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1.1

CHABTER 1I.

INTRODUCTION

The venerable a.c. wound rotor induction motor long
used mainly in fan, pump and hoisting applications, now
offers still another choice, with characteristics in
between d.c. and induction motors foi adjustable speed
drives. Using solid state controllers to vary the
secondary resistance,the a.c. wound rotor motor can
match d.c. motors in closed loop speed regulation while
rivaling the induction motor for low maintenance and
long life because of its unsegmented collector rings.

Although the induction motor is the most simple in
construction and therefore the most widespread in use
it does not lend itself easily to speed control and
feed-back arrangements. Through the advent of complex
automatically controlled drives a change took place
in the required design and performance characteristics
of induction motors. One of the objects of the design
was a flat speed/torque characteristic.

With the development of the thyristor a variety of
schemes have been evolved incorporating these devices
for the purpose of controlling the speed of induction
motors.

There is a number of "lossless" control methods
which convert either the supply frequency to a variable
frequency or the slip frequency to the supply frequency.
These methods are expensive but may be used economically
for the medium and high horse power drives. The low
horse power induction motor can be controlled using
simple, inexpensive but lossy control methods. Such
methods use thyristors connection either in the stator

or in the rotor circuits. There is a lot of publications



1.2

for the stator voltage control.
It is an advantage to connect the thyristors in the
secondary side of the motor /see Fig. 1.1/. In this
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Fig. 1.1

scheme thyristor ratings are favourable, excess voltages
and short=circuit currents are low and precise open-loop
speed control is possible.

The basic principal of the controlled motor in that
case is that of including thyristors in the secondary
phases where they are used as a.c. phase-controlled
switches, operating at slip-frequency. The control of
the instant at which the current flow begins in each
half cycle is obtained by controlling the phase of the
firing pulses to each thyristor. Since the torque
depends on the current flow through the secondary circuit,
the control of the firing pulses controls the average
torque developed by the machine. Thus at a constant
speed, it becomes possible to control the motor torque
between minimum value /decided by the value of the used
external resistances/ and the value given by the normal
torque/speed characteristic of the motor. The use of
external resistances is necessary if higher torque



values are required at low speed.

An alternative possibility of controlling the motor
is adapted from the changing of a d.c. resistance by
firing angle control of a bridge or half controlled
bridge rectifier connected to the slip rings.

The two alternatives were studied. It is convenient
to refer to the first method of control by 3-ph resistance
control, while the second one may be called d.c.
resistance control. As it will be shown in chapter III,
five different connections were investigated, three of
them with the three phase resitance control and the
other two with the d.c. resistance control. The steady-
state solution for the mentioned connections was studied.
Data for the working point, static characteristics, higher
harmonics, R.M.S. and mean values for the currents, load
limits of the motor and the requirements for the semi-
conductors. A comparison was made, firstly among the
connections of each part, afterwards between the two
selected connections.

With the d.c. resistance control the torque can be
reduced to zero value. Therefore this method of control
is preferable when the operation with small torques is
demandable. That method gives wider torque/speed range
compared to the other solution of 3-ph resistance control.

The half controlled bridge connection was chosen for
the detailed analysis. An analytical method for
predicting the steady-state performance of such system is
presented in chapter III. The analysis considers
approximate solutions taking into considerations 2 or 4
energy-storages and a more exact solution using 6 energy-
storages. Modern state variable techniques have been
utilized throughout this analysis. The methods used are
free from the maze of complex components which has



characterized similar problems in the past. Since matrix
methods are exclusively employed, the analysis is well
suited to a digital computer solution;

A comparison was made between that connection and
the other solutions of stator voltage control and forced
commutated d.c. chopper inserted in the rotor circuit of
the motor.

In chapter IV the dynamic behaviour of the open-loop
system is given. The analysis has been performed using
the sampled-data theory. Despite the simplicity of the
scheme, an analysis of even its steady-state performance
is extremely complex owing to the difficulty of
establishing a suitable set of boundary or initial
conditions needed to generate a solution.

The closed-loop control system was studied and is
presented in chapter V. Through this study the
periodical steady-state solution was obtained using
8-energy storages. The dynamic behaviour and the system
stability was also taken into consideration for that
case.

The experimental work on the actual system is
reported in chapter VI. It includes some performance
characteristics for one connection of 3-phase resistance
control. A detailed study for the performance of the
drive in the case of half controlled bridge connection
was made, steady-state characteristics, load limit, time
functions, higher harmonics and so on. With that connection
some oscillograms were made to compare the solutions
obtained from the digital computer to the tested results
of an actual system.

Also the experimental work contained the study of
the dynamic behaviour of the controlled drive and the
system stability with the mentioned connection. Step



functions for small and big changes were made to study
the starting and braking processes. A review about some
control methods concerned with the secondary circuit of
the induction motor is given in chapter II, while in
chapter VII the conclusions are reported.

It is well known that in the classical equivalent
circuit of the induction motor, the stator leakage
inductance is represented by LS-Lm and that of the rotor

by L -L, where L_, L_ and Lﬁ are the stator, rotor and

b
magnetizing inductances respectively. The flux equations

have the following form:
Viesyg $' %5 T (1.1)
V=5 T +5L°1 (1:.2)

The above equations can be rewritten as follows:

i
¥ =L 1 +aL —= (1.3)
s 8 °s m a

aWr= aLm iS + a Lr ~ (14)

By this modification the stator and the rotor leakage
inductances become LS—aLm and aer—aLm. If the value of
a 1s chosen such that L
s
a = —

L
m

the equivalent circuit of the induction motor is reduced
to the simple form shown in fig. 1.2. In that figure




a=1.077. The figure gives the reduced equivalent circuit
referred to the rotor side. The test measurements were
‘made on 6.2 KWs, 4-pole, 50 Hz wound rotor induction
motor. The machine has the following particulars:

stator: 220/380 volt A/A

rotor : 110 volt star connected. The rated current

is 36 A, no load speed 1410 r.p.m.

ALL, the computations has been performed using the per-unit
gsystem. The required base values per phase are:

rotor base voltage = 96.72 V

rotor base current = 33.43 A

base impedance = 2.05 Q

base torque = 43.6 Newton-meter
base speed = 314 rad. /sec.
base flux = +99 volt sec.

The motor parameters in the mentioned per-unit system are:

STATOR

resistance, Rs = 0.03
total reactance, xs = 1.233
transient reactance, xé = 0.169

transient time contant, T; = 5,64

ROTOR
resistance, R, = 0.068
transient reactance, x; = 0.197
transient time constant, T/= 2.895
L2
The leakage factor o = 1 - I 2 = 0.138



CHAPTER II.

REVIEW OF SOME CONTROL METHODS OF WOUND
ROTOR INDUCTION MOTOR

Of the well known methods of controlling the speed of
induction motors those based on the insertion of rotor
resistance. The method also is most popular for starting
processes. Normally stepped resistors are inserted in the
rotor side result in a satisfactory saw tooth starting
torque characteristic and reduced starting current [1,51].
The machine can also be operated as a variable speed
motor. A variation on this connects the slip rings to
electrodes in an electrolytic solution the opposite
electrodes being shorted together and movable to form a
liquid rheostat. Both of these methods require the
movement of massive mechanical parts and are too slow
for most closed-=loop control applications.

In that case the method is not very easily adaptable
to feed+back connections and inefficient, moreover it is
relatively expensive due to its complicated control
circuits and numerous components.

The other method based on pole changing gives only
discrete synchronous speeds. Schemes which use rotary
machines to change the supply frequency or recover
slip-energy do give quite acceptable torque/speed
characteristics and are quite efficient but they are
quite expensive systems of control because of the cost of
the additional control machines.

Within the broad category defined as "Control of
wound rotor induction motor" there are several types. It
is the task of this chapter to draw the attention to the
most important techniques which were tried in the

secondary side of the motor.



2.1 Speed Control of Induction Motors Using Saturable
Reactors

With the progress in automation there was a growing
need for precise and stepless control of motor speeds
in driving fans, pumps, conveyors and all types of the
machine. Usually, d.c. motors with field and/or voltage
control, or induction motors driving the load through
eddy-current clutches can be employed for this purpose.
Another method of induction-motor speed control was
considered. It uses feed-back controlled saturable
reactors (2,31 in series with the motor winding. This
method does not require a d.c. power supply, or any
commutators or power tubes. The scheme only uses readily
available reactors and control circuits. The direct
current required for the control is only 1 or 2 percent
of the motor rating and can readily be supplied from
amplistats or equivalent devices just as in the case of
the clutch. This method of speed control allows the
speed of a wound rotor induction motor to be set at any
desired value between 100% forward and 100% backward and
to be held nearly constant at the set value. This method
provides characteristics not attainable with eddy current
clutch drive. The speed of the motor can be maintained
precisely at any desired value by placing the saturable
reactors in series with the motor windings and holding
the direct current in the reactor at the appropriate
value with feed-back control circuit. The reactor may be
placed in either the primary or the secondary circuit.
The latter case gives a ¢ood performance over wide speed
range by employing a secondary reactor-resistor network.
Also some advantages are attained in that case, namely,

smaller size reactor and smaller iron losses. In the



described method o synbhesics rather Lthan analysis method
is desirahle.

For a given applied voltage constant torque and
cnrvent circles can be constiucted. These circles are
drawn on an impedance plane.

It is a matter of engineering judgment to get the
required values of the resistance and reactane which
fulfil the reguired performance from the constant torque
and current circles.

1f the motor and reactor reactances are treated as
linear impedances, then the arrangement is the same as that
of Lhe FISCHER-IIINNEN motor. With the use of amplistats,
feed back control circuits and saturable reactors a
standard wound rotor motor can give adijustable constant
speed performance similar to a WARD-LEONARD d.c. drive.

However, efficiency considerations limit the use of
Lhe reactor speed control to applications where the
operation is intermittent, high torque is needed over
only a moderate speed range, or where the power losses are
not im; 'rtant.

No doubt the initial cost in that casec is higher than
conventionnal stepped resistor starting. llowever during the
first use of saturable reactor for specd control vrocesses
the stage of technical development decided that ils use

was advantageous and economical.

2.2 Rotor Impedance Control

The extended possibilities of obhtaining certain
desirable torque/speed characteristics suitable for the
control of speed of induction motors are achieved by
means of rotor impedance control. A balanced 3-phase

supply of constant frequency is used. Through the consltrainl



of rotor impedance it is shown that the shunt type
torque/speed characteristics required of a stable
variable speed drive may be synthesized. The system is
applicable to counter-torque types of hoist control and
with phase reversal of the supply, to the more general
requirements of hoist and crane control. Also by the
use of capacitive rotor (4] networks it is shown that
much higher starting and braking torques are obtained
than are otherwise available.

Some method of analysis can be used as in the
previous case. Constant torque, current and power factor
loci are constructed. By the use of loci the internal
torque, stator and rotor currents and power factors may
be determined directly or by interpolation for any point
in the rotor impedance plane.

As an application to the method a constant torque can
be developed over a speed range from full reversed speed
(s=2) to near synchronous speed. It is clear that these
characteristics can be obtained if the rotor impedance
locus can be made to follow the circular constant torque
locus. Operation at a fixed point in the rotor impedance
plane would also result in constant torque but this is
not achievable because of the variation with speed of
all rotor resistance elements. These flat torque/speed
characteristics were required in a closed-loop variable
speed drive with variable voltage of reversible phase
sequence applied to the stator.

Another example for the method is the realization of
variable speed drive. In that case the speed of the
shaft can be maintain constant at any set value regardless
of load torque changes.

