TU4. It is again worthwhile to give

some attention to the necessary output signal of the units. In steady
state it is impossible for halfwaving instabilities to arise due to a
variation of the triggering angle, and a single triggering pulse will

be sufficient., However, conditions during dynamic operation and starting—
up have indicated that it is desirable to have a pulse train as output.
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Furthermore operation of this system at low slips has indicated that due
to the low rotor voltage and large amplitudes of tooth ripples, opera-
tion with a pulse train is necessary. In order to supply the electronic
switches with a suitable signal when the variable rotor frequency is
taken into account, TU3 and TU4 must receive additional signals at

t& + 3gT  and e fgT
t et

as shown in fig. 5.2.

From the game figure it is further evident that the power electronic
switches ES3 and ES4 are included in each of the rotor phases of the
Westinghouse Generalized Machine WHGM used as an induction machine. An
antiparallel configuration has been used, and not the alternative of a
four-diodebridge with a thyristor switching its output. Input to DU2
is either manual or electrical.

5.2.2.2. A system for ur-eontrol.

As pointed out in chapter 4 it is necessary to have a simulated in-
duced rotor e.m.f. available to obtain a system shown in fig. 5.3 this
induced e.m.f. is obtained from a small two-pole auxiliary machine AM
mounted on the same shaft as the main machine. It is necessary to know
the zero voltage condition of the imduced rotor voltage accurately
over the whole speed range to be able to maintain the angle of trigge-
ring delay constant. Subsequently it will become clear that the tooth
harmonics of practical machines introduce a large uncertainty in the
detection of the zero voltage position of the induced rotor voltage
e.m.f. In order to eliminate this as far as possible the phase voltage
of AM is integrated in the integrating units [l and f2. The phase shift
o between the zero voltage condition of the actual machine rotor
e.m.f. and the switching instant may be introduced for experimental
purposes by a mechanical phase shift of “r of AM.

The zero detectors ZD5 and ZD6 P consequently read out their
output information at

(mr + gn) and a, + (ggglaﬂ

Since relation 4.55a indicates that halfwaving may occur in the o =
control system it is desirable to have a pulse train output from fus
and TU6.

In the above described lay-out the constant phase shift has been
obtained mechanically. This is satisfactory for steady state experi-
mental work, When it is desired to have an electrical input in order to
incorporate the system into a variable speed drive, for instance, then
the alternative system shown by broken lines has been developed., No
mechanical phase shift between AM and the main drive motor exists. The
phase voltage of the auxiliary machine is again integrated by periodic
integrating units Pf1' and Pf2 The integrators are reset by the output
information of ZD5' and ZD6' at

2g+1

gr  and (—Z)Tr
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The comparators C1' and C2' then read out the triggering delay angle at
their preset read-out level. Since the slip dependence of the amplitude
of the induced rotor e.m.f. is eliminated by the integration process,
the delay angle will be maintained constant in the entire speed range
of the main machine. The same considerations as previously stated apply
to the output of the triggering units TU5 and TU6 for this system. If
it is desired to have repeated triggering signals of duration (v-a ),
TU5 and TU6 should be informed from ZD5' and ZD6' as shown by thé
broken lines, Switching commands of duration £_ may only be obtained
by reading out the zero voltage across the swiches by additional de~-
tectors arranged as in the At system of fig. 5.2.

The power electronic r switches ES5 and ES6 are identical to
the switches in fig. 5.2.

5.2.3 SYSTEMS FOR ROTOR CONTROL BY VARIATION OF THE DELAY OF THE
INSTANT OF CURRENT EXTINCTION IN A SEMI-FOUR-PHASE MACHINE.

5.2.3.1 A system for tB —control.
r

Fig., 5.4 represents a simplified block diagram of the system deve-
loped to measure the characteristics of this type of system. The zero
voltage condition of the induced rotor e.m.f. can only be read out, when
the maximum value of the current flow angle is such that the phase cur-
rent will be zero at the instant the induced e.m.f. becomes zero (See
rel. 4.59b). The system is laid out so that

t, + At < £, < t_ -~ At
R k3

0
and
= +
o tO At

where At =100 usec. This has the pleasant consequence that it is
explicitly known that the electronic switch is nonconducting at the
zero voltage condition of the induced rotor e.m.f.

It may therefore be stated that ZD7 and ZDB read out at

(tg + igT)  and (tg + 4gT)

The output is used to excite bistable units BUI and BUZ, and to
gtart the delay process in the delay unit DU3., This unit is of a two~-
phase or dual channel lay-out of the same type as DU2 used in system 3.
The output of DU3 resets the bistable units, Output infor—
mation from BUl and BU2 contrels the output of the triggering units
TU7 and TU10. Whereas monopulse operation is obtained from the first
two output circuits it should be noted that the last two deliver an
output of duration B_[fw

In order to avoid using two antiparallel force commutated switches
for each phase two bridge rectifiers Bl and B2 areincluded., The possi~
bility to use a single-four-phase bridge rectifier also exist. However,
as this restricts the maximum current flow angle per rotor phase the
configuration of fig, 5.4 was chosen for investigation, The force
commutated electronic switching circuits ES7 and ES8 are employed to
short circuit the two phases at At after the zero voltage condition.
The choppers commutate the rotor phase currents to zerc at a variable
ingtant.
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The electronic switches ES7 and ES8 consist of a main circuit for
conduction and an auxiliary circuit for céommutation. The main circuits
ghould receive triggering commands of extended duration due to holding
current requirements of the thyristors used, and are consequently ex~-
cited by the output units TU7 and TUI0. In the auxiliary circuit the
triggering commands are used to excite a thyristor included in an oscil-
latory circuit with a charged capacitor where monopulse triggering is.
sufficient. Qutput units TU8 and TU9 are used for this function.

The development and functioning of the chopper circuits will be inves-
tigated subsequently. At present it is sufficient to remark that .the
chopper circuit should be capable of absorbing the energy contained

in the leakage inductances of the rotor circuits, This energy trans—
port process will necessarily take time, and therefore instantaneous
commutation of the current to zero will not occur. It will later be-
come clear that for a given machine the voltage rating of the semi-
conductor elements in B1, B2 and ES7, ES8 chiefly determine the dura-—
tion of the process of commutating the rotor current to zero. In order
to fulfill all the requirements a chopper circuit with forced series
commutation was developed.

As in previous cases the input to DU3 may be manual or electrical,
and it is again important that this unit maintains the similarity be-—
tween the two channels over the entire frequency range of the rotor.

5.2.4 SYSTEM 7. A SYSTEM FOR ROTOR CONTROL OF A SEMI-FOUR-PHASE INDUC-
TION MACHINE BY MEANS OF A RESISTIVELY LOADED ELECTRONIC CHOPPER
CIRCUIT. (ELECTRONIC LEBLARC CASCADE).

Fig. 5.5 represents the abovementioned system. The current il is
measured across the shunt Rm as shown.

The input unit IUl maintains either the current difference Al or
the current ratio constant (see also paragraph 4.3.3.1) and trans-—
lates the true current into two signals i 1 and i., operating different
comparators. As soon as the current exceeds io » 861 is activated and
as soon as it is lower than i.,, €02 is activaéed. It is possible to
achieve the same result with a"single comparator with variable hystere~
sis, as will be shown later. The described configuration was chosen for
flexibility reasons.

The chopper current measured at Rm contains various high frequency
switching transients due to the action of the power semiconductors in
the force-commutated chopper. In order to suppress the effects of these
transients on the chopper behaviour the anticoincidence circuits ACI
and AC2 are necessary to eliminate the possibility of conduction and
extinction commands being coincident. At time t, AC2 is inhibited
for a time t_ _, while the same occurs with ACl at time t_. This elimi-
nates any output from TU!! during time t

ty to (c0+tac)

and from TU12 during time
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Power circuit configuration and initial conditions are such that it is
sufficient to employ monopulse triggering for both the conduction and
extinction commands.

From fig. 5.5 it is evident that the bridge rectifier used is a full
four phase arrangement. The chopper circuit may be seen to be decoupled
from the bridge circuit by the smoothing inductor L,, while with refe-
rence to the calculations concerning this type of cﬁapper performed in
chapter 4 it follows that = 1200 . Consequently no low~impedance dis-
charge path in parallel to the main switching element of the chopper
exists, enabling one to choose a parallel-commutated circuit configu-
ration for ES89. This circuit will be discussed later.

The induction machine (WHGM). used in these types of systems should
preferably have as low a rotor resistance as possible, sgince it is the
objective to tranmsport all the slip power to Rh via the low-high chop-
per circuit, All the experimental results were comsequently recorded
with the external rotor resistors Rre equal to zero.

5.2.5 SYSTEM 8. A SYSTEM FOR ELECTRONIC RECUPERATION OF THE SLIP POWER
THROUGH A SUPPLY-SYNCHRONOUS INVERTER (ELECTRONIC SCHERBIUS
CASCADE) ON A SEMI-FOUR-PHASE INDUCTION MACHINE.

In the systematic classification it was pointed out that the hybrid
group IIA systems employs an electronic frequency changer im the rotor
circuit to convert the variable frequency rotor voltage to the supply
frequency in order to be able to transport mean power different from
zero from the rotor to the supply system. A simplified block diagram
of such a system is shown in fig. 5.6.

The supply voltage is transformed down and shifted in phase by an
electronic phase shifting circuit PS!. The output voltage of PSI feeds
the zero voltage detector ZD9, Positive going (output 1) and negative
going (output 2) zero crossings are separated, and at instants

(ui + 2gm)
and

(ai + 2g+ln )

th? triggering units TU13 and TU14 respectively are excited. These
triggering units have two output channels each,delivering an output
to diametrically opposed thyristors in the inverter IVI. Although the
stebility of a supply-synchronous inverter necessitates a triggering
signal of extended duration in some regions of operation, units TU13
and TU!4 have been lain out for monopulse triggering. The inverter cir-
cuit will not be operated in the said regions of possible instability.
The rectifier bridge B4 has beenconstructed to allow the use of one
full four phase bridge, or two two phase bridges (as in system 6, fig.
5.4). The supply synchronous inverter IVImay be used to feed back the
slip power as one full four phase inverter, two two phase inverters,
or as one two phase inverter feeding back all the slip power of B4,
These combinations have been designed into the system in order to
be able to investigate the influence of the different current flow
angles in rotor and supply circuits resulting from the different
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combinations.

From fig. 5.6 and the above description it is clear that the combi-
nation of B4 and IV] constitutes the electronic frequency changer re-
ferred to. As pointed out in chapter 4 the presence of a smoothing
inductor L, of sufficient value is important, since this maintains the
direct curfent in the intermediary circuit comstant. If this is not
the case the inverter current will flow in short pulses, and the power
factor will decrease. In order to obtain as much recuperation as pos-
sible the rotor and electromnic circuit resistances are kept to a mini-
mum (Rre = 0).

5.2.6 SYSTEM 9. A SYSTEM FOR ELECTRONIC RECUPERATION OF THE SLIP POWER
OF A SEMI-FOUR-PHASE MACHINE WITH POWER FACTOR COMPENSATION BY A
LOW-HIGH ELECTRONIC CHOPPER CIRCUIT.

The system shown in the simplified block diagram of fig. 5.7 may
also be termed a power-factor compensated electronic Scherbius cascade.
What has been explained in chapter 4 will be briefly recapitulated:

Due to the variable slip voltage of an induction machine, the angle of
natural commutation retardation o, must be decreased as the synchronous
s 1. e
speed of the asynchronous machine is approached. This reduces the power
factor. If the inverter could work into a constant voltage of correct
magnitude at the d.v. side, this objection would be eliminated. By in=-
troducing the low-high electronic chopper circuit LH2 between the rec—
tifier bridge B5 and supply synchronous inverter IV2 this is accom—
plished, The chopper circuit is equipped with current control main-
taining an approximately constant input current with time, Power flow
considerations then dictate that the output current becomes variable
in this case. )

The current is measured and the chopper circuit actuated by an in-
formation—electronic subsystem exactly similar to that of system 7,
fig. 5.5. Comparison of the information—-electronic subsystem necessary
for operation of the inverter circuit IV2 in fig. 5.7 with that of fig.
5.6 (system 8) also suffices to establish the similarity . No further
attention will be devoted to this part of the system at present.

In the compensated electronmic Scherbius cascade shown in fig. 5.7
the bridge rectifier circuit B5 is a full four-phase bridge, while the
inverter circuit IV2 has been chosen as a two-phase bridge for simpli-
city, With the equipment developed it is possible to arrange IV2 as two
separate two-phase bridges or as one full four-phase bridge.

The cutput current of LH2 will be a pulsating current with frequency
of pulsation equal to the chopping frequency. This would have the flow
of pulsating supply currents of a high frequency as a result. This is
in general undesirable . Furthermore this would necessitate synchroni~
sing of the triggering outputs of TUI5 and TUI6 to the sequence of
TU17 and TU18,0r delivering an extended output by TU15 and TUI6 of
duration equal to half a period of the supply frequency. A solution
eliminating both these objections is the introduction of an additional
energy reservoir circuit C,L,. The supply current will now be continuous,
and the output voltage of the low-high chopper LH2 constant, while
the information electronic subsystems for LHZ and IVZ remain unaltered.
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5.2,7 SYSTEM 10. A SYSTEM FOR ROTOR CONTROL OF A THREE PHASE MACHINE
BY VARIATION OF THE INSTANT OF TRIGGERING.

The . feasibility of developing some of the investigated systems for
a three-phase machine of higher power than the semi~four-phase machine
used as the electromechanical converter in the previously described
systems has already been discussed. Although several modifications of
the information-electronic system hag been investigated and developed,
only the constant o_-control will be described, as represented in the
block diagram of fig. 5.8.

. It has been pointed out previously that due to tooth harmonics zero
voltage detection in asynchronous machineg is a hazardous problem at
low values of slip. In system [0 use has again been made of an auxi-
liary machine AM2 to simulate the induced e.m.f. of the main machine.
In paragraph 5.2,2,2 two alternatives were described for realizing
a rotor control system with constant o_=-control. The present system
differs from these systems and is morercomplex due to the following
reasons: It will subsequently become clear that the inductiom machine
to be controlled is intended to be the prime mover in a Ward Leonard
Ilgner set that has been scaled down from an actual existing unit., It
was therefore attempted to develop an electronic system that would
answer to the accuracy and reliability requirements one ig liable to
encounter at the power level where the system is to be applied.

The induced rotor voltage of the auxiliary machine AM2 is integrated
in the units f3, /4 and /5. At instants

(0 + gn) ; l(2 + 3g)n 3 ;—(4 + 3gin

the zero detectors ZD11, ZD12, ZD13 read out, resetting the periodic
integrating units PS1, P/2, P/3 and the triggering units TU21, TU22,
TU23. The periodic integrators start integrating a slip-dependent di-
rect voltage., This voltage is obtained by rectifying the induced rotor
voltage of the machine AM2 in bridge ABl and is directly proportional
to slip. )

At instants

(a, + gn) 5 o + 3(2+ 3g) 5 a_ + 3(4 + 3g)

the comparators €05, C06 and CO7 read out and start the output units
TU21, TUZZ and TU23. Due to the possibility for generating half-wave
instability the triggering units employ an extended triggering signal
of duration

(n - @)

This signal is delivered to the thyristors in the antiparallel power
switches every half period, as indicated, irrespective of which thyris-—
tor of a pair is to commence conduction.

The power switches ES7, ES8 and ES9 have been inserted to short-cir-
cuit the phases to the neutral, This has been done in order to be able
to observe the influence of all the uneven harmonic components in the
experimental determination of the torque-speed curve. The primary of
the three phase machine is connected in star.



Lyt

13 cos ,
the-to
ACS
*t
TUte
iy
B
T‘ ‘o
aé LH3 i 1
. S " et L _ledl Fo
. ; Ly m i
T ot i ese| & || Riy
¥ 1
i
: !
© Lo e e e e e e H

FIG. 5.9 BLOCK DIAGRAM : ELECTRONIC LEBLANC CASCADE FOR WARD LEONARD
ILGNER SYSTEM (THREE-PHASE MACHINE).



5.2.8 SYSTEM 11. A SYSTEM FOR ROTOR CONTROL OF A THREE-PHASE INDUCTION
MACHINE BY MEANS OF A RESISTIVELY LOADED ELECTROWNIC CHOPPER CIR-
CUIT.

The electronic Leblanc cascade depicted in the simplified block dia-
gram of fig, 5.9 has been developed for the same three phase machine
that was used in system 10, The system has been lain out with two level
current control of the low~high resistance loaded electronic chopper
LH3. The information-electronic system differs from the previously
discussed configuration for systems 7 and 9.

The input current to the low-high chopper LH3 is weasured at R_.
Depending on whether it is chosen to operate with constant curren
difference A1 or with a constant current ratio k,, the input unit IU3
translates the command into a signal compared with the current i, in
the comparator CO8. When the current reaches the maximum value i, at
t, the anticoincidence circuit ACS is activated and AC6 inhiblted
for the time:

ty to (to + tac}

The output unit TU20 is activated at t_. and delivers a monopulse trig-
gering signal to the force commutated electronic switch ESt4. This
signal initiates commutation, the chopper CH5 discontinues conduction
and the current i, decreases (see also paragraph 4.3.3.). When the
current reaches Ehe lower value i, at T_ the comparator reads out
again, AC6 and TU19 are activated anid AC5 inhibited for the time

T, to (rt + tac)

Unit TU!9 delivers a monopulse triggering signal to the main conduction-—
circuit of switch ES14, resistance is shorted and the current in-
creases again; by using the anticoincidence circuits it is again pre-
vented that the switching transients generated by the switching power
semiconductor elements in ES14 cause switching disorders of the system.

The rectifier B6 is a full three-phase bridge, while the force com~—
mutated electronic power switch ES14 has been developed with a parallel
commutation circuit configuration for the same reasons stated in the
discussion of system 7. The two circuits ES14 and ES9 are of the same
configuration and differ only in the power level involved.

5.3 A CONSIDERATION OF SOME TYPICAL GENERAL PROBLEMS ENCOUNTERED
DURING DESIGN, DEVELOPMENT AND CONSTRUCTION OF MACHINE-ELECTRONIC
SYSTEMS.

In the previous paragraph a brief indication of the systems deve-
loped for experimental purposes has been given., This work does not pre-
tend to be a general treatise on the analysis and synthesis of electri-
cal drives but concentrates on some aspects of the electronic control
of the electromechanical energy conversion process, It is therefore
understandable that the systems have been explained only up to the
point where the experimental results concerning the electromechanical
energy conversion process can be appreciated.
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Similar considerations may be advanced regarding the design, deve-
lopment and construction of the systems. It is neither feasible nor
appropriate to present all these problems in this volume, the more
so since they concern a few examples of one group of machine-electro~
nic systems. However, during the synthesis of these systems some pro-
blems were investigated that proved to be of a general nature in the
whole field of machine—~electronics and power electronics. As suth the
investigations into these problems and the results obtained (or solu~
tions suggested) may then be regarded as general to a certain extent
and will receive brief attention. The problems that will be considered
in the course of the subsequent paragraphs are:

(i) Forced commutation and its application to electronic chopper
circuits.

(ii) Transmission of triggering commands to power-electronic switches.

(iii) Application of semiconductor power switching elements in power
electronic switching circuits.

5.3.1 FORCED COMMUTATION AND ITS APPLICATION TO ELECTRONIC CHOPPER CIR-
CUITS.

The function of forced commutation has been defined and given some
attention at the end of chapter 2. Tt is now desired to examine the
consequences and the application to the commutation of the rotor cur—
rent of an induction machine. This commutation action may actually be
divided into two types, as far as the application to the rotor circuit
of an induction machine is concerned. In the electronic switch used in
the extinction angle control (fig. 5.4, ES7 and ES8) the rotor current
is reduced to zero during switching. When the electronic switch is em~—
ployed in a low-~high chopper circuit, the current continues to flow,
and is merely transferred to another circuit branch. This difference
means that in the first instance all energy contained in the leakage
inductances of the windings feeding the electronic switch must be stored
in the electronic switch. In the second instance the problem is not
severe when the alternative current path does not contain any large
inductances, .

Storage of leakage energy is only one problem affecting the opera—
tion and structure of chopper circuits. Another problem is the strong
dependence of the available commutation time on the current that is to
be switched, These two aspects will both be examined in the following
discussion.

5.3.1.1 Power switches employed to switch-off the rotor currvent:
constderation of some possibilities.

Power switches employed to switch—off current in machine-electronic
systems frequently suffer from the problem of storing the magnetic
energy contained in the leakage inductances of the system. Since the
current is zero during the off-period, it is logical to store the ener-
gy capacitively, and to attempt to employ the stored energy to good
effect during the following conductive cycle. In the power switch em—
ployed to switch the rotor current of an induction machine off, the
energy stored in the leakage inductance is transferred to the power
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switch. Sometimes it is not possible to transfer this energy to the
mechanical load, and the only possible way to employ it is for commu~
tation purposes.

The power switch at present under discussion is employed to short
circuit the rotor windings of one phase during part of a period. One of
the methods that presents itself to commutate the current in such a
situation is to conmect a correctly charged capacitor in the circuit,
as indicated in fig. 5.10a where it has been assumed that the electri-
cal machine may be represented by an equivalent induced rotor e.m.f €.and
equivalent inductance L__ and resistance R__. In order to short circuit
the rotor completely it'%s important that two antiparallel thyristors
T i and T . be employed as main elements. For the time being the method
of obtainifig correctly charged capacitors will be discussed.

On triggering the commutation thyristors Tc’ the current I_ at the
instant of commutation will transfer from T ,, T ., to T ; an o6scilla-
tion with frequency o will start, and when the Surrent becomes zero,
T will discontinue conduction. The commutation cycle will repeat twice
pér rotor cycle. In the period from t to t_ the magnetic leakage ener-
gy is transferred to the power switch? the polarity of the voltage on
the commutation capacitor having changed polarity. If some or other
means is incorporated in the power switch for changing the polarity of
this charge it may again be employed during the following commutation
period, Some of this stored energy will then be transferred to the load,
as the capacitor will discharge through the machine windings. The vol-
tage on the capacitor will stabilize at the value where the energy dis-
sipated in resistive elements and transferred to the mechanical load
during the commutation cycle is equal to the energy added from the
leakage inductance of the machine in the course of each complete cycle.

The commutation period will vary in length, depending on the current
I at which the process is started. In order to keep the influence of
the commutation process on the rotor current waveform small, the commu-
tation period is chosen much smaller than a half rotor period if pos—
sible. At present it is not the intention to discuss this commutation
process in all its details. It should be noted however, that the vol-
tage on the capacitor at time t_1is strongly dependent on the magnitude
of the current that has been switched off. This means that the commu-
tation-process becomes load-dependent, with a reaction time of one half
cycle of the rotor voltage. Especially in the commutation of large cur-
rents this is an important advantage.

When considering this circuit for practical application, it is evi=-
dent that two drawbacks present themselves.

{(a) The circuit needs two antiparallel switches per phase.
(b) Application to three~phase machines in practice necessitates the
presence of a neutral conductor to switch the phase current.

Both of these drawbacks may be eliminated by first rectifying the
rotor voltage before switching. This changes the maximum allowable cur-—
rent flow angle per phase, and consequently the maximum attainable tor-
que. However, during the present investigations this has been kept to
the value of 7 by rectifying each phase separately. A possible scheme
that may be employed is suggested in fig. 5.10b. Let the capacitor
again be charged by some or other means. An unwanted effect of intro~
ducing the rectifier is that during the commutation cycle the dis~
charge current of the capacitor will flow through the diodes of the

rectifying bridge in two components idl and id2'

250



This means that reverse voltage across the main thyrlstor T will never
exceed the voltage across the conducting diodes, i.e.

Yt = b3t Vb4 T b1t Vb2
further ’ ; ’ } 3.1
togg = F -
Tm

’
where toer is the turn-off time of the main thyristor.

When it is considered that the sum of the forward-voltage across the
diodes should not be more than 4V, the equation 5.1 indicates that the
turn-off time will become long. A further disadvantage of the circuit
of fig. 5.10b is that the capacitor does not ring, but merely dis-
charges, therefore wasting all the commutation energy in each cycle.
The discharge time will be extremely short due to the low voltages
across D3, D4 and T , causing a large current. In practice it may then
be expected that thé commutating thyristor, and diodes, may be destruc-
ted. Insertion of a commutating inductor L in series with the capaci-
tor will build a resonant circuit. Now ’

Ytm T 03 * Vpa * Vie 3.2
increasing the reverse voltage across the thyristor to the order of the
capacitor voltage. The capacitive energy will be conserved to a large
extent,

The actual circuit that may be employed is indicated in fig. 5.10c.
Here an auxiliary circuit Ta-La has been added in order to assure that
the charge on the commutating capacitor has the correct polarity at
the start of each commutation cycle.After time t_ (end of commutation),
the thyristor Ta is triggered and the charge rings round to polarity 2.

The functioning of the circuit is now changed to such an extent that
it is worthwhile to consider it anew.
Assume the induced rotor e.m.f. constant during the short interval
of commutation. The current at instant t_ through L is still I .
Therefore, on starting commutation thrylgtor T it %gy be writtef that:
di

eV, = (L +L) ~—5»+ IR, 5.3
T (4 Te

when the resistance of the commutation circuit is neglected.
Therefore
vV | 5.4

qp c Lre + Lc

when Lre>> Lc’ as 1is usually the case.

From examination of fig. 5.10c it is evident that the voltage of
equation 5.4 will produce a free-wheeling effect with the diodes D
and D,. On neglecting the voltage drop across the diodes the effec% of
the freewheeling diodes is to decouple the actual commutation circuit
from the rotor circuit during the period in which the reverse voltage
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of the capacitor C_ turns off thyristor Tm' Therefore the action of
these diodes will Be referred to as "decoupling” in the future.

It must be realized, on the other hand, that since the capacitor does
not discharge through the machine windings any more, the opportunity
has been lost to transfer the stored leakage inductance energy to the
mechanical load. Either circuit LcT or L R must be dimensioned in
such a way as to handle the dissipa%ion o is energy.

The current during the decoupling period now flows in the circuit
TLDD,C and T L D,D.C . This reaches a maximum approximately when
tﬁecvglgage on C~ 1s"zer6, and then decreases. Somewhere in the cycle

t]
the decoupling clirrent again becomes equal to the rotor current. At
this instant the decoupling action is discontinued, the bridge assumes
its normal function, and the commutation proceeds as described pre-
viously.

The basic changes in functioning of the power switch has now been
described. The action may be divided into three parts:

(i) Conduction-cycle during which the switch performs its basic short
circuit function with T conducting.

(ii) The turn-off cycle duriﬁg which the thyristor T 1is turned off
and the commutation circuit decoupled from the rotor.

(iii) The actual rotor current commutating process during which the
rotor current is reduced to zero and the leakage energy stored
in C .

c

A power switch with an auxiliary commutation cireuit.

It has been stressed that the switch discussed previously presents
the interesting characteristics that the commutation is current de-
pendent. Whether this characteristic is considered an advantage or a
disadvantage depends on the point of view, however. It is extremely
valuable in case of commutating large currents. In the case of small
currents being commutated the commutating voltage will become corres-—
pondingly small, and when the current becomes too small the unpleasant
possibility exists of the commutating voltage disappearing. After this
commutation cannot be obtained again. It is then necessary to supply
an external energy source to ensure a minimum capacitor voltage. A
further unpleasant consequence of employing the circuit shown(fig.
5.10¢c) is the series short circuit that may be formed by the thyristors
T and T when triggered simultaneously by spurious voltages in the

" circuit. This is a configuration that is usually attempted to avoid
in power switches if possible. Should such a coincidence of triggering
pulses occur, the commutating voltage will also disappear, again enfor-
cing the inclusion of an extra power supply to supply new charge in
such cases.

Due to these and other practical factors it was considered to em—
ploy an auxiliary commutated power switch. This creates the possibili-
ty to isolate the commutation circuit from the rotor circuit, increa-
sing the reliability. Since the auxiliary commutation circuit is fed
from an external source it is alway possible to initiate a second
commutation cycle when the first cycle fails. The auxiliary power sup-—
ply may be considered a drawback, yet it is also necessary in the pre-
viously discussed switch if a reliable functioning is required.
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FIG. 5.10 CIRCUITS RELEVANT TO THE COMMUTATION OF THE ROTOR CURRENT OF
AN INDUCTION MACHINE.
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In the power electronics literature circuits employing auxiliary
commutation are numerous, but relatively new. The switch employed at
present may be considered to be related to the switch of Ohnolhlthough
it has been developed independently. The calculations are different,
since the conception and use differ for the two examples. For the same
reasons as pointed out previously, the power switch has been built up
with a bridge rectifier. The general principle of the circuit will now
be discussed:

Consider the main thyristor T_ to be conducting. The capacitor C, is
charged to condition 1, fig. 5.18(d), while T_is blocking and switéh
Sa‘nonconducting. At the output of the rectifier bridge a higher vol-
tage than in the case of the previously described switch will appear
during conduction, caused by the inductance L_of the secondary of the
commutation transformer Tr during part of themcycle. On triggering thy-
ristor T, C_ rings with L _, the voltage on the capacitor appearing
over the" inductor La’ causing a turn-off voltage to appear across L .
At this instant the rotor current is commutated into the capacitor C_,
and the current flowing through L is commutated to L_. The switch
. X a .

