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1.1
CHABTER I.

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 for 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
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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

INDUCTION SEMI-CONDUCTOR EXTERNAL 
MOTOR CIRCUIT RESISTANCE

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
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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 tó 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 ùsing 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
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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
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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 Lg-Lm and that of the rotor
by L -L where L , L and L are the1 r m s r m
magnetizing inductances respectively.
have the following form:

Ÿ = L I + L is s s m r

? = L I + L Ir m s r r

The above! equations can be rewritten
I

4' = L I + aL —s s s m a
7 1af = aL i + a L —

(1.1 )

(1.2)

m s
r

r a

(1.3)

(1.4)

By this modification the stator and the rotor leakage
2inductances become L -aL and a L -aL . If the value ofs m r m

a is chosen such that T

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

Fig.1.2
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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 Д/А
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 
system. The required base values per phase are: 

rotor base voltage = 96.72 V
33.43 A
2.05 П

43.6 Newton-meter 
314 rad./sec.
•99 volt sec.

rotor base current 
base impedance 
base torque 
base speed 
base flux

The motor parameters in the mentioned per-unit system are:
STATOR
resistance, Rg = 0.03
total reactance, Xs = 1.233
transient reactance, X's = 0.169
transient time contant, T' = 5.64 s

ROTOR
resistance, Rr = 0.068
transient reactance, X' = 0.197r
transient time constant, T ,= 2.895

L2
The leakage factor a = 1 - -— y —  = 0.138i-i 1Js r



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 Cl,53. 
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 12, ЗП 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 rood 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 a synthesis rather than analysis method 
i s dostr able.

For a ()Ivon applied voltage constant torque and 
current circles can be constructed. 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 
full i1 the required performance from the constant torque 
and current circles.

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

However, efficiency considerations limit the use of 
the 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 ini) rtant.

No doubt the initial cost in tiiat case is higher than 
conventional, stepped resistor starting. However during the 
first use of saturable reactor for speed control i>recesses 
the stage of technical development decided that its use 
was advantageous and economical.

2.2 Rotor Impedance Control

The extended possibilities of obtaining 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 constraint.
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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 14 3 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
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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 L14J 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.
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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

2"I R" 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 C8D 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 whenever 
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
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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 L7I 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 
disadvantages 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.
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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 C9 i 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 L11J 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 Г 26 J 
methods. They are generally more expensive as compared
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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 "f^" 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 
C20I or rotor L30I 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 comparison between 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 C24I change of resistance permits 
variation of effective total resistance without actually
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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 
2in-phase rotor I R 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 C21l.
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.
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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 11-ДТ, 
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.
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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

4»s = /(ür+Rr ir)dt + L'r

using integrators and correction signals /see chapter 
VI/. 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 
116,22,231 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 used 6-thyristors and got only 3-strokes. Mr.BELLINI



2.12

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 C273 
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 III

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 t . If the system, for
example, involve only one thyristor, then т may be cut up
to x= t +T , in t the thyristor is on and in т it is c n c n
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 т 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.
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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/ НАТТ!
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2. Three thyristors in delta-connection across the 
external resistances. /Connection II, Fig.3.2/

Connection I ( a T)
Fig. 3.2

3. Inverse-parallel thyristor pairs shunting the 
external resistance individually. /Connection 
III, Fig.3.3/ CYTT3

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 cATTi is shown in Fig.3.4.
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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 /З-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 /о-ph/.

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

a/ 3-2_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.

Fig.3.5
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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 interval 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.

This 2-ph condition has a conduction interval тn
so that T +T = T, where т is the interval of the n c
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.
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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 1283.

The fundamental equations of the system in the two 
phase condition can be written in the following form:

di
u = s U cos(so t) = (R +R )i + L' — (3.1)X 1 r ro rx r dt

di
u = s U sin( su», t ) = R i + L ' — (3.2) y 1 r ry r dt

where s is the slip and is the electric angular 
velocity of the source voltages /the synchronous angular 
velocity/, R is the resistance of the rotor phase, R^o 
js the phase value of the external resistance and I/ is 
the transient inductance of the rotor circuit, i andIT X
i a r e  the x and у components of the rotor current.

In per-unit system U=1 and ijjj=l.
Let us assume:

t' SOĵ t

r = sX'r
(3.3)

R +R r__ro
" SX' r

= (1+RR)r

where t' is the reduced 
ratio which is equal to

^ime and RR is the resistance 
For the purpose of
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abbreviations in writing the following equations t is
written instead of t' and i , i are written in theír X ry
place of i X', i X' respectively, rx r ry r 1

Utilizing equation (3.3) equations (3.1) and (3.2) 
can be transformed to:

cost
di

r i + 2 rx
rx

dt (3.4a)

sint r +
di_̂ ry
dt (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 i and i is "r". At "t "rx ry e
instant /see Fig.3.8/, the thyristor PC is turned off and 
only thyristor NB is conducting. At tc='be + Tn the thyristor 
PA is switched on then PA and NB thyristors are in 
conducting state during т . At t^=tc+tc 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 -r9(t—te )jte
i (t) = Re{Y_(e -e e )1 (3.4b)rx 2

i (t) = Rei-jY(e - ~r(t-te )̂  e j +ry

+ ! 5r (t-te ))
(3.5b)

ryo
where

and i q is the value of the у-component of the rotor 
current at the extinction instant "t ".
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Fig.3.8

The extinction condition is:

Re{ir(t1)e-̂ T} = О (3.8)

Л closed form of solution for a set of initial conditions
can be found when x or x is selected as the basicn c
parameter.

In that case the instant "t "e can be calculated from
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the following equation:

- 3T jTn -rTc Re{CY(e -e e
IT _
e - er T

-ГТc o s t  - e
sinT)+

(3.9)

jf
Y2(e n 2 n \ - e )

-rx 3 Te i e } О

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 u is given by the equation:

ct = tc (3.10)

b / Pu£§_2-gh_Condition

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 
тп equals x. 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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pure 2-Ph condition 
pure resistive case

Fig.3.9

с/ 2-0_ph_Condition

For further delaying of the firing angle, the fired
thyristor is conducting alone which gives 2-ph
condition with a conduction interval of x . In then
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 т .
In a similar way as in the 3-2 phase condition, the 

firing instant "t " in that case may be obtained from 
the following equation:

_ 3 Tn Re{i-j Y ( e еГТп) +
1

e n - ^  ~r2T_r T-----  (“Y2 )((e - e )sinx +
e  ̂ c o s t

+
Tо ( COST T jtc ) ) Je C1 О (3.11)
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In equation (3.11) Tfi or tq may be selected to be the 
basic parameter.

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

The addition of x 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 x, therefore the addition of т 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 :

(3.12)

V = I + gk (3.13)
where к = 0, +1, +2 ...
For the connections in the example

V = .... -11, -5, 1, 7, 13, 19

a/ 3-2_ph_Conduction

It is convenient in the following analysis to use 
irx and i as the x and у components of the rotor 
current.
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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:

the value of

tt 1 r - ] vtU . =  — J u. eJ t V T tx
Tn

ufcx as seen from Fig.

u, = i R tx rx ro

dt (3.14)

3.10 is given by

(3.15)

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

U ro
tv f lT rx n

- jvteJ dt (3.16)

From equations (3.4a) and (3.16) 
- jvtR

U ro e
tv 1 ti-j

r. W V  : ^ TnCj -------  e +
V

+ 2 vX̂ .
-j
(e

(v-1 )xn 1) +

1 -3(v + 1 )t
( n e+ v + 1 1)} 3 (3.17)
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The curves of l>t(_5), Dt(?), Ot(.11)and Ut(13) for 
tlie different values of the 2-phase conduction interval 
Tn are *?iven in Fig.3.1l at speed of 0.47 p.u. and 
resistance ratio 5.9. It is clear that the minus fifth

Fig.3.11

and seventh harmonic components of the thyristor voltage 
are dominant. For v=l, the fundamental component of the 
thyristor voltage is given by the equation:
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Rго
ti T(l-jr2 )

. Tn -jtc
c ~J 2XJ + j irx(tc ) 6 +

4Xг (e
-32t -j2t

- e ): (3.18)

In Fig.3.12 the amplitude of is drawn for different
T values at three different speeds.
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The value of the upper harmonics of 
is given by the following equation /see

the rotor current 
Fig.3.4/

1 V utv/s
r+jv (3.19)

where U =0, if -V̂ l.
Similarly the curves of the upper harmonics of the 

rotor currents versus т are shown in Fia. i t .
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The amplitude of the fundamental component of the rotor 
current Irl against тп is given in Fig.3.14 for three 
different speeds.

3.14
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Knowing the fundamental component of the
thyristor current can be calculated from /see Fig.3.4/:

Itl Irl " Irol
U

where tl
rol"

ro
and the equivalent thyristor impedance is

(3.20)

(3.21)

(3.22)

The curves of the amplitude of 1 ^  against Tn for 
three different speed values are shown in /Fig.3.15/.

In /Fig.3.16/ the equivalent thyristor impedance 
is drawn /in an impedance plane/ for different 

values and at two different speeds, while Fig.3.17 shows 
the reactive part of the impedance versus т . 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 xn 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



Fig.3.17
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b / 2-0_gh_Condition

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 
Fig.3.18./.

1 U * Jtlf Rro/s (3.23)

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

T _ 1 / .. -jvt
*tvf T T ^ r v  0 dt

n ГУ
From equations (3.5a) and (3.24):

" tvf l i ~3vtc
Td-j £ ) ry° VJ V 2vX'r
-j(v+l)te -j(v+l)tc 
e_________ - e________

v + 1 )3

(3.24)

-rj(v-l)te -j(v-l)tc 
e_________ - e________

v - 1

(3.25)

and for v=l
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tlf T(l-jr)
C i -jt

'ryo
3T 
2X '

1 - j21 -j2t
n - 1T (eJ e - e c ):4X

(3.26)

In equations (3.25) and (3.26) "t " is the instant 
at which the thyristor turns off, i.e. te=tc+'In -

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:

I2
r R.M.S. I2 dt r (3.-27)

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:

I и1 |1г1|созф = 3 I2 R>M>S> Rr/s + Po /s (3.28)

where
Pо 1_ / ±22t t rx R. M. S. Rro (3.29)

is the power dissipated in the external resistance in the 
2-ph conduction state.
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From equations (3.29) and (3.4a)

Pо
3
2

-i (t ) rx c
2r_ r2Xr T H  llrx(tc)(BlnV r2 costc> + H" 1*2

AX'r
(cos2t +r_ sin2t ) C /Z c JÿT (cos2te+r2 Sin2te )

+ 1 ZÄ T } 2 x: n (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 xn
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 
11 .I and I M c is 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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Fig.3.19
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The Average and R.M.S. Values of the Thyristor Current

1/ 3;2_gh_Condition

The average value of the thyristor current can be 
calculated by the following equation /see figures 
3.1, 3.8/

I. = ^  L f - —  i. dt + J  ( i +i ) 3dt (3.34)tav 6t 2 ry т ra rcn c
From equations (3.34), (3.4a) and (3.5a)

I. = у,— ■ С — г (sint^-sint +/3 (cost.-cost^)) + tav 12тг X' 1 c l e

+ ^  (i-ry(‘il-iryo)-<irx( )-irx(tc)): (3.35)

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

t R.M.S,
1_
6 T n ry dt + / (i2 +i2 )dt ra rc (3.36)

Solving these integrals /see Appendix II/, the R.M.S. 
value of the thyristor current is obtained. The curves
of . t.a-Y and as function of т at three

* Itl > ^tl* П
different speeds are shown in figures 3.20, 3.21 respec­
tively.
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Fig.3.22
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3.28

Fig.3.24
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It has been confirmed from fig. 3.22 - 3.25 that 
for small resistance ratio:

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

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

3. The range of variation of the firing angle "a" 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 to 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 "R, " loads thed . c.
bridge.