Since the change of resistance with slip is more or
less at a fixed inverse rate, a rapid change of referred
rotor reactance is sought. The referred reactance of a

rotor capacitor varies inversely as slip squared if the



external rotor networks are calculated at the rotor
frequency.

The required characteristics may be accomplished by
using resistance-capacitance network. These characteristics
are important for hoist control. The rating of the rotor
capacitor is an important consideration in designing the
rotor network for this type of characteristic. In practice
capacitors having rated voltage equal to the rated voltage
of the rotor have been used.

The advantage of the above method that it uses fixed
external elements consisting of resistances and reactances
combination instead of using saturable reactors or other
feed-back devices.

Other further efforts were done for improving the
method of synthesis. The effort was [14] directed to
find some equations which are used straight forwardly in
the determination of the value of external parameters at
any applied voltage and any desired torque for any wound
rotor induction motor. The published work in that
situation gave equations for the determination of the
parameters of the rotor circuit and the external network
when the starting torque of the motor is constant during
the starting period between s=1 and s=0.1.

The approach used in that case is the graphical

"Trial and error method".

2.3 Wound-Rotor Motors Using Saturistors

The previous explained methods concerned with replacing
the rotor resistors with "educated" secondary circuits.
That in which the impedance will change automatically in
the proper manner to produce the desired speed/torque

characteristics.



The thinking was directed to the determination of
the practicality of using the hysteresis loss in a hard
magnetic material such as ALNICO V, to supplement the
"IzR" losses in the secondary circuit of a wound rotor
motor as a mean of obtaining superior speed/torque/current
characteristics. Alnico V has the properity of [81 high
hysteresis loss. This loss is proportional to the
frequency so that when it occurs in the secondary circuit
at slip frequency and is devided by the slip to refer it
to the primary, the corresponding effective resistance
is constant at all speeds independent of the slip. The
other properity of Alnico V is that its permeability
remains at low value so long the magnetic intensity is
below certain value then it jumps to about double its
first value.

This means that the Alnico serves as a flux switch,
which opens whenever the current rises above a certain
value.

This properity suggests that an Alnico reactor may
be so designed that at all currents up to perhaps 200%
of full load the reactance is very low but whenzaver
the current rises above that value, the reactance and
resistance will reach high values thus limiting the
motor current at low speed and providing additional
torque.

The term saturistor has been adopted to designate
any reactor with a hard magnetic material in its flux
paths. The a.c. impedance of the saturistor has a large
resistive component due to the hysteresis loss in the
Alnico and its power factor is nearly constant over an
appreciable frequency range.

Placing a saturistor in the secondary circuit of a

wound rotor motor gives the motor a remarkably constant



‘torque and current over the speed range from rest-up to
the breakdown torque point. The saturistors may be
designed to go on the shaft (7] in the space normally
taken by sliprings and brushes.

With the saturistor in the rotor circuit, the motor
can be started directly across the line, drawing less
than twice rated current, while producing more than rated
torque. In addition to the starting characteristics the
constant torque characteristic exhibited by the machine
will provide smooth acceleration of loads.

It shows that the method improves the starting of
wound rotor induction motor and gives torque/speed
characteristic useful for certain application. The method

is not familiar to speed control.

2.4 Modern Control Methods

1. Recent developments in semi-conductors leads to
new possibilities of motor control in general and of
induction motor in particular. The performance of the
modern drive is judged more by its speed of response and
the possibility and ease of applying feed-back than by
the efficiency and power factor [though still important/
are not the main design considerations. The drive also
should possess a wide and continuously controlled speed
range. This type of control is based on switching currents
by semi-conductors devices. It may applied to the stator
or to the rotor side. The principle of switching may be
accomplised by an electromagnetic switch. It has inherent
disad§antages of very large inrush current at the start
of each on period, too wide speed fluctuations between
the on and off periods,the inapplicability for speed
control due to the slow response of the switch and the

extensive wear of the switch.



The other way of using magnetic amplifiers instead
of switches improves the service life of the apparatus.
Only the cost is increased and the other drawbacks
remain, there is little advantage in it.

By employing semi-conductor devices [9] instead of
electromagnetic switches a radical change in the drive
performance can be achieved. The on and off periods are
extremely short compared with the inertia of the drive,
then the speed fluctuations will be negligable.

Before the adventure of the thyristors, the control

is achieved using semiconductor elements of thyratron

type.

2. With the advent of highly efficient solid-state
thyristors, further attempts have been made to control
the speed of induction motors more economically. The
advantages of power control by thyristors (111 are: no
mechanical power contacts, quite static operation, full
electronic control,no collectors and very high control
speed.

Present day variable speed electrical drives are
almost exclusively built with thyristors control. In
many respects the d.c. motor drives are the superior.

These drives are produced up to several hundred
kilowatts and megawatts. Its initial and maintenance costs
result in constant search for variable speed a.c. drives.
Speed regulation of one-half percent or better can be
achieved in closed-loop a.c. drives, thus rivaling d.c.
adjustable speed drives. Poor efficiency will severely
limit speed range in higher power if a lossy control
methods are used. It is convenient for medium and large
horse power drives to apply lossless control 26]

methods. They are generally more expensive as compared



to d.c. motor drives but for special requirements the
use of a.c. motor drives may be economical. These
methods are applied in cases of limitation of the
performance of d.c. machines for example very high
speed or power or to avoid the use of the comutator.
In the lossless control methods the speed control is
accomplished by converting either supply frequency "f"
to a variable frequency "fl" or slip frequency "sf"
to the supply frequency "f". The methods are particularly
attractive and considerable amount of industrial
development of these converters are progressed.

As these schemes involve a considerable amount of
auxiliary equipment it is of interest to explore the
possibility of using thyristors directly in the stator
L2031 or rotor [30] circuits of induction motors to
achieve simpler and cheaper schemes of control. These
methods are inexpensive but lossy control methods,
therefore they are adaptable for low horse power drives.

In particular it is worth investigating the use of
thyristors in the secondary circuits of an induction
motor because then one can choose the operating voltage
of the secondary circuit to suit the voltage rating of
the thyristors which can be made available. However the
two schemes of control which use the thyristors in the
stator or in the rotor side have their merits depending
on the type of applications.

A comparisonbetween the two schemes will be given
in the next chapter.

Another type of control is achieved by including
three-phase bridge rectifier in the rotor circuit and a
rotor resistance is controlled on the d.c. side of the
bridge rectifier. Motor speed and torque are controlled
by varying the secondary resistance in a time on, time
off ratio. Time ratio [24] change of resistance permits
variation of effective total resistance without actually



changing taps or moving electrodes. The resistor itself
remains fixed. The variable is time and not metallic or
liquid resistors. Such principle is used under various
titles one of them being "chopper" other is "tirastat"
controller for a.c. wound rotor motors. This solution
could not come into ¢general use partly because of the
need of large chokes and forced commutated circuits with
big capacitors, partly because of the large VA ratings

of the thyristors that needed if the usual torque/speed
range is required. Some detailed comparison between
"chopper" and half controlled bridge connection inserted
in the rotor side will be given in the next chapter.

Power lost inside the motor in any fashion except
in-phase rotor 12R has little effect on slip, and
therefore contributes to motor heating.

Saturable reactor controllers and phase-controlled
scr’s in series with the three slip ring circuits cause
wave-form distortions and lagging currents that produce
motor heating and poor power-factors at reduced speeds and
require selection of motors of large frame size than
determined by load demands.

A simple, cheap and precise method is to use phase
controlled thyristors in the secondary circuit of a normal
a.c. wound rotor motor. Although this scheme of control
has a fruitful role in the art of controlling the low
horse-power drives a little number of publications has
appeared, as yet, in the literature.

One of the methods was suggested by P.R.Basu [2173].
The method use anti-parallel thyristor pairs connected
to the slip-ring of wound rotor motor. He used two phase
rotor winding but the method is applicable to the normal
3-phase wound rotor motor. In the described method no

external rotor resistance is included.



2.1Q

It is advantageous to use external resistance in
the rotor circuit if higher torques are required at
low speeds.

As it will be shown in the next chapter that one
of the studied connections /connection III YTT/ is
exactly the same like the above described connection
but the thyristor pairs are shunting the external
resistance individually.

This method compared with the other studied schemes
in our case is not the supperior because of the bad
performance, the power factor is low. It is not the
most economical method because a precise control and
good performance drive is achieved for example by using
only three thyristors in delta connections across the
external resistance of the motor /connection II-AT,
see the next chapter/. The method of firing the
thyristors which was used by P.R.Basu is near to which
was used in our studied connections in principle. The
phase shift of the firing pulses in the former method
is governed by the magnitude of a voltage proportional
to the speed-error signal which is superimposed on
constant modulus slip frequency reference signals. This
can be obtained by using a small synchro similar in
construction to the main motor. The two rotors must be
properly aligned at the outset so that there is no
mechanical phase difference between the synchro and the
main motor secondary fluxes. The d.c. speed-error signal
being derived by combining a speed-signal obtained by
rectifying the synchro out-put with a desired speed-
signal from potentiometer.

The constant modulus a.c. reference signals have
been obtained by feeding the slip-frequency synchro
E.M.F. through RC integrating circuit.



In our studied connections the firing delay is
achieved by a voltage proportional to the speed-error
signal which is superimposed on a signal proportional
to the stator flux. The d.c. speed-error signal is
obtained by combining a speed signal which is the
output of a tachometer coupled with the main motor
with a desired speed signal. The a.c. comparative
signal is obtained according to the relation

WS = I(Gr+Rr i )at + L. ‘i'r
using integrators and correction signals /see chapter
VIi/. The idea in the two methods is the same since
constant modulus comparative signal in the case of
BASU is near to the stator flux. The modern technique
is to attain the control properities statically
without the need to auxiliary rotating machines. The
method suggested in our case is of advantageous if
the speed-error signal can be obtained dispensing with
the use of tachometers. It is possible to get the speed
signal using digital-analog converters method. In that
way the whole control circuitry can be made with static
and passive elements.

The analytic methods for predicting the performance
of the drive in our case use the most modern tool of
analysis, that is the state-variable method based on
Park-vector techniques.

The connections considered by A.BELLINI-A-DeCARL I
£16,22,23] also use thyristors in the secondary side.
The solutions considered have the drawback of excluding
the external resistances. The analysis were based also
on state variable methods. The method of control in the
case of BELLINI is bad because the system is unstable.
He ugsed 6-thyristors and got only 3-strokes. Mr.BELLINI



had considered only the restricted case of assuming the
motor speed constant. Our analysis consider both the
approximate and the exact solutions using 2,4 and 6
energy-storages. In the controlled drive, the solution
is implemented using "8" energy-storages. The study
regards not only the steady-state performance but also
the transient behaviour of the drive.

In the solution described by J.STRYCHARZ [27]
the power factor is improved due to capacitor commutation
of thyristors. The wave form of the current, however is
not too favourable. That solution is little far from our
work.

Different connections of thyristors in the secondary
side of a wound rotor induction motor were studied in
our case [see chapter III/. One solution was presented in
which the resistors are short-circuited by thyristors
beginning from a given firing angle. In spite of the
importance of using external resistances parallel to the
thyristors circuit, the published work had not
employed these resistances.

The other was that a d.c. resistance is changed by
firing angle control of semi-controlled bridge rectifier
connected to the sliprings. This solution is a new one.
The commutation of thyristors is provided by the rotor
voltages.

The solutions are simple, precise and economic.