'is so designed that the elements R s L_ and C_ form a resonant cir-
cuit. When the rotor commutation ctitrenk i , reaches zero the circuit
returns to its rest-state. The capacitor C: has now been charged to
state 2 during the ringing-process, and returns to the original state
during the following cycle by charging over the source Va,resistance
R and diode D,.

It has been remarked that the rotor current is commutated into C
at the instant T is triggered, This then transfers the leakage energy
of the machine to Cc, and at the end of the commutation cycle {(t ) the
capacitor will have been charged up to a voltage V_, During the mext
conduction cycle this energy must be digsipated. e first possibility
that presents itself is to dissipate the energy in a resistance R_ in
series with the capacitor by dimensioning the circuit R C L in stich
a way that it is overdamped when T is fired. This propgsal as an
unpleasant consequence. The rotor rectifier cannot conduct unless the
voltage V_ falls beneath the value of the induced rotor voltage e ,
implying @ long and slip-dependent delay of conduction, and a corres-
ponding loss in maximum torque of the machine. To eliminate this draw-
back the circuit has been made oscillatory. On triggering T , the ener-
gy will be transferred in an extremely short time to the segondary
inductance L_ of the turn—off transformer, At a time when the capacitor
and inductor voltage approaches zero the rotor current will start to
flow as D, and D, comes into conduction, When this occurs it is impos~
sible for the two inductances to be connected in series, and L_ will
cause a voltage to switch D, and D, into conduction, in order %o
decouple the power switch fTfom the"rotor as in the previous case. The
original short circuit conditions has now been returned to the rotor,
as long as the decoupling diodes conduct. It may be considered a less
pleasant side effect that the energy will now be dissipated in the
diodes. When the decoupling diodes cease to conduct, the cycle will be
completed by the turn-off of the rotor circuit at time t, as already
described. When it is desired to initiate the turn-off process before
cut-off of the decoupling diodes, the energy contained in Lm will be
transported to C_via L_. .

Considering the actidn of the power switch with an auxiliary commu-—
tation circuit the processes may be represented schematically as in
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fig. 5.11, The following particulars may be taken as characteristic

of the investigated auxiliary commutated switching circuit.

(i) The functions of storage of the leakage energy and of supplying
commutating voltage has been divided amongst the capacitors C
and C_ respectively. : ‘ ¢

(ii) Galvanic igolation between commutation circuit and main circuit
increases reliability.

(iii) The auxiliary supply ensures failsafe commutation as far as

- possible.

(iv) The auxiliary supply is required to supply the full commutation
energy after each commutation cycle due to the resistive char-
ging.

(v) The stored leskage energy is dissipated in the power circuit a-
gain, mainly in the diodes and the main conduction path during
the decoupling period.

Similar to other electronic commutating circuits, the auxiliary com-
mutation circuit suffers from the draw-back that with increasing cir-
cuit to be commutated, the available circuit turn—off time decreases.
This is infortunate, since the necessary element-turn—off time in-
creases with current. Study of the circuit has now indicated that by
an extremely simple modification of the circuit the characteristics
(iv) and {(v) (more accurately they are drawbacks) may be eliminated.

In the first circuit consgidered it was explained that the commutation
is load-dependent. For the present circuit this may be established
again by combining the functions Cc and Ca to a certain extent. This
combination is executed by introducing the diocde D_ shown in fig.,
5.10(d). In this way the two elements remain separate, and only combine
their functions for part of the period. In the next paragraph the
functioning of the circuit will be traced.

Dissipation of excessive
stored energy from leakage
inductance
6
s
ecoupling
period
T
Energy transfey
T
rom Cc to Lm T2 4
| Conduction of rotor current furn—off
! by T, bE T |
0 . t'=0
t= t=t
8

FIG. 5.11 THE DIFFERENT PARTS OF THE SWITCHING CYCLE OF AN AUXILIARY
COMMUTATED SWITCH.
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5.3.1.2 Consideration of a modified auxiliary commutated power electro-
nic switch.

Let the switch § in fig. 5.10d be closed to comnect D_ into the
circuit. For the fo?lowing discussion it will be taken th&t the conduc-
tion cycle starts at t=0 as indicated in fig. 5,11, It will be assumed
that the initial conditions are:

i =0=z41i 21 =1
[ a m r

ve (t=0) =V 5.5
a a

v, (t=0) =V

C C

c ¢

When T_ is now triggered, two oscillations will start (the resistance
RC is in the zero position)}, assuming that the circuits are designed

t6 be in the underdamped condition. As in the first version of the
auxiliary commutated switch an oscillation between C_and L_ is set up.
Additionally an oscillation will start between C , ¢ and ™Tr. Since
the leakage inductance of the transformer is ver§ mulh smaller than the
main inductance Lm,the second oscillation will be of a much higher fre-
quency, as will be proved experimentally. This will continue till the
current through D_ tends to change its direction. As T_ is still non-

. . . . X : a :
conducting at this stage, this oscillation will then discontinue. The
capacitor C_ has now attained a voltage V., . The circuit can be dimen—
sioned in such a way that the greater a part of the stored leakage
inductance energy of the rotor in C_ is transferred to C_. The oscil-
lation between C_and L_ continues ds before until the voltage on C
becomes zero, and the decoupling period commences as predicted for %he
previous switch. However, sinmce the larger part of the stored energy
has been transferred to C_, this dissipation-cycle (see fig. 5.11) is
much shorter. The drawback of unnecessary energy dissipation in the
bridge diodes has been largely alleviated. It should be noted that
this energy transfer process only occurs when

VC > w.VC 5.6
c a

where w is theturns ratio of the idealized transformer Tr, Once the

freewheeling is initiated, the power switch short circuits the rotor

during the conduction cyecle in a way completely analogous to the action

of the previously described version of the switch.

When the commutation cycle is now initiated to switch off the rotor
current with triggering of T , an oscillation starts in the circuit C
TaL , again resulting in a turn-off voltage appearing across T_, as the
ififial polarity on C_ is as given by condition 1 in fig. 5.100d).
Previously this oscilfation discontinued when the capacitor C_ attained
the polarity condition 2, since the current was then blocked aby T .
Due to D_ the oscillation now continues until polarity condition 1%has
once moré been attained. Because of the dissipation in the circuit this
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voltage will be smaller than the initial voltage, but it represents an
important improvement on the resistive charging of C_. During the fol-
lowing conduction cycle the voltage of C will againabe brought up to
value V! by the energy transport from main to auxiliary circuit.

In ~a the practical circuits this transport of enexgy proved so
effective that the circuit functioned without any auxiliary source at
all. Although it should be realised that the actual circuit phenomena
are still more complicated than exposed here, the previous explanation
gives an indication of what has been accomplished by the modification,
It is important to realize that inclusion of D_ has now re-established
the link between the two separate functions 0f% and C_. This will be
termed function coupling. When the condition of felatiof 5.6 is fulfil-
led , the initial conditions in the commutation circuit are a function
of the current that has been commutated to zero during the previous
cycle. Under steady state conditions this can have important conse-
quences. Let this now be examined under simplified circumstances.

All resistances in main and commutation circuits are to be neglected
to a first approximation. The initial conditions at time tB( t'=0)
are:

i "= = 1 Y= =
i (t'=0) i (t'=0) I0
Ve (t'=0) = 0 5.7
c
[ =yt
e (t'=0) VC
a a
Let the turns ratio of the idealized transformer Tr be
la
w o= -
i
m

The voltage on C,» with reference to fig. 5.10(d), is:

I' \2'
2 [¢)
= t [
5 (VC Yo o+ = cos (mat + ¢a) 5.8
a a a'a
with It
¢ = arctan o > I'=wl w = -
= —2 = , =
a waCaVCa (] [} a V;fa—éz

As soon as the turn—off voltage appears on Lm’ ir is commutated into
Cc' Assuming

w_ >> 5.9
c wr

the voltage on CC may be approximated by:

v, =4f=— 1 sin e t' @ = 5.10
o c
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The voltage across the main thyristor is given by:

Vo = Ve TV 5.11
m ¢ i
If the available circuit turn-off time is now designated by t £g> the
defining equation becomes: °
Lre
C Io
cos(mato sinw t .o 5.12

14
ff+¢a) = 5 wlo YA
M —
“"J(Vca) 5.C )
a a

If it is now considered in the first instance that the factor by which
the harmonic function on the right hand side of rel. 5.12 is multiplied,
tends to a constant value for large I and in the second instance taken
into account that 03

w > w 5.13
a C

as already stated in paragraph 5.3.1.1, it follows that

T 1 v Io
Foff 1 "{m—"m— aretan { gy } 3-14
a a aaa

when condition 5.6 is not fulfilled, and the voltage on the auxiliary
capacitor is still constant and equal to the source voltage, i.e.

t -
Ve =V,

a
This function is shown in curve 1, fig. 5.12. It should be noted how
the available circuit turn-off time initially decreases sharply. Al-
though many aspects have been neglected in this simplifed explanation,
the results correspond well with practical observations, where it was
noted that deterioration in circuit turn-off time is chiefly due to
the phase-ghift of the oscillation in the auxiliary circuit.

If condition 5.6 is now fulfilled, let
L_l
Ve o=y, =y Cﬁ I 5.15
a c c

The phase angle at which the oscillation starts will now become con-—
stant if the proportionalityfactor y empirically assumed in rel. 5.15
remains constant., In practice this is found to be the case. In this
case it may be shown that under the same conditions cited previously

C
L3 ] w ac
Coff 2 {m ~ p_ arctan }‘JL c } >-16
a a Te a
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FIG. 5.12 ILLUSTRATION OF IMPROVEMENT OF CIRCUIT TURN-OFF TIME OF AN
AUXILIARY COMMUTATED ELECTRONIC SWITCH BY ADDITION OF FUNC~
TION COUPLING.

The turn-off time has now become constant, as indicated by part 2 of
the curve in fig. 5.12. It is of course now to be expected that the
voltage in the auxiliary circuit will continue to increase, and due to
the voltage rating of the semiconductor elements used,this voltage
must be limited. If the voltage across Ca is now limited to

1 -
VC =V, 5.17
a am
by some or other clipping device, the circuit turn-off time is given by:
w I
S B U —_t

tosg 3~ T " arctan TV } 5.18

a a aacC

The turn-off time now decreases as if a higher auxiliary source vol-
tage had been used.

As will subsequently be evident from the oscillograms, the electro-
nic switch built according to the previously illustrated ideas functioned
well and is an important improvement on a normal auxiliary commutated
switch. The behaviour of these switches have been studied more exten-
sively than reported here. Inclusion of resistances does not alter the
behaviour fundamentally. Treatment of the effects of transformer lea~
kage inductances and the influence of the auxiliary power source on
the turn—off oscillation complicates the problem, but does not distract
from the advantages that may be obtained from the proposed electronic
switch configuration.

The solution suggested here is applicable to all auxiliary commu~
tated electronic power switches. The circuit configuration will not
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always be of such a nature that coupling of the function of commutating
capacitor and auxiliary capacitor can be achieved by such a simple al-
teration as in the present case. Whenever this coupling is brought
about, however, an improvement analogous to that depicted in fig. 5.12
will appear.

5.3.1.3 Consideration of an electronic switching eireuit for the low-
high chopper used for rotor conirol.

In the electronic chopper circuits LH1, LH2, LH3 of figures 5.5,
5.7, 5.9 an electronic switching circuit with forced commutation is
used. With reference to the brief discussion of commutation in chapter
2, the circuit arrangement may be classed as parallel forced commuta-
tion, since the charged capacitor supplying the necessary commutation
energy is ultimately connected in parallel to the main thyristor. Fig.
5.13 indicates a simplified schematic arrangement of the electromic
chopper circuit as developed for application in the electronic Leblanc
and in the compensated electronic Scherbius cascade. Consider the ope-
ration of this circuit.

Let the switch 8, be nonconducting and the switch S, be in position
1. The electronic switching circuit will now operate a§ a resistively
loaded chopper. The commutation capacitor € _ has a polarity as given
by condition 1, fig. 5.13, ¢

ks :

(4

FIG., 6.13 PARALLEL~-COMMUTATED CHOPPER CIRCUIT USED IN THE ELECTRONIC
LEBLANC AND COMPENSATED ELECTRONIC SCHERBIUS CASCALDES.
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T _conducts and ’I'a is blocking, Upon triggering T , the capacitor ap-
plies a large negative bias to T_, and consequently C_ charges to pola=-
rity 2 according to an exponentigl function. It is now generally accep-
ted that T turns off, current passes through R, and the circuit is in
a new stea&y condition. This will subsequently "be subjected to inwes-
tigation. Upon now starting T again to initiate the following cycle,
the capacitor C_ rings througﬁ the circuit C D L T to attain charge
polarity as given by state 1. The auxiliary gower gupply V_ in this
case is intended to start up the system and to maintain the charge on

C when T_ has been conducting for a long time.

This cEdpper circuit is a variation of the first high-low chopper
circuits developed for control of direct current machines by Jones
(3% and Abraham Heumarn and Koppelmarm (1 , as described in chapter 1.
The variant for the resistive load has been described by Golde (22,
and the dimensioning investigated by (Zesszow and Xulka (¢ . Consequent—
ly these aspects will not be treated here.

The circuit of fig. 5.13 again contains some modifications and ex—
hibits some commutation phenomena not previously described in the li-
terature. These aspects will be briefly explained. Practical investi-
gation of the developed circuits in the described systems indicated
that when Tm has been turned off, and C_ charged through Ta to polarity
2, Ta may elther turn off due to its hofding current being reached, or
remain conducting especially at high repetition frequencies. This may
draw continuous current from the auxiliary supply V_. This current may
even prevent the holding current of Ta from being reached,T_ 1is then
turned-off by the charge on C when T is fired in exactly ~the same
way that it has turned off T “in the previous cycle, Furthermore when
the current has been commutated to Rh’ the voltage on CC after char~
ging will be

ch = il.Rh 5.19

Especially at low repetition frequencies this is rather unfortunate,
since i, may decrease to a low value (see chapter 4). Consequently C
again partly discharges, impairing commutation. This has been alle-
viated by including D_. Practical investigations have shown the expec-
tations to be borme out,

When the circuit is used in a compensated electronic Scherbius cas-
cade, the commutation action changes. Let §, be in position 2. The
diode D_ may now be shorted cut by S.. A sc%ematic representation of
the inverter circuit to absorb the cﬁopper output power (see chapter
4) is given by T, to T,. The mean inverter back e.m.f. appears across
C,. The diode D, is incCorporated to retain the capacitor voltage and
protect T from™destruction. Upon triggering T , T 1is turned off, and
the entire current i. commutated into C , sincé D, will be reverse
biased. ITn contrast %o the turn-off cyc?e in the éuxiliary commutated
chopper and the parallel-commutated chopper, the voltage on C_ is a
linear function of time, and has a maximum voltage V.. The avdilable
circuit turn-off time is consequently again a function of the current
to be commutated, since the inductive energy above a certain voltage
level will always be stored in C .. A situation analogous to the auxi-
liary commutated electronic switch without function coupling exists.
An improvement with the same principles already described may be
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obtained if necessary.

5.3.2 TRANSMISSION OF TRIGGERING COMMANDS TO POWER ELECTRONIC SWITCHES.

The problem of delivering the triggering commands to the power elec-
tronic switches in a suitable way is very important in power electronic
and machine-electronic systems, since the correct and reliable functio-
ning of the entire system ultimately depends on correct triggering.
Since a great many types of circuits have been devised in the past,
the problem will now be considered as general as possible., Some of the
conditions imposed on the triggering circuits are the following:

1. In large systems the power switches operate at high power and vol-
tage levels, necessitating isolation of the information—-electronics
from the power-electronics by a transformer, This is especially im=-
portant in systems where the triggering circuits should be isolated
from each other due to elements in series or antiparallel.

2. The operating frequency of the power converter may change, requiring
corresponding changes in the frequency of operatiom of the gating
circuit.

3. The duty cycle of the power switch may depart considerably from the
value of 507 assumed for a normal square wave. (Especially in d.c.
to d.c. converters)

4, In some applications, especially variable frequency inverters, the
frequency of operation may decrease to values even low for power
applications (The period may even exceed 1 sec.)

5. In many power applications, fast turn—on and turn—~off of the current
through the converter are necessary. Thig poses corresponding require-
ments for the gating signals to the semiconductor switches initiating
conduction and commutation. (Especially with elements in series or
in parallel)

6. There are different conditions demanding that the gating signal must
be sustained for the full conduction period of the switching element.
Thyristor-elements, although fundamentally only needing a short
pulse to trigger into the conducting state, require sustained gating
signals due to holding current requirements, and general circuit
conditions such as lagging power factor and reactive filter elements
(B4 ., Transistors as power switches require a gating signal during
the whole conduction-period,

An examination of these requirements indicates that when employing a

magnetically cored transformer transmitting a gating signal having the

same cyele-frequency as the power switching element, conditions 1 and

2 may be satisfied., However, unless special resetting precautions are

taken, condition 3 will result in cumulative saturation of the core.

It is evident that to satisfy 4ythe cross section of the core will in

the end become extremely large, influencing not only the transformer

size, but also adversely the performance. Taking the fast rise~time
into account (5), a compromise is necessary between the conflicting
solutions regarding isolation (1), core size (4, 6) and close coupling

(5). Economic questions add to the complication of the problem.

It has previously been treated extensively by Turnbull (3 why a
carrier frequency gating system represents an optimum choice in such
cases. Such a system may be considered to be defined by the schematic
of fig. 5.14. The transmission of a square wave carrier frequency input
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to the isolating transformer is gated. After transformation this on-off
modulated carrier wave is rectified, and filtered if necesgsary, resto-
ring the original gating function. The transformer, rated for the car-
rier frequency, is small. Considerable design freedom exists to obtain
good isolation, good coupling, optimum component use etc. All types of
duty cycles may be transmitted. Turnbull has given an excellent expo-
sition of the utility of these systems, and therefore the attractive
design possibilities will not be discussed further.

The present investigation is intended to extend the analysis of the
carrier frequency gating technique in order to arrive at a system
delivering a constant output signal during transmission, without using
filters in the output circuit. The analysis indicates that the most im~
portant aspect ig the philosophy of the arrangement of the magnetically-
cored isolating transformer and the non-linear rectifier output circuit.
This corresponds to experience in the field of high power mutators,
where voltage drop due to leakage reactance in the rectifier transformers
is a well-known phenomenon.

5.3.2.1 Some problems concerning gating of static switches.

During gating of these switches careful congideration must be given
to the rise-time, the duration and the fall~time of the output signal.
Some of the considerations of the previous paragraph will be recapitu-
lated, and new considerations added,

(a) In high-performance power—electronic circuits triggering pulses
with a short rise-time are mostly desired. Neglecting the effect of an
output filter, the rise~time is limited by the leakage inductance of
the isolation transformer. To reduce this effect the transformers may
be kept small, which dictates shorter pulse duration, a given order

of magnitude for the saturation flux of the possible core materials
being assumed.

(b) The duration of the triggering signal cannot be chosen at will. The
following factors determine the necessary duration:

{(b) (i) The delay between current flow through the element to be trig-
gered, and the voltage to which the derivation of the starting time of
the command is related, is not known explicitly. Mestly this delay is
determined by conditions in the power electronic circuit and the load,
which may be dynamic.

Fortunately the range of variation is known. (An inverter with feed-
back rectifiers and inductive load for example). This poses the con-
dition of extending the triggering signal over an appreciable part of
the operation cycle.

(b) (ii) When highly inductive circuits are switched on, and the cur-
rent builds up from zero, the signal must be sustained at least until
the latching current of the device has been reached (if applicable).

(b) (iii) The type of power switch used. Transisters need a drive sig-
nal at least exceeding the saturation value over the whole conduction
period when employed as power switches.

(c) In some applications the fall-time of the output signal after
switch-off of tramsmission is critical. Again neglecting the effect of
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a filter in the output, this fall-time is determined by the arrangement
of windings on the core and the magnetic energy contained in the trans-
former as a whole, Addition of a filter circuit makes the situation
worse.,

In circuits in the lower inductance range the state of the art
is such that condition (b) (ii} can be fulfilled by a single pulse. For
satisfying condition (b) (i) in this case it is then possible to employ
either a pulse-burst technique or a carrier-frequency technique. When
it is desired to have a constant output signal during transmission,
{condition (b) (ii) and/or (b) (iii) ) a carrier frequency solution is
optimal. Unfortunately the output signal, after rectification, will not
be absolutely constant, as is to be explained subsequently. This is
due to:

a. The departure of the input waveform to the transformer from an ideal
square wave,
b. The leakage inductance of the transformer.
This drawback is mostly alleviated by adding a small capacitive filter
circuit in the output. In some applications this is allowable, although
rise and fall-time deteriorate (a) and (c). Nevertheless this may not
be desirable in some circuits employing forced commutation, as the e~
nergy stored in the filter tends to apply positive gate drive to the
thyristor during part of the period of negative anode to cathode vol~
tage applied by the forced commutation circuit to the thyristor. This
increases the requirements for the commutation circuit, and the dissi-
pation in the thyristor.

It is evident that the voltage drop caused in the output during com-
mutation (see later) by leakage inductance is fundamental. Improvement
of the input waveform to the transformer by cascading more amplifier
stages and reducing the leakage reactance of the transformer both have
a definite limit., In addition this approach requires small tolerances
in components and manufacture. At it is known that leakage inductance
of transformers provide certain effects in conjunction with rectifiers,
it appears worthwhile to examine the commutation effects in order to
arrive at a solution.

5.3.2.2 Model to be analysed.

In order to apply a simple analysis for comparison of all the sys-
tems, it will be assumed that the magnetic core operates in a linear
region, The diodes to be used are ideal, and the loading of the cir=-
cuit a resistor (highly doped gate-cathode junction of a thyristor).
Neglecting magnetising losses and current, a linear equivalent circuit
will be used.

Three alternatives will be distinguished, as shown in fig. 5.13a, b
and ¢ - to be referred to as type A, B and C. In the first type of con-
figuration, the primary and secondary of the transformer Ty are both
centre-tapped, the output being rectified as shown (fig. 5.15a). The
switches T, and T, are assumed ideal so that the waveform on the trans-
former input becomes a perfect square wave when T, and T, are switched
by identical signals being shifted with respect to each Sthetr by a half
period. Equivalent leakage inductance per output halve is LU , and the
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amplitude of the square wave at the input E. Configuration of type B is
the same, save for the output rectifier being a bridge. The suggestion’
now offers itself to split the transformer Tr up into two, and by allo-
wing an overlap time At between the driving function for T, and T
(waveform asymmetric) attempt to compensate for the leakage voltage
drop during commutation in one branch by supplying voltage during the
overlapping time from the other. This results in type C (fig. 5.15c).
Taking all the previous particulars into consideration, the equivalent
circuits are as shown in fig. 5.15d, e and f.

Employing an equivalent leakage inductance L _ during commutation in
all these cases does not imply that this quantitfy is determined magne-
tically in the same way in all the systems. It is the intention to il~-
lustrate the difference in characteristics by assuming a reactance ef-
fect of the same magnitude in the three systems. As the voltage level
in type B is higher by a factor two, the same magnification has been
given to the reactive effect. A practical determination of L_ in type
A for example, is not simply due to coupling between the four windings
of the transformer during commutation.

Figures 5.15a, b and ¢ are only intended as a schematic representa-
tion of the most outstanding features of the three types of output
circuits that are discussed in relation to carrier frequency gating
systems, These diagrams are not complete to obtain perfect working
electronic systems, but need the addition of more components. As this
will only tend to obscure the essential characteristics here under dis-
cugsion, it has been decided not to present the electronic detail in
this discussion.

The equivalent circuits are all specified at time t=0 (fig. 5.15d,

e and £). Should one wish to employ these circuits for calculations in
other than the commutation periods, it is possible that changes may be
necessary in the circuit parameters. This is especially important in
the case of type C overlapping arrangement (fig.15c and £), During
overlapping action, both inductances have value L_ . When either e

or e,. becomes zero (initiation of commutation) the associated induc-
tancé changes from LG to L, the total equivalent inductance necessary
to represent the magnetic energy in the transformer.

5.3.2.3 Analyeis during the commutation period.

TYPE A (fig. 5.15a)

Input waveform symmetrical, with period T

€

~E , 0<t<T/2 e, = ~e,
} 5.20

e E, T/2<t<T

i
‘Between time 0 and t, both G1 and G, may be taken to conduct, with
initial value of i, equal to I . At“t,, i. will become zero, and i
will increase to complete the gommuta%ion]process. Solution of the
circuit equations yields:
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with 1t the time constant of R and L, and I0 = %; The minimum value of
the gate current
2tl
Imin = Io exp - {—?—} 5.23

TYPE B (fig. 5.15 e(1) and (i1)):

During conduction of G, and G&’ G, and G3 block, so that the equiva-

lent circuit becomes that of (e(ii))~

1

e, =-2E , 0<t<T1T/2
} 5.24

2E , T/2< t < T

It is now evident that commutation will not be complete before il is
zero, Solution of the circuit equations gives:

s 3 =g = ¥ -.t_ —
0<tc< t, i ip IoB [2 exp {2T} l] 5.25
t=t,: i =iy = 0 5.26
t—tl
t>t]:12=1R=1oB [1—exp—{2T} 5.27
. . 2E
with IoB =% -

TYPE C (fig. 5.15f):

The waveforms assumed for this circuit will be the following:
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I = - I
elo-o, 0<t<-i--s$t eZO—E, At:<t<2
} 5.28
&g = E, % -4t <t < T ey = 0, §~< t < T - At

An overlapping time At for the two waveforms therefore exists. Due to
the fact that when T, in fig. 5.15¢is opened, no coupling with any
other circuit exists than through the output rectifier; the inductance
of importance during commutation in this circuit is the total induc-
tance L, and not merely the leakage inductance.

Solution between time zero and t when il = 0, yields

t E
0<t<t, : i, Il + 12 exp - {;—} T t

1

e z
L
T P Jdr L L . E_
1, =t 1 12 exp {T } T o I1 t I t }5.29
] e z by
therefore
LE t
ig = i—-Iz.exp - {?—} + i~ IO
g e z
with
T L R L
Te T T LR > My “hy 0 T TR
LG LLc Lo LLG E
et 3 | L% |l 2|° %°x
L L z L
% z
The minimum value of iR is attained at t=t,
T t
- i = [ = L S L
t=1t, i = IR = 12 [exp {T {] i IO 5.30
e e b
for t-t
t<t, s ip = Io - I0 - IR exp - { - } 5.31

The analysis of these systems will not be carried further for non-ideal
waveforms. The present analysis 18 sufficient to illustrate the su-
periority of type C arrangement. This only improves with deterioration
of waveform. Equation 5.23 indicates that although the output current
of type A contains a strong dip during commutation, it does not neces—
sarily become zerc. Under practical conditions this may become more
pronounced due to rise-time of the input waveform. Type B results in a
minimum output current zero, and is the least elegant of the systems
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analysed. Taking the rise-time of the input voltage into account, the
current rise-time will decrease after t=t,. Equation 5.30 indicates
that in the system with overlap a constang current component exists

in the output during commutation. From this simplified analysis it ap-
pears that it is not possible to compensate completely for the commu-
tation effects. Further analysis and practical experiments indicate
that in practice an apparent overcompensation may be found. This will
be apparent from the oscillograms@°

Experimental verification of the characteristics was found in the
practical gating systems employed in the built—up systems already des-
cribed. In contrast to previous solutions described in the literature
(73, these systems have local carrier wave genmeration. Adaptability
is higher with each unit having its own carrier supply, since units
may be removed or added to a system at will, without the possibility
of affecting each other through loading of a central carrier frequency
supply. Circuit detail of the electronic system will not be presented.

Arrangement of a system to type B is shown in fig. 5.16a, the power
amplifier being gated at its input by the logic circuitry. In the sche-
matic lay-out of the gated power amplifier in fig. 5.16c T, represents
the gating circuit. The waveform of the local carrier frequency gene-
rator is symmetrical as already specified, having a rise-time of the
order of a microsecond. The composition of an overlap-system is given
in fig. 5.16b, while the schematic arrangement of the output is given
in fig. 5.16d, the carrier wave being asymmetric (equation 5.28). As
the output transistors in fig. 5.16c are in balanced arrangement, con-
ditions for resetting the core of Tr are fulfilled. To obtain the same
utilization of the material in Tr, and Tr_ it is advisable to add the
resetting winding shown (fig. 5.léd). In the balanced arrangement,
all other parameters being equal, the switch—off time at the end of a
transmission period will be longer, since with T,. and T,., nonconduc-
ting due to gating, the magnetic energy will decay throuéﬁ the load.

In the overlap system the third winding enables the magnetic energy

to be fed back against the constant supply voltage via R . This results
in fast switch-off, an important advantage of this system, although not
following strictly from the previous analysis. This switch-off action
is also somewhat different from that assumed during commutation in the
analysis.