2. 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.
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a b c
-V

\ —

l 1 Г ~

Di _______

*îL?L i
Bridge connection

c

Fig. 3 

c

.26

t

i 4 \

0L1

J L J

Rd.c

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.



3.32

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/:
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Fig.3.28

u . =rl
, -Д-+СХ + Т
; '  n ""2+a+Tc

RR
1+RR

Since T +T = T =c n
2П
3

and . 2П a +T = —=■ c 3

Fig.3.29

. 2П 
2П 3 зcos(t - ~ )  e J eJZ- dt (3.39)

then а=тп and the solution of the above integral gives:

Url = RR 
U 1+RR C a-sina e^a D (3.40)

Equation (3.40) is valid for O^oi^ f 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:



C
l
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U rl = 1_ RR / п . 1 RR , IK
U 2т 1 + RR 2 3 + т 1+RR 2 (3.41)

for the range and in the 2-0 ph condition:

_rl _ 1_ RR
U 2t 1+RR

, , 7 IK
7П / 2IK 6'—  - a + cos (a— -) e

( П , (a —  ) T 1+RR 2
+ 1 RR

It is applied for the range 2П 7П
« “ < "6

the following equation may be written

(3.42)

From Fig.3.30

rl
ïïTrI = 1 -

Url
U (3.43)

Fig.3.30

Equations (3.40 ) - (3.43) are used in drawing the value
I 1
■ ■ - at different a values. For connection 1(ЛТТ).U/Rr -

connection II (AT) and connection III(YTT) the value - 3,1 atU / Rrdifferent a values are given in figures 3.31, 3.32 and 
3.33 respectively. These figures confirm the following:
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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:

Irl _ 1 Ti . 1 sinT — )2ci|
^  T T T Y r  [-2 + 2 —  e \

and
a < a < 60° . e
For 2-0 ph condition:

(3.45)

rl
u /r

. 2П1 -  - a
1 + ~ RR 4

2t

1 + 4  RR 4

1 , , 2П
7F sin<— a ) e (3.46)

for 60° < a < 120°
In fig.3.34 the value rl

U/R is drawn at different a

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

is drawn at different a values for half controlledu / Rr
bridge in Fig. 3.35.
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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 a variation is:
a. 0<a<120° for bridge connection
b. O<a<180° for half controlled bridge.

The magnitude of the current I  ̂ is small in the case 
of the bridge or half controlled bridge connections if 
the same resistance ratio is taken as in connections 
i (At t ), II (Дт ) or III(y t t ). In such a way suitable values 
of R, 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 (Дт) 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 I  ̂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 I , /at different a values/ for the rl
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 (Дт) gives better performance characteristics 
since the power factor is high. It has a drawback that the
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torque has a minimum value. In the case of the half 
controlled bridge it is possible to get zero value of 
the torque which makes the drive suitable for further 
applications such as crane drives.

3.3.2 Torque/Slip Curves and the Possible Working________
Region of the Drive

The possible working region of the drive is shown 
for connection I(ДТТ) and II(AT), if the rotor current 
is less than or equal to the rated value, in Fig.3.24 
and Fig. 3.37 respectively. The regions if the rotor 
current is equal one and half times the rated value 
are also given in the figures. Comparing the two figures, 
the possible working region of the drive with connection 
II(ДТ) is wider for the same resistance ratio.



3.44



3.45

For the half controlled bridge two different values 
of R are used. The corresponding T/s curves and theU I C •
possible regions are shown in Fig.3.38. In the figure, 
it is clear that the torque can be reduced to zero value 
which is the advantage of this connection.



3.46

It is also possible to use two different resistance 
ratios for connections I(ATT), II(AT) and IIl(YTT) to7
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, 1-ph and O-ph. At 3-ph 
condition the thyristor voltage equals zero. At 2-ph 
conduction state, the thyristor voltage equals i .R /sГ Х  ITО
/see Fig.3.39/. At 1-ph conduction state, see Fig.3.40, 
the thyristor voltage is :

(3.47)

X

V
[]

>

2-Ph conduction 
Connection II.(YTT)

1-Ph conduction 
Connection Ж, (YTT )

Fig.3.39 Fig.3.40



3.47

The maximum thyristor voltage for connection III(y t t ) 
occurs during the 1-ph conduction state. From equation 
(3.47)«

uta (3.48)

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

. Пit- Ззu = U e^ e (3.49)
U = 1

UX -  \ cost - /3
2

sint (3.50)

u = \ sint + /3 cost 3.51У 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=l. The instant at which the maximum thyristor voltage 
occurs can be calculated by differentiating u w.r.t. 
the reduced time "t" and equating the result to zero. This 
time is given by the following equation:

t = arctan /3 (3.52)

In the deduction of equation (3.52) X̂ . is neglected.
The maximum thyristor voltage is calculated from equations 
(3.48 )- (3.52 ).

For connections 1(ДТТ) and II (ДТ); the maximum 
thyristor voltage occurs at O-ph condition
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Ut шах = 7 f =  =====.. f  (3.53
r ( Rr +Rr o ) +x;

For the half controlled bridge connection the 
maximum thyristor voltage occurs at the O-ph condition. 
In P.U. system, it is equal to /3.

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 /З-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

4 = iPA ra in the first stroke

4 PA = _1rb in the second stroke

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

' tav
1_
2 П

П/3
/
о m sint dt +

2 П / 3 
f

П/3 m sin(t+-) 
3

dt̂ J

(3.54)

(3.55)
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Similarly for the other connections:

Connection II(AT):

(3.56)

(3.57)

(3.58)

(3.59)

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=l. 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
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the connections the resistance ratio is the same and
equals 5.9. The working point at which I, and I, „tav t R.l
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
mean of I. and I. »,».„/ 5 tav t R.M.S./ 2

ATT лт YTT
lbt max 1.46 1.46 1.17

Itav 0. 24 O. 72 0.48

*t R.M.S. 0.47 0.95 0.75

*t rated 0.27 0.66 0.48

U. I. . , t max t rated 0.39 0.96 0.56

№ of thyristors 6 3 6

Table 1

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

The comparison between connection II(ДТ) and half 
controlled bridge is given in table 2. Connection ДТ 
has R equals 94% and with the half controlled bridge
R, equals 75.96%. These values correspond to the.Cl • c •
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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.t max ‘'’táv It RMS
V *t rated lb I. ■ . . t max t rated №  of 

elements
AT 1.46 .72 .95 . 66 .96 3T
H.C.B. 1.73 .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

Regarding equation (3.13) the order of the upper har­
monics for the different connections is:

1. Connection I (ДТТ) • • • • • "*11 / 5 ̂ 1, 7, 13, ...
2. Connection II(AT) • •••• "“5 ̂ "" 2 / 1, 4, 7, ...
3. Connection III(YTT) • ••••“Ilf -5, 1, 7, 13, ...
4. Half controlled bridge • •••• -5 f 2/ 1, 4, 7, ...

These upper harmonics cause additional losses. As it
will be discussed later, the stator frequency related to 
some harmonic components at certain speeds, for exampleО
~ of the synchronous speed, is zero. This cause some 
anomalies in the characteristics of the system. At these 
points there are some oscillations and irregularities in 
the torque/speed characteristic for constant rotor current.
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In the motoring region connection II(AT) and half 
controlled bridge connection have more of such special 
points than connection I(ЛТТ) and connection IIl(YTT).

The comparison of the different connections confirms 
the following:

1. Among the studied connections of the 3-ph resistance 
control, connection II(ДТ) 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, lph 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
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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(ДТТ ) there are 3-2 ph, 2ph and 2-0ph
2. For connection II(ДТ) there are 3-2 ph, 3-2-0 ph and 2-0ph
3. For connection III(YTT )there are 3-2 ph, 2-lph and 1-Oph
4. For half controlled bridge connection there are 3-2-3-2ph, 

2-3-2ph, 3-2ph, З-2-Oph and 2-0ph.

Normally for the half controlled bridge connection the 
system is operated in 3-2-3-2ph, 3-3-2ph and 2-0ph.

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
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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/ 2-Energy_Storages

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.
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Fig.3.41

Xr Rr
о— 'TtRT'—L_1

.С. Xf Rr
о— /ТШГ'— о

3 —Ph conduction

Fig.3.42

Xr Rr "̂ ■Rd.c.
о------' o№ M  t----d J ----

U* " w ”

4>

2-Ph conduction
Fig.3.43
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The principal equation to be solved is: :

dX
—  = А X + В u 
dt (3.60 )

(3.61 )

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

r *
n - —

R +  i R , r 3 d.c. 0 1 0

0 u
>

II

0 Rr
r ^ 3

0 1

« J m

At 2-ph condition:
U

R +  i R , r 2 d.c.
m

0 1 0

II<NО
<

1

0 0

9
— 2

“
0 0

u
U cos(st+ß) 

U sin(st+ß)

(3.62 )

(3.63)

(3.64)

ß equals r- in the first 3-phase conduction state /see
Fig.3.41/ and for each sequent state the coordinate axes
are rotated by П/6 in the forward direction.

The 3-ph conducting state due to thyristors
commutation or diodes commutation exsists so long the
condition /3 i ^ i is realizing. It is so because, ry rx
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 3̂ i = i . Then the c ry rx
thyristor in that phase turns off and 2-ph conduction
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state occurs. This two phase condition continues until 
u > Urb' afterwar<^s 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:

urbc < О or /3 . Rd.c. 
2 rx 2 ury

The interval of the last conduction state is
2 Пdetermined such that the length of the stroke is — j •

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 R. is shown from the T-S curves in Fig.3.38. d. c.