CHAPTER II1

STEADY STATE CHARACTERISTICS

3.1 Introduction

In the solution of power control problems, thyristors and
diodes are of rather increasing importance. In conduction
they are equivalent to short-circuit, otherwise to
open-circuit. In such systems, the steady-state condition
is usually periodic, with a period 1. If the system, for
example, involve only one thyristor, then t may be cut up
to 1= L ST in T the thyristor is on and in Ty it is
off. It is assumed that the system may be described by
constant coefficient linear differential equations.

Three-phase thyristor circuits are frequently used.
The bridge circuit, for example, involves six thyristors
and each period consists, generally, of 12 different
conduction conditions. In most cases, however, it is
quite sufficient to study two conditions since, knowing
the data of a single one-sixth period, those of the other
one-sixth periods may be obtained through phase and sign
changes. In such cases 1 indicates one-sixth of the whole
period or sometimes its one third.

It is practical to fix the coordinate system to that
part of the machine in which the semiconductors are
connected. In that case we can obtain constant coefficients
differential equations.

It is best to select the number of independent
variables as much as the one of the independent energy-
storages, because in that case the matrix dimension will
not be unnecessarily large. In the operation of a
controlled motor by thyristor circuits, different transient
processes are brought out by the switchings of the
semiconductor element, for example by its firing or

extinguishing.



In most cases the exact calculation is not necessary
as a simple approaching method gives good results for
the steady-state characteristics.

However in the general solution it is necessary to
know the exact calculation where the general equations
without simplicity have to be taken into consideration.

3.2 Some Thyristor Connections in the Rotor Circuit

In this part the different studied connections of
thyristors in the secondary side of the induction machine
are given. These different connections belong to two
main groups, three-phase resistance control and d.c.

resistance control.

3.2.1 Three-Phase Resistance Control
The studied connections were as follows:
1. Inverse-parallel thyristor pairs connected in
delta across the external resistances of the
motor. /Connection I, Fig. 3.1/ CATT)

X
fa
Xr
Rr Fig.3:1
NA NC
Y - \&.
. PB
b Rro e

Connection I(A TT)



2. Three thyristors in delta-connection across the
external resistances. /Connection II, Fig.3.2/
LAT]

Connection T(AT)
Fig: 3.2

3. Inverse-parallel thyristor pairs shunting the
external resistance individually. /Connection
113; Fig.3.3] LYY

Connection T (YTT)
Pig.3.3

For the purpose of understanding the general
analyzing method of such circuits, the first connection
will be considered as an example.

The equivalent circuit of the motor /neglecting the
stator resistance as an approximation/ with connection
I (ATT3 is shown in Fig.3.4¢.
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Fig.3.4

There are three different working conditions, 3-ph,
2-ph and o-ph condition. This means respectively that
there are two thyristors in conduction which short-circuit
the three phase external resistance /3-ph/, one
thyristor is conducting which short-circuit two
resistances of the external resistance /2-ph/ and no
thyristor in conduction then the total three phase
external resistance is in the rotor circuit /o-ph/.

In general the system is working in 3-ph - 2-ph or
pure 2-ph or ‘2-ph - o-ph condition.

A coordinate system fixed to the rotor is chosen. In
the three phase condition the equivalent circuit, on the

base of Park-vector analysis, is given in Fig.3.5.

X' Rels
— T ——
_ =

3- Ph condition

Flg:3:5



3.4

Because of symmetry, this equivalent circuit is
valid in both x and y coordinate system.

The three phase conduction interval is denoted
by T+ At the end of that intervgl one thyristor is
turned off, the other thyristor short-circuit two
resistances of the external resistance and the
equivalent circuits in the x and in the y-directions
are shown in Fig.3.6 and 3.7 respectively.

X,r R R X
s Rrofs r Rl
'ry
Uy
X = direction Y - direction
2-Ph condition
Fig.3.6 Fig.3.7

This 2-ph condition has a conduction interval T,
so that Tn+Tc = 17, where T is the interval of the

stroke which equals one six of the whole period.

In the following analysis some assumptions are
made:

1. The power source may be considered as a set of
balanced sinusoidal three-phase voltages having zero
source impedance.

2. The six thyristors have identical characteristics,
are symmetrically triggered and can be considered as a
device which presents an infinite impedance in the
blocking mode when the forward or anode-to-cathode
voltage changes from positive to negative. The impedance
changes to zero whenever a trigger pulse is applied,
provided the forward voltage is positive.



3. The stator resistance is neglected.

4. The motor speed /or the slip s/ is constant.

5. All parameters of the machine are assumed to be
constant and saturation of the magnetic circuit is
neglected.

With the coordinate system fixed to the rotor and
utilizing the above assumptions the equivalent circuits
in Fig.3.5, 3.6, and 3.7 may be used. The analysis of
the motor can be reduced to that of the static three-
phase R-L circuits (28].

The fundamental equations of the gsystem in the two

phase condition can be written in the following form:

di
= = i U rx
Uy s U cos(swlt) (Rr+Rro)1rx + L % (3.1)
dir
= 1 i == i J' o J.
uy s I 51n(sm1t) Rr lry + Ir EEX (3429

where s is the slip and Wy is the electric angular
velocity of the source voltages /the synchronous angular
velocity/, Rr is the resistance of the rotor phase, Rro
is the phase value of the external resistance and Lé is
the transient inductance of the rotor circuit. irx and

iry are the x and y components of the rotor current.

In per-unit system U=1 and wl=l.
Let us assume:
t’ = smlt
r = _E£ (3.:3)
sX£ ‘
Rr+Rro
r2 = -E(—;_— = (14+RR)r

where t’ is the reduced ﬁime and RR is the resistance

ratio which is equal to EEQ. For the purpose of
T



abbreviations in writing the following equations t is
written instead of t’ and irx’ iry are written in the
’ ’ .
" Xr’ iry xr respectively.
Utilizing equation (3.3) equations (3.1) and (3.2)

can be transformed to:

place of ir

dir

cost = r, irx + dtx (3.4a)
dir

sint = r iry + 3t (3.5a)

In the three phase condition the fundamental equations
of the system are the same as in the two phase condition
but the coefficient of both irx and iry ig "z". At "te"
instant /see Fig.3.8/, the thyristor PC is turned off and
only thyristor NB is conducting. At tc=te+rn the thyristor
PA is switched on then PA and NB thyristors are in
conducting state during TC. At tl=tc+1c the thyristor NB
is turned off and the total process is repeated with
changing the thyristors.

The solution of the above differential equations is:

jt -r,(t-te)jte

irx(t) = Re{Yz(e ~-e & <)) (3.4b)
R . - z. jte
i (t) = Re{-j¥(e - er(t te)e ) +
ry (3.5b)
+ ar(t-te),
ryo

where
T k. (3.6)
Y = 43 \
7kt (309
ko r,+3 )
and iryo is the value of the y-component of the rotor

current at the extinction instant “te".
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3-2 Ph condition
Fig.3.8
The extinction condition is:
T e 1237} -
Re{ir(tl)e } = O (3.8)

A closed form of solution for a set of initial conditions
can be found when Tn or Tc is selected as the basic
parameter.

In that case the instant "te" can be calculated from



the following equation:

; . Vit
_Jt Jt -rT PRE - i
Rel{lY(e -e 3 e N 3 —e—-g'—_—r—; sint)+
cosT - e (3.9)
JT e rt jT
+ Yz(e By 2 ™ ©3e® =0

Equation (3.9) may be deduced from equations (3.4b),
(3.5b) together with equations (3.6)-(3.8).
The firing angle a, measured from the positive zero

point of the voltage ug is given by the equation:

o = & (3410

If the firing angle of the thyristor is delayed such
that at the instant of firing the thyristor, the other
thyristor is turned off, then the 2-ph conduction period
T equals 1. In that case a pure 2-ph condition is
obtained. This 2-ph condition is found for a small
region. If the motor reactances are neglected, this

region is 30° as shown in Fig.3.9.
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0'1
-

P
Ute
/iv
Ute
M o

pure 2-Ph condition
pure resistive case
Fig:. 3.'9

For further delaying of the firing angle, the fired
thyristor is conducting alone which gives 2-ph
condition with a conduction int=rval of The In the
remaining interval of the stroke all the thyristors are
in the forward-biased blocking mode. This gives the O-ph
condition.

That remaining interval is denoted by T

In a similar way as in the 3-2 phase condition, the
firing instant "tc" in that case may be obtained from

the following equation:

. i 2 - -

FoaSe JTn e, e T T J¥  “EaT
Re{l-jY(e - e ) + o (-¥,)((e - e )sint +
l-e cosT

g O I -r, T Jjt

+ j(e - e 2o e n)(cosT - e 7))le €} = o (3= X1.)



In equation ( 3.11) T, Or 1_ may be selected to be the

o
basic parameter.

The firing angle in that case is given by the
equation:

HEX B %D (3512)

The addition of 1 in equation (3.12) comes from the fact
that:

In the 3-2 ph and pure 2 ph conditions the calculation
of the firing angle is concerned with thyristor PA. In the
2-0 ph condition the calculation have to be made
considering the same thyristor to get the value of a in
succession with that in the 3-2 ph and pure 2 ph conditions.
Equation (3.11) is written when thyristor NB is taken into
consideration. Since thyristor NB preceeds PA in triggering
by an interval of 1, therefore the addition of T in

equation (3.12) is necessary.

Harmonic Analysis

If the course of the vectors has symmetry with side
"g", then the following order of the upper harmonics is
possible:

v = 1 + gk (3.13)

where k = 0, 1, +2 ...
For the connections in the example
Y = e oecets =l 5, By ok 135, 19

It is convenient in the following analysis to use

rX.
current.

i and iry as the x and y components of the rotor



In 3-ph conduction state the thyristor voltage is
zero. The value of the upper harmonics of the thyristor
voltage is given by the equation:

éjvt

Qoo™ tx

tv

% dt (3.14)

? N
'n
the value of u, . as seen from Fig. 3.10 is given by

g™ irx Rro (3.15)

IX

e

Fig.3.10

Equation (3.15) is deduced for the equivalent star
connection of the thyristors. The real thyristor voltage

equals g of the obtained value
R .
U, =X S &IVt gt (3.16)
tv T T, XX

From equations (3.4a) and (3.16)

Sals V5 = 5 ST
g = _Xo e - C3 lrx(tc) ejvin &
=2 = _Ix
o T(l—j 32) v
it «J(v-1)Tt
) | 1 Jte n
= { = - 1) +
+2vxr{v-le (e )

<3t ~j(v+l)T
1 eJ S (eJ no_1)}3 (3.17)




3.12

Ut(-ll)and Ut(l3) for
-phase conduction interval

The curves of Ut(—S)’ Ut(7)'

the different values of the 2

T, are given in Fig.3.11 at speed of 0.47 p.u. and

It is clear that the minus fifth

resistance ratio 5.9.
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and seventh harmonic components of the thyristor voltage

are dominant. For v=1, the fundamental component of the

thyristor voltage is given by the equation:



3.13
3

(3.18)

12 the amplitude of Btl is drawn for different

3

In Fig.
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3.14.

The value of the upper harmonics of the rotor current

is given by the following equation /see Fig.3.4)

«19)

3

(

0, if V#1.
Similarly the curves of the upper harmonics of the

where U

3.13.

are shown in Fig

rotor currents versus T
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The amplitude of the fundamental component of the rotor
current Irl against L% is given in Fig.3.14 for three

different speeds.