It may therefore be concluded that (in conjunction with oscillograms
to be presented subsequently) it has been demonstrated that during
carrier wave transmission of gating signals for static switches it is
impossible to deliver a constant output voltage during transmission
due to commutation effects in the indispensible rectifiers. The situ-
ation may be improved by constructing transformers with very low lea-
kage to precise tolerances, and by cascaded stages of amplification
in an attempt to reduce the carrier-wave rise-—time. These solutions
are only partly effective without an output filter, and the feasibility
disputable. In specialised applications necessitating such an output
with fast switch-off times, (no filter) it has been demonstrated effec-
tive to employ an overlapping technique with an asymmetric waveform.

In this system neither the rise- and fall-time of the input waveform,
nor the leakage inductance of the transformer is critical. Their effect
on the output may be compensated by a simple adjustment of the asymme-
try of the carrier wave. The system retains all the inherent advantages
of a carrier-frequency gating system as previously exposed in the
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literature.

In the machine-electronic systems described in previous paragraphs
it will be noted that other types of triggering units than the over-
lapping carrier frequency system explained have also been used. This
has been done to investigate the characteristics of the other types.

It has become clear that the blocking oscillator so often used in
power electronic systems is the least suitable. As a matter of fact all
the circuit configurations employing a self-oscillating output stage
are less suitable. Considerations of switching transients, speed of
response and reliability give rise to this conclusion.

5.3.3 REGARDING THE APPLICATION OF SEMICONDUCTOR SWITCHING ELEMENTS
IN POWER ELECTRONIC SWITCHING CIRCUITS.

Semiconductor power switching elements, and in the present case
specifically power diodes and thyristors, are well established in
the field of power electronics. Yet their application still presents
many problems in the case of well optimized, reliable design. When
these elements are employed in laboratory systems such as used in the
present instance they are often used to ultimate capacity regarding
reverse and blocking voltages, current carrying capacity etc. If
during operation the system functions unreliably it is also very im-—
portant to know whether it is a fundamental system problem, or origi-
nates with the semiconductor switches. It has been found that for all
the specialized applications described in this study the normally
available particulars are not sufficient to be able to decide on these
matters without doubt.

In order to be able to determine the characteristics of each element
a semiconductor testing unit was constructed for performing a range of
static and dynamic tests. The equipment has also been used to investi-
gate the nature of some of the physical processes occurring during
transients in the elements, although it would carry too far to report
on those aspects in the present study. A schematic diagram of the
main testing unit has been included in fig. 5.17, while the practical
lay-out of the equipment is illustrated in fig. 5.19 (b).

The unit has been designed to be able to measure the following
particulars of a thyristor or diode tablet:

(1) Static current-voltage characteristic — chiefly for an accurate
determination of leakage currents up to 2 kV. The high voltage
power supply (1) may be seen in fig. 5.19 (b). With reference to
fig. 5.17 it can be seen that by closing S4, S7 and SS these
characteristics are to be measured.

(ii) Voltage current characteristics at a sweep rate of 50 Hz, with
and without triggering of the test specimen. These characteris-—
tics are displayed on X-Y oscilloscope (2) (fig. 5.19 (b)) and
may be taken up for either blocking or reverse direction or both
by respectively using DbS » D S, or S,. Latching current may
be determined by variation o% thé Surren limiting resistor R.,
while the step-up transformer T_ enables the test to be carried
out up to a peak value of 3 kV (fig. 5.17). DU4 is a delay unit
to assure that TU21 excites the test thyristor at approximately
120 degrees after the zero voltage condition of the supply as
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(iv)

detected by ZD14,
Voltage transient behaviour. During this test the maximum voltage-
time gradient at rated voltage, that may be applied to the thy-
ristor before it triggers into a conduction state, is determined.
While most of these types of tests described in the literature
seem to employ an exponential voltage transient (see for instance
work by Udvardi -Lakos and Surk (74 ), the equipment built up
applies either an exponential transient or a linear transient by
adaptation of a known circuit (85 , An exponential transient is
obtained by opening S5,S and closing S,. By triggering T ., C.
is discharged via R _ “into C_ . R . aulomatically providgs tha"
. . - u ] .
maximum current—time gradlen% Ec which the specimen has been
subjected. DU5 is a delay unit to ensure that the transient is
repeated at 25 Hz by repetitive triggering of T , through TU22.
Due to the fact that this thyristor operates in%dn extremely
low inductance circuit with a very high di/dt the specifications
regarding the output of TU22 are special. It has to deliver an
output current pulse into the thyristor gate-cathode junction of
amplitude at least 1 Ampere and a rise-time of not more than 40
n sec, at a voltage isolation level of 2 kV. This is achieved by
a special triggering technique,

Closing 8. results in a waveform on CO that approaches a linear
dV/dt. On triggering T , a resonant cifcuit is built up through
C L./R C_ .. Whén the voltage on.C reaches a value

] s
e&gal %g tfidt of E. , the freewheel diode®" D comes into action;
consequently cuttiﬁg the sine-wave off at half-amplitude. At
present the equipment is capable of achieving a voltage time
gradient of maximum 500 V/ msec. at voltages up to 1000 V.

A possibility to investigate the influence of a bias on the
dv/dt characteristic has been incorporated in the circuit RBLbTb'
The charge remaining on C after each transient is remove
through this circuit. varfikion of the value of then changes
the bias conditions in a range having approximately twice the
value of the rated voltage.

By opening S, and triggering the test specimen to discharge C
it is possib?e to determine the value of the time of switching
on of the test specimen. The holding current of the element may
also be determined in this way.

During these transient tests the characteristics are read out by
oscilloscope. Especially for the dV/dt tests a sampling system combined
with a storage oscilloscope has been set up. This has been chosen for
two reasons:

a) It has been found that during switching of the thyristors transients
are set-up at frequencies in excess of the bandwidth of conventional
equipment.

b) Due to the high voltages involved it is extremely difficult to
repeat the transients at a high frequency. Using a sampling system
simultaneously supplies a convenient output to drive a conventional

X~Y recorder.

It is understandable that the use of the sampling system poses spe-
cial problems as regards the reproducibility of the 25 Hz transients.
{Low jitter and accurate triggering) It is believed that these problems
have been solved satisfactorily. The power—electronic equipment is
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contained in the unit 4 in fig. 5.19 (b), while all other electronic
equipment are concentrated in 6. Sampling system and recorder are
indicated by 7 and 8 respectively, while 3 indicates a constant tem—
perature oven for more accurate investigation of especially the trans—
ient phenomena.

The described unit is not yet ¢apable of providing a test for the
element turn-off time at rated current. Such a unit is currently being
developed.

PART 11

EXPERIMENTAL INVESTIGATION OF THE CHARACTERISTICS OF SOME GROUP II AND
GROUP ITIA MACHINE-ELECTRONIC SYSTEMS.

5.4 A BRIEF REVIEW OF THE EXPERIMENTAL INVESTIGATIONS.

The problem of presenting the experimental investigations is again
chiefly one of selection, since all observations cannot be presented
in minute detail when one considers the range of systems investigated.
Furthermore a large amount of experimental work was devoted to deve-
loping and setting up the machine-electronic systems, tracing all
system faults and inaccuracies in order to be as sure as possible that
the measurements will represent the specified conditions. This work is
not regarded to be necessary to report upon in a study of the present
type.

The investigations concern the electronic control of electromechani-
cal energy conversion. Therefore the most important experimental re-
sults are those indicating the relationship between the electronic
variable and the electromagnetic torgque, These results are presented
in the form of torque-speed curves with the electronic variable as
parameter. The transfer function may be determined from these curves,
while more information regarding the behaviour of the electromechanical
converter (harmonic torques etc.) may also be deduced herefrom. In
developing the theory presented in the previous chapters assumptions
regarding the electrical wave forms were made. To judge the wvalidity
of these assumptions in the present situations oscillograms of the
appropriate waveforms are to be presented and discussed.

During discussion of the development of the systems in this chapter
some attention was devoted to functioning of parts of the power—elec-
tronics and information electronics, and to measurements on the semi-
conductor elements. In order to illustrate these aspects a series of
oscillograms will be included and discussed. In the calculations of
chapter 4 attention has also been given to some of the electrical cha-
racteristics of the systems, and by comparison with experimental measure-
ments it will be investigated to what extent the assumptions has been
fulfilled and whether the electrical characteristics measured are re-—
presentative.
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5.5 CONCERNING THE ACTUAL EXPERIMENTAL SET-UP,

In previous paragraphs it has already been mentioned that the sys—
tems developed on the semi-four-phase machine as an electromechanical
converter were tested on the Westinghouse Generalized Machine. All the
information-electronic and power-electronic subsystems were built into
one unit. This has been designed to be operated with the Generalized
Machine as one complete set, and is indicated in fig. 5.19.

The particulars concerning the machine may be summed up as follows:

Stator resistance RS = 2,86 Q
Rotor resistance R_ = 0.75Q
Maximum mutual inducEance between stator and rotor
M = 170.50 mH
Stator inductance L§r= 472,00 mH
Rotor inductance Lr = 74,10 mH
Two pole machine, syinchronous speed 3000 r.p.m.; Rotor voltage 30 V
Maximum allowable continuous stator current 4 A
Maximum allowable continuous rotor current 10 A.

The machine was operated at a stator voltage of 110 V to eliminate sa-
turation of the magnetic circuit as much as possible. In some cases

an external rotor resistance of 3¢ per phase was included to shift the
speed of maximum torque to standstill.

In fig. 5.19(a) the different parts of the experimental system may
be seen. The racks 1 to 4 contain all the information electronic sub-
systems necessary to operate the systems described schematically in
figs. 5.1 to 5.7. The power electronic subsystems are contained in 5,
6, 7, 8 for the said systems. The Generalized Machine operated as an
induction machine is shown by 9 and the complementary d.v. machine by
11, The torque-measuring equipment (10) and auxiliary machine (12) are
also in evidence. The torque measuring equipment (Satiger Mohilo type
857) functions on the following principle: A high frequency generator
feeds a measuring coil on the shaft of the machine via a transformer
(10). The magnetic coupling of this coil with a second coil on the
shaft is proportional to the torsion in the shaft, and consequently to
the torque, The output of the second coil is coupled via a second trans-
former to the amplifier (13) where it is demodulated and amplified for
recording.

The electrical measurements should be executed with some care since
the use of conventional equipment may lead to introduction of appreci=-
able errors (7 , especially with wattmeters. Special thermo~electro-
dynamometer instruments have been developed by Marek for our measure-
ments (14), The instruments have an accuracy of 0.5% in the frequency
range of O Hz to 10 kHz, and of 1.5% in the range 0 Hz to 20 kHz on
current, voltage and wattmeter scales.

Experiments on the larger three-phase machine are only reported on
briefly in this study, and therefore the experimental set-up will be
described shortly. Fig. 5.19(c) depicts the systems. The three phase
slip-ring induction machine has the following particulars:

Stator voltage  220/380 V

Stator current 17.8/10.2 A

Rotor voltage 92 Vv

Rotor current 20,5 A

Power rating 2,95 kW , 955 r.p.m. continuous.
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The stator and rotor was connected in star, and in the rotor the
neutral point was made accessible through a fourth slip-ring. In order
to avoid some of the saturation effects the machine was operated at
220 V line voltage in star, since its magnetizing characteristic indi-
cated that at 380 V the magnetic circuit was already saturated to an
appreciable degree.

The induction machine (6) was mounted on the same shaft with the
d.v. generator (7) and the flywheel (8). The electronic chopper circuit
for operation in electronic Leblanc cascade is incorporated in rack 5
and the information electronic part im 3, while the resistive load for
the low-high chopper is indicated by 1. The system for constant o -
control is comprised by the information-electronics (2) and powerE
electronics (4) as described.

5.6 SOME OF THE EXPERIMENTAL MEASUREMENTS CONDUCTED ON THE DESCRIBED
SYSTEMS.

5.6.1 TORQUE-SPEED CHARACTERISTICS OF THE SYSTEMS.

In the previous paragraph the equipment for measuring the shaft tor-
que of the controlled machine has been described. The results of mea-
surements conducted on the machine-electronic systems operating with
the Westinghouse Generalized Machine are shown in figures 5.20 to 5.25.
During all these measurements the parameter that would be varied when
the system is part of a controlled drive, was kept constant, and a
torque speed curve recorded,

To obtain a measure of the true electromagnetic torque of the machine
the loss torques were plotted in each case. Under these conditions the
controlled machine was left unexcited, and the torque-speed curve re-
corded. This curve may then be taken as a reference line for obtaining
the mean electromagnetic torque. As it was in the present case possible
to measure the true shaft torque of the machine, it may be expected
that the results will be more accurate than when they had been obtained
by an indirect method with the complementary machine.

In fig. 5.26 some experimental results obtained on the larger three-
phase machine are shown., These results have been obtained through power
output of the d.v, generator of the Ward Leonard Ilgner set, and dis-
play the same parameter variation as in the case of the semi~four-phase
machine. The electromagnetic torque is determined by again recording
the system losses with the induction machine unexcited and the power
electronic system passive.

5.6.2 BELECTRICAL CHARACTERISTICS OF SOME SYSTEMS.

For reasons already discussed,the electrical measurements presented
here have been deliberately limited, In fig. 5.21 some examples of
measurements on the machine electronic system with o -control are given.
The measurements cover the case of a low resistance fotor. Effective
stator current, power factor, effective rotor current and angle of cur—-
rent extinction is presented as a function of speed.

As will be evident from the calculated characteristics of chapter 4,

and from the experimental results, the system for Br‘control or t6 -
T
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control is able to deliver an electromagnetié torque in excess of the
torque of the machine in an uncontrolled state at that specific speed.
By choosing a certain value for the control parameter the same torque

as in the uncontrolled state may be delivered (i.e. equal mechanical
characteristics) and the electrical characteristics may be compared,
This may be done from table 5.1 and 5.2.
In chapter 4 it was stated that a motivation for the investigations
on the 8 ~control (or t
compensation. Since the ¥ rotor control systems with a switching fre-
quency equal to the rotor frequency known in the past have all used
some or other form of ignition delay, the Br-control system is compared
to the o _~control in table 5.3. It has been assumed that the nominal
torque at which the machine will be operated is equal to half the
maximum torque for the purposes of this comparison.

—-control) is the possibility for power factor

WESTINGHOUSE GENERALIZED MACHINE AS INDUCTION MACHINE

Speed |Stator voltage | Stator current | Rotor current | Power factor
T.p.Mm. v ‘ A A
0 110.5 4.2 9.8 0.306
300 110.5 4,14 9.7 0.319
2000 110.5 3.55 8.35 0.534
TABLE 5.1

Speed |[Stator voltage | Stator current | Rotor current | Power factor
r.p.m. v A A
0 109.75 1.22 3.3 0.748
300 109.50 1.24 3.35 0.752
2000 110.75 1.8 4.65 0.883
TABLE 5.2

WESTINGHOUSE GENERALIZED MACHINE WITH ROTOR CURRENT CONTROL BY VARTA-
TION OF EXTINCTION ANGLE — MACHINE CONTROLLED TO GIVE SAME TORQUE AS
IN UNCONTROLLED CASE.
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N = 1400 r,p.m.

T =0.5p.u. = 0.25 T
e max

.

Stator voltage | Stator current| Rotor current| Power factor]
v A A
ar-control 109.75 2.39 4.9 0,288 ind.
Br—control 110 0.835 2.15 0,56 cap.
TABLE 5.3

WESTINGHOUSE GENERALIZED MACHINE. COMPARISON OF o —CONTROL AND B -
CONTROL ' r r

5.6.3 A GENERAL DISCUSSION OF THE EXPERIMENTAL RESULTS - THE ELECTRO-
MECHANICAL CHARACTERISTICS.

5.6.3.1 Systems for stator control by delay of the triggering angle
(as—control, Aas—control)

Consider the torque-speed curves for o« —control represented in fig.
5.20{a) {(no external resistance) and fig.SS.ZO(b) (for 3flexternal
resistance), Examine the results for &= 90° in comparison with the
curves of chapter 4, fig. 4.3.2(a) and {b). In-both cases it may be
seen that the theoretical results depart more or less from experimental
measurement. (Theoretical curve indicated by dotted lisie) Fig. 5.20(a)
indicates that from standstill to the slip of maximum torque the theo-
retical and experimental results differ by a maximum of about 7% -~ the
theoretically calculated torque being higher. As the calculated torque~
slip characteristic at full conduction (fig. 5.20(c) also departs
from the measured curved in the same sense in this region,it may be
concluded that the effects causing this discrepancy are not associated
with the control influences, but correspond to the specified values of
the linearized machine parameters not describing the electromechanical
converter adequately. It should furthermore be realized that the accu-
racy of torque measurement is judged at approximately 57. In any event
the difference between calculated and theoretical values at slip below
the slip of maximum torque is of such an order that it may be concluded
that the theory developed in chapter 4 for the stator controlled induc-
tion machine describes the machine adequately as far as the torque-
speed characteristics (and consequently transfer function) in this
region are concerned, when the influence of the "induced excitation
components” are neglected. It is extremely significant that the sense
in which the calculated torque departs from the measured torque changes
in the region of maximum torque, With respect to relation 4.46d it may
be seen that all terms of torque originating from the "induced excita-
tion components” involve terms with l-s or 1-s%, and consequently it
may be expected that these terms will become more important with an
increase in speed {or decrease in slip). It should also be remembered
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LEGEND TO FIG, §.20

Recorded on Westinghouse Generalized Machine as specified in the text.

(a)

{c)

(e)

282

Stator a=~control.
No external resistor.

1. Rotor short circuit,
2. a
3. a

.
nonowononn
o
o)

W00~ O L S
He R R
mmmwmmmm
[

o

Stator Ao-control.
No external resistor.

1. Rotor shgrt circuit.

2. ha = 9O
3. Aa: = 187
4, Ao’ = 36
s Q
Z. Ams s 540
. A = 72
7. 2’ = 90°
8. TZ = 0

(b)

(d)

Stator a-control.
External rotor resistor 3%Q/phase.

Rotor short circuit,

]
n
,;\

.

ﬁQQQQQQ

.

I.
2,
3
4
5.
6
7
8.

s
s
8
8=
s
e

Stator Ao —-control.
External rotor resistor 3/phase.

1. Rotor shgrt circuit.

2. b0 = 9
3. Aa: = 18:
5 bt C 500
6. e’ = 72°
7. Ao = 90°
8. Tz = 0

Comparison of steady state, uncontrolled electromagnetic torque

to theoretically calculated values.

1. Measured torque-speed curve, rotor short circuited, no external

resistor.

2. Calculated with values of (3), Rr compensated to

R

3, Calculated with Rr

la]

Bowouou o

SR
I

5]

170.5 mH
mH
74.1 wH

0.83 Q/phase
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FIG. 5.20 EXPERIMENTAL TORQUE-SPEED CHARACTERISTICS OF SOME SYSTEMS
WITH CONTROL OF THE INSTANT OF CURRENT IGNITION IN THE STA~
TOR CIRCUIT OF AN INDUCTION MACHINE.
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iy
(a) Effective stator current as a function of slip.
(b) Effective rotor current as a function of slip.
(¢) Power factor as a function of slip.
(d) Angle of natural commutation as a function of slip.

In all cases the curves indicated by a broken line represent calcula-
ted values.

FIG. 5.21 COMPARISON OF SOME MPASURED AND CALCULATED ELECTRICAL CHA-
RACTERISTI OF a, ~CONTROL.

1: a, = 8o . as 90°.



that the amplitude of these components as well as the phase relation-
ship show a complicated interdependence as a function of slip. All
these effects combine to result in the difference between experimental
and calculated results found in the region of low slip. From fig.
5.20(a) it may be seen that for small torques these results may depart
by as much as 40% for a =90°. As shown by studying the results for

o =63° (which gives a to%que of the order of the uncontrolled torque)
this discrepancy becomes less with decreasing control angle. This may
be expected, since the "induced excitation" then acts for a shorter
time, and the influence of harmonic components reduces due to the
currents approaching a sinusoidal waveform.

When the case of a high resistance rotor is now studied, the effects
noted in the region above maximum torque should be much more in evi-
dence, since this region is "expanded” from zero slip to standstill.
The remarks made above may therefore be seen to hold for fig. 5.20(b).
It may be seen clearly how the influence of the "induced excitation”
components gradually increases with decreasing slip, to reduce again
in the region near synchronous speed. At smaller control anéles (o =
63°) it is evident how the discrepancy decreases. For o =63° it is®not
more than 20%, which again makes the results quite useful. As pointed
out in the discussion of the calculated characteristics in chapter 4,
Takeuchi(as employed a method of calculation for the characteristics
of a single phase induction machine that may be seen as another specia-
lized case of the general theory developed in chapter 3. From the pre-
sent observations it does not appear that one can support his view that
the "induced excitation" components can be neglected, especially in the
case of high-resistance rotors having a low speed at which maximum
torque occurs., What has most probably made the results of Takeuchi,
and the present results for a high resistance rotor, agree reasonably
with the measured results is the influence of the rotor time constant
on the induced e.m.f. as investigated extensively in appendix 4 and in
chapter 4. The extent of all these influences unfortunately prohibit a
minute experimental investigation for the present.

An examination of the experimental torque-speed curves of fig. 5.20
(¢) and (d) indicates the important difference between o —control and
Ao_—control, as pointed out theoretically in chapter 4. These two
machine~electronic systems will have the same electrical characteristics
when operated at the same mechanical conditions. Their tramsfer cha-
racteristics during application for control purposes may be seen to
differ appreciably, however. The similarity between fig. 5.20(b) and
(d) indicates that the difference again occurs chiefly at slips in
excess of the slip of maximum torque. Relation 4.8b indicates that in
this case the triggering angle a_ is a function of the extinction
angle y_, Calculations and subsequent experimental results indicate
that thé extinction angle y_ 1increases appreciably only for slips in
excess of the slip of maximim torque, so that the difference between
the characteristics of fig. 5.20 (a), (b) and {c), (d) may be considered
to be explained. It has been stressed in chapter 4 that halfwaving in-
stability can occur with o _~-control under some triggering conditions,
but not with Aus~control. s expected this was also found during the
experimental recéording of the characteristics of fig. 5.20. The half-
waving instability only occurs for the control angles obeying the con-
dition that for some or other slip the angle becomes less than the
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LEGEND T0O FIG. 6§.22

Recorded on Westinghouse Generalized Machine as specified in the text.

(a) ar~control. No external rotor (b) a_~control. External resistor

résistor. of 3 Q/phase.

1. Rotor short circuit 1. Rotor short circuit

2, a_ = 45° 2.0 = 30

3. " <540 3. " = 54

4. " =63° 4" = 63

5. " = 72° 5." =72

6. " = 85° 6. " =85

7. =90° 7. =90

8. " =99° 8. " =99

9. "™ =120° 9. " =120

10. T = O 10. T = 0

e e
(cy At =-control. No external {(d) At =-control. External resistor
T rotor resistor. r of 30/phase.

Triggering by pulse train. Triggering by pulse train.
1. Rotor short circuit 1. Rotor short circuit

2. At = 370 us 2, At = 370 us

3. "%r = 1 ms 3. "Or = 1 ms

4, " = 2 ms 4, " = 2 ms

5. " = 3ms 5. " =  3ums

6. " = 4 ms 6. " = 4 ms

7. " = 5ms 7. " = 5 mg

8. " = 6ms 8, " = 6 ms

9. " = 7 ms g9, " = 7 ms
10. = 8 ms 10. " = 8 ms
1. " = 9ms 1. " = 9ms
12, " = 10 ms 12. " = 10 ms
13 T = 0 13, T = 0

e e
(e) &ta -control, no external (£) Atu ~control. External resistor

rotor resistor; of Sﬂ/phase;

monopulse triggering; monopulse triggering;

370 us omitted, otherwise 370 us omitted, otherwise
corresponding with (c). corresponding with (d)
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FIG. 5,22 EXPERIMENTAL TORQUE-SPEED CHARACTERISTICS OF SOME SYSTEMS
WITH CONTROL OF THE INSTANT OF CURRENT IGNITION IN THE RO-
TOR CIRCUIT OF AN INDUCTION MACHINE.
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steady-state phase angle of the machine. As these types of effects have
been reported on elsewhere (80 they will not be discussed further at
present,

5.6.3.2 Systems for rotor control by delay of the triggering instant
{a_~control, At =-control).
r oy

For a comparison of the theoretical and experimental results ome
should refer to the figures 4.6 and 5.22, As in the previous case all
experimental curves has again been recorded for the two cases of low
(internal) rotor resistance and an external resistor of 3Q per phase.

In chapters 3 and 4, where the methods for simplified calculation
concerning these systems were developed, it was stressed that this type
of model may only be used to obtain an approximate insight into the
expected mechanical and electrical characteristics of the system. The
experimental results bear out this presumption, since the torque-speed
curves correspond in nature to the calculated curves in both cases. In
fig. 5.22(a) and (b) the calculated results for a_=63° and a_=90° have
again been represented by broken lines. From fig. 5.22(a) itTfollows
that for o_=90° the agreement between theoretical and experimental re-
sults is always better than about 20Z in the regions where the influence
of the harmonic torque causing the "saddles" may be neglected. Seeing
the simplified theory this agreement is good. In the present instance
the correspondence between theoretical and experimental results need
not necessarily decrease as the angle of control increases, Although
it is true that the percentage of harmonics will increase in relation
to the fundamental current, it should also be kept in mind that the
currents decrease, and the departure of the induced rotor e.m.f. from
the assumed simple harmonic time function need not become worse. The
two effects are acting opposite to each other. This corresponds to the
results of the measurements, since fig. 5.22(a) indicates that corres-
pondence is the same for o_=63° and o_=90°,

With a high rotor resisfance calculations agree to within 107 for
ur=63° and to within 157 for ar=900. This indicates that especially
in the case of a high resistance rotor the developed methods of calcu-
lation may be used to good effect.

During the theoretical discussions of chapter 4 (paragraph 4.3.1.1)
it was pointed out that when the voltage across the electronic switch
is integrated to derive the switching commands (constant integral de-
lay) a type of characteristic corresponding to the Ao _~control will be
obtained. However, when the system has At, —control the slip dependence
of the triggering angle should impart unpl&asant characteristics to the
described system. From fig. 5.22(c) and (d) recorded for this type of
system this is immediately evident. It may be seen that for an in-
creasing delay time the slip of maximum torque increases, while the
curve rises more steeply towards its maximum. This characteristic is
more clearly evident from fig. 5.22(d), where the first part of the
torque~slip curve is again "expanded”., In control applications these
types of characteristics will be a definite disadvantage as compared
to the ar-control or the integral-delay control.

In the practical system investigated the triggering instability was
again found to be significant. As it concerns an effect not previously
discussed, some attention will be devoted to its explanation.
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From oscillogram 082 it may be seen that at low slip the induced e.m.f.
waveform of the rotor contains an important comtribution of tooth har-
monics. This is not an effect peculiar to the Westinghouse Generalized
Machine, but common to induction machines with wound rotor. If the semi-
conductor switches (thyristors or triacs) are now excited by a short
pulse (approximately 200 usec), and the angle of ignition becomes small
(low slip) the voltage may be negative for the duration of the trigge-
ring pulse due to the tooth harmonics, and the element will not con=-
duct during the cycle (figure 5.22(e) and (f)). The extension of the
range of operation obtained by addition of a pulse-~train (or carrier-—
frequency) triggering unit may be seen from a comparison of figure 5.22
(¢) with figure 5.22(e), or of figure 5.22(d) with figure 5.22(f).
Oscillograms 0517 and 0818 display the pulse train used.

In the torque-speed curves of fig. 5.22 two peculiar effects may be
noted. In the first instance a torque saddle at a slip between s=0.2
and $=0.3 is in evidence. Since the model for calculation of the torques
has assumed zero stator resistance of the machine, harmonic torques
cannot be predicted. It will later be shown that this torque is due to
the third harmonic rotor current generated by switching. Such effects
may be eliminated in three phase systems. Secondly it may be seen in
fig. 5.22{(a) and fig. 5.22(b) that the torque reduces to zero in all
cases before synchronous speed is reached, This is due to the voltage
drop of the semiconductor switches. In the present case the rotor vol-
tage at zero speed is 39 V, and this effect is much more pronounced
as compared to what may be expected in practical machines. Theoretical
investigations of this effect not included in this thesis has indica~
ted that the type of control and type of triggering unit also in-
fluence this characteristic.

5.6.3.3 Systems for rotor control by delay of the instant of current
extinction - a system for tg -control.
2

The different alternatives for deriving the switching commands for
a system with current extinction control have been discussed in chapter
4, The experimental system having the characteristics of fig. 5.23(a)
and (b) use control by constant time of current conduction since the
angle of ignition is zero. Due to the slip-dependence cof the conduction
angle contained in equation 4.62 it was expected that the torque should
decrease with decreasing slip. The experimental curves of fig, 5,23(a)
and (b) indicate this to be true,

As in the case of the control by delay of the ignition instant it
may be concluded that the assumed model describes the nature of the
characteristics adequately. By a comparison of fig. 4.8 with the above-
mentioned results the correspondence may be studied. The broken lines
in fig. 5.23 (a) and (b) again represent the calculated results for
t,=10msec. in the present case. Experimental values for the torque
pfove to be about 30%Z higher than the calculated values for the same
t, in the case of a low rotor resistance. Correspondence is some 30%
iA the case of a high rotor resistance as depicted in fig. 5.23(b).

