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ABSTRACT

The clossd-loop snlid state resistance controller for
a threg phase slip ring induction motor has been designed
fabricated and tested, The controller consists of tub banks
of three phase resistors, in the roter circuit, one of thenm
connected in series with the thyristors and another one in
parallel with thyristors, The spesd variation is obtained by
varying the rotor resistance betusen Rgy and Rgrp by using
integral cycle contral, The various fdnctional blocks which
govarn the bshavious of ths system Por small variations about
tha operating point are doscribed, The responses far load and
referancs spead perturbations are obtainsd analytically., Tha

analytical results are compared with the axperimental values,

The same sclid~state fesistance controller has been modified
to obtain optimum dc dynamic braking. The braking with slipering
shorted, optimum resistance in the rotor circuit and with solide
state resistance controller are investigated, The braking perfor-
mance characteristice have been obtained analytically for each

of the above mathods and compared with experimental results,
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LIST OF SYRBDLS USED

DESCRIPTION

Stator resistance /¢

Stator resactance/{

Rotor resistance/ ¢

Rotor raactance/¢

Resistante in parallel with the thyristar§/¢
Registance in series with the thytistnre/¢
Ragnetising branch components of the machina,

Eguivalent rotor rasistancs of speed control
Schsma/¢

Equivalent rotor raesistance plus rotor resis-
tance for de dynamic braking/¢

Pty Piring control delay.
dc refagrence voltage
gutput Voltags of controllaer

Slope of ramp woltage generated by ramp qanerator,

rotor spead in rad/sec,

Voltage applied to the Stator of machine/p
(spesd control schems )

Freaquency of the voltage applied to the stator,
Steady state rator spsed in rad/sec,
p.u.firing delay at steady state spasd,

Stator cur rant/cp
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(v)

rotor curran§/¢

Stator applied voitage of thavenin's aquiva-

lent circuit.ef machine,

Speecl
Slip for closed loop speeed conirol,
Synchoonous spesd of the machine,
Stator excitation for dc dynamic braking.
Alr gap emf,at synchoonous spead,
Slip for dc dynamic brakimg condition,

Resultant alternating curran?&for brakkng,

rotor emf at at synch spesd Par doc dymamic
braking.

Rotor emf at other than synch speed,
Angle botussn E£p and Ip,
8lip Por which torque is maximum,

combined gaine constant of techogenerator,
ractifier and filter,

gffoctive time constant of filter,
Proportional gain constant of controller,
Integral gain constant of controller,

Gain constant of firing control circuit,
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Tima constant of firing control circuit,
Torque developed by the machine N -m,
Constants for the machine,

Gain of constant of the machanical ayaiam.
Timg constant of theo mechanical system,

Frictional constant of the rotating systam in
N-m/ rad/ sec, .

foment of inertia of the rotating system in K g.-m2

Braking torque in N-m,
S51lip when braking starts,

final value of alip upte uhich braking raesistance
is affectivae, :

Small variation,
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CHAPTER -1

INTRODUCTION

Induction motor is generally used as slectric drive in
many industry applications, The induction maching, often
the best choica among ac machines for many industrial taskk,
is simple, robust in construction, requires less maintenantce
and is the mpst suitable one in hostile environments, Its cost
per K¥A is much less than tha dec machines, Conventionally, it
tould only be used as a conatant speed drive, In some applie
cations, it i3 desirad to havse a variable spesd drive, Tha
variable speed drive can alsc be achisved Prom induction machines,
The basic well-khoun technigues through which efforts are made
to obtain e suitable variable spoed drive system are; statoer
voltage control method, stator voltage/current and frequency
control maethod, rotor pover control method and rotor resistance
control method, With the advent of pouer semi-conductor techno-
logy, all these spead control techniques can be obtained alectro-
nically. fFer louw and madium pousr slipe-ring induction moters,
the rotor rasistance contrel methed is simple and economical
one, Tha rotor rasistance control technique can provide high
starting torque with low starting current, The speed of the
motor can be varied over a wide rangs below synchronous speed,
The powsr factor is generally improved by this method, Thus,