3.14



Knowing Etl' the fundamental component of the
thyristor current can be calculated from /see Fig.3.4/:

Iy =Ty =Ty (3.20)
5 .
= Sl
where Irol_ (3.21)
ro

and the equivalent thyristor impedance is

7, = ti (3.22)

The curves of the amplitude of Ttl against t_ for
three different speed values are shown in /Fig.3.15/.

In /Fig.3.16/ the equivalent thyristor impedance
Etl is drawn /in an impedance plane/ for different Tn
values and at two different speeds, while Fig.3.17 shows
the reactive part of the impedance versus T From the
two figures /3.16, 3.17/ it is shown that the inductive
part of the equivalent impedance is high w.r.t. the
resistive part and the inductive part increases rapidly
for higher values of T and at high speed. The inductive
part is about 10 times as big as the resistive part at
pure two phase conduction state and high speed of 0.87 of
the synchronous speed.
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Fig.3.15
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A similar analysis can be used in that case as in
the 3-2 ph condition, but a simpler solution for the
fundamental component of the rotor current is obtained
if the thyristor is substituted by a current source
which is open circuited at zero-phase condition /see
Plg.3.18. /.

Rr/ s Xp Rro/ 5

U
Fig.3.18
= 1 U+ Itlf RroLg

The phase value of the upper harmonics of the thyristor
current is calculated /see appendix I/ from the equation:

Trfx ji_ eVt at (3.24)

ry

From equations (3.5a) and (3.24):
-.-j(\)—l)te ‘j(\)—l)tc

i =—-l—-c i éjvtc+ L (& i
tvf t(1-3 5) ryo v 2vx£ v -1
-j(\)+l)te -J(\)+l)tc
- = e )3 (3.25)

v + 1

and for v=1



1 -jt i 15
T Loz pes SR R
I = C 4 e 4Xé

tE o (1-9r)

-52t -j2t
(e %= £33

M~

(3.26)

In equations (3.25) and (3.26) "t," is the instant
at which the thyristor turns off, i.e. te=tc+1n.

The R.M.S. Value of the Rotor Current

In general the R.M.S. value for the rotor current is
calculated from the equation:
2 o
Ir ReM.s. T 7 i Ly Ak (327
In that case, the time function of the rotor current
in the different modes of operation must be.known and
usually a numerical methods of integration are used to
calculate that R.M.S. value. But in the considered
example a simpler method was used for the calculation of

that value.

1. 3-2_ph_Condition

On the base of the power balance the following
equation is written:

2

é r R.M.S. Rr/s 2 Po/s (3.28)

5 UlIIrllcos¢ =31

where

=3 s ;2
Po ™ 37 T irx R.M.S. “ro (3.29)

is the power dissipated in the external resistance in the

2-ph conduction state.



2
R = i
3 ro rx c 1 1
P =2 C + ; {i (t )(sint -r. cost ) +
o 2 2r2 r2Xr l+r§ rR' © c 2 o,
+ ke (cos2t +r. sin2t ) - 1 (cos2t_+r., sin2t ) +
4X£ c 2 c 4x; e "2 e
122
+ > X; Tn} ] (3.30)

and from equation (3.30) and (3.28) the R.M.S. value of
the rotor current can be calculated.

The R.M.S. value of the rotor current for different T
values are shown in Fig.3.19 at three different speeds. It
is shown from Fig.3.14 and 3.19 that the difference between
IIrll and I_ o o 1is very small, this indicates that the
summation of the harmonic components of the rotor current
is very small in such case but that difference will be
increased in the 2-0 ph condition.
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The Average and R.M.S. Values of the Thyristor Current

The average value of the thyristor current can be
calculated by the following equation /see figures
Sidq 3.8/

= .1_ / - _‘/_3 F
Itav o C Y, ) iry dt +TC (ira+irc)3dt (3.34)

From equations (3.34), (3.4a) and (3.5a)

—
|l—‘

I = I

(sintl—sintc+/3 (cost —coste)) +

1

g
V]
<
[
N
A
L
>

7
b

+ V3 (1 (tl)-i

- )= (1, (k)1 (£))1  (3.35)

ryo

The R.M.S. value of the thyristor current is calculated
as follows:

2
re

% 12 at+ (1% 4
ry T ra

C

S
Tt RM.s. "67 )jat 1 (3.36)

I
T
n
Solving these integrals /see Appendix II/, the R.M.S.
value of the thyristor current is obtained. The curves
1 i p
tav t R.M.S.
of and
[Ty | [Tyl

different speeds are shown in figures 3.20, 3.21 respec-

as function of L at three

tively.
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It has been confirmed from fig. 3.22 - 3.25 that
for small resistance ratio:

 i¢7

The first harmonic component of the rotor current
is increased for the same torque and the drive
power-factor is better.

The minimum torque values are relatively high which
decrease the operating region of the drive and
make the range of the control narrow. )

The range of variation of the firing angle "o" is
larger for the same speed.

The small resistance ratio is needed at small slips

because of the better performance. At high slips the

high resistance ratio is required to get a wide control

range.

As a conclusion two values of the external

resistance are needed tc cover the whole region for the
drive in driving and braking quadrants maintaining the
good characteristic performance.

3.2.2 D.C. Resistance Control

The studied connections in that part were:

1.

6-thyristors in bridge connection /see Fig.3.26/;

the bridge is connected to the slip-rings of the
motor while a d.c. Resistance "Rd.c." loads the
bridge.

Half controlled bridge /see Fig.3.27/; the arrangement
is the same like the above connection, only three
diodes replace three thyristors of the bridge.



Bridge connection

Fig.3.26

i 4

Sl e [ Rac.

T
Dt

Half Controlled Bridge

Fig.3.27

3.3 Comparison Between the Studied Connections

A comparison was made between the investigated
connections of the 3-ph resistance control part and
then between connections of the d.c. resistance control

and an over all comparison was made between all these

connections.



The comparison has regarded the following aspects:

1. The fundamental component of the rotor current
and machine power factor. .

2. The torque/slip curves and the possible working
region of the drive.

3. The thyristor ratings.

4. Harmonics content and the anomalistic characteristics
at certain slips.

3.3.1 The Fundamental Component of the Rotor Current

At high speeds the slip is small and the rotor
reactances are relatively small. As a preliminary study
of the problem, an approximation was made that the
motor leakage reactances were neglected compared to the
resistances. In that case, the equation for the fundamental
component of the rotor current was derived for the
different connections. Subsequently the study of the real
case was considered. The method of calculation is written
only for one connection, since the other connections are
treated in similar way. Let us, for example, consider
connection II (AT). As in a 3-ph conduction state the
rotor voltage is zero, then the fundamental component of
the rotor voltage is calculated as follows /[see Fig.3.28
and 3.29/:



Y
Connection T 3-2 ph condtion pure
put‘e reSiStiva case resisﬁve case
Fig.3.28 Fig.3.29
I i
- { TR RR 2n, 3 T3 -3t
Url z I-E+a+r U 1+RR cos(t = -3) e & at (3.39)
2 c
Since T +1 =T = Zﬂ
c n 3
and o +T1T_ = 21
c 3

then O=T and the solution of the above integral gives:

cl

xrl . BRR_ 1 - =jo
< 1+RR 21 [ o-sino e” 1] (3.40)
Equation (3.40) is valid for Osasg , in which the drive

is working in 3-2 ph condition.

There are two other working conditions namely 3-2-0 ph
and 2-0 ph,.

For 3-2-0 ph condition:



xl 1 RR_ M., 1 RR . 1, (3.41)

1
for the range =gaxg and in the 2-0 ph condition:

2

- 7“
i =jla-1)
_r_l = L RR [% - O 4+ cos(l],—-z-l.;-) e 6 ] +

% RR (a-g) (3.42)

It is applied for the range 2% L ag Z% . From Fig.3.30

the following equation may be written

Trl rl
W =1 - T (3.43)
Rr
o—— L} ——0
j -
Fig.3.30
Equations (3.40) - (3.43) are used in drawing the value

1rl
U/R
different o values are given in figures 3.31, 3.32 and

2q
a%%— at different a values. For connection I(ATT),
r

connection II(AT) and connection III(YTT) the value

3.33 respectively. These figures confirm the following:

at



Fig.3.31
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it will be shown later, it is unnecessary to use any
additional resistances in series with the internal rotor
resistances. During the above range of a, the drive is
operating in 3-2 ph condition. The other working
conditions are 2ph and 2-0 ph.

For 2ph condition:

1 1 -
5 1, 1 stat =4dc
/R, 3 [2*2 T © ] (3.45)
p 2 l+zRR
and
ae < a < 60° .
For 2-0 ph condition:
= 211
Irl - 1 - o +
U/R, l+%RR 2t
< |
j(o+x)
+ é 3% sin(g% - a) e 3 (3.46)
1l + = RR
4
for 60 < a < 120° ., 3
In fig.3.34 the value 07; is drawn at different o
¥

values using equations (3.44) - (3.46). In a similar way

i
rl
ﬁ7§; is drawn at different o values for half controlled

bridge in Fig.3.35.
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The figures 3.34 and 3.35 confirm the following:

1. The power factor is better for the half controlled
bridge.

2. The zero value of the torque is possible in both
connections.

3. The range of o variation is:

a. 0<a<120° for bridge connection
b. 0<a<180° for half controlled bridge.

The magnitude of the current Trl is small in the case
of the bridge or half controlled bridge connections if
the same resistance ratio is taken as in connections
1(ATT), II(AT) or ITII(YTT). In such a way suitable values
of Rd.c. must be chosen to get proper values of the
currents.

The above results show that the p.f. in the case of
the bridge connection is the worst. The number of
thyristors needed in that case is double that in
connection II(AT) or in half controlled bridge. However
the bridge connection, besides its bad performance, it
is also not economic. Therefore this connection is
excluded in the next comparison.

The real case was considered for the different connections
and the fundamental component of the rotor current Trl was
calculated using digital computer and for some connections
a numerical method for solving the integration like
Runge-Kutta method was used;

The curves of Trl Jat different o values/ for the
different connections at s=0.465 is shown in Fig.3.36.

The results agree with the approximate method of pure
resistive case.

Connection II(AT) gives better performance characteristics

since the power factor is high. It has a drawback that the



In the case of the half

torque has a minimum value.

controlled bridge it is possible to get zero value of

the torque which makes the drive suitable for further

applications such as crane drives.

2 Torque /Slip Curves and the Possible Working

33

Region of the Drive

ion of the drive is shown

The possible working reg

if the rotor current

1(ATT) and II(AT),
is less than or equal to the rated value, in Fig.

io0n

for connect

.24

3
The regions if the rotor

and Fig.3.37 respectively.

current is equal one and half times the rated value

Comparing the two figures,

are also given in the figures.

onnection

the possible working region of the drive with c¢

II(AT) is wider for the same resistance ratio.
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3.45

For the half controlled bridge two different values
of Rd c., are used. The corresponding T/s curves and the

In the figure,

possible regions are shown in Fig.3.38.

it is clear that the torque can be reduced to zero value

which is the

i

I Fig.3.38

d_Bridge

~advantage of this_cpnnection,,
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It is also possible to use two different resistance
ratios for connections I(ATT), II(AT) and III(YTT) to
use the drive in the both quadrants.

3.3.3 The Thyristor Ratings

The maximum value of the thyristor voltage and the
mean and R.M.S. values of the thyristor current are
needed to decide the rating of the thyristor. These
values can be calculated exactly using digital
computations for some connections. For the purpose of
comparison it is useful to get approximate equations to
calculate such values directly. As an example, the
equations are derived for connection III(YTT) while the

results for the other connections are given.