For this departure of the experimental values from those calculated
by means of the proposed simplified model of chapter 4, a good reason
may be advanced. It was already remarked previously that it is not
possible to interrupt the rotor current in the inductive rotor circuit
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LEGEND IO FIG. §.23

Recorded on Westinghouse Generalized Machine as specified in the text.

(a) tB ~gontrol. No external

(c)

LEGEND T0 FIG, §.24

Switch continuously con-

refistor.
1. = 4 ms
2. t%r = 5 ms
3, " = 6ms
4, " = 7 ms
5 " = 8 ms
6. " = 9ms
7. " =10 ms
g, " =12 ms
9. " = 14 ms
10, " =18 ms
11. " = 20 ms
12. " = 30 ms
13. " = 40 ms
14,

ducting.
15. Te= 0

1.
2.

3.
4.
5.
6.

Rotor short circuit

Same, with resistance of
power switch.

Previous with effect of
semiconductor voltage drop.
Switch continuously conduc~

ting.

Same as 4, with capacitor C
s [
disconnected.

T
e

Inverter short circuited.

= 0

[

SRS
3.

4, o, = 72.4°

5. "t = 90,0°

6. " = 10!..62

7. % = 110.4

8. " = ns.sg

9. " = 122.4
10.

290

Limit of continuous current

T
e

0

(b) t

-control. 3 external re-

siStor/phase.
1. t§ = 4 ms
. "r= 5ms
3. " = 6 ms
4, " = 7 ms
5 " = 8 ms
6. " = 9 ms
7. " =10 ms
8, " =12 ms
9. " = 14 ms
10. " = 20 ms
11. " =40 ms
12. Switch continuocusly conduc~
ting.
13. T= 0
e
(d) 1. Rotor short circuit.

2.
3.
4,

5.

(b) 1.

2,
3.
4.

Effect of voltage drop of
bridge and main thyristor.

2 Diodes in series with main
thyristor (Tm}.

5 Diodes in series with main
thyristor.

T, = 0.

Rotor circuit shorted at

output of rectifier,
Rectifier loaded with
smoothing inductor, R=0.43Q
Rectifier loaded with
smoothing inductor, R=2.84Q
Te = 0 '
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FIG. 5.23 EXPERIMENTAL TORQUE-SPEED CHARACTERISTICS OF SOME SYSTEMS
WITH CONTROL OF THE INSTANT OF CURRENT EXTINCTION IN THE
ROTOR CIRCUIT OF AN INDUCTION MACHINE.

{a) ol

Ty « 81 Men /div,

N = 158 cam i,

FIG. §.24 EXPERIMENTAL TORQUE-SPEED CHARACTERISTICS CONCERNING AN
ELECTRONIC SCHERBIUS CASCADE.
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instantaneously. After a commutation command has been given to the ro-
tor electronic switch a certain time elapses before the rotor current
has been reduced to zerco. This has been explained in Part I of the pre-—
sent chapter. The actual effective rotor current flowing in the case
investigated will be larger than expected om theoretical grounds for a
given angle at which commutation is commenced. The time during which
the rotor current flows after commutation has been initiated will be
termed "excess time",

It may now be shown theoretically — and proved experimentally -
that this excess time increases as the angle of current extinction 8
is decreased. Decrease of B decreases the imitial curremt at which the
commutation process of the rotor current is started, and due to the
phase considerations mentioned in Part I of this chapter as an expla-
nation of the reduction of the circuit turn-off time of an electronic
switch (paragraph 5.3), the excess time increases. It may therefore
be expected that the model used for calculations will become less
suitable as the angle of current control decreases. This proves to be
the case in practice. Furthermore reference to the oscillograms 0821
and 0822 indicate an excess time from 1 to 2 msec. for t_, = 8 msec.
Referring to fig. 5.23(a) and (b) it may be seen that th%'theoretical
curve for t, = 10 msec. corresponds much better to an experimental
curve of t b 8 msec or t, = 9 msec., as is to be expected from the
preceding 88 scussion. B

Some interesting characteristics may be obtained from the system.

As predicted theoretically the system can deliver a much higher torque
than the uncontrolled machine. In the motoring region of the induction
machine the maximum torque occurs at zero speed. This does not represent
the maximum electromagnetic torque of the system - the torque increases
with slip., If the torque at stalling be related to the maximum value of
the torque of the uncontrolled machine, a ratio of 1.65 is obtained
theoretically. Experimentally this ratio has been found to be 2.4

(fig. 5.23). The discrepancy between the two values may again be mainly
'ascribed to the excess time, As predicted in the discussion of the
theoretical calculations the system is capable of delivering this
torque because of the increased current flow possible through the "re-
petitive surge” nature of the current, and because of the improved-
capacitive - power factor. This corresponds with the experimental re-
sults, since a higher rotor resistor results in lower torques in the
motoring region, and a lower ratio of maximum torque at standstill to
maximum torque in uncontrolled condition. Theoretical and experimental
values for this ratio are 1.18 and 1.47 regpectively.

In the forced commutation switch employed to switch off the rotor
current semiconductor—elements and inductors are includéd in the main
current path, as described in the first part of this chapter. This
not only introduces an extra voltage drop into the rotor circuit, but
also adds resistive and inductive effects to the rotor. Fig. 5.23(c)
and (d) indicate these effects. In fig. 5.23(c) curve | represents the
shorted rotor circuit, curve 2 the resistive effects of the power
switch components without semiconductor-elements and inductive effects.
Curve 3 indicates how the torque-speed relation is affected by the
semiconductor voltage drops, while for curve 4 the inductive effects
of the power switch are added. It should be kept in mind that these
inductive influences will be somewhat different from the present steady
state jnfluence With the electromic switch operating ~- as follows from
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the discussion of the operation of the switch presented previously. Fig.
5.23(d) represents the influence of adding several semiconductor ele~-
ments in series.

From fig. 5.23(a) and (b) the influence of harmonic torques due to
the rotor switching may be seen to be very pronounced between $=0,2
and 8=0.3. This will be discussed subsequently.

5.6.3.4 Systems for rotor control by a Low-high chopper cirveuit with
registive load (electronic Leblance cascade) and with inverter
Lload (compensated electronic Scherbius cascade).

In the discussion of the systems with rotor chopper control presen-~
ted in chapter 4 it was pointed out that under certain assumptions one
may expect to find the torque to be only a function of the rotor cur—
rent, These assumptions were:

(1) rectifier output current approaches a perfect d.c.
(ii) commutation effects in the rotor rectifier neglected.

It will now be investigated how these predictions of the simple mo-
del corresponds with the practical results, since it may not reasonably
be expected that the assumed conditions will always be fulfilled.

During theoretical investipation of these systems it was assumed
that the input current to the electronic chopper circuit (output cur~
rent of the rotor rectifier) will be varied by changing the current
ratio at a constant current difference, or by changing the current
difference Ai at a constant current ratio. Let the experimental torque-—
speed curves of fig. 5.25{(c) and (e) be examined. The first has been
recorded with constant current ratio, the second with constant cur-
rent difference, If harmonic torquesare neglected,the torqueremainsconstant
to within about 5% over the whole control range. The small change ex-—
perienced may be ascribed to the neglected commutation effects in the
rotor rectifier and the departure of the chopper current from a con-
stant mean value with fixed current levels, as shown in figures 4.13(a)
and 4.13(b). In these cases the current difference was approximately
1 A in fig. 5.25(e). For these values of Al the assumptions of the
simplified model are still valid.

According to fig. 4.13(d) the most linear relationship between con=-
trol parameter (Ai in this case) and the torque may be expected when
Ai is varied at a constant current ratio . A study of the experimen-
tal results of fig. 5.25(d) indicates that this can have unpleasant
consequences due to harmonic torques and unbalanced currents. In the
first instance Al increases with increasing current, causing an in-
creased content of harmonic torques upsetting the linear relation be-
tween rotor current and torque. Secondly, at large Ai interference
between the chopper switching and rotor-synchronous rectifier switching
gives rise to asymmetrical rotor currents, causing large torque saddles
at s=0.5 (fig. 5.25(d)). The unbalance effect is further illustrated
by fig. 5.25(b) for a constant value of Ai, where it may be clearly
seen that the unbalanced torque does not decrease with decreasing
rotor current, due to the constant value of AL (A1 = 4.6 A). In all
the curves the influence of the harmonic torque between s=0.2 and
5=0.3 may again be seen.
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LEGEND T0 FIG. &.25

Recorded on Westinghouse Generalized Machine as specified in the text
Rh = 11,5 Q.

(a) Electronic Leblanc cascade. (b) Electronic Leblanc cascade,’
Ai constant, kR variable. Ai constant, kR variable.
1. Chopper continuously 1. Continuous conduction.

conducting.
2, 1i,,= 9.0 A i,,= 6.6 A 2, i,.= 9.0 A i,,= 4.4 A
LR R - 3 wor g b o 5
4, " 7.2 " 4.8 4, " 7.2 " 2.8
5. " 6.4 " 3.8 5. " 6.2 " 1.6
6. " 54 " 3.0 6. Rh-line
7. " 4.6 " 2.1 7. T=20
8. " 3.6 "0 €
9, Rh-line
10, Te= 4]

{c) Electronic Leblanc cascade. (d) Electronic Leblanc cascade.
kR= constant, Ai variable, kR= constant, Ai variable,
1, Chopper continuously 1. Continuous conduction.

conducting.

. i..,= 8, i .= 6, O . i .= 6.0 A
o A dor £54 Dor 1AL o g
4, " 5.8 " 3.9 4, " 7.0 " 3.2
5. " 4.9 " 3.1 5. " 5.8 " 2.6
6, " 4.2 * 2.9 6. " 4.9 " 2.1
7. " 3.5 " 2,2 7. " 4.3 " 1.8
8. Rh-line 8, " 3.7 " 1.5
9, T=0 9. " 3.4 " 1.3

e 10, Rh—line
11, Te= 0

(e) Electronic Leblanc cascade. (£) Compensated electronic Scherbius
Ai=constant, kR variable. cascade.

Ai= constant, variable.
1. Continuous conduction. 1. Continuous conduction.
2, i,.= 8.4 A i = 7.8 A . i,.= 8, , i..=7.
3w grg b o Iod 3owor” grg b Sox” IO
4, v 7.0 " 6.1 4, v 7.0 " 6.1
5. " 6.2 " 5.2 5, " 6.2 " 5.2
6. " 5.4 " 4.4 6. " 5.4 " 4.4
7. " 4,7 " 3.5 7. " 4.7 b 3.5
8. " 3.6 " 2.6 8. " 3.6 " 2.6
9. " 2.7 " 1.5 9. " 2.7 " 1.5
10, " 1.8 " 0.6 10. " 1.8 " 0.6
11. ~line 11, T=20
12. %2-0 €
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FIG. 5.25 EXPERIMENTAL TORQUE-SPEED CHARACTERISTICS CONCERNING AN
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It may therefore be concluded from the above observations that al-
though fig. 4.13(c) indicates that variation of k_ at a constant Ai
results in a relationship between control parametér and torque that
departs more from linearity than the variation of Ai at comstant
does, the practical effects in the machine pose directly opposing
requirements, tending to restrict the range of application of Ai-con-
trol very much, Thig will be discussed further with the aid of some
included oscillograms later.

In all the torque-speed curves presented in fig. 5.25(a) to 5.25(e)
it may be seen that the torque-speed curve with the resistive load of
the chopper as a rotor resistor forms the limit of the comtrol range.
Let the experimental results for the compensated electronic Scherbius
cascade as represented in fig. 5.25(f) now be regarded.The different
curves have been recorded with the parameter settings as used for the
constant Ai curves of fig. 5.25(e), and it may be seen that there is a
negligible difference between the curves. As expected in the course of
the simplified theoretical investigations the influence of the chopper/
rectifier combination should be identical on the machine in both cases
when the assumptions of c¢chapter 4 hold. This appears to be the case
from 5.25(f). The only differences between the electronic Leblanc and
compensated electronic Scherbius cascades are electrical, and this can-
not be presented in the torque-speed curves.

It may furthermore be noted that for the lower rotor currents where
chopper operation was limited by the rotor resistance line in the case
of the electronic Leblanc cascade, the operation as a compensated elec-
tronic Scherbius cascade allows control over the entire torque and
speed range.

All experimental torque-speed relations of fig. 5.25 display the
same influence of semiconductor voltage drop and inductive effects of
the power switch experienced previously for other systems.

5.6.3.5 An electronic Scherbius cascade (Westinghouse Generalized
Machine).

Fig. 5.24(a) and (b) show some results obtained on an electronic
Scherbius cascade system as described. In the theoretical discussion
of chapter 4 certain assumptions regarding output current of the rotor-
rectifier and commutation effects in the rectifier had been made. Fig.
5.24(b) now indicates the influence of two different smoothing inductors
in the rectifier output. In both these cases the inverter for feeding
back the slip power was short~circuited, while curve 1 represents the
torque-speed curve with a short circuit across the output of the
rectifier. In all these curves the influence of the semiconductor vol=-
tage drop may be observed.A comparison of the curves indicates how the
inclusion of the inductor in the rectifier output, and the consequent
change in input current waveform, changes the phase-dependence of the
active power in the rotor circuit, The resistance of the inductor em-
ployed for recording curve 3 was the higher of the two.

In fig. 5.24(a) the curve for a shorted inverter circuit (curve 3)
is again reproduced. With reference to relation 4.86 it may be con-
cluded that the system functioned as follows. Let curve 6 be considered.
If the resistive voltage drop is small in comparison with the back-
e.m.f. of the inverter, the torque will be proportional to the rotor
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de
where —— gives the speed of rotation of a specific harmonic field
with respect to the rotor body. This field may arise due to interaction
of time-harmomic currents with space-harmonics of the MMF distribution.
An investigation of the possible interactions between space and time
harmonics that could give rise to the observed distortion now results
in the following comparative table.

Order of space Order of time der o¥sT
X . — °
harmonic harmonic dt
1 3 -3 0.25
3 5 -5/3 0.375
3 9 -3 0.25
5 11 -11/5 0.31
7 13 -13/7 0.35
TABLE 5.4

REGARDING HARMONIC TORQUES DUE TO ROTOR CONTROL OF THE SEMI-FOUR-PHASE
MACHINE.

When it is now considered that the armature winding of the rotor of
the Westinghouse Generalized Machine is of such a nature that approxi-
mately 97 of third space harmonic may be expected, a consideration of
the torque distortion in the said figures results in the identification
of the harmonic fields.

It may be concluded that the distortion is due to rotor-stator asyn-
chronous torques arising from third order harmonics of the rotor cur-
rent. Interaction between space harmonics of order three and time
harmonics of order nine also seems possible, since this field has a
synchronous speed fitting the experimental measurements. However, as
the amplitude of the 9th harmonic will be negligible in comparison
to the third, this interaction should in any case be responsible for
a much smaller contribution to the distortion than that contributed
by the third harmonic. From the torque-speed curves it may additionally
be concluded that the o_-control and t_, —control systems result in an
appreciable third order time harmonic "T current content in the rotor
of the Westinghouse Generalized Machine.

5.6.3.7 a_ Control and electronic Leblanc cascade with a three-phase
machine.

In the description of the experimental equipment it was mentioned
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current, For a given value of o, the mean back-e.m.f. will be constant
(¢, = 104.6°) in this case. Assliming that the d.c. in the intermediary
reitifier circvit (and consequently the effective rotor current 1) is
determined by the difference between mean rectified rotor e.m.f. and
mean inverter back e.m.f., it follows that this current will reduce
linearly with decreasing slip. This results in a linearly decreasing
torque with decreasing slip ( curves 4, 5, 6, 7, 8, 9.

When the control angle of the feed-back inverter is reduced below
the value at which the electronic circuit absorbs power from the rotor
circuit, the power flow is reversed. However, as soon as the reversed
direct output voltage of the inverter circuit exceeds the sum of the
resistive voltage drop in the intermediary circuit and the semiconduc-
tor voltage drop in the rotor rectifier bridge circuit, a current will
be circulated through the rotor rectifier bridge, and the induction
machine will experience this as a shorted rotor circuit, as exemplified
by curves 1 and 2.

In the discussion in chapter 4 it was stated clearly that the current
through the intermediary d.c. circuit of the electronic frequency
changer should be continuous. When this is not the case, the operating
mode of the inverter will change (®% - with various consequences. While
it is not the intention to examine these consequences in detail - they
have also not been investigated in the text - it is still interesting
to note the change taking place in the characteristics in fig. 5.24(a)
at this'discontinuous current limit". Refer to curve 6, where it may be
seen that as soon as it crosses curve 10 which marks this limit, the
relationship changes.

5.6.3.6 Considerations concerming harmonic torques in the systems em—
ploying the semi~four-phase machine.

In the model of the electromechanical converter as used throughout
chapters 2, 3 and 4, and stated explicitly in chapter 3, no considera-
tion has been given to space harmonics of the current distribution
on stator or rotor. Now it has been observed that all the torque-speed
curves recorded in figures 5.22, 5.23, 5.24 and 5.25 for machine-
electronic systems with rotor control of the semi-four-phase machine
indicate a distortion of the "fundamental" torque-speed relation in
the slip region:

0.2 <s<0.3 5.32a

The distortion vresulting from operating the electronic chopper circuit
“in the electronic Leblanc cascade or in the compensated electronic
Scherbius cascade in a mode with large Ai is excluded from the follo—
wing consideration.

In the course of the power flow discussions of chapter 2 the harmo-
nic torques resulting from switching action in the rotor circuit were
considered. From relation 2.l4e it may be noted that

s’gsr S 5.32b
de
o
dt
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RESULTS RECORDED ON A 3 kW three-phase slip~ring induction machine
for 380 V operated at 220 V as specified in the text.

o
(a) a_-control. No external
resistor.,
loa = 45°
20 W 2 60O
30" = 75°
4. = 90°
5. " =105
6. " = ]200
7. " =135

(b) t_ -control.
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FIG. 5.26 EXPERIMENTAL TORQUE-SPEED CHARACTERISTICS OF SOME SYSTEMS
TESTED ON A THREE-PHASE MACHINE.



that the three-phase controlled induction machine was intended as a
prime mover in a Ward Leonard Ilgner set. The only aspect important as
far as the present study is concerned is whether this three-phase ma-
chine has shown any effects not found on the semi-four-phase machine,
since it was in a way intended as a check on the work at lower power
levels.

Fig. 5.26(a) indicates that the torque-speed curves obtained for
the o_-control are analogous to the results obtained for the smaller
semi~four—phase machine. As shown by the system diagram in fig. 5.8
the star-point of the rotor was connected in order to allow currents
of all orders to flow, No distortion was observed.

In discussion of the results of fig. 5.22 reference was made to the
characteristics of At =-control. Fig. 5.26(b) displays the characteris-
tics of t, -control ¥ (see relation 5.64(b)) and again it must be
remarked T that these characteristics will be unsuitable for most
applications, and certainly for current limitation in a Ward Leonard
Ilgner set.

The torque-speed curves for the control of the three phase machine
by an electronic Leblanc cascade (presented in fig. 5.26(c))are exact-
ly analogous to the results presented in fig. 5.25 for the semi~four-
phase machine. The current difference Ai was kept constant, and as
long as the conditions set out in chapter 4 (paragraph 4.3.3.2, chief-
ly relation 4.78) were fulfilled, no detrimental effects were observed.

5.6.4 A GENERAL DISCUSSION OF THE EXPERIMENTAL RESULTS - THE ELECTRICAL
CHARACTERISTICS.

In the first instance attention will be given to the correspondence
of the calculated results with some measured characteristics as shown
for the o _—control in fig. 5.21(a) to (d). For the effective stator
current (%ig. 5.21(a)) and effective rotor current (fig. 5.21(b)) it
may be seen that a correspondence within 57 has been obtained for the
greater part of the slip range. Since the terms due to the induced
excitation components of the total excitation have been neglected, it
may be expected that the correspondence will deteriorate at higher
speeds. Reference to relations 4.44c and 4.45(c) indicates that these
terms again occur in the expressions multiplied by a factor l-s. As
pointed out previously the harmonic impedances of the instantaneous
symmetrical component equivalent circuit (fig. 4.4) are also a function
of slip and all these influences combine to result in the difference
evident in fig. 5.21 (a) and (b). It should be noted that at low slip
the stator effective current for o« =90° departs appreciably from the
calculated value. This increases with decrease of conduction angle, as
the difference between the calculated/measured discrepancy for g =63°
and aq=90° illustrates. Correspondence between calculated values®and
experimental values are better for rotor currents than for stator
currents.

In the expressions for the effective currents no phase angles appear,
and since these values are therefore not phase sensitive, the corres-
pondence between experimental and theoretical results is as yet no
absolute test for the model over the whole speed range. The torque ex-
pression contains the difference of two phase angles for each pair of
stator/rotor current components, and although the correspondence is
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good in some parts of the slip region - as already seen previously -
even this does not impart emough information concerning the correct-
ness of the applied model. The extinction angle and power-factor will
now be examined.

Fig. 5.21(d) indicates that although correspondence between calcula-
ted and measured values for y_is well within 5% for the high slips,
it decreases rapidly above §=0.1. The departure of the measured phase
angle from the calculated values is even more clear from fig. 5.21(c).
The curves have the same tendency up to a slip of s=0.1, and then it
may be seen how the application of the model without taking the induced
voltage components into account departs totally from the practical si-
tuation, as was expected in the discussion of chapter 4. The test of
the power—-factor appears to be the most sensitive indication as to the
correctness of the model.

In the second instance some attention will be given to certain elec—
trical characteristics of the t_, —control, as represented in tables
5.1, 5.2 and 5.3. Let the Br electrical characteristics of the
Westinghouse Generalized Machine in uncontrolled condition be compared
to the electrical characteristics of the t, =control system. In both
cases the same mechanical characteristics T are specified (tables
5.1 and 5.2). From table 5,5 it may be seen how the controlled machine
draws a much smaller current at a2 much better power factor.

Reference to table 5.3 suffices for a comparison of the electrical
characteristics of the systems for control of extinction angle or igni-
tion angle of the rotor current. Ome should not only note the fact that
the currents are again lower and the power factor more favourable, but
that in the case of the extinction-angle control the induction machine
operates with a capacitive power factor.

Speed |Ratio of effective| Ratio of effective |Ratio of mean| Ratio of

stator voltages currents torques power
: factors
stator rotor
0 1 0.29 0.34 1 2.45
300 1 0.30 0.34 1 2.36
2000 1 0.51 0.56 1 1.65
TABLE 5.5

COMPARISON OF UNCONTROLLED INDUCTION MACHINE WITH INDUCTION MACHINE
WITH t, -CONTROL IN TERMS OF CHARACTERISTICS OF UNCONTROLLED MACHINE.

BI’

5.6.5 A GENERAL DISCUSSION OF THE EXPERIMENTAL RESULTS - THE PRESENTED
OSCILLOGRAMS. i

{It is to be noted that all the oscillograms presented in this sec¢-

tion of the characteristics of the semi-four-phase machine have been
recorded for the case of zero external rotor resistance, i.e. Rre = 0),
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Oseillograms 081, 052, 0S3 indicate some machine chavacteristics of
the Westinghouse Machine. In succession it may be seen what the rotor
current is at a speed of 2200 r.p.m. with a short circuited rotor, what
the open circuit induced rotor e.m.f. is at a speed of 2800 r.p.m. and
what the rotor current is at a speed of 2200 r.p.m. when the rotor
rectifier has the smoothing inductor used with the electronic Leblanc
cascade as a load. The harmonic content of both induced voltage and
rotor current is in evidence. 0S2 also contains output pulses u,  from
a zero detector unit on the simulation principle to indicate the” amount
of drift with speed, as the unit is usually calibrated at standstill.
084 presents the zero detector output pulses and the simulated rotor
e.m.f, at standstill.

Oscillograms 056 to 0S12 represent effects to be seen at the stator
input terminals of a system with o —control. It is evident that the
angle of current extinction is in excess of 180° as calculated in chap~
ter 4. As may be seen from 0S5 the induced voltage is negligible: in
comparison to the supply voltage during the period that the electronic
switch blocks. 056 indicates how current decreases and y_ decreases
with increasing speed and increasing induced e.m.f. It should be noted
how the induced e.m.f. can become negative at (ya-w), From 087 it may
be seen that the induced e.m.f. continues to risé with increasing
speed, while the frequency approaches the supply frequency, as predic-
ted in chapter 4. 0S8 indicates the conditions at synchronous speed.
The induced e.m,.f. is approximately in phase with the supply voltage
and higher than in all previous cases. The oscillograms appear to sup-
port the approximations developed in chapter 4 for the induced e.m.f.
No sudden change in e; is apparent when the other phase starts or
stops conduction. Refer to 087 for instance. 0S89 indicates the in-
creased inductive power that will be drawn from the supply as calcula-
ted and measured.

In the discussion of the possible information-electronic input units
that may be used for control of the ignition angle in 4.2.1 it was
suggested that the voltage across the electronic switch may be used.
This results in Aa_-control as recorded in fig. 5.20, That the capaci-
tive filter elemenfs necessary to protect the semiconductor switches
against transients can be troublesome in this respect can be deduced
from 0810, 0811 and 0812, where the distortion of the voltage across
the machine windings, when the power-electronic switch is nonconducting,
is evident. 0S5 to 0S8 were recorded with the filter circuit omitted.
This of course tends to have destructive effects on the semiconductor
switches. The decrease of the current with speed, and the change in
the steady state phase angle of the machine for o = 90° may clearly
be seen in 0S11 and 0S12. s

Oscillograms 0813 to 0518 indicate some characteristics of ignition—
angle control of the rotor current. The output pulses uy of the zero
detector as obtained from a simulation of the induced ro?or voltage is
presented as a reference in all oscillograms on the rotor control sys—
tems. 0813 indicates that an analogous current flow as compared to the
o _=-control is obtained, while 0814 indicates other influences on the
current waveform than those assumed for the simplified model treated
during analysis. Harmonic frequencies arising from the nonsinusoidal
current distribution in space on the rotor and the tooth~harmonics
have an important influence, as shown by 0S1. At higher speeds the
tooth harmonics are also found in the voltage across the electronic
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switch u:, as a comparison of 0815 and 0816 illustrates. Seeing the
waveform of 082 this may be expected. As stated in the previous dis-
cussion of this type of system, this influence of the tooth harmonics
becomes amplified to such an extent that triggering by a pulse-train
as shown in 0S17 and 0S18 becomes necessary.

Characteristies of extinction-angle control arve indicated in the
ogetllograms 0519 to 0524. Comparing the current flow angle in this
case to that of the ignition angle control illustrates the difference
in power factor characteristics. It will be evident that the rotor
current does not start to flow at a¢_=0, due to the characteristics
of the power switch. 0S21 and 0822 Indicates current flow resulting in
torques far in excess of the maximum torque under uncontrolled condi-
tions at the particular speed. Space harmonic influences are again evi-
dent at the higher speed in 0522. The "excess time" necessary for the
rotor current to be reduced to zero is in evidence in all the oscillo-
grams,

Consider the electronic switch voltage w? in 0823. As explained
in part I of this chapter time is necessary to transport the energy
contained in storage capacitor C_ away (see fig. 5.10(d)). The time
during which the rotor is decoupled may also be clearly seen, while
the rise in the input voltage to the electronic switch, on initiation
of commutation, is due to the leakage inductance energy in the rotor
windings being stored in C_, After completion of the commutation cycle
the induced rotor voltage appears across the electronic switch. With
reference to fig. 5.23, 0524 indicates instability occurring due to the
harmonic distortion caused by the harmonics of order three, and their
multiples in the rotor at s =~ 0.25.

Current waveforms in the electronic Scherbius cascade are shoun
by 0825 and 0526, 1t should be noted that the commutation influences
tend to cause an inductive phase shift for the fundamental current
harmonic as compared to the assumptions of chapter 4. 0826 indicates
the phase angle between inverter current i, and supply voltage u_ .
From these figures it may also be concluded that the current in “© the
d.c. intermediary circuit will be approximately constant. This corres—
ponds to the assumptions of the gimplified theory. Some conditions
in the electronic Leblane cascade are indicated by 0527 to 0536, and
are related to the waveforms for the electronic Scherbius cascade. In
0827 it may be seen that the rotor current approaches the 90° conduc-
tion angle assumed for a full four phase bridge in chapter 4. The chop-
per circuit is nonconducting, and the rectifier output consequently
loaded by the smoothing inductor and rotor resistor » When the chop~
per operates, the d.c. at the rectifier output is shown in 0828, with
rotor current in 0529. The current waveforms are similar to those of
0825, with the higher frequency effects superposed, as already stressed
several times in the text, The limit of chopper operation at low speed
is represented by 0S31, while the same at high speed may be seen in
0830. Chopper current at the rectifier output, and the two rotor cur-
rents during interference of chopper and rotor frequency, are depicted
succesively in 0832, 0833 and 0S34. Current through the resistive
load of the low-high chopper and the main conduction branch of the
electronic switch (0S35 and 0836) concludes the series.