It is 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 R. are chosen and it is unnecessary 
to use any additional resistances to the internal rotor 
resistances as in connections I, II or III.



Fig.3.44









Fig.3.48
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Fig.3.50
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b / ^-Energy-Storages

In that case the motôr 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/

Rs Rf

Fig.3.51

“e = Rs ls + T t *  + 1“ ». 3-65

о» is the speed of the rotor, R is the stator resistanceD
and ÿ is the stator flux, u and I are the stator s S B
voltage and current respectively.

d ?
O = (R +R) Ï + — =-£ (3.66)г r dt

In equation (3.66) R depends on the conduction state; at
23-ph conduction R = •= R . and at 2-ph conduction

ч J U  • C »
R = = R. . ? is the rotor flux

.  Q . С . Г

= L i + L is s s m

= L I + L Ïr m s  r

r

r

(3.67)

(3.68)



3.66
Lg/ and L r are the stator, magnetizing and rotor 
inductances respectively. Then:

Ÿ - (l-o ) Ÿ
i = s L fs

(3.69)

о is the leakage factor
I 2

0 =  1 -
m

L L s r
(3.70)

i = r
Ÿ - Ÿ r S

L'r
(3.71)

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

X =

Ysx
sy
rx

ry

(3.72)

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

A о—c3

-1 1-0
T7 Ш t ' 0
s s

—Ш -1 о 1-0
T ' kJ T's s

1 0 -1 0
T1 T1

1 -10 T ' 0 T 'r r

(3.73)

T' and T' are the transient time constants of the stator s r
and rotor respectively.

T1 =
L ' r

R +  ̂ „it 3 d • c •
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at 2-ph conduction:

(3.74)

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

В =
1
0
0
0

0
1 
о 
о

(3.75)

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.
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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

where

T - T„ = T ^  & sn dt

d e
d t = ш - W

W = l -  s =  - /  u) dt

(3.76)

(3.77)

(3.78 )

T - J7 ( X (3.79 )

T^ is the load torque and Tgn is the nominal Starting 
time of the motor, ш 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:

dX
—  = A c X + В u + к Tt 
dt c

(3.80)

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

X =

Tsx x(l)
Ÿsy X ( 2 )
Trx = X ( 3 )
Try X ( 4 )
ш-W X ( 5 )
0 _x(6 )m

(3.81)
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At 3-ph conduction state the matrix A—c equals :

r*
1

"Ts
(d 1-0

T *s
0 О 0

-Id 1
“t 7s

О 1-0T*s 0 о
1
T1

0 1
“ T1

0 О 0
A ,= —c3 0 1

Ti О 1
T ' r

0 о

>1U
=H Trx оT L' sn r T L7- sn r

U О 0

0 0 о 0 1 0

(3.82)

At. 2-ph conduction state:

ш l-o 0 О О

- ш 1
Т'

S

О
l-о
T's

1
Т2

0 1
"Т2

0
А = —с2

0 1 0 0

fгу - Ÿгх 0 0T L7- sn г T L ' sn г

0 0 0 0

В and к_ are-т» the same both in 3-ph and

О

О

о

(3.83)

2-ph conditions.
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• — —
1 0 0
0 1 0
0 0 (3.84) , k_ = 0
о 0 -T{ 0
0 0 4Lф
0 0 Tsn

0b» M

cos (t + s(t-t )- X ( 6 ) + ß } о о

sin ítQ + s(t-t )- x(6) + ß }

(3.85)

(3.86)

where tQ 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-t )+ x(6) therefore:

u
jo), t 

U e x
-jW(t-t ) 
e -j x<6) (3.87)

Since U=1 and ш^=1, then writing u in the above equation
in the form u +j u , equation (3.86) is obtained.

X  у
The extinction conditions are the same as in the 

2-energy or 4-energy storages. In the solution of the equations 
of the system "t " and "Tg " 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 (x^-y^) in Fig.3.41 is 
rotated forwardly by g , as follows:

X , + ДХ —end — € , = X . + ДХ . nd —st — st (3.88)

X is the initial state vector for the operating point 
which is determined from an approximate method, for 
example, 4 energy-storages method. —end is determined by
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the solution of the differential equations of the system 
taking into consideration the limit conditions. AX . is--S u
the small variation of the starting vector while AXgn(j 
is that at the end of the stroke.

The solution may be achieved using the method of 
Runge-Kulta /fourth order/.

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

Let us consider:

dev = X , - X . (3.89)—  —end —Ft
where dev is the difference vector, showing the deviation
between the vectors X . and X ,.—end —st

end таУ ke obtained from AXgt knowing the transfer 
matrix for small variations. Calling that matrix by A
then :

AXend A AX . —  — s t (3.90)

From equations (3.88) - (3.90)

AX = LI - A3-1 dev (3.91)— st — — —

I is the identity matrix and Cl - A3 1 is the inverse of 
Cl - A3. Knowing the new starting values are
determined from:

X . = X + AX ,—st new —st — st (3.92)

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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method of calculating the transfer matrix A is explained 
In the appendix.

If the proper values of X 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



3.7 3

Fig.3.53

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 
component of the current, fluxes and voltages is given.
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Fig. 3.54
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Fig.3.55

It is clear from the fig. that Url is out of phase of 
Iri due to the semiconductors impedance.

The results of the three methods are tabulated for 
an operating point, slip=0.205, firing angle=50° and 

c =14.17% in table 3.
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2-Energy
Storages

4-Energy
Storages

6-Energy
Storages

Tr R.M.S. 1.0924 1.0939 1.1032

Trl
-.8402 
+j0.5496

-0.8487 
+j0.5238

-0.8494 
+j0.5213

Irl R.M.S. 1.0040 0.9973 0.9966

Is R.M.S. - 1.2186 1.2274

rd.c.R.M.S. - 0.9795 0.9774

di 0.4288 0.4505 0.4746

Table 3.

d. = U El2 /I p ; the current distortion factor,i V rvI rl R.M.S.

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 :

V — ... —5, —2, 1, 4, 7, ...

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.3.56.
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5 Sp * r Rr/s
-Л П П Р — I— l

Fig.3.56

The slip for the upper harmonics is:

sV 1 + 1-s
S V (3.93)

Substituting s=Tj and v= -2 in equation (3.93) the value 
of s(_2) 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 of5analysis. Similar phenomena occurs at the speed of g
for minus five harmonic component.

As a result of these upper harmonics, there are some2oscillations in the operation of the drive at s = ^ .
Also the shape of the torque/speed curve /if the rotor 
current or the current through R, is constant/ has 
some irregularities at s =  ̂ • This will be shown in
chapter VI.
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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 О to 100% and speed control 
is possible in this way C153.

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.
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Stator Voltage Control Half Controlled Bridge

N- of elements 3T + 3D 3T + 3D

Jt R.M.S. ̂ s l
s=0.31 s=0.62 s=0.31 s=0.62
. 82 0.74 0. 36 о7з4

I. /I л tav si 0. 32 0. 32 0.19 .20

a.t max 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

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 R, depends on the ratio between thed.c.
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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 R, for constant d.c. current. The torque/ d.c. t • ̂
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 with, the d.c.>chopper connection. It is possible to have a wider 
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 С19Э at 
constant speed of 0.308 in both cases. From the figure it 
is clear that 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 118 3:

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.









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 
limit, ... etc.

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 tQ , t^,. . . ,tjc=tQ+kT and the values of 
the vector C25 3 X, (t) may be considered the sampled one in 
the sampling instant "t^".

These instants are of rather importance, since the 
operation of the control circuits and the firing of the
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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 ди, by 
changing the firing instant tQ or by deviation AXq from 
the steady-state value, i.e. change in the initial 
conditions. The latter case is given in 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 ra, for example, 
a signal proportional to the stator line flux У is 
required. The mentioned comparative signal is obtained 
analytically from the projection of the state vector X.
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T TIt may be represented by r X . In that case r is equal to
10 1 0,...03. If a change occurs in the initial conditions
it results in a change in the comparative signal. That is

Trepresented in the figure by r Ax.
Considering the state vector X=X .+AX, where X  ̂ is the— —st: —  ~st

solution of steady-state condition, the small variation ДХ 
may be written in the following form with usual 
approximation of first order:

d AX
---- = A AX + B Au (4.1)
dt C

Equation (4.1) is applied only if Ac 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 1293:

AX^ = Ak AX^ (4.2)

where
AX': small deviation around the steady-state vector X , — о —о

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 

AXj' : the value of AX^ 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
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the diagonalised form:

A = T Л T (4.3)

Csx, , • • • , S D2 П

X1 0  0

0 X2
0 Xn

(4.4)

(4.5)

where X^ is an eigen-value of matrix A and s^ is a post 
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, A -*■ 0. If only one
I X.I>1, then the system is unstable. The components of the
1 кvector AX vary proportionally with X^, thus an equivalent

time constant T^ and an oscillation frequency u>̂ can be
defined by the following expressions:

Xi = EXP( ^  + U ±) X (4.6)

T - -T 1 (4.7 )
1 L n l x ± l

arc X,iШ. ”i T (4.8)

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 x=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
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2Пequals —— , where s is the slip.s

4.3 Analysis for Small Variations Using Sampled 
Data Theory

The time function for one stroke is shown in 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 t ^  to tfk+^̂ 'fk' ^eviatives
are extrapolated to the instant t^. Therefore the 
deviation AXit^)13 AXj. is applied before the changing 
while the vector AXj. t (t ^  ) is valid after changing by At^. 
Therefore the signals of small variations extrapolated in 
the mentioned way are jumping in the instant of changing

t

Fig.4.2

the firing angle. The relation between AX^ and AX^ + ̂ s
given by:

(4.9)

(4.10)
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—end t*ie ve^ocity °f the state vector at the end of 
the stroke before the instant of the following firing, 
while V fc is the velocity at the beginning of the new 
stroke, i.e. VQnd is, for example, the velocity of the 
state vector at the end of the k—  stroke, then V . is 
the velocity at the beginning of k+1 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.

Vst

Fig.4.3

Fig.4.4
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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:

M k+1 = A (AXk + bf Atfk) (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.

Fig. 1*. 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
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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:

AXq = -h Vend + s h e6 (4.13)
T Twhere s is the slip and e- = [0,0. . . . ID, ec is the— b b

transpose of e c . The first part in the right hand side — b
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 eg) is 
obtained from the fact that in the б-energy storage 
method of analysis, the stator voltage in coordinate 
system fixed to the rotor is given by

j(t + s (t-t )-x(6 ) )- -, о °u = U e
as stated in chapter III. t is the firing instant. 
Therefore, if AtQ occurs and the starting vector remains 
constant, Дх(б) must equal s AtQ.