1. Maximum Thyristor Voltage

With connection III (YTT ), there are four conduction
states, namely 3-ph, 2-ph, 1l-ph and O-ph. At 3-ph
condition the thyristor voltage equals zero. At 2-ph
conduction state, the thyristor voltage equals ierrO/s
/see Fig.3.39/. At l-ph conduction state, see Fig.3.40,

the thyristor voltage is:

u = ( % i + 1% i )R ls (3.47)

x X
Rro
2-Ph conduction 1-Ph conduction
Connection TIL.(YTT) Connection IIL.(YTT)

Fig.3.,39 Fig.3.40



The maximum thyristor voltage for connection III(YTT)
occurs during the 1l-ph conduction state. From equation
(3:.47)»

_E R u Rro/s

d ’ X
ta iU 2
2 R + = R 2
vz b 3 rd\ % x,2
’ s : o

The voltage equation in the coordinate system shown in
Fig.3.40 is:

L

= . J3
u=2=uU eJt e 3 (3.49)
U=1

o i - v3
u, > cost > sint (3.50)
u = 1 sint + 13 cost 3.81
Yy 2 2

t is the reduced time measured from the instant when the
voltage in phase a is maximum. From equations (3.48)-(3.51)
the thyristor voltage at any instant can be obtained. For
motoring region the thyristor voltage is calculated at

s=1. The instant at which the maximum thyristor voltage
occurs can be calculated by differentiating uta w.r.t.

the redyced time "t" and equating the result to zero. This
time is given by the following equation:

_ 24RR
t = arctan /3 S (3.52)

In the deduction of equation (3.52) Xé is neglected.
The maximum thyristor voltage is calculated from equations
(3.48 )=(3.52 )«

For connections I(ATT) and II(AT); the maximum

thyristor voltage occurs at O-ph condition



V3 R,

- 2 (3:.53)
2
'
V(Rr+Rro) +Xr

For the half controlled bridge connection the

Ut max

maximum thyristor voltage occurs at the O-ph condition.
In P.U. system, it is equal to V3.

2. Mean and R.M.S. Values of Thyristor Current

Connection I(ATT) is considered as an example and
the results for the other connections are given:

For the connections of the first part /3-phase re-
sistance control/, the mean and R.M.S. values of the
thyristor current are calculated for the pure 3-ph
conduction state.

- As shown from Fig.3.1

i in the first stroke

|
-
2]

t PA

it PA — -irb in the second stroke

and afterwards the thyristor turns off and remains in
the blocking mode till the end of the period.

1 [ /3 211/3 ’ ]
Itav = Eﬁ[ cj)' Im sint 4dt + ]1';3 Im Sin(t+;) dt
1
Teav _2% R \2 (3.54)
) g2
: § V3
) e (3.55)

ik
t R.M.S. w(R>2 6 81l
T 72
—=) + X
s r



Similarly for the other connections:

Connection II(AT):

I = e 3.56
tav 5 V(R )f' : ( )

1 1
I+ r.M.S.7 > g (3:37)
(Rr) , 13 81
o O B
s r

Connection III(YTT):

1
1 e ————— (3.58)
I

1
e oM, B ; (3.59)

2
R
s ' 5

The calculation in the case of the half controlled bridge
is relatively complicated. The required values may be
obtained using the approximate method of 2-energy storages
as it will be explained later.

The comparison between the thyristor ratings for the
different connections with the 3-ph resistance control
part is given in table 1. In that table the maximum
thyristor voltage is calculated at s=1. The average and
R.M.S. values of the thyristor current are calculated for
the working point of 1.5 times the rated current and

maximum available torque /point "a" in Fig.3.24/. In all



the connections the resistance ratio is the same and
equals 5.9. The working point at which Itav and It R.M.S.
are calculated has a slip of 0.25. In the calculation
the peak value of the rotor phase voltage is taken as
a base value.

For the purpose of comparison the rated value of

the thyristor current is considered as the arithmetic

" I
mean of Itav and It R.M.S./ >

ATT AT YTT
. 1.46 1.46 1.17
Teav 0.24 0.72 0.48
T i o 0.47 0.95 0.75
Bt 0.27 0.66 0.48
Ui e i L0 0.96 0.56
M of thyristors 6 3 6

Table 1

Table 1 shows that connection I (ATT) needs lower
rating thyristors. But for connection II(AT) the
number of thyristors is only three, then the drive with
connection II(AT) may give the economic solution if the
price of the firing circuits are relatively high.

The comparison between connection II(AT) and half
controlled bridge is given in table 2. Connection AT
has Rro equals 94% and with the half controlled bridge

Rd & equals 75.96%. These values correspond to the.



used drive in the laboratory. For connection AT a

resistance of 9.13% is added to the internal rotor

resistance. The method of the comparison is the same as
in table 1.
U I I I U I N of
t max tav t RMS t rated| t max t rated
, elements
AT 1.46 - 12 .95 .66 .96 3T
H.C.B. L 73 .452 .784 .48 0.83 3T+3D
Table 2
H.C.B. = half controlled bridge connection
T = thyristor
D = diode

3.3.4 Harmonic Contents

monics for the different connections

will be discussed later, the stator
some harmonic components at certain

2
3

anomalies in the characteristics of

Regarding equation (3.13) the order of the upper har-

Connection I(ATT)
Connection II(AT)

Connection III(YTT)
Half controlled bridge : ....

is:

sa =LY, =5,
-5, =2,

e =ll., =5,
=8, =2,

These upper harmonics cause additional losses. As it

% of the synchronous speed, is zero.

speeds,

the system.

frequency related to

for example

This cause some
At these

points there are some oscillations and irregularities in

the torque/speed characteristic for constant rotor current.




In the motoring region connection II(AT) and half
controlled bridge connection have more of such special
points than connection I(ATT) and connection III(YTT).

The comparison of the different connections confirms
the following:

1. Among the studied connections of the 3-ph resistance
control, connection II(AT) has the best
characteristic performance, the range of operation
of the drive is wider and the drive with this
connection is economic.

2. Between the connections of the d.c. resistance
control part, the bridge connection gives bad
performance and it is not economic.

3. Comparing connection II and the half controlled
bridge connection, the latter has an advantage
that the torque can be reduced to zero value.
Therefore the drive is suitable for the applications
which need low torque values. The power-factor may
be relatively better with connection II(AT). The
cost of the drive with the two connections is

nearly the same.

3.4 Modes of Operation

There are four different conduction states, namely,

3 ph, 2ph, 1lph and Oph. For connections of the three
phase resistance control part the three phase conduction
state means that the thyristors short-circuit the external
resistance. In the 2-ph conduction state two resistances
of the external resistance are short=-circuited by the
thyristors and so on. For the connections of the D.C.
resistance control part, the three phase conduction state

occurs due to the commutation between two thyristors in



two phases and the diode in the third phase is in
conducting state, or when commutation between two diodes
happens and the thyristor in the third phase is fired.

The two phase conduction state is obtained from the

firing of a thyristor in one phase of the motor and the
diode in the other phase is conducting, the third phase
of the motor in that case is open. It is shown from
figures 3.31 - 3.35 that the following modes of operations
are possible:

1. For connection I(ATT) there are 3-2 ph, 2ph and 2-Oph

2. For connection II(AT) there are 3-2 ph, 3-2-0 ph and 2-Oph

3. For connection III(YTT )there are 3-2 ph, 2-1lph and 1-Oph

4. For half controlled bridge connection there are 3-2-3-2ph,
2-3-2ph, 3-2ph, 3-2-Oph and 2-Oph.

Normally for the half controlled bridge connection the
system is operated in 3-2-3-2ph, 3-3-2ph and 2-Oph.

In the case of 3-3-2ph the diodes begin to commutate at
the end of the thyristors commutation, so there are two
successive 3-ph conduction states.

In the further studies not only here but also for the
dynamic behaviour and control properities the half
controlled bridge was selected to be the chosen connection.

3.5 Half Controlled Bridge Connection

For the general solution the speed variation is
considered, then the torque equation and equations of
motion are needed. The differential equations of the
system are non linear. This solution is very complicated
for practical purposes since it needs some numerical
integration and iteration procedures. |

In general it is unnecessary to solve the above set
of equations. Simpler solutions can be developed that



give results of good accuracy for practical steady-state
characteristics of the system such as additional losses,
the loading limits, the different upper harmonics of the
voltage and current and so on.

The exact method is to be used if the transient

performance and/or the control properties are studied.

3.5.1 Approximate Solutions

If some proper approximations are made the solution
of the equations of the system is greatly simplified

while the results maintain the required good accuracy.

A coordinate system fixed to the rotor is chosen. If
the motor speed is considered constant and the stator
resistance is neglected, the analysis is reduced to
simple R-L circuit. Utilizing the symmetry of the
circuits, the coordinate system is fixed to the symmetry
axes. As stated before, there are four different
conduction states, 3-phase conduction due to thyristors
commutation, 3 phase conduction due to diodes commutation,
2-ph and O-ph conduction states. Then different reference
frames are used for the different conduction states /see
Fig.3.41/. The equivalent circuits in the 3-ph and 2-ph
conduction states are shown in figures 3.42 and 3.43

respectively.



3-Ph conduction: thyristorscommutation 2-Ph conduction

Xy é——
Y3 [Rd.c.
i g

o

3-Ph conduction: diodes commutation 2-Ph conduction
Fig.3.41
)
Xp Rr %’Rd.c. x,r Ry
o—N——L3—
Ux l s Uy [ ry

3—Ph conduction

Fig.3.42
X,r Rr %Rd.c. x’r
o—PI—LF}——
iry=0
Uy

2 -Ph conduction
Fig.3.43




dx
_=I—\c§+§5 (3.60)
dt
i X
x=|F (3.61)
iry

The matrices éc and B depend on the conduction state.
At 3-ph condition

f'a + 2 R 0 ) Fl ou
: o 3 “d.Cs
éC3= ’ E3 g (3.62)
0 R 0
. X s o
At Z-Eh condition:
1 ] fi? 1
R, *3 8.6, © o
L » B, = (3.63)
L 0 0 | O od

U cos(st+g)
u = (3.64)
U sin(st+g)
B equals g in the first 3-phase conduction state /[see
Fig.3.41/ and for each sequent state the coordinate axes
are rotated by II/6 in the forward direction.

The 3-ph conducting state due to thyristors
commutation or diodes commutation exsists so long the
condition V3 1ry i, is realizing. It is so because,
for example, during the three phase conduction state due
to thyristors commutation, /see Fig.3.41/ the current

in phase "r tends to zero when Y3 i = 1i__. Then the
c ry rx

thyristor in that phase turns off and 2-ph conduction



state occurs. This two phase condition continues until
b > e afterwards the diode in the rotor phase "c"
begins to commutate with the other diode and the other

3-ph conduction state occurs.
Therefore the condition for that 2-ph conduction

state is:

V3
-2—'1 u

<10 O
rXx 2 ry

u

rbc

The interval of the last conduction state is
2

determined such that the length of the stroke is =% -

The solution of the system’s equations is simple
and the steady-state characteristics can be calculated.
Because that the number of the conduction states is more
than two, it is impossible to get a closed form
solution in that case and an iteration method is
necessary. The steady-state characteristic performances
of the drive are shown in figures 3.44 - 3.49.

The operating region of the drive with the two values

of is shown from the T-S curves in Fig.3.38.