It has been found that for the compensated electronic Scherbius
cascade the waveforms on the machine side do not differ from those of
the electronic Leblanc cascade, while at the inverter side they



081  N=2200 rpm 3A/div.’ 0S2  N=2800 rpm e : 2v/div,
20ms/div. 50ms /div. uZD:ZOV/dlv.

083 N=2200 rpm 6A/div. 0S4 N=0 e 120V/div.
10ms/div. 5ms/div. uZD:ZOV!div.

ea,uzg:SOV/div. 086 N=2800 rpm

085 N=800 rpm
as-126°;

Sms/div.

w

1% 2,54/div. scales 035

304



0S7

089

0811

N=2920 rpm 088  N=3000 rpm
scales 085 scales 085

N=800 rpm u:g:l()()v/div. 0810 N=800 rpm
as=]26 H . sa/div. scales 0S9
Sms/div, §

N=800 rpm 0812 N=2800 rpm
as=90° scales 089 scales 089
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0813 N=800 rpm i_:2,5A/div, 0814 N=2000 rpm 1i_:5A/div.
r r
ur=124 3 a =110°;

Sms/div. 10ms/div.

0515 N=800 rpm ii: SA/div. 0816 N=2000_rpm i:: 5A/div.
@, =1067; ul:50v/div. @ =1157; ud:20v/div.
Sms/div. 10ms/div.

0§17 N=800 gpm ii: 5A/div, 0S18 N=2000_rpm 12: 5A/div.
0‘1}“‘06 ; ut:EGV/div. ar=”5 3 ut:ZOV/div.
Sms/div. 10ms/div.



0S19 N=8000rpm ir: SAfdiv. 0820 N=20000rpm ir: S5A/div.
B =60"; B =743
r T
S5ms/div. 10ms/div.

0821 N=800 gpm ir:IOA/div. 0822 N=2000 rpm i_:10A/div.
B =150 B_=150%; r
r r
Sms/div., 10ms/div.

0823 N=800 rpm i2:10A/div. 0524 N=2280 rpm i_:10A/div.
8_=50°; 5 . 20ms/div. T
r ’ ue=50V/d1v.
S5ms/div.
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05825 N=0 i_s 5A/div., 0826 N=800 rpm i :5A/div.

1100 LT s a0
a; 110 1i.]0A/d1v. ai—]lo 3

5ms/div. Sms/div.

0827 N=1000 rpm ir:l.5A/div. 0528 N=850 rpm il:ZAfdiv.
10ms/div. Sms/div.
i, =BA
o1
102—?A

0829

308

N=850 rpm i2: 6A/div. 0830 N=2400 rpm i, :1A/div.
Sms/div i Sms/div 1

. o ul:20V/div. s e

i.,~78A e 1,..,=5A

(010 013,

to2” 102



0531

0533

0835

N=225 rpm il=1Afdiv. 0832 N=0 iI:ZAidiv.
Smg/div. Sms/div.
%0]=5A i,.=8A
102=3A 102=4A
.a . .b .

N=0 is 6A/div. 0834 N=0 1g: 6A/div.
Sms/div. ul:20/div. Sms/div. u):20V/div.
ip: 1.44/div. 0836 i : 1.4A/div,

500us/div. 500us/div.
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0837 8A/div. 0838 16A/div.
2ms/div. Ims/div.

0S39 100V/div. 0840 50v/div.
lms/div. 500us/div. 32A/div.

0S41 100V/div. 0542 100V/div.
lms/div. 2ms/div. 8A/div.
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0843 V_:5V/div. 20us/div. 0844 V_:12V/div. 20us/div.
VR:SV/div. 500us/div. VR:ZV/div. 500us/div,

0845 V_:2V/div. 2us/div. 0S46 V_:2V/div. 200ns/div.
VR:2Vfdiv. 500us/div. VR:ZV/div. 500us/div.

: 10mA/div.

0847 V. _: 10V/div. 0848 i
1= 100V/div.

-i
. 4
TrZOOus/div. ' lus/div.

4

03849 (Scales 0848) 0850 (Scales 0848)
1 starts from —170V
2 starts from ov
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correspond to those for the classical electronic Scherbius cascade,
with a high frequency switching effect superposed.

The auxiliary commutated electronic switch functions as explained
by the series of oscillograms 0837 to 0S42. Since this has been dis-
cussed at some length in part I, it will not be repeated here. It may
clearly be seen how the current commutates from the main thyristor T
into C_ at initiation of commutation, and furthermore how the voltage
‘on C_ 1s increased by the transport of energy from Cc at the beginning
of a"new conduction cycle.

Some characteristics of the carrier—frequency triggering systems
discussed in part I of this chapter are shown in 0543 — 0847,

In 0843 and 0S44 the output voltage V., across 100 ohm is displayed
for both systems, type B and C respectively. (transmission period
approx. 500 Hz as prescribed by the logic circuitry), 0843 indicates
clearly that the rectifier output becomes zero as found in equation
5.26, For the practical unit shown it even becomes negative, an ob~-
servation that may be attributed to the finite rise and fall times
of the input waveform, and charge-storage in the rectifiers.

0S44 indicates clearly that the output voltage of the overlap-unit
never becomes negative or zero during a transmission period. Due to
the departure of the practically constructed circuit from the idealized
model one may even mention an overcompensation during commutation ( 78,
It may also be observed that the two output transformers Tr, and Tr
are not precisely identical. The approximate time of overlap At may be
observed. 0S46 and 0S47 demonstrate the difference in switch—off times
for the two systems clearly. In 0S47 the voltage on the primary of the
carrier frequency transformer is shown. 0S45 shows the fast switeh-on
time of the developed system.

A brief example of some results obtained on the thyristor testing
gystem is formed by 0548, 0549 and 0S50, 0S48 represents a family of
dv/dt curves with the corresponding capacitive currents for a BTY95
thyristor tablet, while 0849 illustrates the important difference be-
tween capacitive current into the device when an exponential or linear
dv/dt transient is applied in the blocking direction. Although it is
sometimes claimed that bias conditions contribute very much to the
amplitude of the capacitive current (85 , investigations on commercial
devices of the type mentioned have failed teo prove this. In curve |
the transient started at -170V and continued to +200V, while for curve
2 the transient started at zero volt. It may be seen that a negligible
difference exists in capacitive current. Characteristics such as these
are recorded for thyristors before use in a power electronic switching
circuit.

5.7 CONCLUSION.

In this chapter a limited amount of experimental work on the variable
slip group {or Group II) of the machine-electronic systemshas been
presented. This experimental work may be divided into the development
of the machine-electronic systems and the measurement of the mechani-
cal and electrical characteristics of the developed systems.

In the course of this development investigations had been done on
force commutated electronic power switches. A solution combining the
disadvantages of a current-dependent circuit turn-off time and a
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current~dependent leakage energy in the supply to be switched was sug-
gested, worked out and tested. It was shown that the method to obtain
current~independent circuit turn-off time has general validity and may
be applied in other power—electronic switches as well. During develop-
ment and operation of the machine-electronics it was further noted that
triggering problems sometimes lead to instabilities in the machine-elec~
tronic systems. The problem of transmission of triggering signals was
investigated generally, and it was shown that the carrier frequency
gating system with overlap as suggested presented an important advance
over existing systems. Attention paid to other problems in power elec-
tronics and the application of power semiconductors was only pointed
out very briefly.

In chapter 3 calculation of the characteristics of a general n-m
phase switched electromechanical transducer was examined. The variable
slip systems were selected from amongst the different groups for in-
vestigations. In chapter 4 the induction machine with stator comtrol
by variation of the delay of the ignition angle was investigated ex~
tensively with the aid of the theory of chapter 3. For the purpose
of this investigation the excitation function of the machine was di-
vided into components derived from the switched voltage and components
derived from the "induced excitation function'. The experimental re-
sults of this chapter has shown that under some circumstances the
"induced excitation” components may be neglected when calculating the
electromagnetic torque, the effective stator current, the effective
rotor current and the angle of natural current commutation. At low
speeds good correspondence between calculated and measured characteris—
tics is obtained for mechanical and electrical characteristics, This
correspondence is the better for low resistance rotors, since the ex-
perimental results has proven that when the "induced excitation” com-
ponents are neglected, the largest discrepancy with the theoretical
calculations occur at slips lower than the slip of maximum torque.

It was shown theoretically and experimentally that the most sensitive
test for the applicability of the model is the power factor of the sys-—
tem. This illustrates the difference between the model with the "in~
duced excitation" components taken into account and with these compo-
nents neglected. Experimental results of this chapter has also indica-
ted that the simplified power flow models developed in chapter 3 from
the power flow considerations of chapter 2 may be employed to obtain

a qualitative analysis of variable slip systems with rotor control.

A study of the oscillograms has indicated that under operating condi~
tions in the motoring region that was investigated, the assumptions ne-
cessary to arrive at the simplified model are mostly fulfilled. In
cases where they are not valid the unbalanced and harmonic torques
arising due to the switching are of such a nature that the system be-
comes useless as a controlled electrical drive,

The experimental results obtained on the semi~four~phase machine in-
dicated the influence of the generated rotor current harmonics due to
switching. As these influences can be detrimental in practical appli-
cations, it was important to investigate some systems on a practically
scaled three-phase system. No such effects were observed, and in gene-
ral the results corresponded well with the results obtained on the semi-
four-phase systems.
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A2.1 CONCERNING THE TORQUES AND POWER RELATIONS FOR THE SYSTEMATIC MODEL.

The model for analysiz is accepted as proposed in the text. Let the stator current be as given
in relation 2.5. Every stator harmonic current is coupled with a magnetic field of the same order.
Whether this is a rotating field and what the direction of rotation is, depends on the multiphase
balanced system that feeds the transducer, and may only be determined for the specific case that
is investigated. .

Stator currents of angular frequency v_.2nf set up rotating fields in the air gap with an
angular speed with respect to the stator body:

-8 - 88 A2.1

c=1or2
s

where es is the stator circumferential coordinate (see fig. 1.1) and wg

w
the angular speed of the fundamental field with |—§

= Zﬂfs. The assumption that the machine

windings are sinusoidally distributed is still wvalid.
Correspondingly rotor currents of frequency erﬂfr set up fields with speed:

[

do, (1) Ty e,
T A2.2
P c = 1,2 or -=
r
w

with respect to the rotor body, with ‘—%* = anr.

When both the rotor windings and the stator windings are fed by current sources, with the
fundamental frequencies corresponding to the general frequency relation, as the definitions of
chapter 1 have considered, synchronous torques will occur at speeds given by:

v _.2nf :_Vr.Zﬂf
anf =2 S— T T A2,.3a
o 4

m
Now consider the situation where the rotor or stator is not fed by a current source, and
therefore the stator resp. rotor harmonic fields will form asynchronous torques with the rotor
resp. stator induced currents.
From rel. A.2.1 for harmonics of order v_ in the stator setting up rotating fields, the angular
speed with respect to the rotor of these fiélds will be:

where fm is the mechanical frequency related to the speed by anm = |w |.

cq w
= D Py _g._ Wy A2.4a
w

where —% is the angular speed of the fundamental stator rotating field. The frequency of the

induced rotor currents corresponding to the stator harmonic current of order vg- becomes

c w
= -1) 8 s .
\)rs.Z'nfr p. | (-1 Vg o wy A2.4b
Taking into account that:
w
s
— - .
s=-2 0 - L o pe = w (1-s)
w w m s
s s
P
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-1 Vs 1-s
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esfr = 3| 6, {—— - —~} A2.4c

8 8

The order Vs will not in general be a whole number.
Similarly, for the action of the harmonica of order Ve in the rotor causing a rotating field

it is found that this rotating field has a speed of rotation with respect of the stator of:

[+
-1 rvr.wr
R 1) AZ.4d
P m

resulting in stator currents with frequencies:

c
1 T
“srfs 5 ms {1 + | (-1) v, 1 .s} A2.be

the same criteria being valid for Vo

If the total electromagnetic air gap torque is :fe’ the above reasoning indicates in general for

the model under discussion this torque will be composed of a sum of torques due to a synchronous
interaction between stator and rotor, a sum of torques due to an asynchronous interaction between
stator and rotor and finally a sum of torques due to an asynchronous interaction between rotor and
stator. The components are to be indicated respectively by:

=syn. 5 =
T = T
e e(vs’vr) VoV, ¥ 1

Ve, Vr
=asyn.srt E =
T = T
e e(vrs) Vig ™ 3}
Vrs
=ASyn.rs E =
T = T
e - e(vsr) Ver” 0
ST

Taking the sum:

i

= T -
e Z ef(v_,v_ ) + E T
v v s’ r elv

s’ r v_
rs’ sr

Y
BY  r§

Extracting the fundamental torque:

e Tan * E : Te(vs,vr) + E T ) A2.5b

vV sr’'rs
s*'r v
rs™Vsr

v > 0
sr’¥rs

v_,v_2 2, whole
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The extracted fundamental torque T;( will now be defined. If the fundamental angular frequency

1)
of stator and rotor is fixed at was and 2nf respectively, they will interact at one speed given
by

w w

k]
W = -
m P

A2.6a

o {n

w w
where — and —€~ are again the speed of rotation of stator/rotor fundamental magnetic fields.

This synchronous interaction produces the component T2¥?5 of f;(l)’ At any arbitrary mechanical
Speed(um the fundamental currents in the stator winding set up a rotating field resulting in
current with frequency:

ay A2.6b

in general # %;

w 'P(Qm

in the rotor. As these currents arise by induction, they satisfy the frequency condition and give

. ~Asyn.sr =
rise to an asynchronous stator-rotor component Te(?? SF of Te(l)'

Exactly in the same way currents are induced by the fundamental rotor field in the stator at
frequency

3 . 1
£ =g |9 v oo, | in general # 5 J9g AZ.6c
P . ~asyn.rs =
giving rise to the torque component Te(l) of Te(l)'

The cowponents of the harmonic torques may be defined identically.
If the general power balance for the electromechanical transducer in the steady state is now
taken into account, (eq. 2.4 and A2.5b substituted), it is obtained as:

s s o = E = E =
P, ~P =P ~P . +7T Wt ow T }+{ ) T } u A2.7a
in "de "de "in ‘e(l) m m{ e(vs,vr) e(vrs,vsr) m

V4V Vo sV
s’'r s’ 8r

Extracting the fundamental powers:

154 -9 } + { E s - E pS } =
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8 8”7 sy
T r r ¥
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VsV v
r’rs r
+ T w+{ E T }w +{ E T }m A2.7b
e(l)'m e(va,vr) m e(vrs,vsr) m
Y v,V
s r rs’’sr

where it has been assumed that the stator and rotor electrical input power and the dissipation
consist of the following components:

s s 5 L p8 L pS s
Pin ™ Bin(n +Zpin(vs) 3 P40 ® Paeqy * Z Fdetv v, )

v,V
Vs s’ sr
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V_,V 2, whole; v _,v_ >0
Vs % 20 €3 VertVrs

as it may be assumed that the stator or rotor voltage sources contain harmonics of order v ,v
respectively. s T

With reference to the systematic investigation of machine-electronics systems, some special
cases of the above power balance are to be investigated.

A2.1.1 SYNCHRONOUS TRANSDUCERS. ROTOR CONNECTED TO A DIRECT VOLTAGE SUPPLY ( f =0}, THE STATOR
CONNECTED TO A CURRENT SOURCE CONTAINING HARMONICS OF ORDER Vg

Under these circumstances, the following simplifications are possible:

8 - *
E :Pde(\-sr) =0 3 Zgin(v ) =0

v v

8T T
r e . w
Z%ewr) =0 Z Tew vy =°
vr VS,Vr

Consequently the power balance becomes:

s s 8 ] I 4 _ ot
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. Z_
z Pde("rs) * e(l)mm * { Te(vrs)}wm A2.8a

v v
s s

The fundamental torque _’fe ) will only contain the synchromous component in this case, as the

fundamental stator field is stationary with respect to the rotor, the transducer operating at

. 3 _ 8 . p® o
Equating {Pin(l) Pde(l) } Pg(l) Te(l)' AZ.8b

E s 8 o 2 s
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v Y
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where
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it is found that
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and the harmonic torques all have an asynchronous character and originate from the stator. The
rotor harmonic copper loss is represented by

r =
z : Pde(vrs)

v
s

with s =
vrs

representing the harmonic slip.

A2.1.2 ASYNCHRONOUS TRANSDUCER. POWER INPUT TO THE ROTOR ZERQ, STATOR SUPPLY CONTAINING

HARMONICS OF ORDER Vg

s
{-1) Voo ~ PY

<
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(-1 v
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s P
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o
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A2.8f

The rotor electrical port is terminated by a short-circuit. Let the stator supply voltage, and
consequently the stator current, contain harmonics of order Vgr
The following may now be taken into account:

s =
E :Pde(usr) =0

v
-3 4
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st
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The power balance is:

s

8 8 -3 £
Ping) ~ Pde(l)} +{Z Pin(vs) - E Pde(vs)} Piey * Z Pde(v
'
8

e(l)wm+ mm{z: Te(vm)} A2.9a

The fundamental torque Te(l) containg only a stator - rotor asynchronous component, and all the

harmonic torques also have the same character. Taking into account that in the case of operation as
induction machine .

r . 8w
Ple(t) Tty * T : A2.9b

and observing the relations used to simplify A2.8:
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A2.1.3 ASYNCHRONOUS TRANSDUCER, POWER INPUT IO THE ROTOR ZERO, ROTOR CURRENT CONTAINING
HARMONICS OF ORDER Yy DUE T¢ SWITCHING.

The rotor electrical port is again terminated by a short circuit. Switching action takes place

in the rotor, and the rotor current contains harmonics of order Vs while the stator supply
voltage obeys a simple harmonic time function of frequency fs'

The conditions simplifying the gemeral power relation A2.7b in this case are:
8 = . pr =0 r =
Z:Pin(v) 205 Py W z: Pinew)
- s T
s
s
P
Z de(\;s)
v
s

s
<
-

X - w -
Z Pde(\’rs) 20 ; E Te(vs,vr) 20

v v v
rs ’

In this case the general power balance given in equation A2.7 becomes:
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The speeds of rotation of the rotor fields are given in rel. A2.2 and the speed of rotation with
respect to the stator in A2,4d, The speed of rotation with respect to the stator is zero at the
harmonic synchronous speed of the "fundamental machine"

r =
= - 5 AZ,10b

cr=l, or 2 depending on the order of the harmonic field.

The harmonic slip is defined as:
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The additional copper loss in the stator circuit is due to the induction from the rotor, and is
equal to the harmonic slip loss. ‘
These losses are:
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The equation for power flow is now rearranged, resulting in:
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The fundamental air gap power in the present situation will be:
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In analogy a "harmonic air gap power" is to be defined for the harmonic fields as: AZ2.10e
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It can now be seen that the fundamental input power may be divided into two components:
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The implication of this division of the input power may be seen as follows. The power input at
fundamental frequemcy has a component supplying the power associated with the stator and rotor
currents causing the fundamental component of the torque, and a component that is converted into
harmonic power by the action of the non-linear element in the rotor. The fundamental dissipation

s . . s PO I
loss Pde(l) in the stator may be termed a "non-conversion" loss, since it is in principle

unnecessary for the electromechanical conversion of power by asynchronous interaction. Identical
considerations are valid for the harmonic dissipation loss r
in the rotor windings. E Pde(vr)
v
r
A rearrangement of the power flow equation taking rel. A2.10d and rel., A2,10f into account now
results in:
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Up to the present the only particulars considered known for the model were powers and frequencies.
To calculate the value of the above two components of the fundamental input power it is also
necessary to take phase relationships between the different components of current and voltage into
account. As attention will be devoted in subsequent chapters to solutions for the current
components caused by the different voltage components due to switching, the above relation will

be left in its present form for the purposes of chapter 2.

A2,1.4 STATOR AND ROTOR CONNECTED TO SINUSOIDAL VOLTAGE SUFPLY OF RESPECTIVELY STATOR AND ROTOR
FREQUENCY, ROTOR HARMONICS DUF TCO SWITCHING IN THE ROTOR CIRCUIT.

In the case now to be investigated it will be assumed that switching action takes place in the
rotor circuit. Rotor current harmonics of order v, therefore exist causing stator currents of

oarder U by induction as in the previous case. The following conditions hold:
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Only fundamental power can be delivered by both the stator and rotor sources, while a certain
amount of this power from each source should contribute to the harmonic losses and harmonic power
output. In analogy to A2.10e:

r ' 4 T
B = Fingr, 0 T Binar,w AZ.11b
Rewriting the power balance of A2.1la by using A2.10e and A2.11b:
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If it is now substituted in this relation that the fundamental air gap power is given by
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In the case of the rotor source voltage zero a harmonic air gap power was defined (see rel.A2.10f).

Application to the above relations results in the following expression for the harmonic air gap
power:
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The power flow relation A2.llc is now expressed in terms of the different torque components as:
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Regarding the relation A2.11d it may be remarked that by taking the expressions for fundamental

and harmonic air gap power into account as stated in equations A2.10f for the case of app.A2.1.3,
the same type of expression may be obtained in lieu of equation AZ.10g, as used in the text in
relation 2.l4a. The only difference existing between the cases of A2.1.3 and A2.1.4 is located

in the division of the stator resp. stator and rotor fundamental input power into fundamental power
and harmonic power due to the switching action in the rotor. In the situation where the rotor
voltage. sources were zero it was remarked that it is not possible to calculate the divisiom of

the fundamental power with the particulars known at present, The same conclusion is reached for

the present case where the rotor is fed from voltage sources of fundawmental rotor frequency.
Relation A2.11¢c (or AZ2.11d} will be left in its present form for the purposes of chapter 2,

A2.1.5 CONCERNING A SIMPLIFIED POWER FLOW MODEL FOR THE SYSTEMS WITH RUOTOR HARMONICS OF ORDER Vo

In the last two instances investigated it proved impossible to specify the power flow
explicitly, although it was still possible to express the power flow equation in terms of the
fundamental and harmonic torques and their respective synchromous speeds and slips. This will
enable these relations to be subjected to investigation in the present chapter. When it is to be
attempted in later chapters to calculate the currents and torques in the machine, it will become
evident that there is a need for a more simplified model for the systems represented in appendix
A2.1.3 and A2.1.4. Tt will now be investigated to what extent a valid simplified power flow model
may be used in these two situations.

In the first instance it may be comsidered that the stator resistance is zero, With zero rotor
voltage, consider that the following conditions now hold:
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The power balance of A2.10a now becomes:
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Since the possibility of harmonic torques due to rotor-stator interaction has now been eliminated,
the only active power delivered to the rotor will be of fundamental frequency. The harmonic power
exchange between rotor and stator is constrained to reactive power. Expressing relation A2.12 in
terms of the fundamental torque it is found that:

w
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This implies that the relation between the rotor dissipation and synchronous fundamental power will
be given by:

sw
r r = )
Piec1) * Zpde(vt) Ty * A2.12¢

Vr

This explicit relation existing between the rotor dissipation and the electromagnetic torque due
to the fundamental frequency will enable the calculation of the torque when the dissipation is
known.

Let the constraint that the rotor source voltage is zero now be relaxed, and consequently assume
the rotor electrical ports to be fed by an ideal voltage supply system of fundamental rotor
frequency., The harmonic currents due to the switching action still circulate in the rotor circuits.
Consequently the following power balance may be derived from rel. AZ.}1a:
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As in the previous case the stator dissipation is zero, and the active input power at the stator
electrical ports must equal the active air gap power. Therefore:

W
= RN 4 _ ot r =
Tetny' 5 7 Fae(y” Fia(n)* E :Pde(vr)" Te(1) "% A2.12%
v
T

The relation between the synchronousair gap active power and the rotor active power now becomes:
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In the previous arguments of this paragraph no restriction has been placed upon the existence
of harmonic fields (as described by equation A2,2). If these harmonic fields still exist in the
air gap of the machine, inducing circulating currents in the stator, it is not to be expected
that the induced e.m.f.'s in the rotor circuits will be simple harmonic functions of time. As
will be evident in subsequent chapters, calculation of the currents in the rotor windings is
considerably simplified when it is known that the induced e.m.f.’s are simple harmonic functions
of time. Once the rotor currents are known, the dissipation is knowm and the appropriate relation
can pe selected from the relations A2.12c or AZ.12f to calculate the electromagnetic torque.
Therefore, in order to be able to use the power flow relations developed in this chapter and
this appendix in subsequent work, it will be stated that the induced e.m.f.'s are simple harmonic
time functions. This is assumed by postulating the existence of a “field source". This "field
source” feeds the stator electrical ports, and acts in such a way that under all conditions the
rotating magnetic field in the air gap of the machine remains constant.
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A3.1 CONCERNING THE CALCULATION OF THE EXPRESSIONS FOR THE CONVERSION CURRENTS IN STATOR AND
ROTOR CONTROLLED ELECTROMECHANICAL TRANSDUCERS.

A3.1.1 STATOR-CONTROLLED TRANSDUCERS: CALCULATION OF CURRENTS.

In the text the expressions for the excitation functions concerned with the ingtantaneous
symmetrical component currents involved in the energy conversion process have been given. To
exploit the complex conjugate relationship it is substituted in the stator-conversion voltages

that:
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Under the Ku-trensformation from rotor to stator, the rotor instantaneous symmetrical conversion

voltages then become:
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Observing all the above relations, the instantaneous symmetrical component voltages concerned with

the energy conversion under the Ku rotor stator transformation become:
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From relations 3.36a, 3.42a and the above voltage components the stator "positive” sequence

component follows as:
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Similarly it is found that the "negative" sequence component is represented by:
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By selective comparison of relations 3.42b, A3.3a and A3.3b the four unknown general complex

amplitudes TP H jxm
s 2h#*l

s 2h+l

» tgr?

; TP, i::, are determined as given in relations 3.42¢ and 3.42d.

In order to be able to calculate the electromagnetic torque of the transducer, it is still
necessary to obtain explicit expressions for the instantaneous symmetrical components of the
rotor currents under the Ku rotor-stator transformation. With reference to relations 3.36b, 3.43b
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and the above voltage components the "positive" sequence component of the rotor current follows:
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The "negative" sequence component consequently is:
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Comparing relations 3.43b, A4.33 and A4.3b it is possible to calculate the unknown general

complex amplitudes i*P ; ixn H ixp; P e given in relations 3.43c and 3.43d.
p— e’ Trr
r 2h+l r 2h+]

A3.1.2 STATOR-CONTROLLED TRANSDUCERS: CALCULATION OF ELECTROMAGNETIC TORQUE.
When the expressions 3.42 and 3.43 for the instantaneous symmetrical component currents under

the rotor-stator Ku-transformation are substituted into torque-relations 3.14 or 3.17, it is
obtained that:
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Evaluating all the products for this expression, and simplifying,gives the general electromagnetic
torque equation 3.44a in the ‘text. By rearranging the expression, and changing the order of
appropriate summations, it is possible to express the equations in a form containing complex

conjugate pairs as follows:
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By observing the rule for the subtraction of two complex numbers the relation may be rewritten in
a simplified form as given in 3.44b. Splitting this relation up into its different components as
indicated in the text will result in the following torque components:
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as given in equation 3.44c.
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A.3.3 CALCULATIONS CONCERNING A SIMPLIFIED MODEL FOR MACHINE-ELECTRONIC SYSTEMS OF GROUP II
WITH ROTOR CONTROL.

Calculation of the torque and the different current components for a machine-electronic system
of Group II, class Z, with control of the conduction angle of the rotor current is to be
undertaken, As explained in the text of chapter 3, and in appendix A2.1.5, the conditions in the
present model has been chosen so that the induced e.m.f. in the x th rotor phase will be
sinusoidal, i.e.

x . —
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where wre i is the phase angle by which the fundamental current is lagging on the induced voltage..
rrl

It may be calculated from the current equation 3,52 that:
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Taking into consideration that the fundamental current is:

v
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it is found from rel. A3,7 that the total rotor electrical power is:
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Substitution of rel, A3.8c¢c into relationm 3.51b results in the expression 3,53 for the torque.



APPENDIX &

A4,1 THE EXPRESSIONS FOR THE SWITCHED SUPPLY VOLTAGES IN THE CASE OF STATOR CONTROL BY DELAY OF
THE IGNITION ANGLE.

1f ﬁzéd represent the switched part of the supply waveform applied to each phase, and this is

expressed as
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= % (expjwsc - exp-stt)exp—JZh+lmst d(wst)
a
s

for h # 0

(=]

= -%E (Zh)-](exp-thYs-exp-jZhas)-(2g;])_l(exp-jQE:TYS—exp-j2E:108) A4d.2a

for h = 0
= . _58 -1 _: " ol s vy 2
Usgl = tLim(Zh) {exp JZhYS exp thas) i (exp JZYS exp 32&5)}
h+0
: Ysg
- it e o 4 . _ . b
. Usgl - J(Ys us) 3 {exp JZYS exp Jgas) AL,2

with Yo - Es

Since the two supply voltages may be written as:
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u:g(t) = /Eusg sin(wst + n/2)

b /2 :

usg(t) 2Usg sm(wst)
the forward and backward harmonic components of u:g will be shifted by (j) ht and (-j) b+l
with respect to those of ul;g s leading to the expressions 4.19.