Using equation (4.11) with k=0

ДХ, = A AX + b At (4.14)— 1 — — о — о



4.9

The vector b is obtained from b^, that:

b = A bf 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 j: .

To satisfy the periodicity condition, ДХ^ equal 
AXq therefore:

А ДХо + b ДtQ = AXq (4.16)

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

V' = V , - s ec —end —end —6

V' = V . - s ec —st —st —6

Then from equations (4.16), (4.15) and (4.13)

( 4.17 ) 

(4.18)

V' , —end A V'— —st (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, a=5°, s=0.514 and R , = 75.96% are
given :

V'—end

-О.49817264E+00 
-О.69112668E-01 
-O.53121929E+00 
-О.50033177E-01 
-0.21650419E-03 
-O. 51389197E+00 _

A V' ---St

-О.49817900E+00 
-0.69152784E-01 
-0.53122737E+00 
-О.50072049E-01 
-0.2157 39 39E-03 

_ -О.51389013E+00_
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Now it is required to get the characteristic equation
of the system for the working point where the firing
instant is tQ . The procedure is t^ assume that a small
change AtQ occurs in the firing angle. Since the
modified velocity at the end of the stroke is V^nd ,
then a small change vector V^n(j AtQ will result. The
comparative signal for firing the thyristor is
obtained from the state vector X , as stated before,

Tfrom the relation г X.

rT = CO,1,0,...01 (4.20)
TTherefore a small change vector r V' , At will arise— —end о

due to the small change At . If the comparative signal
T ^is changed by r AXq 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.

I T Vend

In mathematical form the above condition may be written
as follows:

(Ax. + ^ n d At ) = о О (4.21)
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From equation (4.21) and(4.14):
Tb r

M i  = (A - <p ) AX
rA V' “ °— —end

(4.22)

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 Am , then:

A = A - —m —
b £
rT V'— —end

(4.23)

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):

A—m V' j —end = V' . —end (4.24)

Equation (4.24) shows the property that one of the 
eigen-values of the modified matrix Am equals unity. 
The corresponding eigen-vector has the same direction 
as the velocity This result does not mean that
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/:
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Чг + I (Ч'а - Ÿr ) (4.25)

Since Ÿ and T are the Park-vector of the rotor and2Г S
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

u
chapter, after the firing of this thyristor it 
commutates with the thyristor in phase "rc" and 3-ph 
conduction state has occured. The coordinate system 
x^-y^ is used in that case. The angle between the projection 
axis and the coordinate x^ in Fig.4.7 is denoted by ф.
This is the general case since ф can take any value. The 
comparative signal in that case is represented by:

rTX = R {С? + ft (? -? ): ё^ф} (4.26)--- e r s r '
T TCutting the row vector r into two row vectors r. and

T . 1r̂  which are independent of ь , that is:

(4.27)
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then
T (4.28)гх = : 0 0 соэф э!пф о о :

and
T£2 = Ссоэф sin<i> -соэф -эФпф 0 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 k—  stroke a similar equation is 
used. Then the small change in the firing angle for the 
k—  stroke can be expressed, taking into consideration 
equation (4.27), as follows

(rj + e rj) м к
(4.30)

where A t ^  is the small change in the firing angle for 
the k—  stroke. From equation (4.11) and (4.30)

b(rT + t £?) AX
(4.31)

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

For the transfer matrix A,the corresponding 
characteristic function is determined from the deter­
minant of the matrix cz£ - A]. In equation (4.31) the
modified transfer matrix A equals—m

A
b (r? . 1 . ; ,

(— 1 + ‘ £2 «4na

Denoting the characteristic functions in both cases by 
ch(z) and chm(z) respectively, then
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chm(z) = det. zl A +
b(r^ + ft r^)
m ~ m

<£1 + * £2 >ïÜnd
(4.32)

TSince, for example, the determinant of tA + U V 3 equals 
det.САЗ(1+VT A  ̂U) where A  ̂ is the inverse of the 
matrix A, then equation (4.32) can be written in the 
following form:

chm(z) = ch(z )(1 + pT (zI-A ) 1 b )

where T ^ . T 
T El + 1 £2P = '

+ ft c.

and C f z l  v;nd ; c2= 4  V ^ j .

(4.33)

(4.34)

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 ft and <f>.
It is obvious that these calculations of different ft 
and ф 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 ft 
for example 6=0 and ft=l. Therefore the characteristic 
function of the system at any value of ft can be obtained 
from the linear combination of the characteristic 
functions of the system at í=0 and 6=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:
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From equations (4.32 )-(4.34 )s 
c c

(1 + 6 ~ )  Chm(z) = (1 + 6 ^-) ch (z ) + g1 (z)+g2 (z) (4.35)

If the characteristic function, chm(z), is of n—  order 
then the order of both g^(z) and g2( z) is n-1.

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

(1 + ft —-) chm(z) = b.(z)+ t b~(z) (4.36)

Therefore knowing the functions b^(z) and b2(z) the 
characteristic function of the system for the different ft 
values can be obtained from equation (4.36). The function 
b^(z) can be obtained by putting ft=0 in equations (4.33) 
and (4.34), denoting the characteristic function of the 
system at 6=0 by chm (z ), then:

c2b2 (z) = (1 + —  ) chm^z) - chmQ (z) (4.37)

chm-^(z) is the characteristic function of the system at 
6=1. The procedure of the calculations of the roots of the 
characteristic equations for the different 6 and ф'з 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 =14.17% are shown in figures
4.8 and 4.9.

Four values of Ф are chosen, namely, Ф=-30°, 0°, 30° 
and 90°. For each Ф, t is varied from -2.5 to +5. The 
roots are determined and drawn as function of 6 in Fig.4.8.

For each 6 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 6 and Ф'э.
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The figures show, for the case of ф=90°, that the 
drive is stable if 6=0 or 6=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 6 or ф values/. Also at higher 
values of 6 , for example, 6=4.5 and ф=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 6=1 and ф=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
wi 0.00099 0 . 43 0 0

Table 4.1
a=75°, speed 53.8% and R d#c>=14.17%

T^: equivalent time constant 
: oscillation frequency.
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These values correspond to ф=90° and 6=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/.

revend

Ätfk
(£l + Ь £2 ̂ — к
C 1 + 6 c2~m

(4.38)

where m is the slope of the reference signal. Denoting 
the modified characteristic function in that case by 
chm'(z)

chm'(z) = ch(z) + £7^  P(z) (4.39)

where
c ' = c-̂  + & c2
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Therefore for a certain value of t, c' is determined 
and the characteristic function chm(z) can be calculated 
from equation (4.36) for a given value of <f>.

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

P(z) = (chm(z) - ch(z)) c' (4.40)

Using equations (4.40) and (4.39) the modified 
characteristic functions at certain value of fe and for 
different slopes can be obtained. The stability can be 
studied. Suitable values of l, ф and m can be chosen to 
stabilize the system.
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C H A P T E R  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 areÖ • C •
necessary to have the required performance in the 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 R , is used to obtain the currentd.c.
feed-back signal. In the approximate analysis only one
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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

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:

Д1 0 •
II > t—' > G < + A2 Дш (5.1)

> 1-3 II > CO > G < + А. Дш 4 (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. ^

From equation (5.1) A^ is equal to d.c.
9U at constant
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speed. In that case knowing I, - U static characteristicCl • c • »
with the speed as parameter, A^ is the slope of that curve 
at the required operating point. From the curve shares at 
different speeds /equals

9o>
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 uv 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 A^...,A^ 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:

AT g — J P Дш (5.3)

ATg = A^ Дш (5.4)

In equation (5.3) J is the moment of inertia of the drive 
and P is the Laplace transform operator. A^ 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.
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It has the following transfer function:

where

Y„ = К
1 + Tx p 
1 + T_ p

T, = -r2 r3 
r2+r3 2

(5.5)

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 is shown in Fig. 5.3.

The transfer function is:

UR 1 + Gj. Hj
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 /1^ c Rmin/, Rmin is
the small value of the d.c. resistance R, . This will bed.c.
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more explained in the next section. In Fig.5.1,A equals 
t0 Rmin multiPlied by 6

%

Rd
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) equals to:

where

1 + Tj P

1 + T2 P
+ Ä2 A 3 K1 ]

1 + T, p - K. A J  1 4

H1 A6

(5.7)

(5.8)

The ■'"d.c. ~ Uv ' T Uv anc* T_n cbaracteristics /n is 
the- motor speed in r.p.m. while u is the speed in rad./sec./ 
around the operating point are given in figures 5.4 , 5.5

Fig.5.4
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Fig.5.5

Fig.5.6
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The parameters can be calculated as stated previously

Ax = 10 А/V
A^ = -0.22 A/rad/sec.
A^ = 5.4 Newton-meter/volt
A^ = -0.127 N-m/rad/sec.
Ag = 0.413 N-m/rad/sec.
Ag = 0.275 V/A .

In equation (5.5) K=3.054, Т-^О.ОЗОЗ sec. and 
^=0.64 sec.

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

Ald.c. и 4.77(l+0.0303p) (10.2 2+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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Now the outer loop for speed control is considered.
It is preferable that the drive has the torque/speed 
characteristic such that the speed is constant independent 
of the load torque changes. These requirements can be 
achieved by using proportional plus integral (p+I) 
compensating circuit as shown in Fig.5.8.

It has the following transfer function:

V - К ’1 P (5.9)

where
—---- and T ' = r. c.Rf с -l 1 1

The tachometer which is used for the speed feed-back 
has a constant:

Kt = 0,00366 volt/rad./sec.

In fig.5.1
К  - Kt V Rn

The transfer function of the system can be obtained 
either by reducing the block diagram to the convential 
form see Fig.5.9, or directly using the signal flow chart 
see Fig. 5.10.
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Fig.5.9

а з / о р - а 4+а 5 )

ш G2 G3 Y1
1 + к; Y1 G2 G3

(5.10)

where

G2 - A  + A2 A3 K1 \
V i 1 + t 3 p - k x a 4;1 + Y~ A

and
G-, =

2 "6 1 1  1

A3 K1
3 1 + T3 p - Kx a 4

Similarly as in the current control case, wR,in volts, 
represents the desired speed signal in the block-diagram.
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ш is the output signal in the block-diagram represents the 
actual motor speed /in rad./sec./.

ш Y1Y2A3K1
(l+T-p-K-A. )(1+Y_A,A, )+ Y A A^A K. + K'Y.Y_A0K. 3 1 4  2 6 1  2 6 2 3 1  t 1 2 3 1

(5.11)

In equation (5.9) T'=1.17 and К '=7.04 .
Similarly the time function of the speed due to step 

function of 0.98 volt in the input is shown in Fig.5.11.

The above approximate method may be used in the 
preliminary study of the control problems and in the 
design of the compensating circuits.