this method of spsed control is extensively used whers a high



starting current may Cauwse sericua line disturbances or whers
intermittent starting is regquired which may require high start-

ing torque,

In conventional mathods, the rotor rasistsnCe may bas varied
manually in deacrate steps, This macthanical operation for spesd
control is undesirable dus to discontinuous speed variation and
aloy responsae, With the racent dsvelopment in pouwer semiconductor
technology, thess undesirable features of the conventional rhso-
static contrpl scheme can ba sleminatad and the smooth variation
of spead is obiasined, Attempts have besn made recently to use
5CR*'s { silicon cantrolled rectifiers ) in different configurations
in the rotor circuit /2, 5, 13~ 15, 18,20 7. From which ths conti-
nuous and contactless variation of rotor resistance is obtained,
Most of these technigques usas SCRYs in the rotor circuit, in
phase contrelled ar chopper controlled mode, In phase controlled
mods [f2, 13, 14, 15 _] SCR's used in the rotor circuit, operates
at slip frequency, The instant at which tha currant flow begines
(in each half cycla ) is obtained by controlling the angle of
firing pulses to each SCR, Since the torque is developed only:
when the current flouws through ths retor circuit, the control
of the firing angle of SCR's controls the torque davelopsd,

Thus the avarags toraque daveleped is controlled by controlling
the firing angle of SCR's, and at a constant speed, the motor .
torgue can be varied from minimum to maximum limit, But this.

schems has cartain limitations, It requires a complicated cone
trol circuitary as the rotor freguency changes with tho change

in rotor speed,



In chopper controlled mode /5, 18, 20 /, a three phase
rectifier bridge is ussd in the rotor circuit, The ractified
de voltage is fad to the thyristor-choppar~controlled rssisfanc'.
The sffactive rotor resistance is controlled by varying the
duty cycla of the chopper, This scheme has limitations at lou
values of alip and employs forced commutation which involve
additional commutating circuitery and an auxiliary voltage
sourcae, Thus both the schemes are uneconomical and donot fit

for industrial drives,

Mare o s0lid state resistance controller using inverse-
parallel thyristers ( or triacs } in the rotor circuit has
been developsd, The spased of the rotor can bg varied at a fixed
load torqus, Liksuise, ths developed torogue of the motor can be
varised betwesn a minimum to maximum value, st a constant valus
of spased, In tha presaent schems of speed control, the total
effective resistance in the rotor circuit remaina substantially
high vhen the SCR*'s not in conducting mpde and whon the SCR's
ars in conducting mode, ths effactive rotor resistance becomes
marginal, By centrelling the ON time of SCR's in a closed loop
manner a stepless control of rotor resistance is obtained and
the spasd of the motor can bs controlled, The rotor speed is
highest at minimum value of rotor resistance and varies to the
louwar value as ths rotor resistance is ircreased, For brakimg
mode of oparation, the effective rotor resistsnce is varied in
such a way that the peak braking torqus is maintained through-
out the apead range, This has bsen achieved by using the solid

state resistance controcller,



The dynamic behaviour [34/7 of the closed loop control
achame with solid state resistance controller in the rotor is
investigated, The various functional blocks geoverning the behavi;
our of the system asbout the oparating point hes been described,
The changs in rotor speed uwith load and referents spead pertur-
bations are obtesined analytically. The analytical results are
comparad with the experimental obssrvations, The steady state
analysis of braking mode of operation (dc dynamic braking )}/ 6/
has been investigated, Tha investigation in this thesis daals
with the braking performance of the slip ring induction motor
in three opsrating modes ~(i ) with rotor slip rings short
circuitsd (i4 ) with optimum resistance in the rotor circuit
and (181 ) with solid state resistence controller in the rotor

circuit,

Tha brasking performance is obtoainsd in thraee differant
operating mudas.'Uiﬁh‘the presant sclid state contreoller,
the braking psrformance is improved remarkably, in terms of
stopping time as well as energy losses compared to the slip~
ring shorted conditioﬁ?ﬁfth optimum rosistance in the rotor

circuit,



CHAPTERG=2_

PROPOSED SCHEME

- .