With regard to other considerations it is also useful to express these voltages in trigonometric
form as

32 () cos{2h+1(w t + E)- [} ;W
58 ® & 2 g mw
= /2 E i
sg 2h+] Ab.ba
u (t) cos{Zh+lw_t - ¢
58 L s s Zh+i
with:
Bll
= 3 _ —
i -, fea e @@ )5 = tan | (22 Ab.4b
eg Zhrl °8) s ThT s T s 2h+l A
s 2h+1
and for h # 0
K 1 ; cos2hy, = cosZha, ) cos2(i+l)y, - cosZ(h+l)us}
8 2h+1 T 2h 2(h+1)
Ab.b4c
5 1 s:.n2hys - 31n2hus _ 31n2(h+l)ys - 51n2(h+1)as
s i;:i m 2h 2(h+1)
For h = 0
o - 1 _ cosZys - cosZas : ~
sl m 2
A4.4d
" 1 sin27s - sin2as
le =¥ (ys-us) - 2

A4.2 AN EXAMINATION OF THE CONDITIONS LEADING TO THE PRESENCE OF AN INDUCED VOLTAGE ACROSS THE
WINDINGS IN THE NON-CONDUCTING STATE OF THE ELECTRONIC SWITCHING CIRCUITS.

As the problem of knowing the induced voltages across the windings of a two-phase machine (fig.
4.2a) has a much more general implication than the case of stator voltage control by ignition
delay treated at present, it will be considered in some more detail in this appendix. As mentioned
in the text phase "b" will be taken as normative, and phase "a'" as complementary. Consideration
will be given to mode I. Taking into account relations 4.20:
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tl<t<t2"a‘ » .- a
e D(Msrcospwmt) -D(Hsra1npwmt) i
.
eb D(M__sinpu_t) D(M__cospw_t) ib
sl 34 m sr m rl
= A4S
0 Rr + DLr [+
0 4} R_+ DL
T T

with e:] and e:l the corresponding induced voltages in the phases.

If the Park-transformation is employed to obtain the system of fig. 4.2b from the previous
system, the relations are:

.d . Pr:} . d
i cospu, t sinpu t i cospmmt sinpw, t i
= . H = . Ah.6
:q : :b - 4
1r Sanmmt cospmmt 1r slnpmmt cospwmt 1r
and it is immediately obvious that:
a
201 DMsr o]
= ALT7
eh 0 DM
sl sT
From rel. A4.5 also
in Oy
= exp ~ (t - g:EJTr-I A4.8a
ib Ib(t 3 8
r} 'l

. : -1
with Te the rotor time constant Lr'Rr

Substitution in rel. A4.6 then results in the final expressions for the direct axis and
quadrature axis currents during the time interval t) to t,:
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- s a e =}
cosl"‘?wst tun'r—smst Ir(tl) exp-t't_

. 4A4.8b

; = b gty T
smrﬁwst cosl sw _t Ir(tl) exp-t’T,

The expression for the induced e.m.f. in phase b under these conditions now becomes

bi _ a S DEPR b I
e, = nusr {Ir(tl)exp. T, t' sinpu t + Ir(tl)exp T, t' cosput j
or
bi e = a,, , _ b -1\
e = Msrexp et { (pwmlr(t!) Ir(t]}.*rr ) cospwmt
~{pw 1) + 126,y t_7') sinpuw_t A4.9
wr | r ol r m
where t'=(t-t!)=(t-£‘ﬂ)
B

and I:(t]) and Ig(ci) are the as yet unknown values of i:l and iil at time t' = 0.

Bow consider the interval with the complementary phase'a‘conducting. The equations are:

2 3
ud, R_+ DL D{M__cospw_t ~DIM__sinpw t i®
s2 s k] 5 O5PYy S R ™ s2
b 0 DiM_sin t} D{M _cospw_t i@
€52 st 0Py S0 Py r2
= . A4.10
0 Di{M _cospw _t R+ DL [ ib
ST m 4 T r2
0 ~DlMsr51npwmt} Q Rr + DLr
M S =

s i . : ‘e b
When relations A4 .6 are taken into account, these equations are simplified, and as e y are related

to 132 by a similar relation as A4.7, the following treatment will refer to fig. 4.2b in order to

calculate e .
s2

From the above therefore:



a .a
ugy R, + LD M D 0 i,
b i
e 0 0 Mer r2
= = A4, 11

:q
0 Mo D R +1D peo L, | *r2_|]
0 R Py R+ 10

. - .a .d P s
To determine 132, the currents i and i, are eliminated from the set of equations composed by

the first and last two of the set A4.11. Writing the coefficients in terms of the rotor and
stator electrical time constants the equation for ig will be:

| -1
T+t T+ 21
D3iq +{7S LN Tr]} Dziq +{———r 5 4 pri pit

r2 [ r2 T_0 r2
r
T;2+ IJZUL’m q lmmMsr: a
+{ 10 }1r2=cTLL © Y52 | A4.12a
r's'r

By introducing some reduced parameters, the equation may be written in the following form:

3 Tt Ty 2 Tt 2 2
p’id +{ 2T ., p9id +4r I3 4+ T pi?
— ~r2 rf = -r2 r [ —r2

2t r0ms)
+{r . } 1 u A4.12b
s [ =r [ —s2
with D=I—D, t=wt
- W - s
s
Rr Rs
rr=wL TS oL A4.12c
s s s
u v 7! ot 7!
a _ a sr' N PRTL: B ST’ s
%27 Y%2]L et > Zr2 r2|Lwl
T s s r's s

and U; the normal voltage that may be chosen to suit the system. The third order homogeneous

equation of the above relation A4.12b may be solved exactly numerically. As the coefficients are
dependent on the slip of the machine, however, this will only supply a solution at one particular
speed of the machine. The algebraic expressions for the accurate roots of the characteristic
equation(®® when using the above coefficients do not allow any significant interpretation, and
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therefore the problem will be approximated in the different slip ranges. Consider relation A4.12a,

written in terms of the slip;

3.q Tt ] 2 q e q
: 5 - . 3
D 112 + {__G_._.. + Tr } D 1]_'2 - {m-—t;—u—- + ]-8 ms } Dlrz

In the slip region where

6-]m_2 (1-2 + Ztgit_]) << I:§2
s r s T

it is alse valid that

T;zm;Z < T52

and the equation may consequently be approximated by:

- - 2 —
3 . tsl+ Trl+ 2, et -5 wﬁ a . T-su M 2
r2 o "r r2 s r2 40 r2 ot LL_ " Us2

A4.124

Abd.13a

A4.13b

Ad.13c

This will be a good approximation in the speed ranges where the slip is either appreciably larger

or appreciably smaller than unity.
The break-even slips will be defiged as:

w1 -2, -2 -1 -1 ]}
B, = 1 + { I lwsz(r 2, 2t IT l)}
giving the validity range as
8 << | - a—lwvz(t—2+ 21-11“1) :
s \'r 5T

s >> 1+ {c_lm;l(I

- RN
r2+ zrsar;)}

A4 134

Ad.13e

This is illustrated by the division of the slip scale into several regions according to the above

criteria, i.e.:

region of high slip;
region of low slip;
region of excessive slip.



fal fa2
Bgal” T lt %sa2 ! w_T
< “s s
/
1Y /
\\ K
‘\ t4
Repion of laghe .
Region of excessive slip \slip f Region of low slip
bt Yl |  §
1 )
' 1
1 1
¢ L + +
to + = 2 1 0. -1 to ~ =
; ]
1
t i
! Y 9 |
o === @ =0 w =-2
m P n m P

Complementary to the previous regions the following situation may arises

-4 -2, -2 -1 _~1 2
d w (Tr + ZTS T, )y »>» T=3 Ab.l4a
and also
T;ZN;Z > 1552 Ab4.14b

the last being the more stringent condition, as may be deduced from the slip diagram. Under these
conditions the equation will become:

3.q Ts‘+ Yy -1} .2.q9 Tt 2 T; +q 1 l_smsﬁsn: a
D, ]k T DTEY A ———— DY b ——— ey A4.14c
2 o. r r2 T g r2 2 ot t_L 82
t T T 0 rsr
s T
By definition the break-even slips of this approximation will be:
) -1 -1
s =l+uw 1t A4.14d
sa -% 'r

In the subsequent work the two approximations represented by relations A4.13c¢c and A4.14 will be
referred to as the first and the second approximation respectively., It is to be noted that due to
the different definitions given to the boundary slips for the first approximation and the second
approximation in relations A4.13d and A4.14d, the transition region where neither of these
approximations may be used is somewhat extended.
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In the design of induction machines an attempt is usually made to keep the stator resistance as
low as possible, and for the larger machine sizes(®? it is an allowable simplification to take the
stator time constant as long compared to the rotor time constant. This simplification becomes even
more allowable in machines used in Group II machine-electronic systems, as external rotor
resistance is customarily introduced to cope with large dissipation at low speeds. The equations
for the first and second approximation, with :

T o<k 1
s r
become
1-sw M
3.,q 1+0,.2.9 —2 2. .9 _ $ ST a
D i + (——GrT D i, + I-s wsl):n.r2 I Ya2 A4.15a
r s’
and
I-su M
3.q 1+0, 2.9 1 4 8 ST a
D eyt (0'( D 2 * oo Py ot L L. " Ys2 A4.15b
r r rs’r

First approximation (low and excessive slip)

Attempting a solution of relation A4.15a as being the resulting equation for the first
approximation, the roots of the characteristic equation are

2
A _ g 367 w2 2.
MO ATt G L0 s%ug
g T
X
From relation A4.13a:
2 22
2 ot 1
O’Er s r

under the present approximation. Depending on the magnitude of the leakage coefficient of the
machine

—2
1+g { —2 2
(—4——&0 )] -5 < 1-s5 w, Ab4.16a
ot
T
and the characteristic roots will be
O
2,3 e — e

where the effective damping coefficient and the eigenfrequency will be given by:

20
e -ITG_)T‘X’.‘ A4.16b

) Ab.l6c




This enables the current under the first approximation to be expressed as

'qi qi el -1 qi 0" qi . 1 .qi _
is= 1]+ expet Tg {lriicoswet + L sine t ) + 1r2(t = ) Ab,16d

with  t" = (t-t)) = (¢ - 2K
2 Ews

In relation to this solution for the current in the q-axis some important observations can be made.
Obviously at slips far removed from Seal and Sg.0 in the excessive slip and low slip regions with

(relations A4.14a and A4.16a valid) the eigenfrequency of the transient induced voltage in the
b-phase, found from:

e32 Mer 0

= N Ab 17
b
e 0 Mer

will approach the frequency of mechanical rotation of the rotor of the machine, times the number
of pairs of poles. This component will be damped out at a time constant somewhat smaller than
the time constant of the rotor, depending on the leakage coefficient of the machine, For larger
machines it may be expected that this time constant will decrease, seeing that one may expect the
leakage coefficient to decrease somewhat. .y

As may be expected, the induced e.m.f. in phase b also contains a term with the supply
frequency during the time that phase "a" conducts, It will be shown subsequently, however, that
this term is proportional to the speed of rotation, and a function of the rotor time constant,
decreasing with decreasing speed, and with increasing time constant.

It is now extremely interesting to note that the eigenfrequency of the induced voltage starts
to depart sgignificantly from the proportionality to the speed of rotation as the break-even slips
Seal and Spap 8T approached on the slip scale, The break—even slips defined by the approximation

used for the ecigenfrequency are:

2
2 _ J56°, -1 ~2 -2
1=-g" = (W)o Tr ws AL, 18a
' - I+ ~1 ~1
s"2 1+ Gy T ¥y A4, 18b

Especially for larger machines where both the leakage coefficient and the rotor resistance tend
to decrease, z comparison of rel. 4.18 and 4.13 indicate that when

b -9 o ts A4.18c

the eigenfrequency will decrease more rapidly than the slip will approach the boundary slip for
the first approximation. In an extreme case the eigenfrequency will become zero, the nature of
solution A4,16 will change, and an extra damping term be introduced.

The solution of ig; (t = 2 will now be considered:
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a
ugy = V2Usgcos(wst' + w‘) = fZUegcosmB:
sad, Loy o qi qi
Let it )] &Itz cos(u t + ¥57) Ab.19a

P 3.qi,, _ 2.qi, Lqi,
Finding . D er(t = w), D 1r2(t =) and Dlrg(t (D]
it is found by substitution into 44.15a by the method of undetermined coefficients that:

e M U

.ql 73 Sr_8g qi
i = ) = /2 coslw t + $27) Ad.19b
r2 w L L iwzcztz(l-rrﬁz)z + (l+a)2 }i & 2
s ris r
qi -1 atrms(l-fz§2)
and v, = { T - tan (e )} A4.19¢
The constants I35, 19 and T?:,. still have to be determined in order to specify the transient
ri? “rii riii

solution, These will be determined from

(qi, o9l o 2.qi,
i (¢ tz) H Dzrz(t cz) . D 1r2(t t:2)

From considerations that it is impossible for ig to change instantaneously in amplitude,
sqi, . L P
Lot =) = it =1ty

Using A4.6 and A4.8 this results in

a

rI(t

sal, - 3 . ;b -
1r2(t tz) i t2)51n pwmtz + lrl(t tz)cos pwmtz

or

.qi
lrz(t

8
[ad

-1 20- B e v
- Iigtl)exp_ T (zqsi%mﬁ)sm(é_%z_&i),,

b -1, 20 i~s. oz
» (e dexp 1] (3%zi:ﬂ*")cos(‘ s-201) A4,20a

Similarly it is stated that i:;(t tz) is continuous, and it is found that:

I 1 ) 2002ygn T:E.ﬁég}
er(t = tz)— Ir(tl)exp . (: 2ws Yeos ( 5 )+
- (e exp- 1! AEERT o in(l7e 20T, A4.20b
<
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From relation 44,11, by elimination of i:z which iz gtill zero at t = ¢

and

.qi
Dlrz

(t =

2.qi
D er(t

= Al o =l.el, _
t2)= 1 Swg xrz(t tz) T, xrz(t = tz)
oo2iqi oy =22 .ai,, _
tz) T er(t cz) T=s e lrz(t = t2)+
-1,di

-2 Tms0_ 1
s

2

r beat = ty)

44.20¢

A4.20d

By finding the corresponding expressions from A4.16d, and solving the following equations, the
constants are found

Therefore:

iy

- : qi I
T g 31n(wst2 + wz ) 1:2(t tz)
(l—'* =% mz cos{w t., + &qi) 7 Iqi
T2 s s 2 2 r2
r - L.
1 1 o o
i
= 0 - %- Yo |* Ig;i
[
20 .
1.2 _ e qi
0 (7~ wd - riii
T e
e -
2 2 2 =2
} 2 T—Ems o TeTa idi(t . )-I&e AR S S B mi\‘
T . mZTZ r2 2 \ T2(1+ mZT2 }
e e r ee

. qi
I2m531n(mst2+ wz I+ w'r cos(wst2+ [

- qi
cos(wst2 + wz )

.di
1:2(t =t

2

qi
2

-

2
5 e
i+ mztz
e e

)

)

Ab.20e

A4.,20f

351



2 2 2 w2 2 2
i Te” 2TrT 3 TrTe "8 ms = s Te 7 tTe, Ldi
13 = 41w (c=t)2. =55 St =)
ri 2 22 r2 2
(1+ w? e'e } Te I+ e T,
miTe qi qi zmsTe qi qi
+{(___7f79 —l} JZIrzcos(mst2+ ¥, )+C————§-§) /ZIrzsln(mst2+ b, ) A4, 20g
1+ o'T T
e e e e
and
2
. =suw T - T T = 27_~ TTe T:g w
qi e T 1 e 5.] .qi _
2 .. = 1+ ( )} t=1t) - {1-&( Wit (t = t,)
riii w { 1+ mZTi r2 T " (1+ m2T2) r2 2
g 2 qi,_, “s’e giy | yprai
+ = {(l - ————i—EJsxn(w + ¢ - G———Trjpcos(wst2+ wz )} 2Ir2 A4.20h
e 1+ w'T 1+ w1
e e e a
with
08 wgl - - (1+40) .
(l+0)2+ czrimz(i-T:EZ)z}
£4.201
e 7
or_w (1=1~s7) .
P S gt
sin wz —~——-YT;gy——— cos ¢2
By using relations A4.17 and A4.16d the induced e.m.f. is obtained as:
bixs - E: qi u qi 3 " qi qi
ey Mer{ exp N (I e08m t" + T07 . sinu £") + /2Ir2cos(mst +4,0)
bi _ - E:, qi - _1_. q "o q __, qi "
€2 © Msr{ expT 7 [( eIr111 T I )cosm t (melriii T Ir11)31n ugt L *
e e e
- qi_, qi
msf‘nrzsm(wsc + v, )} 44,21

LR ]
This first approximation for the induced e.m.f. in phase b will then be valid in the low and
e@xcessive slip regions, with characteristics as previously discussed.

Second approximation (large slip)

Relation A4.15b represents the approximate equation. Attempting a solution, the roots of the
characteristic equation become

A, =0 X = -

(I+c -1 + 140 2 -2_ U—IT—Z }
1 1 2,3

o éc) T r
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or rewriting:

—1 1
- - l+0 = 0" -]
29,3 (20 (_%2 o) Ab.22a
Seeing that the square-root term will have a positive value less than the first term for all
values of the leakage coefficient physically realissble, the equation for the current can be
expressed as:
;qii _ q11 q11 I qii T q11 »
i Iy +1 pig @it v Ins expett ¢ i, (¢ = =) Ak .22b
with t" as defined for ig; and
-1 s 7 -1t
Tpe = (52~ =5 =0 )
o
A4, 22¢

- 2
Tei _ {(na (1:_—02 a7l }
[+3

This indicates that the decrease in the eigenfrequency of the induced e.m.f. observed with the slip
approaching the region defined as “large" slip from the approximation theory developed here,
corresponds with the behaviour found by the second approximation. On the basis of A4.18 it was
remarked that in an extreme case the eigenoscillation of the induced e.m.f. may even disappear, and
an extra damping term be introduced. However, care must be taken, since in the end the validiry of
the approximation is of course doubtful.

The above relatioms indicate that it is indeed permissible to expect the eigenoscillation to
disappear as the machine decreases its speed, in the end only retaining the rotor time constant
dependent supply frequency term at very low speeds. Attention will now be devoted to determining
the steady state term of the quadrature-axis current responsible for this component of the induced
e.m.£. By using relations A4.19a and A4,15b:

q11 l-swsHsrf2Us '
(t = w) = W(W-RE{EW]wSt})

with
F(D) = {1)3 + o7 royn” c"t;zn}
Therefore
i“se M_¥ expjw_t
qxx(t = w) = /7 s ST sg { it }}
otrLsLt 3 F(Jms)

which becomes, after rearrangement:

r T=sM_ B
X 8T Sg

Lk, {(]+c)2m212+(0m21 -1)2}5

“1“0: = ®) = /2 cos(u t + ‘pg“) AL.23a
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= #213;1 cos(u t + ¢q“) A4.23b

vith
qii -1 cm:ti*-l
1{?2 1%~ tan (_———)} A4 .23c
!MwSTr

' The constants Iqu’ Igii and Iq?i of relation A4.22b still have to be determined in order to be

able to specify the current cumpler.ely. By again statxng that it is impossible for either 1q

or ii
to suffer an instantaneous change in amplitude, it is obtained that:

qn. = .q1 -
(£ =ty 1(e = 1)
and
d11
i, (:-t2)=1 (tscz)

The expressions obtained in relations A4.20a to A4.20d may be employed to solve for these
constants. By finding the corresponding expressions from A4.22b the following equations are found:

[}] 1 - cos(m £yt wal) d;l(t = 2)
Ew - .%_ wy s1n(m t + \pqu) . q““{t; =t )
r
-2 -su
B — (-]fi- - ]'—szmi) wz cos(w ty+ \,bqu) flqll
Tr T
s r —— e — swo—
1 i 1 1
- . . qii
0 P - R Iru Ab .24
[ e+
1 1 qii
o z 3 Lriii
T T
a= et

Sclution yields the following three constants:

T o T (“‘2)

et T {t - 2t ) .
Igii" I-sw T { 14 2t B } 941
e~'r
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222

Toe  ToalTe™ Folu T v _-1))
I P 2 5T e q11(t=t)+
2 r2 2
r T
r
2 _ qii qii q qii
+{msteo_1e+ l}v’?lrz cos{u t, + b))+ ms{re_«r Te*}@lr sin(u t, + ¥, ") Ab.24a
. v (t =2t ) . s
gqii _ _ = e+ ¢ e~ (Aii
I, = - i-su T, {1 M Ca Y } g2 (E=t) +
r e~ ed
H T (r T’é ) 121: -1 )
o= e+ s T e~ q11
et R e 2 (E= )+
3 Tr'Te=" Ter
2.2
Ter qu qii PsTe-Te+ qii
" T 1+ [CNEEIN] QQI s1n(w t + &2 )-{;——:—;——}cos(mstz + wz ) 44,240
e~ e+ e~ e+
—_ 2, 2, y=222
qii ! fsmsTe-*(Tr 2Te ) du.(t I+ Te«»ﬁe--- 8 gt Te T ) qu(t =€)
riii [N} 2 £y ’ 2 2
re- e+ T -t )
r' e~ et
2.2 2
Jlsferien Laaii oy oo 4 ity E""—\&‘:q“ w e, + 3t Ab.24c
T =1 2 ®5 2 2 T, T rz“‘““ ¥ ’
e e+ e~
with
]+UwsTr

cos l&’qii = -
2 { +02m212+(0w 12— 1) }* ’

A, 24d

ogail
and sin ¢2 ; 3 cos ¥,

" Now that the constants are knmm; and consequently the gquadrature axis current specified by the
second approximation, the induced e.m.f. in the normative phase (phase ") may be found from
relation A4.17 and the expression for the current A44.22b as:

bii _ qii a1 qii it qii qii
€g2 Mer)Iriiexp t o + Iru . exp~t + + /21r2 cos(wst + u:z )
A4.25
bii _ 1 qn R | 1 9ii el qii_. qii
€52 - Msrix I 18%P e e~ * Ton InuexP t e+ + u"x?.‘!nr:Z Sm(mst * "’z )
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This indicates that in the high slip region the induced e.m.f. in the normative and complementary
phase will contain no eigenfrequency term, but will correspond to the supply frequency plus an
exponential decay. In order to be able to determine the initial conditions for the direct axis
and quadrature axis currents during the third period of time (i.e. ty < t < t4) when the

complementary phase will be nonconducting, the current in the direct axis during the presently
investigated time interval must be known. From the simultaneous set A4.ll it may be deduced that

T

d __r . 2.q_ 1 -q _ .q
tr2 pw. D ‘r2 pw L )
m m
or
— .d _ _ 2.9 _ .q _ _ ™2 2.q
I_Ewslrz =- 1D ,-Di, T 1-s wily AL, 26

By now stating that the direct axis current will have a functional construction similar to the
quadrature axis current, the expressions may be written down in analogy to the approximations used
in A4.16d and A4.22b. Therefore:

.di_ _di T di n di . di dai
iy= I jrexptht {1 c.cosw t"+ I 7. sinu t( + \/QIrzcos(wst + v, ) A4.27a

By using A4.26 the relatioms with the constants found for 12;' under the first approximation are:

14 o - ¢ T 18t
ri r s ri
1+ wic -T2y 2 !
4 { s'r } 7ai
r2 (1-8) r2
di i - 1
\le = [Uigl - tan l(—__z)}
1,0, (1-1-8 )
AL.27b
] _1' -1 T_w? 2t - 1) 01 ]
4 e r+re__rﬁw} “et4 Ty e} Iqi
rii ,_—sws_ri F§w5 T s Tféu)s-re rii
(t - 21) - 2
di YelTe™ “Ty Tem T Tr¥% — qi
riii Tmer — 2% T, " T riii
s e ]-sws'r s
Similarly it may be found that for the second approximation the following holds true:
;dii_ dii dii o, -t dii | dii dii
i, Iri + IriiexP tht _ + IriiiexP tht o+ /711_2 cos(qst + 0, ) A4.28a

with
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dii —qii
ri r s ri

dii Tew Ty by qii
Irii = ) mm— rrl-sw Ir"
=5 LI
v s T - T +
R R S R A6.28b
till (=2 . r s ) riii
s e+
2.2 e 22 }
i _ {H it (1-T=5%) } qii
r2 (t-s) r2
and wdu - wal_ tan_l(—]—)
2 2 e 2
Trws(l-l-s )

The behaviour of the induced voltage in the normative phase will now be investigated during the
time after the current in the complementary phase has become zero, i.e, during the time between
t3 and tz, as defined in fig. 4.3(b).

t, <t <t

From relations A4.1], with i:E 0, the equations for the transformed rotor phases become

S — - _,d_
4] (Rr-t'LrD) pmer i,
= . A4.2%a
- ;4
0 pmer (Rr«»LrD) i,
Solving for the quadrature-axis currents from
2.q -1..4q -2, .22..q9 _
D ig* 2Tr Dlrii + (11_ +p wm)lr3 = 0 A4 .29
the characteristic roots will be:
I e )
7\"2 == r i sw_ 44.2%¢

Consequently the solution is

.qi [l P 4 oy IQI : "
- . - ‘s -sw
il = expmt"r, (Incos ] sw, t £i35in 1-s st")
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di d1 "

Similarly ir__3 = exp*t’“t;’(lﬂsin I-—-swst"’-f I_;;c08 l-sm t A4.29d

with only Iq. and ]Zq.:.l as arbitrary constaunts, the relation between the currents from A4,26a being

di ] q1+qu1

i —— A4.29
r3 P, T, *r3 1r3

with t"' = (¢ - t3). The following conditiong are known:

- - q1 ii =
3(t ts) (£ = tg)

Qi - (di,ii, Lol oaadnddi
D1 (t t3) puw '1r2 (t t3) LTS i (t t3)

the actual expressions depending on the slip range the machine is operating in. Examining the

relations giving the constants for xgz and i, it will be obvious that the algebraic expressions

for the present case will become even more elaborate. As it serves no purpose, they will not be
reproduced at present.

The solutions of A4.29 indicate that the quadrature and direct axis currents execute a damped
oscillation at the mechanical frequency of the machine. The induced e.m.f. in phase b is:

e:; = Ha {exp-r.“' (Iq.cos l-sw " o+ Iq¥.8m I~sm t:"')}
or
s 14t
b — ql - Ti — we i qI rn wl
e q = M_ exp-t {(l su Lor, ——Tr)cos T—sm t (i~ smsIl_1 T —=)gin T_m» "' A4.30

which is seen to be quite analogous to the expression for the induced e.m.f. during the first part
of the cycle as given in expression 44.9

Investigation of the induced voltage when stator and rotor time constants tend to a large value:
a third approximation.

As explained in the text, a definite case is to be presented for examhing the nature of the
induced voltage when all stator and rotor resistances are neglected especlally to gain insight
into the phencmena, as the expressions presented in the previous section are mostly of comsiderable
complexity, and interdependent.

As before, the period that the electromic switch of phase "b" blocks will be divided into three
periods, i.e. both stator phases nonconducting (t, to t,), phase' b’ nonconducting and phase a”
. conducting (t, to t,) and again both phases nonconductifig (t to t,).

t, < t <'52=RS‘=°§P~,_.

1
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a
el Marn 0
b
e o Mer
= . 44.31a
o LD pug L
o “pul. LD
resulting in the homogeneous equations
2.q 22.q - 2 2.4 2.4
D *r1 AL 0= Yot +D tri
Solving the quadrature current
.9ii _ .ga ' qb . '
i = Iricospwmt + Irialnpwmt AL.31b
with t' as already specified.
It is known that for t = t:l
sgii, a . b
ig (t tl)' Ir(tl)annpwmt]—t- Ir(tl)cospwmtl
A4.31c
Ldii

a b .
Ir(tl)cospmmtl Ir(t!)51npmmt

iy =t 1

From 44.31 Dig?l = pmmigil , so that by determining

igtl(t =t)) and Digil(c = t,) from A4.31b and substituting from A4.3lc, the quadrature-axis

current is
VL E S ST . b
tp <t <ty Ir(tl)alnpmmt+ Ir(tl)cospwmt A4, 31d
similarly
Ldii a b .
ty <t <t Ir(tl)coapwmt— Ir(tl)s1npwmt A4, 3le

Thus from relation A4.17 with the necessary simplifications:

2Pl 1 a Toow t- 1P in i<s
tl <t < tz.eal 1 swsﬁsr {Ir(tl)cos 1 swst Ir(t,)sxn { smst} A4 31
b, <t <ty , R=E O=R

The voltage-current relationships are:
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a .2
usZ LD Msr]) 0 152
b .d
€ 0 0 Mer iy
= . A4.32a
-9
0 arD LrD pmer *r2
B 0 | _:p”mMsr “Pugh, LD ]

The homogeneous equation for ig is found from this set as:

02; q . p2 2.0 44.32b
again resulting in a solution
;qiii qiii n, Qiii_, "
t, <t<t = I i A4, 32
2 3 3, Irl cospwmt + Ir11 sinpw t <

Actually the set of equations for the "a'-phase, rotor direct axis and rotor quadrature axis
result in a characteristic equation of the third order, as follows:

33 e pZla =0
m

as may also be deduced form the general relations A4.12a and 4.12b by setting either
-1

-1 : .
T =0= T, or r = 0= t.- The corresponding equations for the "a'" phase and quadrature rotor

axis are:

(D + pzw2 ua2

@ + pzwiD)igz - - A4.324

and

(03 + pzmib)izz = T (D +p m )u 44.32e

The equation for the quadrature axis current simplifies due to the absence of any direct current
component when the rotor resistance is reduced to zero. The quadrature-current also does not have
a sustained or steady state component of supply frequency under these conditions., These remarks
will be proved subsequently, when it will be shown that in the limit the approximate equations
set up in the first part of this appendix regarding the induced stator winding e.m.f. during
switching, reduce to the equations now to be derived.