R
?éc;s seen in Fig.3.50 that it does not make any
difference in the result if the added rotor resistance

is transformed to the right hand side of the bridge.
Therefore in half controlled bridge connection, only
suitable values of Ry, o, are chosen and it is unnecessary

to use any additional resistances to the internal rotor

resistances as in connections I, II or III.
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Fig.3.50



In that case the motor speed is considered constant.
Since the coordinate axes are fixed to the rotor, the
equations of the machine are as follows /see Fig.3.51/

3-Ph conduction

Fig.3.51

dy -

= TR £ 3

w is the speed of the rotor, RB is the stator resistance
and ¥_ is the stator flux. Gs and Is are the stator
voltage and current respectively.

av
= { —L
o (Rr+R) 1r + -3 (3.66)

In equation (3.66) R depends on the conduction state; at
3-ph conduction R =.§ Rd - and at 2-ph conduction

. =
R = 3 Rd.c. A Vr is the rotor flux

¥ =1L 1 +1. 1 (3.67)

¥V =1 1 +L_1 (3.68)



3.66

L L_ and Lr are the stator, magnetizing and rotor

s’ "m
inductances respectively . Then:
¥ - (1-0) ¥,
i =2 (3.69)
S L’
s

o is the leakage factor

Lz
g (3.70)
S b 3

¥ -7
5 L'
r

The state equation of the system has the same form as
equation (3.60). If the machine fluxes are chosen as
state variables, then:

rwsx
wsy

X=|y (3.72)
rx

‘yr
Y

-

Similarly, as in the 2-energy storages, the matrix éc
depends on the conduction states; at 3-ph conduction;
it equals to:

X
1 -1 l-o
B ¥ S L8
S S
-1 1l-0
e g %7, T
s S
A = (3.73)
i n 3 -1
= 9% 5 e
L 1
a1 =]
0 =7 o] =5
Ty Ty

Té and T; are the transient time constants of the stator
and rotor respectively.




at 2-ph conduction:

- -
- -0
T
s s
-1 -0
TE Al e
e e g
2 2
(0] 1 (0] (o)
b -
L'
= r
2% +1ln
r 2 d.c.

The matrix B for 3-ph and 2-ph conduction conditions is:

1 o

B = ¢ 2 (3.75)
o o
o o

u is the same as in equation (3.64).

The extinction conditions are the same as explained
in the 2-energy storages. The solution now is relatively
complicated.



3.5.2 The Exact Method
6-Energy Storages

The speed variation is considered. In that case the
torque equation and the equations of motion are required.
Therefore the equations of the system are as in (3.65),
(3.66) and

T - Ty =T g—: (3.76)
ae  _ .
3% = w w (-3.77)
where
W =1-38g = % / w dt (3.78)
T
T =l—($ x V) (3.79)
L’ s o '

Ty, is the load torque and TSn is the nominal &tarting
time of the motor. w is the actual speed of the motor,
W is the average speed of the shaft and 0 is the angle
between an axis fixed to the rotor and a virtual axis
rotating with the average speed W.

In that case the state equation of the system is:

— =A_X+Bu+k T (3.80)

In equation (3.80) A, is function of the state vector X

r = .
Ws; x (1)
wsy x(2)
X = lPrx = e (3.81)
Wry x(4) ;
w=W x(5)
| 0 | | x(6)]
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1
o T
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wry g
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(o) 0
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ry rx
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are the same both in 3-ph

o)

-

(3.82)

(3.83)

and 2-ph conditions.



1 o o
o 1 0
B Fhoama) o igawl O (3.85)
o o t |o
o o =
0 0 sn
L J R

cos {to - s(t—to)- x(6) + B }
u = (3.86)
sin {to + s(t-to)— x(6) + B }

where to is the instant at which the thyristor is fired.
In equation (3.86) the stator voltage is written w.r.t.
a coordinate system fixed to the rotor. Since the rotor
position equals W(t—to)+ Xx(6) therefore:

= Jost =JWlt=t_ ) _.
i=be % e o 23 x(8) (3.87)

Since U=1 and wl=l, then writing u in the above equation
in the form ux+j uy, equation (3.86) is obtained.

The extinction conditions are the same as in the
2-energy or 4-energy storages. In the solution of the equations
of the system "to" and "Tp" are given. The steady-state
working point can be determined by an iteration method
using the periodicity condition. That condition may be
written, if the coordinate system (xd-y4) in Pilg.3.41 is

rotated forwardly by 4

A as follows:

Xena * B¥ong T g * gy (BR8]

gst is the initial state vector for the operating point

which is determined from an approximate method, for

example, 4 energy-storages method. Xand is determined by



the solution of the differential equations of the system
taking into consideration the limit conditions. AX_, is
the small variation of the starting vector while Aze
is that at the end of the stroke.

The solution may be achieved using the method of

nd

Runge~-Kutta /fourth order/.

In general some steps of iteration procedures are
necessary to find the limit point.

Let us consider:

“end et

where dev is the difference vector, showing the deviation

between the vectors X and X ..
=end =gt
AX g May be obtained from AX .

matrix for small variations. Calling that matrix by A
then:

knowing the transfer

AX o = A AX (3.90)
From equations (3.88) - (3.90)

AX_, = CI - 31°1 dev (3.91)

_—st —_— —_ —_—

1

I is the identity matrix and [I - Al © is the inverse of

I - Al. Knowing Ags the new starting values are

t
determined from:

= / .92
Kst new Kst * éﬁst (3 )
The procedure is repeated until the deviation is less than
the prescribed value. The problem is solved using digital
computer. The flow-chart is given in appendix IV. The
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plained

method of calculating the transfer matrix A is ex

in the appendix.

If the proper values of Xt and A are known, then

the calculations of both the steady-state and dynamic

behaviours are achieved easily. Figures 3.52, 3.53 give

the Park-vector path of the rotor current in a coordinate

system fixed to the rotor and synchronously rotating

coordinate system respectively.

Fig.3.52
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The Park-vector pathes of the stator and rotor fluxes

in coordinate system fixed to the rotor are shown in

Fig.3.54. In Fig.3.55 the vector diagram for the fundamental

fluxes and voltages is given.

component of the current,
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Irl due to the semiconductors impedance.

It dis ¢

Url is out of phase of

The results of the three methods are tabulated for

firing angle=50°

and

an operating point, slip=0.205,

14.17% in table 3.

Rd.c.



2-Energy 4-Energy 6-Energy

Storages Storages Storages

Ir R.M.S. 1.0924 1.0939 1.1032
T -.8402 -0.8487 -0.8494

rl +j0.5496 +3j0.5238 +3j0.5213
Irl R.M.S. 1.0040 _0.9973 0.9966
Is R.M.S. - 1.2186 1. 22774
Id.c.R.M.S. - 0.9795 0.9774

di 0.4288 0.4505 0.4746

Table 3.

_.v 2 .
di = ZIrv/Irl R.M.S. ' the current distortion factor.

It is clearly shown from the table that for steady-
state characteristics the approximate methods are quite
satisfactory. The exact method is only required for the
study of dynamic behaviour and control properities.

3.6 Harmonic Analysis

For the half controlled bridge connection g=3 in
equation (3.13), therefore the possible upper harmonics
are:

M. = s

"51 "'21 1, 4, 7, e A

These upper harmonics can drive or brake, but they cause
additional losses in all cases. The equivalent circuit
of the induction motor for the upper harmonics is shown
in fig.3.586.



Fig.3.56

The slip for the upper harmonics is:

=

.- -5
s\) =1 + ——-s > (3.93)

Substituting s=% and v= -2 in equation (3.93) the value
of $(-2) is zero. This means that the stator frequency
corresponding to the minus two upper harmonic component
is zero when the motor speed is % . In that case the
equivalent stator resistance, see Fig.3.56, is very high.
That result shows that the neglection of the stator
resistance in the approximate method of 2-energy-storages
is unsuitable. Therefore it is necessary to use the
4-energy-storages method for the approximate method of
analysis. Similar phenomena occurs at the speed of %
for minus five harmonic component.

As a result of these upper harmonics, there are some
oscillations in the operation of the drive at s = % 5
Also the shape of the torque/speed curve /if the rotor

current or the current through R is constant/ has

d.c.
some irregularities at s = 1 . This will be shown in

3
chapter VI.



3.7 Comparison Between Different Techniques of Thyristor
Controlled Induction Motor /Lossy and Cheap Methods/

The comparison is made, here, between the half
controlled bridge connection and both the stator voltage
control and forced commutated D.C. chopper connection

inserted in the rotor circuit.

3.7.1 Stator Voltage Control

In that case, thyristor or thyristor-diode pairs or
incidentally triacs, connected in series with the stator
winding, block the supply voltage in a part of the
cycle, thus the fundamental component of the motor
voltage can be varied from O to 100% and speed control
is possible in this way [153].

Connecting the thyristors in the rotor side, lower
rating thyristors are resulted in as compared to the
stator voltage control and the excess voltages and short
circuit currents are low. In table 4. a comparison is
given between stator voltage control and the half
controlled bridge connection. The ratios of the R.M.S.
and average values of the thyristor current and the
peak value of the fundamental component of the stator
current are given. This comparison is made for the same
value of slip and torque in both cases. The chosen points
are [s=0.31, T=.69 and s=0.62, T=0.84/. It is convenient
to compare the maximum thyristor voltage in both cases
at unity slip for the motoring operation. The base voltage

is the peak value of the rotor phase voltage.



Stator Voltage Control |Half Controlled Bridg;
NS of elements 3T + 3D 3T + 3D
N /T s=0,31 s=0.62 s=0.31 8=0.62
t RoMoSo Sl 082 i 0-74 0033 0.34
Itav/Isl 0.32 0..32 0.19 .20
Ut — 1:73 1.73
Table 4.

T: thyristor
D: Diode
Stator voltage control: T-D connection

It may be confirmed from the above results that in
motoring quadrant the half controlled bridge gives better
solution compared to the stator voltage control while in
braking quadrant for slip higher than unity the stator
voltage control is better because in such cases higher rated
thyristors are needed for the connections in the rotor.

3.7.2 D.C. Chopper in the Rotor Circuit

As it is well known from the literature the connection
for the d.c. chopper is as shown in Fig.3.57. The value of

- - Wﬁ]‘z 0 %

Fig.3.57

the d.c. resistance changes due to the turnning on and off
of the thyristor. The relation between the effective and
actual values of Rd 5 depends on the ratio between the



turnning on interval of the thyristor and the total period.
This ratio is denoted by "b". By this method a speed
control of the motor can be achieved. The average and R.M.S.
values of the thyristor current in the case of d.c. choppers
connections depend on the ratio "b" for constant slip. The
maximum thyristor voltage depends on the value of the
resistance Rd = for constant d.c. current The torque/
speed characteristics for the half controlled bridge and
d.c. chopper are shown in Fig.3.58. It is shown-that the
zero value of the torque cannot be obtained ﬁith_the d.c.
chopper connection. It is possible to have a‘@ider
torque/speed range but in the dispense of the maximum
thyristor voltage. The wider the torque/speed range the
higher the thyristor rating. Fig. 3.59 ‘shows the locus of
the ratio of the fundamental component of the rotor current
to the maximum short-circuit current of the motor [191] at
constant speed of 0.308 in both cases. From the figure it
is clear tﬁat the p.f. in the case of d.c. choppers is
better.

It may be concluded from the comparison between the
d.c. choppers and the half controlled bridge connection
that C181:

1. Large choke coils and capacitors are needed in the

case of d.c. choppers.

2. The zero value of the torque is impossible with the
d.c. chopper connection. Therefore it is not
applicable for crane drives.

3. The torque/speed characteristic with the half cont-
rolled bridge diverges slightly from the normal
torque/speed characteristic of the motor at very
small slips. A small operating range is missing in
the half controlled bridge at these slips.