However the accuracy of the method differs for the 
different working points.
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5.2 Steady-State Periodical Solution of the Controlled Drive

It is required to get the periodical steady-state 
solution in the case of the controlled drive. The open-loop 
system without current and speed control is treated 
exactly using б-energy storages.

With the addition of the control circuits the exact 
steady-state solution of the closed-loop system may be 
obtained using 8-energy storages. Naturally the first six 
equations are the same as in the case of the uncontrolled 
system /see chapter III/. Therefore the other two equations 
have to be obtained. Fig. 5.8 shows the compensating 
circuit in the speed control channel.

The tachometer output signal (К^ш), which represents 
the shaft speed, is compared to the voltage signal 
proportional to the desired speed W. The error signal

Kt Л»

is represented in Fig.5.8 by "i^". Knowing that x( 5)
equals (ш-w) and х(б) * S x(5)dt from chapter III and
denoting the output voltage signal of the amplifier by
U then о

К т ' jç
U = --- X ( 5 ) + 7̂  X ( 6 ) + с' (5.12)О х\*ч л«

where

с' is a constant represents the initial voltage across 
the capacitor c^. The compensating circuit in the path of 
the current control is shown in Fig.5.2. The d.c. current 
is represented by the signal "Id c кт^п" which is 
compared with a signal proportional to the desired value. 
The latter signal is represented by UQ /see Fig.5.8/.
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The out-put voltage signal of the circuit in fig.5.2 
is the control voltage signal Uv which is superimposed on 
the a.c. comparative signal for firing the thyristors. By 
referral to the mentioned figure:

r
U = i_ Л:. + ---- — — (5.13)V 2 ^ 2  r 2 pc2 + 1 J

U I, R . _o d.c. min
2 ~ *ь Ra (5.14)

In equation (5.14) i2 has two parts. The voltage signal at 
the output of the amplifier due to the first part may be 
chosen to represent the seventh state variable x(7), while 
x(8) is the voltage signal due to the other part

"I, R . d.c. min

By virtue to equation (5.13) and (5.14) it is noticed 
that in the solution of the problem it may be enough to 
choose only one more state variable than in the solution 
of the open-loop system. At this juncture it is possible 
to take Uv as the required added state variable. The 
choice of the above state variables x(7) and x(8) is 
decided only to make the system equations compatible to 
both steady and transient states analysis, as it will be 
shown in the next section.

Having called — and ^  ̂ by v(7) and v(8)
respectively,then utilizing equations (5.13), (5.14) 
together with equation (5.12) the following equations can 
be deduced:

V ( 7 ) =

V ( 8 ) =

a1 v(5)+a2 x(5)+a3 x(6)+ a^ - —  x(7) 

T. d I, ,
V д _± ___ -f К A ——  TK A 6 T2 dt 6 T2 1d.c.

- X(8)
12

(5.15)

(5.16)
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where :

_ _ t X1 _ _ 1 1
1 K2 T2 ' a2 T' al ' a3 Tx T' al *

In equation (5.15) v(5) equals - . The d.c.
current, I. , in equation (5.16) is determined knowing 
the state variables x(l)...x(4). The constant a4 in 
equation (5.15) can be determined from the periodicity 
condition.

Method of Solution

The nonlinear set of differential equations of the 
controlled drive containes eight equations, the first 
six equations are known from chapter III and the other 
two are V (7) and v (8 ).

A similar method of solution may be used as stated in 
chapter III. The routine work is to determine the 
approximate values of the initial conditions for the eight 
state variables from an approximate method. The initial 
conditions of the first six state variables are determined 
from the open-loop system solution and approximate values 
are given to the initial conditions for the other two 
variables. The periodical solution is determined by an 
iteration method using the transfer matrix as explained 
in chapter III.

An alternative method is introduced to solve this 
problem directly and save the computation time of the 
digital computer. The method is described as follows:

Utilizing the periodical solution of the open-loop 
system, it is enough to solve the added two differential 
equations. The initial values for the two added state 
variables can be calculated and the periodical solution 
for the controlled drive is obtained. The solution of the 
differential equation has two parts, the homogenous solution
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and the particular integral óné. The latter solution may 
be obtained by setting the initial values of x(7) and 
x(8) equal zero and using numerical method such as 
Runge-Kutta. Having called these particular integral 
solutions by x(7) and x(8) , the total solutionsJr • X • Jr • X •
of the state variables x(7) and x(8) at the end of the 
stroke have the following form:

X ( 7 ) = x ( 7 ) + x ( 7 ) 2end P . I. 0

x ( 8 ) , end H00XII + x ( 8 )0
5 T/T2

(5.17)

(5.18)

where x(7) and x(8) are the initial values of the state о о
variables at the beginning of the stroke.

In equation (5.15) the constant a^ is unknown. The 
particular integral solution x(7) at the end of the
stroke can be written in the form:

: ( 7 )P. I. = X (7) + a4 T2(l-e’l/T2 ) (5.19 )

where x'(l) is the particular integral solution of 
equation (5.15) without the consideration of the constant

a4 ’
Utilizing the periodicity condition, the values of the 

state variables x ^7 ênd and x 8̂ ênd are e4ual to x 7̂ 0̂ 
and x(8) respectively.

Then :

x ( 7 ) = x ( 7 )D0 P . I

x ( 8 )0 ■ x (8)p .i

iT/T2) (5.20)

(5.21)

Having knew x(8) _ , the initial value x(8) is obtainedIr • X •
directly using equation (5.2l). By virtue to equations
(5 .I9 ), and (5.20), there are three unknowns, a^, x(7)p I
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and x (7)q . The value of the control signal U for the 
required working point is known. Therefore the initial 
value x (7)q is determined from the equation

x(7)o + x(8)o = Uv (5.22)

Knowing x (7)q , the constant a^ is determined using 
equation (5.20) together with (5.19):

a4
- x(8)o X ' ( 7)
T2 ~T2(1-St /T2) (5.23)

The periodical solution is obtained without any need
to use an iteration method to calculate x(7) and x(8)о оThe method is applied to a working point /a=70° and 
speed=.179/. The time functions of the state variables 
X(5)...x(8 ) are shown in figures 5.12 - 5.15.

Fig.5.12
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Fig.5.13

Fig.5.14
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Fig.5.15

5.3 Stability of the Closed-Loop System

Through the studying of the dynamic behaviour of the 
closed-loop system, it is useful to find out the 
stability margin of the drive. It has been shown that 
the most simple and convenient method in that respect is 
to change one or more of the parameters of the control 
circuits until the system reach the stability limit.

Among the variety of ways it has been found that the 
resistance R^ in the path of the reference signal in the 
current control circuit Fig.5.2 is more suitable parameter 
for such purposes. Because of choosing that parameter 
the studying of the system stability both analytically 
and experimentally may be fulfilled more easily.

In the analytic treatment of the problem, it is 
necessary to get the characteristic equation of the system 
in each case. The roots of the characteristic equation 
determine the system stability.

The new value of the resistance R^ after changing may 
be denoted by R£, then:

(5.24)
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where "a" is any positive multiplier. The problem now is 
the determination of "a" at which the system begins the 
instability. The drive can be represented by the 
block-diagram as shown in Fig.5.16.

oC
MOTOR

X(6)
X(5)

X(1).

Fig.5.16

Since for all the values of "a" the operating point 
does not change therefore the instant of the firing of 
the thyristor is the same, then,

a x( 7) + x(8) = Uy (5.25)

By virtue to equation (5.25), it is clear that the control 
voltage signal Uv depends on the state variables x(7) and 
x( 8 ).

As stated in the previous chapter, the stator flux is 
used as a comparative signal. The state vector X now in 
the case of the controlled drive have eight state variables:

-T = [ÏSX '‘'sy ^rx H'ry 0 x(7) x(8)D (5.26)

Now if a small variation in the state variables occurs, 
the comparative and the control signals will change.
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Therefore the same starting state vector may be obtained, 
as explained in the previous chapter, if an incremental 
change in the firing angle occurs such that

Atfk
Tr AX,— — к
Tг V ,— —end

(5.27 )

From equation (5.25) and taking into consideration
that the comparative signal is proportional to the stator

Tflux the row vector r has the following expression:

rT = С 0 1 О О О О -а -1 1 (5.28)

By virtue to equations (5.25) and (5.22), the latter 
is a special case of the former when a=l. The constant 
"a^" in equation (5.23) can be written in the general 
form:

a4 =
U -X(8 ) у о

aT„
X- (7) 
(1-5Т/Т2)

(5.29)

It is shown that "a4" depends on the multiplier "a" 
therefore it is convenient to write the constant "a4" in 
the following form:

where

d1

(5.30)

x' (7) and d2 *
U - X  (8 )

V  о

—end ■*'n e<3uation (5.27) is the velocity of the state 
vector at the end of the preceding stroke. From equation 
(5.15), it is shown that the velocity vector is function 
of the constant "a4" and in consequence to the multiplier
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"a". That vector may be written in the following form:

—end — end-̂  + a ^end2 (5.31)

Vend = cv(l) v(2)... v'(7)+d1 v( 8)3

V - » C O  
~end2

О О ]
(5.32)

In the above equation v'(7) is the value of state variable
velocity, v(7), in equation (5.15) at the end of the
stroke without considering the constant a^.

In a similar way as explained in the previous chapter, 
Tthe row vector r in equation (5.28) may be cut to two row 

T Tvectors r^ and r2 which are independent of the multiplier

T T , T r * £! 4- a r2 (5.33)

where
r̂  = 1 0 1 0 0 . . .  -13

r2 = E О О -1 О 3

(5.34)

(5.35)

Regarding equations (5.27), (5.31), (5.32) together with 
equation (5.33), the small change in the firing angle at

i_i_
the k —  stroke may be expressed as follows:

'fk
, T , T.
<£i + a £2 >
hi + a h2

(5.36)

where hx = r* Vendi+ r'\ , h2 = r] .

Utilizing the recursion equation of the small variation 
at the (kfl) stroke /as known from the previous chapter/:

— k+l * àMk + b Atfk (5.37)
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the characteristic function of the system in that case is:

chm(z ) det. Л +
Ta r2

a h. (5.38)

The roots of the characteristic equation in each case can 
be computed used the same theory explained in the previous 
chapter. The roots determine the system stability.





CHAPTER VI

EXPERIMENTAL WORK

6.1 General

The experimental work was done on connection i (ATT) 
and the half controlled bridge connection. The latter 
connection was treated in more details than the former one 
as it is stated in the analytical work. For connection 
I(At t ), the experimental results are given in Fiq.6.1
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The fig. shows the characteristics of the drive when the 
firing angle of the thyristors is varying while the speed 
is constant. It is shown from the fig. that the torque 
cannot be reduced to zero value as it is known analytically.