In order to determine the constants in A4.32c, the direct an quadrature axis curremnts are
again taken to be continuous at the switching instant t2' Therefore:

i iid a . b
q 11(:"- +Q)= i g;ll(t"‘= -0)= 1q11(t = )= Ir(tl)Sl“pwth + I't(tl)cospmmt2
identically: 44.33a
d111 "y Ldidi d11 - - b . .
(£"= +0y= 4 "7 (¢"= =0) = i T(t = ) I (t))cospu £, - I (t,)sinpu t,



q

The condition for the first time derivative of ir is: -
PN PN M P
pyaiii _ - id111 + py SL jaiii
r2 m r2 Puy Lr s2

Taking into account that the current in stator phase "a" is zero at the switching instant t

2?

A4.33b

and equating A4.33 with A4.32c, it is again found that:
, ;qiii _ ca . b
t2 <t < t3. i, Ir(tl)Sanqmt + Ir(tl)cospmmt A4, 34D

It is to be remarked that in spite of the fact that the complementary phase "a" has been switched
in, the quadrature-axis current continues its oscillation at the mechanical frequency started in

the previous period.
From A4.32a it may now be found !

~a - — — — -
Ys2 ST .a
T D T D 0 i,
s s
= . A4.35a
L pw L
r mr .d
0 D w D o tr2
ST ST
24
tr2
- . .a
By elimination of ig:
pidiii o Msr o oa  Pn qiii
T2 oL L "s2 <] r2
T s
Therefore
diii Msrﬁusgcosmst Py [ a b
i,™=- T— dt - - {Ir(tl)SJ.npmmt + Ir(tl)cospwmt } dt + K

From A4.33a 14ii1
r2

representing the corresponding d.c. component of the direct-axis rotor current, i.e.;

(t = tz) is known, so that the constant of integration is easily evaluated,

. M
_ odiii _ sT . o-1 a _ ¢o-1 b .
K=1;" = Bzgi:f:_ ./2USg51ant2+ (—Erﬁ Ir(tl)cospwmt2 07;—) Ir(tl)SJ.npmmt2 A4.35b
-, gdiid ___§§£__ Y2u ginw t, - sinw tl + EZEElz- o-1 cospw_t,+ cospw_t
v Tr2 mschLS sg s 2 s [+ Pépty POy
()
S o-1 sinpw_t,+ sinpw t
o4 Pupty Lag'™

A4.35¢
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From the same set A4.38a it now follows directly that!

o? M
D.a:.ii - 52 T Didiii
s2 L L r2
s £
a
sss u M Qqe css
.aiii 52 sr _.diii aiii
or i =/( Ls Ls ].):Lr2 dt + Isi

i*! from the condition that the phase current is still zero at the instant of

i
switching in (in the ideal case), an expression is found for i‘: that indicates the mutual

Evaluating I:

coupling of the a-phase and the direct axis, in contrast to its rotational relation to the
quadrature-axis

sis Y20 M
;alii _ sg : s st .2 -
i9 a“’sLa {smmst nm»scz} + »-—-GLS Ir(r'l) { cospa t, coaa;pwmt:l>
Msr b
- MGLS Ir(tl) {sinpmmt2 - sinpwmt A4 .35d

The currents in the period t, to ty are now completely specified.
From A4,32a the induced e.m.f. in phase b is:

biii _ .qiii = Tea a o b PO v
e = Merlrz 1 sms}isr {Ir(t!)cos i sot + Ir(t‘)sm 1 smst} A4, 36
ty<t<t, , R= (}ERr
It is again found that:
a .d
%3 Msrn 0 *r3
b q
€s3 0 Mer ‘ra
= . A4, 37a
0 LD pmer
0 —pmer LD
with homogeneous equations
2.9 22.q _~._. 22.q 2.q
Dy * oy E0Epud , + DM,

so that the same solutions as in the first time interval from ty to t, are found, i.e.
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ii _ qaiv wr o, g9V s "
= I3, P .
Y cospwmt + Iru sinpu t A4.37b

.qi
<t <
t L t 1:3

3 4
Since both,i:3 and i33 are again constrained to be contlnuous, the first derivative of 1 w111
also be continuous, as it is determined by the magnitude of 1 (from relation A4.37a). Care must
now be taken with the imitial comditions, however, as the functlonal expression for ig changes at
the switching instamt ty

Lqiii - qm = -g) = {2iii
1r3 (£'"'= +0) 1 ("= ~0) lq (t = )
5 q111(t“,_ +Q),D»q111(tuv- -0) =il (e = £5)

Determining these values from A4.43b and A4.37b and substituting in the above relations results
in exactly the same expression for if as previously:

. sqiil _ s : b >
ty et <t ity Ir(tl}slnpwmt * Ir(t!)cospwmt A4, 37¢
Employing the relation A4.37a, the equation for ig is:
t, <t < t,: idiii = Ia(t Jeospu t - Ib{t )sinpuw t A4.37d
3 4" “r3 r 'l m Tl m )
The resulting induced e.m.f, is:
ebiii = “sa M 12(t Yeos msw t + Ib(t Ysin T-su_t A4.38
83 s 8T |Tr 1 s rl § )

A DISCUSSION OF THE LIMITING CONDITIONS

In conclusion to this appendix some attention will be devoted to a discussiom of the different
aspects of the equations developed.

By taking the stator time comstant into acecount in the equations one introduces a damping into
the d.c. compoments of the stator phase currents and the rotor direct and quadrature currents.
This is analogous to the results found in the studies of short circuiting of a synchronous machine
(8% , a problem reminiscent of the present investigation in some respects. This time comstant was
therefore neglected during the presemt investigations, as it was felt that it will oot alter the
problem fundamentally.

The rotor time constant is important as far as the eigenfrequency of the induced e.m.f.,
damping and d.c. components of the quadrature axis rotor current are concerned. In the case of a
stator time constant it may be argued that the tendency is to keep this as low as possible in an
induction machine. In the case of the rotor time constant this is not a priori true. Due to the
inclusion of external rotor resistances to keep the excessive dissipation out of the machine
during low speed operation of these variable-slip systems, the electrical rotor time constant may
be influenced to such an extent that it is no longer permissible to disregard its influence.

Comparison of the direct and quadrature axis rotor currents during the time intervals, ty tot,

and t, to tys (the stator phases do not conduct) with and without rotor resistances, indicates that

3
the only difference found here is the damping of the oscillation of both currents at the
mechanical frequency. Comsequently the only influence of a decreasing rotor time constant on the
induced e.m.f. during these periods will be a change in amplitude of the undamped oscillation, and
further damping of this oscillation.

Due to the complexity of the equations the influence of the time constant of the rotor is not
so obvious on the quadrature current—- and correspondingly the induced e.m.f. - in the normative
phase, when the complementary phase is conducting, i.e. in time interval t, to tg. Only the first

approximstion for the equations describing this interval are considered, as this covers the usual
range of operating speeds of a variable slip drive.
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Consider the effective time constant and the eigenfrequency from relations A4.16b and c.

. . 20 _

Lim 1 Lim (m}tr =
T =+ ™ T > @

r

—_—2 3

Lim w = Lim (1—_—5-;2@3 - L‘_'Q__) = l-sw
T+ ® T, s 40212 s
r r x

Thiis is borne out by the equations developed directly for ig from A4.32a.

Let the d.c. component of 53; be examined. From A4.20g let
Qi _ , .qi, (di, qi qi
Ti = Kyipp(e = rd+ Kol o (8 = 1)+ Kyl peos(otyr ¥y)

+ g, 11

qi . qi
4It2sm(wst2+ wz 3 A4, 40a

with the constants as defined by comparison of A4.40a and A4,20g

2 2 2 w—2 12
" QTrre— Trre-l—s wg
Lim K, = Lim 1+
2 2.2
T > ® T, ™ T (I it
T r e e
e S L ey
or Link, = Lim {H o } = 0
T > ® T > (r “+ o)
r e e

Furthermore -l -
T~ T
. ot T e
Lim K2 = Lim —{2 l-sms.( =3 5 )] } = 0
T > > T+ & T T4
r e e
also
Lim K3 =-1 and Linm KA =
'[r - '(r >

These two comstants are both multiplied by 13; Let the limit of Igé be investigated:

qi -1 i-_—m‘{sn:f‘rsg
TLlf = Ir?':TLlﬁ ) {Tr wl L _(w 02(!—1:32)2-} ﬂ'&zw'z)i } "0
T 878 r s r

It may therefore be stated that



This has been borne out by the solution developed directly from the simplified equatious A4,32a,
where it was already pointed out that the characteristic equation for the quadrature-axis current
simplifies to a second order form due to the absence of a direct current component. These obser-
vations correspond with the results obtained on the problem of short circuiting the a.c. windings
of a syachronous generator without resistamce(®? .

Examine the first transient term Ig;i:

Use expression A4,20f, and note

14 -

rii ‘Kzrz(t‘”*K

= qi
5 rz(t = tz) + Kﬁlrz 44,400

It has already been proven that

-2

-1 . 2 qi
2t wssxn(wst2+ *!12 )* w cos (v tt v, )}
(t,

Lim K, =Lim -~ /2{

-[r > w 1r E + we)
qi

.- {cos(mstzi- wz )}

5

Seeing that Lim (12;) = (0, it may be concluded that

T > =

. q1 _ .q1
Lim I = (t = ¢,)
T e rii 2

T

The second transient term Iql
riii

Relation 44.20h results in:

= = - qi
K1 (t tz)-l-}( 2(: :2)4 K91 A4 40¢

2

Determining the limits:
-] =1 -2

lTsms ZTe T " 2T,
” {1+ =) ) "'
e

Lim K7 = Lim {
r e
-1 ~1 z 21:e‘ rl 1 szmil
Lim K, = Lim -1w 0
8 e 'r - 2 |
T, > ® T+ w'r('re*we)



gees (e ty¥ ¢q1)

9
Te(Te L) }

T +wm T o
r

: [ ' N w
. - 14 8 |y 2 s qi, , s
Lim K Lim ¢2.;—{(1 —§~—:§———§—aszn(mst2+ ¢2 It
{1 w }
e e
., qi
. gg{s1n(wst2+ ¥y )}

I-s

Since the limit ofilgg is known to be zero,

. qi Ldi
Lim Ir111 1r2(n s t2>
T o @
r
Substitution of these expressions into A4.16d, taking into account that Lim ig;(t =) =0
as may be shown from Lim 12;, indicates that: T
g e
r
c .q1 t" o, .di, ' "
Lim (t) = Lim exp— — (t =t )cosw th i ot = g, )sinw t
N tr2 T 2 27 r2 2 e
Tr-)‘m -(r—}m e

Calculating the limits from A4.20a and b the result is:

. 291 - PR vard b vy .q111
TLlf . 1t2(t) Ir(t!)sxn 1 S0 t+ Ir(tl)cos i sot =1, (t)
r

as determined in relation A4.34b by neglecting all rotor and stator resistances.

The first approximation used for the period when the normative phase blocks, and the
complementary phase conducts, has in the preceding been demonstrated equivalent to the third
approximation in the limit when the rotor time constant becomes very large. This limiting process
indicates that it is the rotor time constant that appear in all the terms coupling the quadrature
current, and consequently the induced voltage in the normative phase ("b"), to the influence of
the supply through conduction of the complementary phase.

A4.3 THE EXPRESSIONS FOR THE SWITCHED VOLTAGES IN THE STATOR CIRCUIT (IN THE CASE OF STATOR
CONTROL BY DELAY OF IGNITION ANGLE) AND INSTANTANEOUS SYMMETRICAL CO&PONENT TRANSFORMS OF
THESE VOLTAGES.

In the previous appendix the induced voltage was derived by an approximation neglecting

resigtance effects in rotor and stator.
Let therefore:

(t) ~ T=sw M {Ii(tt)cos T:ngt - It(t])sin ngmst}

s sY
. Sb{t) = 175 /2 B%%cos [Te t - Tos /@ 8Psin ivew € ab.4la
2+ s sr s st s
where
ba
ZE = mSMerr(t )
AL 41D
bb _
Z Ber = ws“srlr(t )
Alternatively:
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.e

=b L—_s .ba_bb g p— sba bb 5 Tp—
es(t) 72 {(JEsr Esr)exp3 i sa t + (JE8r + Esr)exp 31 swst}

Writing

;10

g:(t) - iz { expj (2h+lwst) + ﬁ‘ exp=j{2h+ly c)}
/2 Z s The1 s I6F1 8

h=0
it is implied that:
T
2.7 & __ =2 f{ﬁb(w t)exp-j 2h+iw t} do t = /2 175 %
s 2okl " 88 8 8 s SEFT

as the two phases are assumed identical., Ultimately it is obtained that

8
ES o = ;—ﬂ ('EZ: E:l;) f expj(ﬁ-?.hﬂ)wst dwst
v,
“S
+ ;—n (ER2 + 2D / exp-3 (ITe+Zht)o t du t
Yo

kxitte

J'Esi [exp-j (Zht2-s)a ~exp-j(2h+2-8) (v ~v)  exp-j(2h+s)a ~exp~j(2h+s) (v ~v)

sm 7 Zhii=s + This

Ebb

T 2h+2~s (2h+s)

As has been stated previously, the harmonic components of the waveforms of phase
shifted with respect to those of phase "b" with n/2, so that

expt§ (ZFTw t) + (£) 7™ exprj (2671 )

giviog an expression

;§£'{exp—j(2h+2—s)as—exp—j(2h+2-s}(v8—v} _ exp~j(2h+a)as-exp-j(2h+s)(ys-n)

Abble

A4.41d

Ab.4le

will be

for e:(t) from the above. The expressions for e:(t) and eg(t) are then found

as given in relation 4.37a. For calculations concerning power and torque it is sometimes useful

to have the relation in the alternative trigonometric form:

ga(t) cos{iﬁ?i(w t+ 5)- ¢ea }
s w s 2 5
- /2 T-s E E™? *
s Zh+l }
sb h=0 r— ea
e () cos{Zhﬂw t - 0____}
Zhe
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cos{2h+l(m t+ %)— ¢eb }
s 2h+]

+ /75 E P A4.42a
s 2h+]

h=0

o

cos|2h+lw t - ¢eb }
§ 2h+]

the coefficients being

BEa
2 - EZ:{(AEa )2+ (852 )ZP 5 0%2 = tan”! - Zht! A4.42b
s 0¥ s Zh¥l s 2htl T+l A2
s 2h+1
BEb
T E:I:I(A% y2+ (BEP )2}; . 0FP o pan”! Zb_zhn
s 2h+l s 2h+l s 2h+l 2h+1 A
s 2h+1
with
A ) lJs1n(2h+2-s)as—sm(2h+2-s)(Ys-ﬂ) . 51n(2h+s)as-51n(2h+s)(YS‘")
s m 1[] 2h+2-s 2h+s
BEa } lIcos(2h+2-s)(Ys—w)—cos(2h+2-s)onS . cos(2h+s)(Ys-ﬂ)-cos(2h+s)as[
s Torl n] 2h+2-s 2h+s |
A4.42c
4B 1 cos(2h+2-s)as-cos(2h+2-s)(Ys—w) _ cos(2h+s)as~cos(2h+s)(Ys—ﬂ)l
s Thel " 2h+2-s 2h+s |
BEb i 51n(2h+2—s)as-51n(2h+2-s)(Ys-w) _ 51n(2h+s)as—51n(2h+s)(Ys—ﬂ)
v B 2h+2-s 2h+s

It is to be noted that in the above coefficients, and the coefficients of the exponential series
Ab.4le the following slips result in limiting situatioms:

1

s, = 2h+2
} A4.42d

8, = 2h

The only slip in the normal range of operation answering to this condition is zero slip. Seeing
that the rotor currents are also zero at synchronous speed this point is excluded from
consideration.

Now taking into account the instantaneous symmetrical component transformation (as used in the
text, paragraph 4.2.2.5) for the semi-four-phase system under investigation, the following is
obtained for the stator voltages- the rotor voltages being zero:

SROREHRORERCRB RO

&, - jﬁ';g(t) + 8o - 700



Substituting the derived expressions from relations A4.1 and A4.41d

& W 2hFD
uS oo (J) +3 .
= — .
- z : J— {Usg s AL 23:1}€KP3(2h+}mst)
f.'i- %) o 2hHl
s (i)
(_j)2h+l+.
+ 5’ + 1= %‘ exp-§ (Zhrlo t) pod3
— sg Zh+l s Shei[exPl s .
<y 2h+1
(-§) -3

It may now be shown that the forward and backward components of the "positive sequence” voltage
exists only for the

(4h+1)st and (4h+3)zd

harmounics respectively.

In the same way it may be proved that the converse is true for the forward and backward of the
"negative sequence” voltage. The final expressions obtained for the coefficients will then be the
following for the grid voltage:

L U exp-jbhy_~ exp~jbha exp—jaﬁzby ~ exp-jéh+2a
T - 28 5 5 _ S 5 Al bha
sg 4BF1 4h 4h+2
2 i} exp-jiéh+2y - exp-jbsh+la exp-jbh+éy - exp-jéh+ba
0 = -2 2 5. 5 L A 44b
sg Gh*3 T n 4h+2 4h+d
For the induced voltage it is obtained that:
L jB:: exp~j(ﬁﬁ+2-sas)- exp-j(55+2'a.ms-w)
L mi { Zh+i-g
exp~j{(Ah+sa_)~ exp-j(&EFs.y_~7)
. s T }
4Gh+s
bb 3 g fm— P —
Esr exp-3(4h+2—sas)- exp—1(§3+§~s.ys-n)
A { Thi7-8 *
exp-j(55+scs)- exp-j(iﬁ+s.ys-n)
- y } Ad.dbe
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2 jEZ: exp-j (4FFE=s0 )~ exp~j (4BF4=5.7 =)
Es £h+3’ b { 4h+4-g
exp—j(6h+2+sas)— exp-j(&h+2+s.ys—n)
* Gheaes }
bb 3 g prm—— o g ——
st exp-1(4h+4-sas)— exp-3(4h+4-s.ysnn)
ey { hh+b=g
expj(4h+2+sas)- exp~j (4h+2+s,y_-7)
- 3 A4 44

4h+2+s

From the relation A4.43 and the coefficients of relations Ad.44a to d it is now possible to
develop the expressions for the instantaneous symmetrical component transforms of the switched
terminal excitation functions of 4.19a. These expressions are given in relations 4.38 in the text.

A4.4 CONCERNING THE CALCULATION OF THE ANGLE OF NATURAL COMMUTATION AND THE INITIAL CONDITIONS
FOR THE INDUCED STATOR VOLTAGE.

As shown in the text, it is possible to find an equation containing the current ignition angle
oy s the commutation angle Y and the slip as variables from the equation for the stator current

when one neglects that part of the stator current due to the "induced excitarion” part of the input
voltage. To obtain this equation use is made of the knowledge that the phase current in the
normative phase b is zero at Wt =y,

Taking the complete excitation function into account implies as variables Ggr Yoo 8 and the two
rotor currents Ii(t]) and I:(t!) at wst = (Ya-n)(see paragraph 4.2.2.4).

Taking relation 4.37c, and the stator current in phase b, it may be stated that:

.8 o e— ba —
XM.lr(mst =7 T /2 ESr =0
:b L —y bb _
Xyei (ot = §51) V2 E =0 A4.45a

i (wst = Ys-n) =0

Relations 4.44c and 4.45¢ express the currents in terms of coefficients

sE =E B IE

[E—— [— ——— 3 —
s 4h+! 8 4h+3 r 4h+1 1 4h+3
and phase angles
B E E E
Vot Vs ¥ —_— ¥ —
8 4h+] 8 4h+3  sr Ab+]  sr 4h+3

that are dependent on the already previously used harmonic coefficients

L -4
E and E
s 4h+l 3 4h+3

In order to obtain expressions containing the separated initial conditions EZ: and Egg these
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coefficients from 4.38c and 4.38d will be noted, in analogy to rel. 4.4le and A4.42a, as:

<111}
o
f)

it
=

with

where for instance C

a
cE(B)
s 4h+3

s 4h+3

C __exp-if ___
ST s 4n+l s 4h+t
bb _Eb .+Eb
or C_ exp-ih
s 4h+3 s 4h+3
2.4 a E(El——
H ¢E(b) = arctan {—E—éhil
s Bhel AE@)
s 4h+1
a
. BE(b)
¢E(b) = arctan —E—%hié
s &h+3 AE®)
s 4h+1

: A4 .45b

where the coefficients A,B have been defined in relations 4.38c and 4.38d. By substituting these
expressions into the exponential form of the stator currents of relation 4.44b and expanding into

a trigonometric expression, the stator current in phase’b is found to be given at wt =y T by:

.b
1s(wst—ys )=

©

s &h+3

/7 lf” (a_,y_s)cos| &rF (v _-m-¢" (a_,v.s) +
: s el ° % s s dnet Y
h=0

I (a Y S)COS[%h+3(Y -n)~y” (as’Ysﬁﬂ} +
s 4h+3

+ T-sEP@ /3 E (ag,Y ﬁ)cos 4h+l(y -n)- ¢ Ea (a 'Y §)
sT i s Lh+l s 4h+l
h=0

+ 1- sEbb V2 E i (<x »Y s)cos[hﬂ(y -m)= ¢
s &4h+l

+ Y

E

s &h+3

Eb
s Lh+3

(a Y p)cos 4h+3(y -m)= ¢ (a Y S)] ] =0
s 4h+3

b (a Y ﬁ)COS %h+3(v =m)- ¢ (d Y ﬁﬁ‘
s 4n+3

(a ,YSF%]

A4 . 45¢
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In this expression the newly introduced elements are

E® E®
E(b) (ave) = . 4htl E®) ) 2 ih+3
s 4n+l s AR s 4h+3 s f553
¢YE(§) . ¢E(§) N , d’YE(ﬁ) . ¢1?.(,?) \ oZ
s 4h¥1 s 4h¥FT fh+1 s 4h¥3 s 4h¥3 th+3

A4.45d

In an exactly similar way it is possible to modify the expressions for the rotor currents given
in relation 4.45¢c to obtain at wt = (YS'TT) that:

and

3n

o

ia(w t=y -m)= /2 [Iu (a_,vy s)sin|éh+s(y --11)—11)u (a_,ys) |+
rs 's E v s° 8 s Gorl 5 ¢

h=0

u

r 5h+3

—_ba
+ 1=sE22 /2 (a )Y 8)sin h+s(y -m)= tp (u »Y_S)
st : : ‘ sr &b+l [ st 4h+l s
h=0

- YEa

sr 4h+3

+ EE:]: 73 E YEP _(as,ysys)sin 4h+s(ys—ﬂ)-¢YEb_(us,Ys,5)] +
sr 4h+1 sr 4h+]

h=0

- 4Fb

sr Fh+3

b —_— u — u
il(w t=y -m)= V2 I (a_,Y_s)cos|4h+s(y —n)-¢ (o ,v s)| +
s Zl r 4h+l s’'® s sr 4h+l 87

h=0 -

u

r 4h+3

+ I

(u Y s)31n|:4h+4 S(Ys-ﬂ) ‘P

(as.vsp)sinl}h%-sws-ﬂ) 1

-1 (a_,v s)sin m(y e I S C YR S)I
sr 4m+3 °

(a_,v sy +
st Gn+3 ° B 1‘

YEb
(a ,YSP):H
sr 4h+3

(u Y s)cos 4h+4—s(y ~m)-g" (a_,Y s)l +
sr 4h+3 °

fZ E i (u g g)cos 4h+s(y -m)- ¢YEa (G »Y 8)]
sr &h+l st 4h+l
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Ba — YEa
+ Y (a_,y_g)eos|bh+b~s(y ~1)-B (o _,y sﬂ} +
sr hF3 © o [ s st AF3 % ¢

©

- T:EEZ: V2 E {YEb (as,ygs)ccs[éﬁig(ys—ﬂ)~¢YEb____(as,yyp)] +

sr 4h+l sr 4h+l
h=0
E
+ ¥ (a7 8)co8 §h+z-s(ws*ﬂ)-émb (us,vgs)} =
sr 4h+3 sr 4h+3
= 0 Ak 45E

In these expressions the parameters that have as yet not been defimed are:

a a
. E® . E®
) (a,7,8) = A i Y0 (a,y,e) - 23
sr IE¥1 ° 4 sr 4h#3 ° 7 [ —
sr Ghtl st 4h+3
A4 . 45g
a a a a
¥ E Z
# Edp) = |4 (b + 6 ¢Yﬁ(h) - ¢E(b) - ¢Z
st Fh¥l sr Zh¥1 sr 4h+l st 4h+3 sr 4h+3 sr &h+3

By a comparison of the relations A4.45a, A4.45c, A4.45e and A4,45f with the set of equations 4.48c
given in the text for wet = y-m the parameters defined ag infinite series in this last egquation

may be found as follows:

au 5 u . u

I2%a _,y.8) V2 I (o ,y_s)ein|iR¥s(y_-w)~y (e sy 8)
r “s’lad » T a? Vst s sr TRl ° s
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u . Js—— u
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bu u u
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x Pl Z ram [ : srah—nss‘s]
h=0
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3

bu Fu u

@ ,y.8) = V2 I (a_,v 8)cos JARF1 (v ~w)=¢ (o_,v_8)

s s'Tef Z{am“‘*’so[ R - el
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A4 .5 CONCERNING A MACHINE-ELECTRONIC SYSTEM WITH ROTOR CONTROL HAVING A MINIMUM FUNDAMENTAL
PHASE SHIFT.

Consider a system where the instant of triggering is variable, and forced commutation is used
to reduce the current to zero. Since the current flow angle may now be shifted at will as
explained in the text, it will be attempted to minimize the fundamental phase shift between
current and induced voltage.

Let

B, ma_ = ¢

T T o

s of B = (grc +ur) Ab . 4ba

To minimize the phase angle between the fundamental current component and the induced sinusoidal
rotor voltage,

i
d Brl(ar)

i ae— 3 2
i i
Arl(ar) * Brl(ab)

. aal ) . b
i Tl i 2 i 2
)(Brl) dar (Arl) * (Brl) =0

1
N dB .
i,2 rl i
B @ (8,

As specified in the text the current flow angle is to be kept constant. The expressions for the
coefficients are then modified into (see appendix A3.3):

i1l . .
L% Wl SLREroSln(2&r+£ro ‘pr) EpoSind,

2 sin(ar-wr}

+ e (cotwrcosgro+ar- 51nax+£ro)exp-£tocotwr+ sina - cotwrcosur A4, 46D
cosec” ¢
T
i 1 c
= - - $E - +
Brl = grocos¢r sxnerCGS(Zar gzcwr)

2 sin(ur~¢ )

T, — _ _ . . .
(catwrSLnEro a, b cosa Ero)exp grocotwr cotwrzlnur cosa a4, 46¢
cosec wr

It may now be determined that:

i
dar

du
T

1

=1 ; -
= =12 sing_ cos(Za € v )

2 sin(ar-wr) e I
[ .- .. + i - i +iy_+ sa_+ exp-£ cot
cosa + coty sina (cotwrsxniro gt ocose gro) p-£ b
cosec wr
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2 cos(ur-wr)
+ ——;;;225;:——— (cotwrcosur+£ro- slnur+£ro)exp-grocotwr* sine - cotwrcoaur Ab.47a
T

By
i " 7)? 51n5r051n(2ur+€ro—¢r)
2 cos(ur—w )
o — (cotwrsinzro+ur+ cosar+£to)exp—5rocotwr— cotwts1nut- cosa
cosec ¢r

Z sin(ar-¢r)
[P . (cot¢rcosgr°+ur— sinqr+gto)exp—grocat¢r- cotwrcosur+ s:i.nur A4.47b
cosec wr
A4.6 CONCERNING THE OPERATION OF A LOW-HIGH CHOPPER CIRCUIT.
A4.6.1 LOW-HIGH CHOPPER WITH RESISTIVE LOAD.