4. The d.c. choppers are not a good solution if small
torque values are required. It is so because the
thyristor rating is high and the cost is high.
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CHAPTER IV

THE DYNAMIC BEHAVIOUR OF THE SYSTEM

4.1 General

In the operation of the controlled induction motor
transient phenomena are occuring. The study of the dynamic
behaviour of the drive requires the determination of the
transfer functions, oscillation properities, stability
G § 1% 1 SO Y, 8

If the control of the motor is performed by thyristor
techniques, then during the operation of the motor,
transients are caused by the switchings of the semi-
conductors even in the steady-state.

As stated in the previous chapter it is unnecessary to
carry out the exact method of calculation for such steady-
state transient, since the approximate methods give
results with good accuracy. The exact solution is necessary
for the analysis of the real transient condition and
control properties. In the case of motor with thyristor
circuits inserted in the secondary side, the system
equations are only piece-wise linear differential equation
if the motor speed is considered constant. The coefficients
of these equations depend on the conduction state.

The most general case if the speed variation is taken
into consideration, then the differential equations of the
system are non-linear.

In synchronous rotating coordinate system the
periodical trajectory vectors coincide in the instants of
firing the thyristor to' tl,...,tk=to+§1 and the values of
the vector (251 gk(t) may be considered the sampled one in

"
kK .
These instants are of rather importance, since the

the sampling instant "t

operation of the control circuits and the firing of the



thyristors depend on the value of the state variables at
this moment.

4.2 Small Variation from the Periodic Steady-State
Condition

The deviation from the steady-state operating point
may be caused, for example, by input signal pAu, by
changing the firing instant ty, or by deviation Azo from
the steady-state value, i.e. change in the initial
conditions. The latter case is given in Fig.4.1.

Fig.4.1

In the figure the instant of firing the thyristors is
determined by combining a d.c. reference signal with an
a.c. comparative signal. The latter is obtained so that it
is proportional to the stator flux because in that case
the signal will has a constant modulus. Practically that
signal can be obtained as it will be explained in chapter
VI. For firing the thyristor in the phase r_, for example,
a signal proportional to the stator line flux wac is
required. The mentioned comparative signal is obtained
analytically from the projection of the state vector X.



It may be represented by £T§ . In that case £T is equal to
L0 1 0,...031. If a change occurs in the initial conditions
it results in a change in the comparative signal. That is
represented in the figure by £T AX.

Cénsidering the state vector §=§st+A§, where Kst is the
solution of steady-state condition, the small variation AX
may be written in the following form with usual

approximation of first order:

d A

=<

=A AX+ B A (4.1)

c-—~ e

dt

Equation (4.1) is applied only if A_ is constant and
if the differential equations of the system are considered
piece-wise linear. Therefore this method is suitable only
for the approximate solutions /4 energy-storages/

The above equation can be solved in the same manner as
described in the previous chapter. Considering only the
homogenous part of the general solution, the following

equations hold true [297:

o A Nepd
AXy = A" AXD (4.2)
where
A_é: small deviation around the steady-state vector 50,

in a coordinate system fixed to the rotor and the
values at the end of the stroke are rotated
forwardly by g as explained in the previous chapter
Aﬁi: the value of Agé at the end of the K= stroke
A : transfer matrix

Different functions of a quadratic matrix can be

expressed by a power series. It is more convenient to use



the diagonalised form:

1

A=TAT (4.3)
T =08)s8,70::48] (4.4)
}‘1 o) 0
A=]0 2, (4.5)
o) A
where A, is an eigen-value of matrix A and g, is a post

i i
eigen vector. The powers of the matrix A can be calculated

using the eigen-values of A. The eigen-values determine
the transition speed among differed steady-state
conditions. They determine the dynamic performance of the
open-loop system.

If the absolute value of each eigen-value is smaller
than 1, then the system is stable, Ak
IAi|>1, then the system is unstable. The components of the

+ 0. If only one

vector AX vary proportionally with At, thus an equivalent
time constant Ti and an oscillation frequency w; can be
defined by the following expressions:

- -1
Ay = EXP( T, + Juy) T (4.6)
p &
P = =p e— (4.7)
i
LnIAiI
arc )\
P e (4.8)
i T

T is the length of the stroke.

The calculation with the values of the deviations at
the firing instants is compatible to the theory of sampling
system, the sampling time is 1=T/g where T is the time of
one period and g is the number of strokes in one period. It
must be noted that the time of one period in our case



4.5

equals 3% , Where s is the slip.

4.3 Analysis for Small Variations Using Sampled

Data Theory

The time function for one stroke is shown in Fig.4.2.

e

Fig.4.2

The curve with thick line is refering to the periodical

working point. The variation from that is denoted with AX
/the thinner line/. In general if the firing angle of the
thyristors is changed from tfk to tfk+Atfk, the deviatives
£k Therefore the

deviation éﬁ(tfk)= A&k is applied before the changing

are extrapolated to the instant t

while the vector éﬁk+(tfk) is valid after changing by Atfk.

Therefore the signals of small variations extrapolated in
the mentioned way are jumping in the instant of changing

the firing angle. The relation between AX, and éﬁk(+)is
given by:
Ay (4)= A%y * Bg Aty )
be =V - (4.10)



LA is the velocity of the state vector at the end of
the stroke before the instant of the following firing,
while !st is the velocity at the beginning of the new
stroke. i.e. yend is, for example, the velocity of the
state vector at the end of the k-t—:E stroke, then yst is
the velocity at the beginning of k+l1 stroke. Equation
(4.9) can be understood by regarding Figures 4.3 and

4.4, Figure 4.3 gives the time function of one coordinate.
Figure 4.4 represents the state trajectory.

Vet

X(tek)

Fig.4.4



The relation between the small variations of the
state vector through two successive strokes can be
obtained knowing the transfer matrix A of the system.
If the driving function u is not changed, then the
following recursive difference equation is obtained:

A (AX, + b

A—)'(-k+l =B Xk be (4.11)

This equation can be represented by the block-diagram

as shown in Fig.4.5. In equation (4.11) the matrix A

can be calculated explicitly if the system is piece-
wise linear. However in the general case the differential
equations are non linear. The matrix A is computed in
that case by numerical method.

=]z

A X ks
[ aXk Xk pf
e -~ A
+ ——
bf
Aty

Pig:lb.5

In the following analysis the exact method /6-energy
storages/ is used. Having studied the dynamic behaviour
of the open loop system /no feed-back from the speed or
the currents/ a special properity has been appeared that

the characteristic equation of the system possesses one



root equals unity. This nature is explained and proved
as follows:

If an incremental change in the firing angle is
presented and denoted by:

At = h (4.12)

It is required that the values of the state variables
at the beginning of the stroke in both cases before and
after the changing of the firing instant by "h" remain
the same.

That condition can be verified if a small variation
in the starting state vector has occured. That small
variation vector may be expressed by:

AX, =-h V_ 4 *+shegg (4.13)
where s is the slip and gg = [0,0....13], gg is the

transpose of P The first part in the right hand side
of equation (4.13) is clear since the starting vector is
the same after changing the firing angle as stated
above. The addition of the second part (s h e¢) is
obtained from the fact that in the 6-energy storage
method of analysis, the stator voltage in coordinate
system fixed to the rotor is given by
; y ej(to+s(t-to)-x(6))

as stated in chapter III. to is the firing instant.
Therefore, if Ato occurs and the starting vector remains
constant, Ax(6) must equal s At_.

Using equation (4.11) with k=0

bX, = A AX_ + b At (4.14)



The vector b is obtained from b that:

fl

b=2ab

£ g 4.15

In periodical operation the small variation vectors
at the end and the beginning of the stroke are equal
if the state variables at the end of the stroke are
rotated forwardly by g .

To satisfy the periodicity condition, Aﬁl equal
AX, therefore:

A AX + b At_ = AX (4,.16)
- =0 o =0

If modified forms for the velocities at the end
and the beginning of the stroke are introduced, that:

’ - - 5
!end Yena $ 6 Sl
r = e
Yo ™ Ygg ~ B S (4:18)
Then from equations (4.16), (4.15) and (4.13)
’ = ’
Vena = 2 ¥g¢ (4.19)

In the general case the transfer matrix A is computed
by numerical methods. Therefore equation (4.19) can be
utilized as a good tool to check the accuracy of the

calculations of A. As an example, the results of an

operating point, 0=5°, £=0.514 and Rd . = 75.96% are
given:
-0.49817264E+00 -0.49817900E+00
-0.69112668E-01 -0.69152784E-01
v’ o -0.53121929E+00 AV = -0.53122737E+00
—end -0.50033177E-01 — —st | =0.50072049E-01
-0.21650419E-03 -0.21573939E-03

-0.51389197E+00 -0.51389013E+00



4.10

Now it is required to get the characteristic equation
of the system for the working point where the firing
instant is to. The procedure is tp assume that a small
change Ato occurs in the firing angle. Since the
modified velocity at the end of the stroke is —énd '
then a small change vector !énd Ato will result. The
comparative signal for firing the thyristor is
obtained from the state vector X , as stated before,
from the relation £T§.

£’ = 0,1,0,...01 (4.20)
Therefore a small change vector £T !énd Ato will arise
due to the small change Ato. If the comparative signal
is changed by 5? éﬁo and this change equals in magnitude
and opposite in'sign to the former change, the same
starting state vector is obtained see Fig.4.6.

L'Vend

Fig.4.6

In mathematical form the above condition may be written

as follows:

x (8 + V! . b8t) =0 (4.21)



From equation (4.21) and(4.14):
T
X

=l o

X, = (& -

A%, ) AX (4.22)

’ e
3 Yend

Equation (4.22) gives the relation between the small
variation vectors at the end and the beginning of the

stroke, therefore a modified transfer matrix is
obtained. Denoting that matrix by A.» then:

T
X
= A - (4.23)

I
-7 yend

=l o

A

The normalized form of that modified transfer matrix is
used to get the characteristic equation of the system.
The roots of the characteristic equation determine the
stability of the drive.

From equations (4.23), (4.17), (4.18) and (4.19):

ém !énd = Xénd (4.24)

Equation (4.24) shows the property that one of the
eigen-values of the modified matrix Ao equals unity.
The corresponding eigen-vector has the same direction
as the velocity !én . This result does not mean that

d
the system on the margin of stability.

System Stability

A comparative signal for the firing process of the
thyristor can be obtained from a feed-back signal. This
signal may be taken from the combination of the rotor
and stator fluxes. The combination vector is described

by the following expression /see Fig.4.7/:



Y. +0 (V. - V) (4.25)

Since Wr and WS are the Park-vector of the rotor and
stator fluxes, the required comparative signal is
obtained from the projection of the vector expressed in
(4.25) on a proper direction. Now the analysis is
concerned with the comparative signal for firing the

thyristor in phase "r_". As explained in the previous

chapter, after the fiiing of this thyristor i€
commutates with the thyristor in phase "rc" and 3-ph
conduction state has occured. The coordinate system
X,7Y, is used in that case. The angle between the projection
axis and the coordinate Xq in Fig.4.7 is denoted by ¢.
This is the general case since ¢ can take any value. The
comparative signal in that case is represented by:

r'x = R, {CF_+ 0 (¥ -F )3 al®y (4.26)
Cutting the row vector £T into two row vectors ET and

EE which are independent of b, that is:

E T T

(4.27)



then

r]= [0 O cosé sindO 0131  (4.28)
and :

£§ = [cos¢ sin¢ -cos¢ -sin¢d O 0 3 (4.29)

From equation (4.21) the small change in the firing
angle can be obtained. That equation is written when
k=0. Generally for the kEE stroke a similar equation is
used. Then the small change in the firing angle for the
k-ti—}l stroke can be expressed, taking into consideration
equation (4.27), as follows

T
(r +0 r ) AX
A, W - 2 =K (4.30)

£k T,
(51 +05) Yia

where Atfk is the small change in the firing angle for
the k¥ gtroke. From equation (4.11) and (4.30)

blr) + b ry) ax M
AX =A AX, - 4.31
—k+1l — —k (rT & a rT) v,
=1 =2’ —end

The characteristic equation of the system may be
obtained using the sampled-data-theorem with the
operator z=ep1, p is the Laplace transform operator.