The following sections will deal with the half 
controlled bridge connection. The steady-state 
characteristics of the drive with that connection were 
studied. The performance curves of the system were obtained 
and a comparison was made between the measured and computed 
quantities at some operating-points. Also some oscillograms 
were obtained from the actual system to compare them with 
those of the digital computer solutions. The experimental 
work contains also the study of the closed-loop system with 
current and speed control. The performance curves were 
measured. The system-stability was studied. The dynamic 
behaviour of the controlled drive due to sudden change in 
the speed reference signal was obtained.

6.2 Connection Diagram
6.2.1 Ogen-Loop_System

The comparative signal for firing the thyristor may 
be taken proportional to the stator flux. This signal can 
be obtained from the integration of the slip-ring voltages 
and some correction signals according to the following 
equation :

4's = / (ur + Rr ir)dt + I/ ir (6.1)

The connection diagram for the firing purposes in that
case can be represented by Fig.6.2 but without the controller
/feed-back from the speed and current/.
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Fig.6.2
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The slip-ring voltages are transformed by a 3-phase 
Л /Y potential transformer which has a phase turns ratio 
of 2:1. The output of the transformer secondaries are 
represented by a^, b.̂  and c^ in Fig. 6.2. The rotor flux 
signals are obtained from the integration of ur+Rr ï^. 
The signals Rr ï are achieved from the flowing of the 
transformed values of the rotor currents /a^i b2 and c2 
in the figure/ through designed valued resistances. The 
output of the integrators represent the rotor fluxes.
The stator flux signals are obtained from the addition 
of I/ I to that rotor flux signals. The proper addition 
of I/ ïr to the rotor fluxes is performed as shown in 
Fig.6.2. In that case the comparator will compare the 
stator flux signals with the d.c. reference voltage Uv 
for firing the thyristors.

The open-loop system is stable and the steady-state 
measurements were performed for that case.

6.2.2 Closed-Loop_SYStem

As it is stated analytically two values of R-, are
required. The chosen values were 75.96% and 14.17%. In
the closed-loop system^current and speed control are
performed. Fig.6.2 gives the required connection diagram
for the firing of the thyristors in that case. A tachometer
was used for the feed-back from the motor speed and the
small value of R, was used for obtaining the currentd.c.
feed-back signal. Since two values of R^ c are necessary, 
therefore it is important to switch out part of the 
resistance at certain speed to get the required torque/speed 
characteristics and the required performance.
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This process can be obtained automatically using one 
thyristor parallel to one part of the d.c. resistance.
For starting purposes it is necessary to have the total 
resistance inserted in the rotor circuit. This is achieved 
if the parallel thyristor is in the blocking state in that 
case. At the required speed the thyristor is fired, it 
short-circuits one part of the resistance and the small 
value of R, remains in the rotor circuit. The turning 
on and off of the thyristor at the required speeds may be 
performed by the help of a logic-circuit. Fig.6.3 gives 
the connection diagram. The required speed at which the 
thyristor is turned on is adjusted by the potentiometer 
remarked by П2 in the diagram. Similarly the adjustment 
of the potentiometer denoted by n^ decides the speed at 
which the thyristor turns off. The operation of the logic 
circuit can be summarized as depicted in Fig.6.4.

1. The logic circuit was designed such that the firing of 
the thyristor is achieved when the motor speed becomes 
n w h e r e  П2=0.65.

2. If the voltage of point В is minimum the firing circuit 
gives pulses to fire the thyristor. The logic elements 
will verify that condition at the required speed of П2
as it is shown in Fig.6.4. The figure gives the successive 
steps of operation of the different parts of the logic 
circuit.

3. Since the thyristor is fÍredéit short-circuits part of
R, and only the small value of the d.c. resistance,
R. =14.17%, is inserted in the rotor circuit, d.c.

4. In the turnning-off of the thyristor^it is not. enough 
to remove the pulses, since the thyristor current is 
not zero. In that case it is necessary; by the help of 
the logic-circuit; that the original firing-circuits for 
the three thyristors of the half controlled bridge delay 
the firing angle at that moment such that zero-phase
condition is obtained. The thyristor current is zero 
and the thyristor becomes in the blocking state.
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Fig.6.3
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Fig.6.4

5. The control circuits will adjust the firing angle of 
the main thyristors corresponding to the speed 
reference signal and the load torque. The total 
resistance, R, =75.96%, is now inserted in the 
rotor circuit.

It must be noted that the ideal case for the operation 
of the logic-circuit is that the thyristor turns on and 
off at the same designed speed. Practically the process 
is achieved in a small band as shown in Fig.6.4.
This band depends on the operation of the whole system.

6.3.1 Measurement_of _the_Firing_Angle_Xg j.

Normally in the half controlled bridge and bridge 
connections, the firing angle of the thyristors is measured 
from the instant at which the voltage in two phases are 
equal see Fig.6.5. Since the half controlled bridge is 
inserted in the rotor circuit, then the measurement of 
•the firing angle needs an auxiliary machine. The auxiliary
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Fig.6.5
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induction motor is connected to the same supply as the 
drive and the two rotors are mechanically coupled, the 
rotor of the auxiliary motor is left open see Fig.6.6.

360 V

Fig.6.6

Firstly the two machines are switched on and their 
rotors are open-circuited and the phase shift between 
the two slip-ring voltages is measured. In our case this 
phase shift is 36°. At normal running of the drive the 
angle between the pulse and the open-circuit slip-ring 
voltage of the auxiliary machine is measured. This angle 
is denoted by a There is a fixed relation
between the actual value of a and that measured value, 
see Fig.6.5

actual measured - 24°
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6.3.2 Measurement_of_the_Nominal_Starting_Time_of 
the Drive

The nominal starting time "Tsn" represents the 
moment of inertia of the drive in per-unit system

T - J dw 
P dt (6.2)

where: J is the moment of inertia of the drive,
P is the number of pole pairs of the machine, 
ш is the speed of the shaft in electric radians.

In per-unit system if the base value for the 
torque is denoted by then:

T-Tfc
Tv

Jo) d w/w-i
ü) ___ — iTb I d  w1t (6.3)

(júo=cű1 /P is the mechanical angular synchronous speeds.
The nominal starting time of the drive is represented

by :

Therefore the determination of T needs the measurementsn
of the moment of inertia. The well known method described 
in Fig.6.7 is used for such measurement. In the figure 
only one induction motor is drawn but the real system has 
also the another induction motor for measuring the firing 
angle. The moment of inertia can be calculated from the

2oscillograms shown in Fig.6.8 J=0,298 Newton-meter sec .
Having known, J, the nominal starting time can be 

calculated.
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6.4 Steady-State Characteristics of the System

6.4.1 Performance_Curves

The characteristics of the drive at steady-state 
condition were measured. The performance curves are shown 
in Fig.6.9 - 6.20.

Fig.6.9 and 6.10 give the characteristics of the 
drive for varying the firing angle at constant speed when 
the d.c. resistance is 75.96% and 14.17% respectively. It 
is shown from the fig* that the zero value of the torque 
is possible, which is in agreement with the calculations.

Fig.6.9
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The possible working conditions are shown in Fig.6.11. 
The drive works in 3-2-3-2 ph when the firing angle of the 
thyristors is small and for further delaying, 3-3-2 ph and 
2-0 ph conditions are obtained. The results are conformable 
with the analytical treatment of the problem. Fig.6.12 
gives the relation between the d.c. reference signal Uv and 
the firing angle a.



Fig.6.11
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Fig.6.12

In Fig.6.13 the constant d.c. referënce voltage 
curve shares are given. It is obvious that these curve 
shares represent the constant firing angle curves at 
different speeds. Figures 6.14 and 6.15 give the mean 
and the R.M.S. values of the thyristor current respectively 
at different speeds of the motor and for different firing 
angles of the thyristors. It is clear that the thyristor 
current decreases as the speed increases and for constant 
speed it decreases as the firing angle increases.
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The curves in Fig.6.14 and 6.15 are necessary in the 
determination of the thyristofS ratings. The figures show 
that the mean value of the thyristor current at locked 
rotor condition and minimum firing angle is 20A. and the 
corresponding R.M.S. value is 35A. With the induction 
motor used for test measurements,the used thyristors have 
current rating of 50 A.

Fig.6.16 shows the slip-ring line voltage at different
speeds and different firing angles. In that case the
slip-ring voltage decreases as the speed increases and it
decreases as the firing angle decreases. Fig. 6.17 gives
the R.M.S. value of the rotor current at different speeds
and firing angles. It is stated in the analytical work that
with this connection the possible harmonic components are
....  -5, -2, 4, 7, .......  The most predominant harmonic
components are -2 and 4. Fig.6.18 gives the fundamental

t hcomponent of the rotor current and its -2 and 4— . harmonic
components at different speeds and different firing angles
of the thyristors. In Fig. 6.19 the speed/torque curve
shares at different firing angles are given for
R, = 75.96% and 14.17%. This fig. confirms the requirment Cl • c •
of both values of R. to cover the whole region. Thed • o •
fig. also gives the speed/torque characteristics if the
R.M.S. value of the rotor current is constant.

Fig.6.20 gives the speed/torque characteristic when
the R.M.S. value of the current through the d.c. resistance
is constant. The figure shows the case when R, =75.96% ̂ d.c.
was used. While fig.6.21 gives the characteristic if the
mean value of the current is constant and R. =14.17% wasd.c.
used. It is clear from figures 6.20 and 6.21 that the shape
of the curves is not regular and the irregularity happens 

оat speed of ^ P*u. It may be occurred due to the effect of
upper harmonics. It must be noted that these irregularities
in the shape of the curves have to be occurred also in, the
case of constant rotor current in Fig. 6.19 if the
measurements are completed for speeds up to and higher than 
2
3 ’
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Fig.6.21
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6.4.2 Comgaгison_Between_Measured_and_Computed_Quantitl.es

Computed values such as R.M.S. values of the rotor 
current and the thyristor current, mean value of the 
thyristor current .... etc. were compared with the 
measured values at some working points. Oscillograms for 
the mentioned working points were made and compared with 
the analytical graphs.

The working points which were chosen for the 
comparison are:

1. a= 5° , speed=0.486 and the working condition is 3-2-3-2 ph
2. a=55° , speed=0.386 and the working condition is 3-3-2 ph
R, =75.9 6% in both cases, d. c.

The comparison is given in tables 6.1 and 6.2.

1r R.M.S. xrl 1t R.M.S. i.tav isR.M.S. I ,d.c.av d ■ c ■ _ R.M.S.
Computed
values 0.942 0.927 0.473 0.283 1.44 LO00d 0.851

Measured
values 0.868 0. 838 0.434 0. 254 1.405 0.761 0.841

Table 6.1 a=5°, speed 0.486

Lr R.M.S. i“Hu 1t R.M.S. 1tav 1sR.M.S. I,d.c.av  ̂d. c . R. M . S .