The first part of this chapter dsals with the operating
principle of ths proposad schame, Second part of this chapter
gives description of the system. At last ths design and fabri-

cation of the system is investigated.

2-1 Principle of ﬂggration:

POe s O s o o s g G S e s ot S S A W . O

The operating princgéple for both clessd-leop specd control
scheme and dc dynamic braking are as follous;

2.1.1 Closed=Loap Speed Control Operation:

The proposed splid-state rotor resistance controller com-
prises tuo sots of thraee idaentical registers {Fig.2,1.1 ).
Four SCR's TH,, THy, TH3,4 TH4 are connected in tuwo phases
(usino back to back connactions ) in ons of the tvo sets of
rasisters, The resistance psr phasa, in seriss with SCR'=2 is
represented by Rg and in parallel with SCR's is represented

by fp.

Thyristors are triggered by incorporating triggering pulses
at the gates, The paricdic wave form of triggering pulses Jsedgin
tha present scheme are shown in Fig.2,1.2.Thase wave forms arnk
generated by a suitable controller circuit to trigger the thy-
ristors. The triggering pulses gets thyristors in ON state for
both positive anc negative half cycles in each of the tuc phases
as thasa are used in pair for each phase with reverse connactions,
Third phase is diroactly connectad to form star connecticon, The

period T is the ON plus NFF period of thyristors and is represen~



ted by one cycié. The time period T is chosen on mechanical
considerations of the test machine, The paramaters of the
machanical system of the machine are to be such that tha

affect on ths speed due to torque pulsations of fraquency

1/T could be sufficiently dampsd., T is roughly chosen about

four times the period corrssponding to the louest slip fre-
quency and at the same time about 4th of the mechanicel time
constant of the rotating system. Tha ON pericd Tgy can be varied
from 2ero to T. than thyristors are in OFF state, the effective

rotor circuit rasistancs per phase may be reprasented as -

Rgpe = FRp  —— (2.2.1)

and when thyristors are in ON state, the offective rotor
resistance per phase will be =«

R = (201.2)
oN Rp + Rg

Thus, the effoctive rotor resistance can be varied betwsen

Rgy and Rgpp by varying the ON pericd of thyristors.

The typical torque (VS ) speed characteristics of the
test machine with rotor resistance per phass Rgpe and Ry,
are given in Fig.2.1.3. It is cleoar that for a certain load
torgue Ty, the steady state operating point is either at A3
when thyristors are in OFF stata or at B; uhen thyristors are
in ON state, Thus by varying the ON state of thyristnrs, any
intermediate value bstwean A and B can be obtained, Therefore,

for a constant load toroue, the speed of the motor may be varied
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tetuean A and B, by varying the rotor resistance between Rper

and RUN w values,

The values Rp and Rg depends upon the speed range required,
The minimum-operating spead depends upon the maximum value of
Rorr and the maximum operating spesd may be obtained from the
value of Rgy. The value of current flowing through the thyristors
dapends upon the relstive values of Rp and Rg. The thyristors are

suitchet OFF at the currsnt zero by natural commutation,
2.1.2 I.C Dynamic Braking Operations

For dynamiC or rheostatic braking, the stator winding is
usad as a dc field winding and the rotor winding as an armature
uvinding, With the present slip-ring machins, external resistance
may be connected into ths rotor circuit, to provide a resistive
load, The stator winding of the machine is excited with dc supply

voltage, in a number of ways,

'The present solid state controller for dc dynamic braking
alsc comprises tuo sats of three phase resistors bank as shoun
in Fig.2.1.4. Semg firing control circuit is used except the
controller design, The typical braking torque (VS ) rotor spead
curvas are giveniﬁif&g.2.1.5. From which it is clear that for
getting peak breking torque, thyristors should be in OFF state

at starting the braking, It is alzo clear that the braking time
.ia optimum with solid state controller compared with slip-ring