For the low-high chopper circuit (see fig.4.11(b)) the following differential equations are
valid when rel. 4.66 is taken into account:

di Ry E
e _B
0<t< Te ' EE + g = I
A4, 48a
diz 1
Tt<t< (Tt+T2)=W*‘T't‘ac-Tt

Taking the initial conditioms as shown in fig.4.11(c) into account, the currents under conditions
of two level current control are:

= (i - - L.
i_= (10l Iz)exp o + 1

t 2
A4.48b
iz =~ E% '+ 102
o E) L
since in the present case I,= - (iio and T, = E; .
Relation between the two currents io1 and i02 are given by:
Tt
102 (iﬁl Iz)exp — IZ
Ab.48¢
i, = - El Tt i
ol L z 02

With reference to the above relations the times of power transport and zero power transport may
be found as:
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Te T 12 (iol )
02 2
Ab4.48d
. s L
T, " gy - 101)'EI
For characteristics of the power transport the following currents are calculated:
E i -1 E
1 01~ "2 L2 .20 .
[‘E LaGg =70 ~ 7 o ~ i ~ T Uy 12)]
. - 02~ *2 h
1 mean 51‘ 1n(1°’ - 12) 1 G- i )“
i L igg " I Ty o1 02
- i, -1 b
01 2 F———
I, 1als ) = o= i
. . _Ei 2 i, 12 01 02
Lo ' E% 1“<;9l‘;‘;g) -+ Gy, = igp
Stz T2 Tn
E i -1 E
1.2 01 2 s s 1., : o b opas s — 72
x’ilzl“(i i) * g 102>[%L(101 * gyt M) - g Blg g, * ig)7 igy 4
2 02 2 h
I = E, 15, -1,
1 01 s s
=l (——) = e (1 = 1)
[ L igg I2 2N 01 02
-1 B
1.2 2 1., . s :
[ .l' 1n(—0£———1—2—) + 5 (101 102)(102 + igy + 212)]
A4, 49a

I = T
h E i, ~1I
1 01 2 ! . .
—In{z——2) -~ =~ (i,, -~ i,,)
[ L ige 12 2 1 02

These expressions for the currents may be written in more universal and compact form when the
following parasmeters are defined:

i5s I

k.o == 3 p,®oae—= -

. . 44.50
R g L5 i01-Ry

E]

The expressions A4.47 consequently reduce to:

nRIn ( an) + 41 - kR) + (- kpny
I1 mean i01' 1 - np

nRIn(kR )'I'l‘kR
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1 =i i
h wean 01 i -
1 r
ny n(kg - nR) + 1 ~ kR
) "y i —
, nln(k _n)+(l—k)[——5(2nk+l+kR)+§(3kR+l—kR)
13 = igy - e
ann(ﬂ)*l’kR
l._.
3 R oy
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h o1 1 - By
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Ry K

When one considers the different periods of rel. A4.48 the expressions become:

! “R
T .ln(
€ kg = “R
A4 .52a
I -k
_ R.
T, T Tht [¢ i )
The repetition frequency will consequently be:
£ S A4.52b
chop oY 1 - nR 1 - kR ’
1n{(—
kg “R oy

A4 .6.2 LOW-HIGHE CHOPPER BETWEEN TWO VOLTAGE SOURCES.

In the previous paragraph attention was devoted to a chopper with resistive load. If the
resistive load of the electronic Leblanc cascade is replaced by a supply synchronous inverter to
ahgorb the chopper output power and feed it back to the supply system, the relations previously
determined will be modified. It will be assumed that both the low voltage rectified rotor e.m.f.
and the imverter back e.m.f. present ideal voltage sources,

For the low-high chopper circuit as given in fig. 4.11 the following differential equations are
valid:

} A4.53a
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t
dlz s fl.g _ El
dc’ z" L [
A4.53b
with i, =34
LI
t T Ti
Taking the initial values into account, the currents may be found as:
i= (i, - I}) exp~ +— + 1 A4.54a
t 01 2 Ty 2 )
: : t'
i, = (102 - Il) exp— ;;-+ Il Ab.54b
E - E -E
. L L h 1 1
with T = e 3 T W S § [ w — ——— 0 [ o= —— Ab . 54c
z RI*Rh 1 R1 2 Rh+Rl 1 R1

The relations between the current levels, or equivalently between the power transport time and

zero transport time, are consequently expr d as:
Tt
: i Tt i '
ig9 (10l 12) exp Tg + I A4 .55a
e
Loy = (g = Ip exp= =+ 1 A4.33
i - I!
T, = tzln(—gl—-——g-J A4.55¢
3 - T
ta " Iy
i, =1
o= odn G2—h A4.55d
z 1 gy ” Il

Since consideration will be given to 2 two level current control in the present case, the current
expression will be left in the formsof rel. A4.54., In order to characterise the power transport it
will again be necessary to know the following currents:

(i) The mean input current at the low voltage terminals

{ii) The r.m.s. input current at the low voltage terminsals

(iii) The mean output current at the high voltage terminals.

(iv) The r.m.s. output current at the high voltage terminals.

From relations A4.54a and A4.54b these values may be calculated as:

3719



i g = Iy iy =1
2 2‘.111(—————;-) * I ln(-s—————) + (10] - 1.02)('c1 - TZ)
01
I1 = = 1 Ab.56a
mean -1 1,0~ 1
Ol 1 02
T 1n(——————f—)+ TEln({-—:—ij0
5 ! ot T 2
- ' I!
1“( = I') (g = Tg7y ‘
s mean = 0 -1 02 11 Ak 56b
Tlln(-]._——-—) + T 1n(—'——r)
02 i ‘o2 2
The r.m.s. currents are givem by:
i, = I‘ -1
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-1 Ié

g~ 12

T ln( l

Up to the present the equations have been derived for the circuit as shown in fig.4.11(a). The
chopper circuit will be used in an electronic Scherbius cascade, and as explained in the text
this means that the rotor resistance may be added to the resistance of the low voltage source.
The resistance at the high-voltage side is kept as low as possible with a view to the
recuperation. In the following expressions it will be assumed that:

R, =0
A4.57a

therefore T T

¥
and to express the currents in a more compact form corresponding with the intended two-~level
current control the following parameters are introduced:

i B i.,.R
o1 1 oz®1
B L e T K4.5TH
kg i, B TR,
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In terms of these parameters the expressions become:

- +q-~1 kEn.E +q 7
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The two parts 1 ¢ and T, of the switching cycle and the chopping frequency may be expressed in

terms of the normalized parameters as:

+qg - 1
T =110 (L) Ab.58e
t 1 op +q~1
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T, = .ln (kgnz T q) AL 58
- +q-1 +q -1
! %DE )+ ln(nF‘ >-l Ab,58g
chop *q~1 ko, + q_[
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OPSOMMING

In hierdie proefskrif word aandag gegee aan die elektroniese beheer
van die elektromeganiese energieomsetting in elektriese masjiene. Daar
is al baie werk op hierdie gebied gedoen, maar die aard van die werk
is in die meeste gevalle baie gespesialiseerd. Dit vercorsaak natuur-
1lik dat 'n mens langsamerhand nie meer die basies verbindingslyne tus-
sen al die verskillende aspekte van die probleem kan sien nie. Die na-
vorsingswerk wat in hierdie studie beskryf word is eintlik bedoel om
'n meer algemene benadering van die masjien-elektronika aan te voor.
Daar dit egter by die eksperimente nie moontlik is om alle bestaande
en nuwe sisteme te toets nie, moet 'n mens tog maar 'n keuse maak. 'n
Poging is aangewend om 'n hele groep van sisteme te ontwikkel ten einde
op hierdie manier ook 'n praktiese vergelykende studie te kan uitvoer.
Verder word werk in die masjien-elektronika - soos hierdie vakgebied
hier genoem word — meestal oorheers deur die aspekte van die drywings-—
elektronika wat daarby gebruik word. Ofskoon die drywingselektronika
nodig is om so'n sisteem te laat werk, is dit nie in die eerste instan~
sie nodig vir begripsvorming omtrent die basiese beginsels nie. Deur
die hele werk is daar gevolglik 'n poging aangewend om hierdie ver-
troebeling te vermy.

Alhoewel die gedagte dat masjien-elektronika eintlik sy ontstaan te
danke het aan die halfgeleierskakelaars, dikwels voorkom, is dit nie
waar nie. Hoofstuk 1 bied dan ook, naas 'n algemene beskouing oor die
omvang en aard van die masjien-elektronika, 'n groot hoeveelheid ge-
skiedkundige materiaal. Hierdie geskiedkundige materiaal bied in baie
opsigte nuwe feite aan wat nie vantevore algemeen bekend was nie.

In Hoofstuk 2 word aandag gegee aan die sistematiek van die masjien—
elektronika-sisteme. Voordat 'n algemene studie aangepak kan word, moet
'n mens eers 'nm goeie ordening in die veelhied van sisteme aanbring. Om
hierdie doel te bereik word aan die hand van die drywingsvloei van die
grondfrekewensie in die sisteme 'n klassifikasiesisteem ontwikkel. Drie
hoofgroepe met uiteenlopende karakteristieke word aangedui (Groep I,
Groep II, en Groep III), Deur 'n verdere bespreking word daarop gewys
dat masjien—-elektronika-sisteme met 'n meer ingewikkelde struktuur as
daardie sisteme wat die drie hoofgroepe vorm, altyd saamgestel kan word
uit elemente van die verskillende groepe, en dus gemengde-sisteme ge-
noem kan word. Aangesien in masjien-elektronika-sisteme altyd baie bo-
frekwensies voorkom, word die invloed van die bofrekwensies op die dry-
wingsvloei ondersoek, Hierdie algemene indeling word nou verder uitge-
werk vir praktiese masjien-elektronika-sisteme. Die verdere indeling
van die sisteme berus nou op die struktuur van die drywingselektronika=-
baan wat by die beheer gebruik word, em op die verskillende skakelmodes
daarvan.

In hoofstuk 3 word gestel dat 'n mens altyd die effek van die opwek-
kingsfunksie, wat op die wikkelings van die masjien te staan kom as ge-—
volg van die werking van die skakelaars wat .die drywingsvloei moet be-
heer, kan simuleer met 'n serie— en parallelskakelaar in daardie fase,
gekombineer met 'n veelfasige opwekking. Die spannings van die veel-
fasige opwekking hoef nie enkelvoudig harmonies te wees nie. Deur hier-
die model te gebruik word die werking van 'n n-m fase elektromeganiese
omsetter ondersoek onder die gestelde opwekking wat in eerste benade-
ring as willekeurig ongebalanseer veronderstel word. Die stelle diffe-
rensiaalvergelykings wat die sisteem beskryf word eers vereenvoudig
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deur gebruik te maak van 'n oomblikswaarde-simmetriese~komponente-
transformasie en in die geval van statorbeheer of rotorbeheer respek-
tiewelik van 'n kompleksedraaitransformasie van rotor na stator of van
stator na rotor., Die oplossing van al die strome, na bepaling van die
verskillende getransformeerde dryffunksies, gee die moontlikheid om al
die komponente van die oomblikswaarde en die gemiddelde waarde van die
elektromagnetiese draaimoment te bepaal. Hierdie komponente word dan
ingedeel in pulserende draaimomente, sinchrone draaimomente en asin-
chrone draaimomente. Die ontwikkeling van hierdie algemene teorie vir
masjien-elektronika word dan afgesluit met 'n beskouing oor die voor-
stelling van die berekende strome in 'n reeks van ekwivalente bane.
Die invloed van 'n simmetriese geskakelde opwekkingsfunksie op al die
fases word ondersoek op die strome, ekwivalente bane en die elektro-
magnetiese draaimoment.

Dit sal later duidelik word dat die toepassing van die algemene te-
orie wat ontwikkel is, baie en lang berekenings inhou. Om in staat te
wees om meer insig te kry in die eienskappe van sisteme met so'n een-
voudige model as moontlik, word hoofstuk 3 afgesluit met die teorie
van sisteme met beheer in die rotorbaan van 'n induksiemasjien. Hier-
die teorie is 'n voortbouing op party van die drywingsvloeibeskouings
wat in hoofstuk 2 aandag ontvang het.

Hoofstuk 4 gee nou aandag aan die verdere uitwerking van die teorie
van hoofstuk 3 vir 'n bepaalde geval. Dit is vanwee die baie omvangryke
werk nodig om maar 'n sisteem te kies, en daardie sisteem dan te behan-
del. Soos in die inleiding opgemerk is, sal dit dan weer 'n stuk ge-
spesialiseerde werk word. Om hierdie beswaar so goed as moontlik uit
die weg te ruim, word in hoofstuk 4 ook aandag gegee aan 'n hele groep
van sisteme, nl. Groep II en Groep ITA. By hierdie sisteme is die glip
altyd veranderlik, en daarom ook die rotordrywing.

'n Sisteem met statorbeheer deur verandering van die vertraging van
die ontsteekhoek word ondersoek met behulp van die algemene teorie van
hoofstuk 3. Aangesien dit vir die oordragsfunksie baie belangrik is op
watter manier die skakelopdrag afgelei word van die strome of spannings
van die sisteme, word aandag gegee aan die verskillende moontlikhede
om hierdie funksie uitte voer. Die belang daarvan kom later in die eks-—
perimentele werk weer te voorskyn. Nadat die manier waarop geskakel
word vastgestel is, moet die dryffunksie gesoek word. Hiervoor is dit
baie belangrik om te weet wat die verloop van die geinduseerde spanning
op die statorwikkelings is, as die elektroniese skakelaars nie gelei
nie. Hierdie probleem word grondig ondersocek en 'n benaderingsteorie
word ontwikkel. Die dryffunksie word nou in twee verdeel: 'n voedings-
verwante dryffunksie en 'n geinduseerde spannings-verwante dryffunksie.
Eersgenoemde werk op die fase as die elektroniese skakelaar gelei, en
laasgenoemde as die skakelaar nie gelei nie. Deur hiervan gebruik te
maak word die strome, en ook die elektromagnetiese draaimoment en an-—
der groothede, in twee reekse van bofrekwensiekomponente verdeel. Elke
reeks is 'n gevolg van een van die dele van die dryffunksie. Algemene
berekenings word dan uitgevoer om die verskillende karakteristieke
eienskappe te bepaal. Die numeriese berekenings vir die masjien wat in
die eksperimente gebruik word, word uitgevoer met 'n syferrekenaar ten
einde 'n hele reeks eienskappe te kan bepaal. Die werk is van so 'n
omvang dat die nie sonder die gebruik van 'n zyferrekenaar moontlik is
nie.

Die ander sisteme van Groep II en Groep IIA wat ondersoek word, word
met behulp van die vereenvoudigde modelle ontleed. Hierdie sisteme om-
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vat rotorbeheer van 'n induksiemasjien deur verandering van die vertra-
ging van die inskakeloomblik van die rotorstroom, deur verandering van
die vertraging van die uitskakeloomblik van die rotorstroom, deur be-
lasting van die rotor met 'n hoéfrekwensiekapper wat 'n weerstands
belasting het (elektroniese Leblanckaskade), deur 'n elektroniese
Scherbiuskaskade en deur 'n elektroniese Scherbiuskaskade met reaktie—
we drywingskompensasie. Om soos in die vorige geval ook weer die in-
vlced van die manier waarop die skakelopdrag afgelei word, aan te toon,
word vir elke sisteem die verskillende moontlikhede ondersoek. Dit is
nie moontlik om alle karakteristieke te ondersoek nie, of selfs nie om
al die ondersoekte eienskappe weer te gee nie. Dit word alleen gedoen
in so 'n mate as wat nodig is om nuwe aspekte aan die lig te bring. Om
numeriese berekenings uit te voer met behulp van die vereenvoudigde mo-
delle is weer 'n syferrekenaar gebruik. Al hierdie berekenings word in
die eksperimentele werk getoets.

Die sisteme wat in hoofstuk 4 aan 'n teoretiese ontleding onder-
werp is, word in hoofstuk 5 aan 'n eksperimentele toets onderwerp. Aan~
gesien die meetfasiliteite by s0 'n omvangryke studie belangrik is, is
'n eenheid ontwikkel waarin al die sisteme saamgebou is vir gebruik
saam met 'm Westinghouse Universele Masjien. Hierdie masjien is semi-
vierfasig, en aangesien die drywing ook laag is, is dit verstandig om
enkele eksperimente te herhaal met sisteme wat ontwikkel is vir 'n
driefasige masjien met groter drywing. Op hierdie masjien word dan 'n
rotorbeheersisteem met verandering van die inskakeloomblik van die ro-
torstroom en 'n elektroniese Leblanckaskade getoets.

Die ontwerp en ontwikkeling van die eksperimentele masjien-elektro-
nika sisteme omvat 'n veld wat nie binne die raamwerk van die huidige
proefskrif val nie. Daarom word van die eksperimentele sisteme alleen
maar 'n kort beskrywing met behulp van vereenvoudigde blokdiagramme
gegee, Tog is enkele van die probleme wat gedurende hierdie fase van
die werk opgelos is, van so 'n algemene aard dat dit vir die hele ge-
bied van die masjien-elektronika geld. Aan hierdie probleme word kort—
liks aandag gegee. Die toepassing van elektroniese skakelaars met ge-
dwonge kommutasie om induktiewe strome te onderbreek word ondersocek en
'n algemene oplossing aanbeveel vir die eiesoortige probleme van hier-—
die gebied. Transmissie van ontsteekseine na drywingselektroniese ska-
kelaars word grondig ondersoek, die gebreke van bestaande sisteme be-
paal, en 'n voorstel om die tekortkomings op te hef gedoen. Die toe-
passing van drywingshalfgeleiers bring baie probleme mee. Daar word
kortliks beskryf hoe 'n spesiale apparaat ontwikkel is vir metinge en
studie hieraan,

Van alle sisteme wat in hoofstuk 4 behandel is, is draaimomentkrom-
mes geregistreer as funksie van die beheerparameter en die glip., Hier-
die resultate is die belangrikste vir die bepaling van die oordragsfunk-
sie en die elektromeganiese energieomsettingseienskappe. Daar is nog
baie meer kombinasies van elektriese eienskappe, maar dis nie moontlik
om hulle almal aan te bied nie. Vir die inskakelhoekbeheer in die sta-
tor word die statorstroom, rotorstroom, natuurlike kommutasiehoek en
die arbeidsfaktor vir 'n paar parameterwaardes gegee. By die rotorbe-
heersisteme is dit ook mie moontlik om alle elektriese eienskappe aan
te bied nie. Daar word volstaan deur aan te toon hoe die rotorbeheer
deur uitskakeling van die rotorstroom kan lei tot heeltemaal nie-
konvensionele eienskappe van 'n induksiemasjien., Die voordele hiervan
kom duidelik na vore as 'n mens dit vergelyk met 'n induksiemasjien
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sonder beheer of met beheer van die inskakelhoek van die rotorstroom.
Aandag word kortliks geskenk aan sekere bofrekwensiedraaimomente wat
gedurende die eksperimentele werk waargeneem is, asock aan die resul~
tate verkry vir die driefasige sisteme. Ossillogramme word aangebied
ten einde metinge te ondersteun, te illustreer hoe die eksperimentele
toestande met die aannames ooreenkom en om die werking van sommige
sisteme 'n bietjie op te helder.

Die eksperimentele werk toon aan dat die algemene teorie wat in

hoofstuk 3 aangebied is, die gedrag van 'n masjien~elektronika-sisteem
baie goed beskryf. Indien die komponente as gevolg van die geinduseer-

de spammingsverwante dryffunksie nagelaat word, moet verwag word dat
by klein glip aansienlike afwykings sal optree. Die vereenvoudigde

modelle gee 'n goeie kwantatiewe aanduiding van die eienskappe van die

rotorbeheersisteme, en vestig die aandag op verskeie interessante
punte,
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NAWOORD BY DIE AFSLUITING VAN HIERDIE WERK.

Die vyf jaar wat ek aan die Technische Hogeschool te Eindhoven as
gas kon vertoef, het 'n besondere geleentheid tot navorsing gebied, waar-
voor ek baie dankbaar is. Ek wil ook graag my waardering betuig teencor
die hele Groep Elektromechanika vir alle hulp en bystand by die havor-
singswerk en die totstandkoming van hierdie proefskrif. Dit is nie
moontlik om alles op te noem wat elke persoon bygedra het nie.

Die groepsleier, prof.dr.ir. J.G. Niesten het steeds maar belang-
stelling in my werk gehad, en ek wil graag my dank betuig vir al sy
tyd wat hy beskikbaar gestel het om hierdie werk te kon bespreek. Vir
gesprekke wat baie probleme vir my opgehelder het, moet ek Ir., W.J. de
Zeeuw, Ir. E.M.H. Kamerbeek en Ir. J.A. Schot baie bedank.

Die totstandkoming van so'n werk is eintlik spanwerk, en daarom my
erkentlikheid teenoor die lede van die navorsingspan wat saam met my
aan al hierdie probleme gewerk het. Aangesien die samestelling van die
span steeds gewissel het, is dit moeilik om almal by naam te noem. Ek
dink hier aan die baie T.H. "stage-studente" en HTS-praktikante wat
saamgewerk het. Wat die studente betref geld verder my waardering teen-
oor Ir. H.J.M. Henkelman en Ir. J. Roede, wat aan deelgebiede gewerk
het as 'n vervulling van 'n deel van die vereistes vir hulle doktorale
eksamen in die elektrotegniek aan die T.H.E. By die totstandkoming van
die eksperimentele sisteme en die metinge was die hulp van Mnre W.A.M.
van den Boom, J.G.M. van de Laak en J.H. Wouterse onmisbaar. Ek kon dit
onmoontlik alles self gedoen het. Ook by die totstandkoming van hierdie
manuskrip het hulle 'n groot bydrae gelewer, en was sonder uitsondering
selfs bereid om vir berekeninge en metinge van hulle eie tyd op te of-
fer. Mor. van de Laak het 'n groot bydrae gelewer deur byna al die teke-
ninge te maak. My eggenote is ek baie dankbaar vir al die tikwerk aan
hierdie en vorige manuskripte. Die uitgebreide bibliografiese werk was
alleen moontlik deur die biblioteekkundige hulp wat sy kon bied, die
katalogi wat sy saamgestel het en die raad wat sy gegee het.

Vir die voorbereiding van die finale manuskrip gaan my dank aan Mev.
E.M.A.B.M. Groenenberg, Mev, M.J.C.P.M. Kanters, Mej. E.C.B.M. Luij~-
brechts en my eggenote.

Ek wil graag my erkentlikheid betuig teenocor die Suid-Afrikaanse
Yster en Staal Industriéle Korporasie vir studieverlof en studiefasili-~
teite gedurende die afgelope jare.

Op aanbeveling van die senaat van die T.H. Eindhoven volg hier 'm
kort lewensbeskrywing van die skrywer.

Jacobus Daniel van Wyk is gebore op 19 November 1939 in Fauresmith.
Geniet laerskoolopleiding te Kuruman en Kimberley, en hoerskooloplei-
ding te Kimberley en Bronkhorstspruit en 1€ in 1957 die eindeksamen af.
Besoek vanaf 1958 tot 1961 die Universiteit van Pretoria en behaal in
1962 "n eerste graad in elektriese ingenieurswese. Tree in 1962 in
diens van die Suid-Afrikaanse Yster enm Staal Industriéle Korporasie
(Yskor) te Pretoria as ingenieurskwekeling. Was wvanaf 1963 tot Junie
1964 verbonde aan die Departement Elektrotegniese Ingenieurswese van
die Universiteit van Pretoria in 'n tydelike pos as lektor. Vertoef

"daarna enkele maande by die Departement Navorsing en Prosesontwikke-
ling van ¥Yskor, en is vanaf die einde van 1964 verbonde aan die Groep
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Elektromechanika van die Technische Hogeschool te Eindhoven, eers as
tegniese amptenaar, en sedert 1966 as wetenskaplike medewerker in tyde-

like diens. Behaal in 1966 'n meestersgraad in die ingenieurswese aan
die Universiteit van Pretoria.
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STELLINGEN

1. Bij voeding van de stator van een induktiemachine uit een
elektronische frekwentie-omrzetter, waarvan de uitgangsspanning
naast de grondgolf ock nog bovenharmonische komponenten bevat,
kan het door Abraham en Petzzehke voorgestelde hybride machine—
elektronika systeem aanleiding geven tot ernstige problemen bij
de aanloop van de machine ten gevolge van het feit dat alle
mogelijke synchrone kleefkoppels dan bij stilstand optreden.
(Abrzham, L.;Patzschke, U. ARG "75 Jahre Kifigliufermotoren.
Berlin, 133-140, 1964).

2. Bij de analyse van de wijze, waarop het gedrag van een elektro-
mechanizche energie-omzetter door het opnemen van elektronische
schakelaars in 2zijn stator— of rotorcircuits tijdens kwasi-
statienair bedrijf wordt beinvleed, is het gebruik van een ans—
loge rekenmachine geen conditio sime qua non.

Zulks is in tegenspraak met het onder meer door Gerecke en Badr
ingenomen stendpunt terzake.
(Gerecke, E.; Badr, H. Neue Technik, 4, 125-134, 1962).

3. Door de samenhang tussen de machinespamning (in hoeofdstuk 3 en 4
van dit proefschrift aangeduid met "excitation function') en het
van de bedrijfstoestand van de machine afhamkelijke schakelspel
van de elektronische sehakelaars, moet de methode van analyse welke
gebruik maakt van de ontbinding vap de machipegtromen in Fourier-—
komponenten - 2zeals vooral gebruikt in de analyse van frekwentie-
gestuurde machines — met grote voorzichtigheid worden gehanteerd.
{Zie b.v. Heumenn, K.; Jordan, K.G. AEG: 75 Jahre Kafigliufer-
motoren, Berlinm, 1964, 107-116, 117-122.

Klingshirn, E.A.; Jordan, H.E.; IEEE Trans.Power Apparatus Syst.,
PAS-87, 624=631, 1968,
Jain, G.C.; IEEE Trans.Power Apparatus Syst,,PAS-83, 561-566, 1964},



In de machine-elektronika dient men zich te hoeden voor een onver—
antwoord ingewikkelde analyse vam de schakelelektronika naast een on—
verantwoorde vereenvoudiging vap de elektrische machine, zoals bij=
voorbesld bij de studie van een elektronische Scherbius-kaskade uit
da vakliteratuur naar varen treedt.

{(Meyer, M. ETZ-A, 82, 389=596, 196é1.

Nishida, F.; Mizuno, §., Elect.Engng.Japan, 84(9), 53-62, 1964.
Erlicki, M.5., IEEE Trans.Power Apparatus Syst.,PAS-84, 1011-1016,
1265.

Hoxi, T., Elect.Engng.Japan, 87(9), 55-63, 1967).

Bij de huidige stand van de techniek van de machine=elektronika is
fundamentele studie van een funktionerend systeem van veel groter
belang dan de verbetering van een detail van de schakeling of de

optimalisering van een deelsysteem.

Toekomstig onderzoek in de vermogenselektronika dient zich meer
dan tot dusver te richten op het kompenseren van blindvermogen en van
bovenharmenischen door het gebruik van “kemplementaire'' vermogens-—

elektronische schakelingen.

Bestudering van de historische omtwikkeling vean de machine-elek-
tronika vanaf het tijdperk van het kwikdampvat bevestigt de ver-
wachting ten aanzien van schaalvergroting en versnelde ontwikke—
ling bij de komst van de halfgeleidertechniek. Voor de toekomst
¢al deze tendens zich all8én bij de Véxmégén5612ktronika‘Vaort—

zetten (Hoofdstuk ] van dit proefschrift).

De volumeverhouding van hzalfgeleiderschakelelementen en kwik=
dampvaten houdt een goede belofte in voor een magnetiseh uit=

schakelbare halfgeleider-schakelaar voor groot vermegen.

Waarnemingen van de elektroluminescentie tijdens spannings-
transignten in de blokkeerrichting aan thyristoren kunren leiden
tot een beter begrip van het instabiliteitsfencmeen dat optreedt

bij het overschrijden van een kritieke waarde van de¢ spanningsfluxie.



10. De waargenomen zichtbare straling vanuit het gebied rond de emitter
periferie van silicium planaire transistoren = werkende in het
avalanche—-gebied van de stroomspanpingskarakteristieken van de
kollektor-basis-junktie - kan ten dele worden verklaard met
behulp van her "emitter~push-in" effekt.

Wyk, J.D.van, Proc. IECE, 53, 307-308, 1965.
wylk, J.D.van, Selid-State Electronics, £, 303-205, 19635.
Loro, A. Solid-State Electronics, 2, 904-903, 1966.

11. Tegen het antwoord van Tumnmer op de diskussie-bijdrage van
Heymann betreffende rekombimatiestraling uit transistorstrukturen
vallen belangrijke ergumeénten in te brengen.

Heymann, F.G., discussion to Tunwer, H. Trams. SATIEE, 57, 105-111,
(discussion p.113), 1966,

12. Het verdient aanbeveling om een direkte koppeling aen te brengen
tussen het voor een bepzald onderzoekprojekt bestemde budget en
het bedrag, beschikbaar voor vorming van eep lireratuurkollektie

op dat gebied.

13. Bij gebruikmaking van het klaszifikatiesysteem hetwelk wordt toe-
gepast in de bibliotheek van de T.H. Eindhoven iz de mogelijkheid
tot ontsluitipg van alle informatie welke dit proefschrift bevat

twijfelachtig.

14, Rendement van speurwerk kan belapgrijk worden vergroot deor het
toevoegen van cen information-sciemtist” aan elk "research team"

dat met een nisuw onderzeekprojekt begint,
15. De in Zuid-Afrika door de industrie geﬁolgde methode veor het

verstrakken van studiebeurzen aan studenten in de techniek is

zeer schadelijk voer 's lands ekonomie.

Eindhoven, 19 augustus 1969 J.D, wan Wyk,