Computed 
values• 0.932 0.833 0.477 0.267 1.5 O. 801 0.827

Measured
values 0. 876 0.822 0.455 0.250 1.45 0.749 0. 804

Table 6.2 а=55°, speed 0.386
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Tables 6.1 and 6.2 give the comparison between the 
computed and measured values of the R.M.S. values of the 
rotor current, the fundamental component of the rotor 
current and the thyristor current; the mean value of the 
thyristor current; the R.M.S. value of the stator current 
and the mean and the R.M.S. values of the current through 
the d.c. resistance.

The tables show that the computed and experimentally 
obtained values are very close to each other. The 
differences between the measured and the computed values 
may happen due to the inaccuracy of the measuring 
instruments at low frequencies.

Fig.6.22 shows the pulses and the slip-ring voltage 
of the auxiliary machine from which the firing angle can 
be measured. The fig. represents the case of a—5° and 
speed of .486 /3-2-3-2 ph/. The computed and the 
recorded Park-vector path of the rotor current are shown 
in Fig.6.23 and 6.24 respectively. Similarly the 
Park-vector path'es of the rotor flux and voltage, 
computed and recorded quantities, are given in Fig.6.25 
and 6.26 and 6.27-6.28 respectively. The computed and the 
measured values of the phase current, flux and voltage 
wave forms of the.rotor are shown in Fig. 6.29-6.30, 
6.31-6*32 and 6.33-6.34 respectively. The computed wave 
form of the current through the d.c. resistance is shown 
in Fig. 6.35 while fig.6.36 shows the corresponding 
measured value. In figures 6.37 and 6.38 the computed 
and measured wave forms of the electro-magnetic torque 
are given. The thyristor current and voltage wave forms, 
computed and measured values are shown in Fig.6.39-6.40 
and 6.41-6.42 respectively.

The oscillograms confirm that the computed 
quantities are favourably conformable with the measured
one.
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Fig.6.22

Fig.6.24
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Fig.6.25
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Fig.6.29

F i g .6.30
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Fig.6.31

Fig.6.32
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Similar comparison method was made for the working 
point of a=55° and speed of 0.386 3-3-2 ph. Fig.6.43 
gives the measured firing angle. The computed and 
measured oscillograms are shown in Fig.6.44 - 6.63 in 
a similar way as described in the previous working point.

The above oscillograms give the performance of the 
drive when the working condition is 3-2-3-2 ph in the 
first point and 3-3-2 ph in the second one. The drive 
also works in 2-0 ph condition. Figures 6.64 - 6.74 
give the measured oscillograms for the same quantities 
like the above operating points. These oscillograms 
correspond to the working point a=105° and speed of 
0. 179 /2-0 ph/ .

It has been shown from the above results that the 
computed and measured quantities are favourably compliant 
to each other.

Fig.6.43
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6.5 Closed-Loop System Characteristics

The performance of the controlled machine was obtained 
and the system stability was studied.

Oscillograms for the motor speed and the d.c. current 
signals were made when sudden changes occur in the speed 
reference signal. These oscillograms are important for 
the study of the dynamic behaviour and starting process 
of the drive.

6.5.1 Characteristics_of_the_Controlled_Drive

As it is shown in Fig.6.2 a compensating circuit of 
integration plus proportional type /Р+I/ was used for the 
speed control. In that case the speed is practically 
constant for the different load torques. The shunt speed/ 
torque characteristic is shown in Fig.6.75. The following 
observations can be made on these characteristics:

1. All the speed/torque curves lie within the envelope 
of the static speed/torque curve for the normal 
sinusoidal operation.

2. Due to the current-control the load torque has a 
limit value, in that case the speed is changing while 
the torque is practically constant.

The relation-ship between the current through the d.c. 
resistance and the torque is given also in Fig.6.75 for 
two set speeds.
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6.5.2 System_Stability

The stability test of the system may be performed 
in the following manner, by changing the value of one 
or more of the parameters of the compensating circuits 
in the current and/or the speed control pathes. The 
values of the parameters at which the system reaches 
the limit of the stability are obtained. It has been 
shown that the most convenient parameter to be chosen for 
such test is the resistance remarked by R' in Fig.6.2 
in the path of reference signal for the current control.

The original value of that resistance was 110 kfi.
It was found that when the value of that resistance was 
reduced to 10 kft the system begins to be unstable.

6.5.3 Transient_Response_of_the_Controlled_System

The dynamic behaviour of the controlled drive was
studied. The transient test was made as shown in Fig.
6.76, by opening or closing the switch a sudden change
in the speed reference signal is obtained. The transient
behaviour and the starting processes were investigated.
Different sudden changes in the speed reference signals
were performed. One test was made such that the high
value of R. was inserted in the rotor circuit. Other d . c .
was made for the case of the small value of R , . Ind . c.
the third test the drive was switched from about 20% to
100% of the rated speed and the reverse. In the previous
test the high value of the resistance was found in the
rotor circuit from the instant of switching up to 67%
of the rated speed, afterwards the parallel thyristor
was turned on automatically and only the small value of
R. was used. In the last test the total switching d. c.
process was made from stand-still up to the rated speed.
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Oscillograms of the speed and the current through 
the d.c. resistance were made for the previous transient 
tests as shown in Fig. 6.77 - 6.83.

In Fig.6.77 the drive was switched from zero speed 
up to 0.54. At that speed the torque is 0.153 and the 
current is 0.334. Fig.6.78 shows the speed and the 
current when the motor speed was changed suddenly from 
0.54 to 0.135. At the latter speed the torque is 0.04 
and the current is 0.224.

In Fig.6.79 and 6.80 the speed was changed from 
0.646 /T=0.178, Id c =.458/ to 0.914 /T=0.243 and 
Id =.418/ and vica-versa. In that case the small value
of R, was inserted in the rotor circuit.d.c.

Similarly the oscillograms in Fig.6.81 was made when 
the speed was changed suddenly from 0.21 to 0.914 and the 
reverse process is shown in Fig.6.82. At speed of 0.21 
the torque is .065 and the current is 0.269.

The switching from zero speed up to 0.914 is shown 
in Fig.6.83. In that fig. it is clear that at speed of 
0.625 one part of R, was inserted in the rotor circuit. 
That was performed automatically with the help of the 
logic-circuit.

The above oscillograms give both the starting and 
transient behaviour of the drive.

It has been shown from these oscillograms that the 
drive operates well during the transient conditions.

The test results both in the steady and transient 
states confirm that with the half controlled bridge 
inserted in the secondary circuit of the induction motor 
a precise and cheap method of converting a normal 
rooly-phase slip ring induction motor into a variable 
speed motor is feasible. The test results also show the 
satisfied degree of accuracy of the computations in the 
analytical treatment of the problem.
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C H A P T E R  VII

CONCLUSION

This dissertation has studied different connections 
of thyristors in the secondary circuit of the wound 
rotor induction motors. It has developed methods for 
predicting the steady-state and dynamic behaviour of 
both the open-loop system and the controlled drive. The 
methods used provide a new and powerful tool for 
studying that case and the similar problems.

Through the studying of the problem the following 
conclusions have been confirmed:

1. For the control of low horse-power induction motors, 
using solid-state devices, there are variety of 
schemes. These methods are simple, inexpensive but 
lossy. In that respect, it is an advantage to 
connect the thyristors in the rotor circuit. By 
this method, the thyristor ratings are favourable.
At fault conditions, the excess voltages and short- 
circuit currents are low. A precise open-loop 
speed control is possible. This appears to be a 
feasible method of converting a normal poly-phase 
slip-ring induction motor into a variable speed 
motor.

2. The long term permissible torque at big slips will 
be enough only if the secondary losses are increased, 
therefore it is necessary to use external resistances 
parallel to the thyristors circuit. The published 
work which use similar scheme had not exploited
this advantage.

3. With the three phase resistance control connections, 
it is convenient to add resistances to the slip- 
rings, before the thyristors circuit. This increases 
the value of the inner rotor resistances and 
decreases the dip in the shape of the torque/speed 
characteristic. Therefore better load limit is 
achieved.
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4. For the realization of the necessary torque/speed 
control range, two values of the external resistances 
are generally used. With the small resistances,
the requirements are fulfilled at higher speeds 
with good efficiency. The big resistances are 
required to have a wide control range.

5. Among the studied connections of the 3-phase 
resistance control, connection I (ATT ) needs lower 
rating thyristors, but the number of the thyristors 
needed in connection II (ДТ) is only three. However, 
connection II (ДТ) may give economical solution, 
this depends on the price of the firing circuits.
The performance of the drive with that mentioned 
connection is favourable, because the power factor, 
as measured from the voltage and the first harmonic 
component of the rotor current is high.

6. An another way of controlling the slip-ring induction
motor may be carried out by using a half controlled
bridge connected to the slip-rings. The half bridge
circuit is closed through d.c. resistance "R, "d.c.
without any use of choke coils. Having used this
connection, it is possible to attain zero value of
the torque. Therefore this connectibn is the superior
if small values of the torque are required. Besides
this merits in applications, the control power
requirements for this scheme of control are very
small since the scheme uses the least number of
thyristors and firing circuits. With that connection
the semi-conductors circuit is connected directly
to the slip-rings without any requirements to add
resistances to the inner rotor resistances. This «
method of control is a new one and its analysis is 
presented for the first time in that dissertation.
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7. Having compared the half-controlled bridge connection 
with the other solution of stator voltage control,
the former is eminent solution throughout the motoring 
quadrant. The latter may be used economically for 
braking quadrant.

8. By comparing the half controlled bridge connection
and the forced commutated d.c. chopper, connected in the 
secondary circuit, the latter is not an economical 
solution because of the large chokes and capacitance.
If the applications need low torque values the half 
controlled bridge is favourable since at that juncture 
the d.c. choppers use high rating thyristors.

9. Modern state variable techniques have been utilized 
throughout the analysis. Since matrix methods are 
exclusively employed, the analysis is well suited to 
a digital computer solution. The methods used have 
studied the problem in all its views, the steady-state 
and the dynamic behaviour of the open-loop and 
controlled drive systems. This problem and solution 
demonstrate that the state variable method provide 
the analyst method for the study of modern a.c. and 
d.c. drives. The methods of analysis used through 
that research work provide new tools for solving 
these problems, specially the study of the dynamic 
behaviour.