shorted and eoptimum resistance conditions,

Curing dynamic braking, ths machine operates as a non-

saliant pois aynchronous ganerator, loaded on to a bank of
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thrae phase resisters in the rotor. Althnugh its speed changss,
(decrease ) with time, the frequency of ths generated pouer

also chapges in proporticn, The operating flux will vary widely
with spesd, e.g. at stand still, the whole of the exciting current
is magnetising im nature, since there is no armature current at

standstill,

2.2 Dascription of Systams

- iy

The system cnnsidered herg consists a slip ring induction
motor. The two sets of thres phase external rasistors are connected
through slip-rings of the test machine (Fig.2.1.1 ). Four thyristors
arae cnnneutad in two phases in series with one bank of resistors,

A& parmanent magnat techogenerator is mounted on tha shaft of the
motor, Tha techogensrator generates an ac signal which is directly
propertional to the speasd of the rotor. Thse blqck diagram of the
proposed scheme using feed back loop is shoun in Fig,2,2,1,

The ac éignal voltage obtained from tha techogsnerstor output
tarminals is rectified to net a proportional dec voltags, using
bridge rectifier, Thys dc voltage signal is first compared with

a Pixed raference voltsge and then is applied to the controller,
The error signal veltage is amplified in a desired manner by the
tontrollar, The stator terminals of the test machine are connectad
to the constant voltage and constant frequaency three«phase supply,
The rotor speed is adjusted with the variaticn of ON period of
thyristors, The ON period of the thyristors may be represented

in terms of p.,u, Piring delay (0¢) and nou instead of using Tgy



we will use of wvhers-ever necessary, The p,u.firing delay ( o )
may be defined as follous;

Torr
A = - (2.2.1) :

Ton + Torr

wvhere Tpee i the OFF pariod of thyristors,

snd  Tgy i the ON pericd of thyristors,

The dc refefence voltage VR compared with rectifisd techo-
gensrator output voltage represents a asat speed of tha macHine,
The controllsr amplifieges the so producaed error voltage in a

desirad mannar, The controller used may be méinlf of three typass

(a) Propertional {P) Controller.
(b)Y Proportional plus integral (Pl) controller,

{e} Proportionel plus integral plus derivativs
{(eIC )} Centroller,

P and Pl centrollers are considered for the present study,
The function of controller is to give the required contrel
voltage level in a desirad manner, which in tern adjusts the

firing duration (X} to a suitable value,

The dc dynamic braking (Chapter-1 ) may be obtained with
rotor slip-rings short circuited and exciting tpe stator wind=-
ing with d.c,supply. The stopping time of rotorﬁ&mproved than
the normal stopping of the motor. If we connectﬁgxtarnal rasis-
tance in the rotor clréuit and adjust it to such a valua 3o
that the stopping time of the rotor gots minimum - is callaed

braking with optimum rssistance connacted to tha rotor., In
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braking with optimum resistance, the stopping time is jmproved than
with rotor short-circuited, For achisving further improvement

in stopping time, the soplid state resistance controller i{s used,
The value of Rp i3 kaept sufficiently high when the braking is
started (at highest possible spead of the rotor )}, so that the
peask braking torgue is obtained at highsst spaoed, To do s, the
thyristors are kept in OFF statas whon the braking is started,
Rgain, as ths motor spesd slows down, the thyristors atart cone
ducting with gradually increased ON time and the affective

rotor resistance decreases, The reduction in the rotor resis-
tancae is such that the peak braking torquae is maintained #hrough~
out the spesd range. Thae thyristors will be in ON states { o = o)
befors ths spead gets to be zero, This is bscauss that ths

rotor resistancs cannot be dacreased fdrthar then Rgy. Ofcourse

Rogn 1s marginal dus to the paralliel combinations of Rp and Rg,

The schematic diagram for do dynamic braking with solid state
resistance controllsr is given in Fig.2.1.,4, The typical brak-
ing torque {¥3 ) spesd characteristicsfor all the three cone
ditions, vizy with slip-ring short circuited, with optimum
rasistance in thas rotor circuit and with solid state resistance
controller are shoun in Fig.2.1.5. The ataiof axcitation is

taken 0.8 p.u.,of the rated capacity.
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ggn and Fabricatiaﬂ:

3 splid state resistance contrcller hae bgen designed
ricated for the propoused cleossd loop opseration, Also the
ler for de Hynamic braking has beasn dovelonpad, The trans-
ctiohs for tha various functional blockid of the feood-

stam are given in the following sectionss
achogenarator, Rectifisr and Filter:

permanent magnat tachagenerator is mounted on tha same

f the test mathine. The output voltage 5? techogenorator

8 proportional to the shaft spsed is ac Iin nature and

a8 raectificaticn and filteration befors caomparing with

eranca wvoeltage VR, Bridgé récti?iar using four semi-

or diodas is usad for full wave rectification. The fun-
block diagram of techogenerateor, rectifiaer gnd filter

in as block By {Fig.2.3.1 Yo Tha transfer function of the

. represanted as -

Ky '
{ 1+STT )

ierg Ky 1s the combined gain constant of techoganeratory
.or and filter, and Ty is the effaectivse time constant
Pilter, Tho circuit configuration of rectifier with

is given in Fig, 2.3.2.
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2.3.2 Controller:

Controller {8 a davica consisting of an amplifieor and =
power stane. The error signal voltage is qgiven to the invert-
ing terminal of an 0P - AMP, The non-inverting terminal is
groundec through a high raesistance, A fagecdback signal is given
to the sams inverting point via an impedence. Thae nature of the
impedence depends upon the manner desired by the controller,
8.9.3 it conaists a pure resistance in the featbatk loop for
proportional amplification and combination of resistance and
capacitance for proporticnal plus integral opsration, Ths con-
troller output voltage is correctsad in accordance with theg in-
put change in voltage (error signal voltage }. The controller is
representad by Block 89 in Fig., 2.3.1. The output voltags of
controller is dencted by Vg. In the praesent worky proportional
{P) and proporticnal plus integral {PI1} controllers havebasn
cunsidarsd, The transfaer functions for beth the controllers are

represented as followsg
{a} Propnrtional (P} Controller;

The transfer function of proportion controlder is raprosen-
ted asg

whaere Kp is the proportional nain constant of thae controllar,
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(b) Proportionel plus Integral (PI } Contrellers

The transfer function of PI contreoller is repraesaented
as;
ﬂe(i + 5Te )

S Te

where Kg is the propartional gain constant and Ke/Tc
is the integral gain constant of the controller,

The circuit configurations of these tuwo contrpllars are
given in Fi9.2.3.3.
The controller used for dc dynamic braking is a propor-

tional one and the same 12 given in Fig,2.3.3.
2.3.3 Firing Control Schems}

Firing pulses are requirsd Ea'tu:n ON the thyristors
for a tims duration Tgn. Thyristors remeina in OFF state for
the ducation Tgrf i.a.(T - Tan }. Ton may bhe varied from zero
to T. When Tpy is equsel to T, thyristors are in ON state for
full duration T, and when Ty is equal to zero, thyristors are
in OFF state, The ON period of thyristors may bs varied smoothly
and linearly by varying a contrel voltags Vg from zaro to its
peak designed valua., The complste firing control schems £s
given in Fig, 2.3.,4, Block Ba in FigaBirepresents the functional
bleck of firing control scheme. Tha changs in'firing duration
(X ) takaes place in accordance with ths change in control voltage

Ve The main parts of the firing control schems ars as followss



230/57.5V L

TACHD - . 't;._g“/“ |
GENE- ;
RATOR g -

IN 4002

h
b

FI1G.2.3.2 CIRCUIT CONFIGURATION OF R'-’CTIFIER

AND FILTER
|
. 3%680 K - 470K 1 U
| +18V )\ W a8y
| | v |
Vo - 33K
Vaer
$6K
P CONTROLLER FOR : P CONTROLLER FOR
SPEED CONTROL - : SPEED CONTREL
v 222K .
. Ar—-———m—-‘ﬂ
+*V , 22K o +18V
- 22K
Vaer

" P CONTROLLER FOR DC DYNAMIC BRAKING'

F10,23.3 CIKCUIT CONFIGURATIONS OF CONTROLLERS .