For the transfer matrix A,the corresponding
characteristic function is determined from the deter-
minant of the matrix [zI - Aj. In equation (4.31) the
modified transfer matrix A equals

b(r + 0 r )

A -

£ +br)¥

end

Denoting the characteristic functions in both cases by

ch(z) and chm(z) respectively, then



b(x] + b x3)
chm(z) = det. |2I - A + (4.32)
- O (rT + 8 rT)V'
=1 =2 '=end

Since, for example, the determinant of (A + U YTJ equals
det.[é](l+¥T éfl U) where é_l is the inverse of the
matrix A, then equation (4.32) can be written in the
following form:

chm(z) = ch(z)(1 + p'(zI-A) ! b) (4.33)
where g ET + b 53
p = (4.34)
- cy + A c,
! i ’ o e ’
and ey=r) Vona ¥ %253 Yong -

To study the system stability, it is convenient to
get the normalized form for the modified matrix, as
stated before, and the stability is determined from the
eigen-values of the modified matrix.

A simple method is introduced to solve this problem
without the need to the very much calculations of the
normalized matrix for the different values of & and ¢.
It is obvious that these calculations of different &
and ¢ correspond to one operating point only. Therefore
it is beneficial to obtain a method which reduce these
repeated calculations and save the computation time in
the digital computers. This method needs to normalize
the matrix only two. times for two different values of ¢
for example 0=0 and bL=1. Therefore the characteristic
function of the system at any value of ¢ can be obtained
from the linear combination of the characteristic
functions of the system at =0 and b=1. To get the roots
of the characteristic equation, one of the mathematical
methods to solve the algebric equations is used. These
roots can determine the system stability. The mathematical
description of the problem is as follows:



From equations (4.32)-(4.34):

] - e ) £y
(eabghiomia) = (1 48 52) ohi(z) +.9) (x)4gy (=)  (4.35)

If the characteristic function, chm(z), is of nEE order
then the order of both g,(z) and gz(z) is n-1.

Equation (4.35) can be written in the following form:

C
(1 +8 —6%) chm(z) = b, (z)+ b b,(z) (4.36)
Therefore knowing the functions bl(z) and bz(z) the
characteristic function of the system for the different &
values can be obtained from equation (4.36). The function
bl(z) can be obtained by putting t=0 in equations (4.33)
and (4.34), denoting the characteristic function of the
system at =0 by chmo(z), then:
2
bz(z) = (1 + EI ) chml(z) - chmo(z) (4.37)

chml(z) is the characteristic function of the system at
b=1. The procedure of the calculations of the roots of the
characteristic equations for the different ¢ and ¢'s is
implemented into digital computer program. The flow-chart
is given in appendix V.

The results for an operating point; a=75°,
speed=0.538 p.u. and Rd.c
4.8 and 4.9.

Four values of ¢ are chosen, namely, ¢=-30°, 0%, 30°
and 90°. For each 9, { is varied from -2.5 to +5. The
roots are determined and drawn as function of 0 in Fig.4.8.

=14.17% are shown in figures

For each § value there are six roots. In all cases
there are one root equals unity, which verifies the
pre-mentioned properity, other near to the zero value.
Fig.4.9 gives the root locus only for the complex roots
for different 0 and ¢’s.
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The figures show, for the case of ¢=90°, that the
drive is stable if =0 or £=1 which means that the
comparative signal may be obtained proportional to
either the rotor or the stator flux respectively. In
that case it has been confirmed that the comparative
signal may be simply obtained from the rotor or the stator
flux. There is no any need to use a signal which is
obtained from a complicated combination of stator and
rotor fluxes /other ¢ or ¢ values/. Also at higher
values of &, for example, U =4.5 and ¢=30 the system
shows lability nature.

Practically it is advised to use the comparative
signal proportional to the stator flux because in that
case the operation of the drive is accomplished more
safely.

In the actual system in the laboratory the
comparative signal corresponds to =1 and ¢=90°. The
system is stable. Therefore it is demonstrated that the
computed solution will favourably predict the
performance of the actual system.

The equivalent time constants and oscillation
frequences for the mentioned working point can be
calculated utilizing equations (4.6)-(4.8). They are
presented and tabulated in table 4.1

Ti 1882.6 16.8 1.13 0.31

wy 0.00099 0.43 (0) 6]

Table 4.1

@=75°, speed 53.8% and Rg, o =14.17%

Ty equivalent time constant
wy ¢ oscillation frequency.



4.18
These values correspond to ¢=90° and £=1.

For similar problems if the system is unstable the
reference voltage may have the shape of saw-tooth, with
frequency of 3sf, f is the supply frequency, instead of
constant value. However the stability can be studied in
a similar way as before. In that case the deviation of
the firing angle has the following expression /[see.Fig.
4.10/.

g b

raXy
}
slope=m
-t
Fig.4.10
T P
(r; + 0 ry) &x
Mg = - = e (4.38)

c, + { C,~m

where m is the slope of the referénce signal. Denoting
the modified characteristic function in that case by

chm’ (z)

chm'(z) = ch(z) + c} P(z) (4.39)

=m

where



Therefore for a certain value of b, ¢’ is determined
and the characteristic function chm(z) can be calculated
from equation (4.36) for a given value of §.

The function P(z) is obtained from equation (4.39),
if m=0:

P(z) = (chm(z) - ch(z)) ¢’ (4.40)

Using equations (4.40) and (4.39) the modified
characteristic functions at certain value of & and for
different slopes can be obtained. The stability can be
studied. Suitable values of }, ¢ and m can be chosen to
stabilize the system.
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CHAPTER V

CHARACTERISTICS OF THE CONTROLLED DRIVE

General

It is desirable to make the drive maintain any set
speed of the motor at a constant value regardless of
load torque changes. In that case the variable speed
induction motor exhibits torque/speed characteristics
near those of d.c. shunt motor. This can be achieved by
the application of a feed-back. For these purposes proper
current and speed control circuits are required.

Because that the motor current is very high at
starting, it is necessary to make a current feed-back to
limit the current at a proper value /about 1.5 of the
rated current/ to protect the semi-conductor devices.
This current control is also necessary for the protection
during the transient and over load cases.

As it is stated previously two values of R are

necessary to have the required performance in gﬂg.whole
region. This can be performed using logic circuits as it
will be shown in the next chapter. The control properities
were preliminary studied using an approximate method of
analysis. Afterwards the periodical steady-state solution
was obtained using the exact method with eight-energy-
storages. The dynamic behaviour of the controlled drive

was studied as well.

5.1 Closed-Loop Transfer Function Using an Approximate
Method of Analysis

The shaft speed is fed-back through tachometer and

the small value of Rd o is used to obtain the current

feed-back signal. In the approximate analysis only one



time constant is considered for the motor that is the
mechanical time constant. The electrical time constants
are neglected. The block-diagram for the system with that
approximation is given in Fig.5.1. The inner loop in that

A6 :
Idc.
| | A2
| +
- U
~.4§|2>— Y1 L Ty T [T SR
| T .
l | AS
I
T -
A3 1/3P e
+
A
K't e
Fig.5.1

block diagram is for the current control and the speed
control is represented by the outer loop as it is shown
from the dotted lines in Fig.5.1. From the inner loop the
following equations hold true:

AId.c. = Al AUV G g A2 Aw (5.1)

AT

Ay AU, + A, Aw (5.2)

On the basis of the static characteristics of the system,
the above equations are used if a small deviation from
the working point has been occured.

9X
From equation ( 5.1) Al is equal to ——%ﬁgé at constant
\



speed. In that case knowing I = static characteristic

o
with the speed as parameter, A1 is the slope of that curve
at the required operating point. From the curve shares at

different speeds A, /equals

2
aId.c.
aw

at constant Uv/ can be calculated. Similarly A, and A, are
obtained knowing the curve shares T—Uv at different speeds.
As it is stated in the previous chapter U, is the control
signal which is superimposed on the a.c. comparative signal
for firing the thyristors. T is the electromagnetic torque.

It has been shown that the parameters Al...,A4 are not
constant. They depend on the working point, therefore they
have to be calculated for each case. It has been found
that the accuracy of the result using this method changes
for the different cases.

By refferal to the inner loop in Fig.5.1, the following

equations may be written:

1l

AT - ATy = J PAw (5.3)

Ar Aw (5.4)

AT& 5

In equation (5.3) J is the moment of inertia of the drive
and P is the Laplace transform operator. Ag is the slope
of the load torque/speed characteristic.

In the current feed-back path a compensated amplifier
with the manner shown in Fig.5.2 was used.

current
reference




It has the following transfer function:

1 + T, P
2T KTET, e (5.5)
where o
T, = 2 2 (o]
1 r2+r3 2
T2 = r3 c2
r.+r
e
Ry,

The inner loop of the block diagram in Fig.5.1 for the
current control can be simplified to the convential block
diagram as it 1is shown in Fig.5.3.

i
— e - - 61 b ————— —ic—:
T, —
Fig.5.3
The transfer function is:
AL G
d.c. _ 1 (5.6)
UR 1 + Gl Hl

The desired signal for the current control may be represented
by UR in the block-diagram, see Fig.5.3. This signal is
compared with the voltage proportional to the d.c. current.
The latter signal is represented by /Id.c. Rmin/' R oin is

the small value of the d.c. resistance Rd & This will be



more explained in the next section. In Fig.S.l,-A6 equals

to Rmin multiplied by

this is clear from Fig.5.2, since the two input
resistances of the amplifier are not equal.

As an example, the method is applied to an operating-
point. In equation (5.6) G, equals to:

1+T, p A, A, K
G1=K 1 [A+ 2 .3 1 ] {5:7)
1l + T2 o) 1l + T3 D = K1 A4
where
il
K, = =— ,
1 A5
J
T=——|
3 AS
H1=A6 (5.8)
The I - U , T - U_ and T-n characteristics /n is
d.C's v v

the- motor speed in r.p.m. while w is the speed in rad. /|sec./
around the operating point are given in figures 5 4,‘5 5

and 5.6 respectively.
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The parameters can be calculated as stated previously

10 A /v
= -0.22 A/rad/sec.
5.4 Newton-meter/volt
-0.127 N-m/rad/sec.
= 0.413 N-m/rad/sec.
= 0.275 V/A .

L -

>
A U1 W N =

In equation (5.5) K=3.054, T,=0.0303 sec. and
T2=0.64 sec.

From equation (5.6), (5.7) and (5.8)

Ma.c. _ 4.77(1+0.0303p) (10.22+7.2p)

Ur (p+10.88) (p+1.42)

The output when the input reference signal has a step
function of 1.38 volt can be calculated and the time
function is shown in Fig.5.7. It is clear that the time
function of the current has no over shoot which agrees the
actual controlled drive used in test measurements.
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