10. It has proven useful to use a coordinate system
fixed to the rotor, for the analysis of the problem.
If the motor speed is considered constant and the 
stator resistance is neglected the analysis of the 
motor can be reduced to that of static three phase 
R-L circuit. In that case with 3-phase resistance 
control connections a direct and straight forward 
method of calculating the steady-state behaviour may 
be found. With the half controlled bridge connection, 
even with that approximate method, an iteration
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procedure is necessary since in each stroke there 
are more than two different modes of operation.

11. The steady-state behaviour of the open-loop system 
have been studied using approximate methods of 2 
or 4 energy-storages. The exact solution, which 
considers the speed oscillations is also presented 
using 6 energy-storages. It has been shown from the 
comparison of the different methods that in the 
study of the steady-state performance, it is 
enough to use the approximate methods.

12. Having studied the harmonic analysis, it has been 
shown that for some order of upper harmonics and at 
certain speeds, the equivalent stator resistance
is very high. Therefore the assumption of neglecting 
the stator resistance cannot be valid. However for 
the approximate solution it is advisable to use the
4-energy storages method. For studying the dynamic 
behaviour and the control properities it is suggested 
to use the exact method.

13. It is enough to prepare the solution only for one 
stroke, since the solution for the remaining 
intervals is immediately obtained by means of recursion 
relationship.

14. The torque/speed characteristic with the d.c. current
2as a parameter has an anomalous shape at speed of 

It may be due to the harmonic effect.
15. It has been shown from the study of the dynamic 

behaviour of the drive that for the purpose of 
firing the thyristors the a.c. comparative signal may 
be taken proportional to the rotor or the stator 
fluxes. The latter case is preferable. The study 
confirms that there is no need to use a comparative 
signal formed from complex combination of the stator
and rotor fluxes.
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16. The characteristic equation of the open-loop system 
has one root equals unity. The corresponding eigen 
vector has the same direction as the end valocity 
vector.

17. In studying the closed-loop system, an approximate 
method is presented, it considers only the mechanical 
time constant of the drive. The accuracy of the 
method changes from one working point to another.
This method may be used only for the preliminary study 
of the problem and in the design purposes of the 
control circuits.

18. For the controlled drive, speed and current feed 
back has carried out, the latter is necessary to 
protect the thyristors during starting and transient 
cases. Having applied the speed feed-back, the induction 
motor exhibits torque/speed characteristic similar
to those of a d.c. shunt motor. All the torque/speed 
characteristics lie within the envelope of the 
static torque/speed curve for the normal sinusoidal 
operation.

19. Using a signal which is varying with three times the 
slip frequency /3sf/ as a comparative signal for 
firing the thyristors, the required speed/torque 
characteristic can be obtained despensing the use
of tachometers. In that case, the control is 
achieved using static passive elements.

20. The steady-state periodical solution of the controlled 
drive has presented using 8-energy storages. The 
method used provides a direct way to achieve the 
solution without any iteration method if the periodical 
solution of the open-loop system is known.

21. The steady-state periodical solution of the controlled 
drive may be achieved using 7-energy storages. The 
above choice is required to make the system equations
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as they are appeared compatible for the dynamic 
behaviour study.

22. The good correlation between the results of a
digital computer solution and that obtained from an 
actual system confirms that the analytic method 
used predict the performance of the system. Both 
the solutions confirm that the proposed scheme is 
vividly revailing the other near schemes.
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APPENDIX I

The phase value of the thyristor current in the 2-0 ph 
condition is expressed by the equation:

where i is the rotor current and i is the current r ro
through the external resistance. For the calculation of
that thyristor current, let us consider three thyristors
connected in delta so that the current of the two
thyristors В and C equals zero see Fig.I. The rotor
currents i , i , and i are obtained from the projection ra rb rc j
of the Park-vector of the rotor current on the axes r ,a '
r^ and rc. Then from the Park vector in Fig.II:

ira = 0

1rb
/3 -52 ry

irc = _ .
4 *
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The current of thyristor A equals i then

, /3
LtA о i 2 ry

Ч в  -  °

4c = °
The Park-vector of the thyristor current is

I  -  2 Ù. !ti 3 2 ry

From Fig.I. :

tA 1tc 1rb 4 ob

i,„ = i itB tA rc roc

i = i itc tB ra roa

then: ItA - a ïtA = â2(ir-ïro)

and from equation (1)

ï 1_a I.tf -2 tAcl
i , r- = j i tf J ry
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APPENDIX II

1 ̂  P M c  = th; f a i2 dt + s ( l2 +i2 ) dtt R.M.S. 6 T xn 4 ry xc ra rc

to solve the first integral consider the equation:

d isin t = r i

/ i"1 dt ry A / i

X'I
ry

f
sin t a vry X' l r dt

dt

dt =

(1)

— A-y / i Sin t dt - ~  i2г X ry 2r ry

the integral / i sin t dt can be solved also using 
equation (1). For the solution of the second integral 
regard Fig.Ill.

If a coordinate-system is chosen as shown in the 
figure, then:

i /3 . 1 ira 2 1 rx 2 ry

i - A i  - 4 irc 2 rx 2
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The integral in this form can be easily solved as 
explained above.

APPENDIX III

A reference frame fixed to the rotor is used, in the 
3-ph conduction state see Fig. IV.

Appendix Ж
Fig.IV

i
U cos(t+|)

i
U sin(t+^)

ry

ir R (1+RR) r
U ,, .П V , . U . ,, ,П .cos(t+j) + ] —  sm(t+ 2)
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The rotor current refered to synchronously rotating 
coordinate system is

ï X

r
_ -j(t+§)
i e J r

i U 2+RR
2R 1+RR r

RR
1+RR

-2j(t+2 )

This is the equation of a circle, the centre is

U 2+RR 
2Rr 1+RR

and the radius is

a=

U RR
2R 1+RR r

1 2+RR _ 1 RR 1V г ы
2 1+RR 2 1+RR 6

then at the firing instant

I  *r 1 2+RR 1 RR -j 2a
U/Rr 2 1+RR 2 1+RR e

This corresponds to point "a" in Fig.V., point "b" is at 
the end of the 3-ph conduction interval If the are (ab)
is considered as a mass then the centre of mass is

1 2+RR 1 RR Sln T1 - j ^ a + V
2 1 + RR 2 1+RR T x e
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Appendix Ж

Fig. V

In the 2-ph conduction state a coordinate system 
X2_^2 ^ xec* to the rotor is chosen. Similarly the rotor 
current refered to synchronously rotating axes is:

X U 1
r 2Rr . 1
te = t +c T1 II Or

( 1 +
-j(2tt!b
e 3)

П
3

1 + i RR L Jr 4

the centre of mass in that case is

1
2 1 + 7 RR .4

Лsin T —j ( 2<5 — — 4-t2 ) 
1 + ------  e

The equivalent centre of mass gives the value щrlR



A. 7

Jn 1 / 2 + RR RR Sln T1 - j
u /r 'r 2, 1 \ 1+RR 1+RR G ) +

_l _ T2 Л sin X -jl̂ 2 6
l 4 RR \

» C

T2 /J

Tj=6—a and T2 = T-6+a

,Jrl 2 + RR (5-a 1 v-6+a 1 Г 1
u /rr 1+RR 21 1 + 2 RR 21 4

21 Ll +  ̂ RR4

RR sin(ó-а ) 1 -j(6+a)
1+RR e

APPENDIX IV

The following flow-chart describes the method of the 
calculation of the steady-state operating point, if the 
load torque is not constant.

1. The initial conditions of the state-variables for the 
working point are determined from approximate methods, 
for example, from the four energy-storages method. The 
torque value is given. The time at the beginning of the 
stroke which is determined from the required firing 
angle is also given.

2. The solution of the differential equations of the 
system is accomplished using the method of Runge-Kutta 
/fourth order/. This is referred to in the flow-chart 
by the subroutine RUNRK. The extinction conditions
are regarded when transfering from one mode of operation 
to the other. Some iterations are made in that case.
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3. The subroutine FRACT rotates the end values of the 
first four state variables /stator and rotor fluxes/ 
forwardly by | . This is necessary because in that 
case the periodicity matrix equals the identity matrix.

4. The deviation between X . and X . is calculated and—end —st
correspondingly the error is computed.

5. The transfer matrix is obtained by the perturbation
of the starting state variables by an incremental value
DEL. For example, if one state variable is perturbated
by DEL and the end values are calculated as explained
above, one column of the A matrix is obtained from the
relation y x

—end2 —endl
DEL

where X and X .. are the end values of the—end2 -endl
perturbated and the original state vector respectively.

6. Similarly if the torque value is perturbated by DEL
the vector В can be calculated.L

7. Knowing the transfer matrix A, the small variation of 
the starting state vector can be computed (DXST).

8. A new starting values of the state variables are 
obtained and the total process is repeated.

9. It is unnecessary to calculate for each case a new 
transfer matrix. For example, after the first three 
running /it is referred to in the flow-chart by the 
condition IC <3/ the same A matrix is used to 
calculate DXST in the sequent running until the 
deviation or the error is less than the prescribed value.

10. The initial values of the state variables in that case 
are obtained and the corresponding velocities. The values 
at the end of each mode (XFR) and the velocities (VFR) 
are also obtained.

11. The transfer matrix is calculated in that case because 
it is necessary for the dynamic behaviour study.
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12. The data of the working point now is compatible for 
the computation of the analysis of the system such 
as the fundamental component of the rotor current, 
the R.M.S. value of the thyristor current ... and so 
on.
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APPENDIX \Л SUBROUTINE
R00TL
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The above flow-chart describes the explained methoc 
to get the roots of the characteristic equations of the 
system for different ф and b's values for a working point.

The description avoids the explanation of the well 
known mathematical tools which are used during the 
computations.

These mathematical details can be found, if needed; 
in any mathematical reference.

1. The program computes the characteristic roots of a 
working point for different ф'э. At each ф, 6 is 
varied.

2. In the main program the required data of the working
point are implemented such as the transfer matrix A

T Tand the vectors b^, V' r. and r~ . Also the—f —end —1 —2
required 6 and ф'э are given.

3. The subroutine R00TL is called after the decision of 
ф and the required & values.

4. The constant c. is determined from the scalar-product
T ^of r^ and . It is made in a separate subroutine

SCALPR0D. Similarly C2 is calculated.
5. For i =0 and 6=1 the modified characteristic functions 

chmo(z) and chml(z ) are calculated using another 
subroutine in which the characteristic function can
be computed. It is referred to in the above flow-chart 
by subroutine CHP0L.

6. b^(z) and b2(z) are computed knowing chmo(z) and 
chml {z ) .

7. For the (different values of & the modified characteristic 
function is determined.

8. The roots of each characteristic equation are computed 
using Bairstaw method. This is calculated in a separate 
subroutine NPRBM.

9. After returning to the main program another ф is decided 
and the whole procedure is repeated.
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