14

(a) Low fragusncy oscillator
(b} Ramp gensrator

{(¢) Voltage comparator

(d) High Prequency pscillator
(a8) AND gating

(P} Pulse amplifiers,

The wvave-forms at the various points of the firing cantrol
diagram are given in Fig.2.3.5.

For a small change in Vg, the changse in p,u, firing delay
may be given as -

A = T:'o Ve | - (2,3.4)

where m is the sléps of the ramp voltage generated by
ramp generator, All the parts of complete Piring control schama
represented by blocks in Fig.2,3.4 aro discussed in detail in

the follouing paragraphas

(a) Low Frequency Oscillators

Thecircuit diagram for the low fraquency oscillator is
given in Fig.2.3.6. A 555 1C timer éenaratea approximately
square wave of low frequency, The timer is used here as an
astable-~nultivibrator. The frequency of the generated wave

may be Calculated by using the @R eguation given belows

1,44 Hz ————  {2,3,5)
r- (Rp+ 2Rp )C7
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From the design values of Rg, Rg and L1, the frequency of
fseillation is calculated as 2Hz (approximately ). Yee may be
variad Prom S5 to 15 volts, but here Vege is fixed at 14 volts,

The louw fraquancy {(2Hz )} square wave is differentiated by
using R = C circuit, shouwn in Fig.2.3.6 cagpacitor Cq chargas.
and discharges through Rq from the input signal snd Forms both

positive and negative pulses in each cycle of input wvavae.
(b) Ramp Generator:

The circuit configuration of a simpls ramp gesnerator is
given in fig.2.3.7., Here ths prineciple of constant current source
is used, The capecitor C2 is allousd to charge through a constant
current sourcas, comprising of T4, RY, R2, Rz and R4g. The constant
current flows through €2 and charges it linearly and isclates
from the timing circuit through anEM_ltthallnuer buffer stage
T2« The differentiatsd (lou fréq&snﬂy } pulses are given at tha
gate of nep-n transistor T,, The transistor turns ON only for

positive input pulses, Initially {9 charges through constant
currant sourcs, As positive pulsse appears at the gate of trans~

istor Ty, it gets ON and Uy gets discharged through it. Thus, a

ramp voltage is obtained atross the capacitor €9 which s of the

same fraequency as the low frequency pulss input to it, fFrom the

cdasign valuoa, height of the ramp is about + 12 volt,
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(¢} Voltage Comparator;

The opsrational amplinfiar‘7¢1 I.C.i® used as a voltage
comparator., It is shouwn in Fig. 2.3.8; The ramp voltage signal
is given at the inverting terminal and the control voktage Vg
( the output of controller ) s given at the non-inverting termie
nal of the OP-AMP,A dual supply & 1§ volt de is given at pin
No,7 and 43 shown in Fig, 2.3.8. The comparator comparas the
ramp voltage with the control vottage Ve continuously, As tha
controller ocutput voltage Ve varies from zero to its maximum
limit (12 volt for the prasent case }, the width of the com=-

parator's output wave varies from zero to T,
(d) High Frequency Oscillator;

The 555 IC timer is used as a high freguency (Qscillator,
It is as shouwn in F19.2.3.9. The desfign parametars of Ry, Rg,
and Ct gives the high frequency of ocillation {10 kHy approxi-

mately ), The output waveform is approximately a square uwave,

{s8) Aand Gating with High Frequency Pulsasy

The control voltaga signal (output of the voltage comparater)
is ANG GATED with the high freauency pulses obtainad from the high
frequency oscillator, A simple AND GATING ciecuit diagram is
shown in Fig.2.3.40.

Thars are csrtain advantages of AND GATING the control

aigncb with the high frequency wavaes, Few of thaem are as
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follouss~

1) gnly one astable multivibrator may be used for AND GATING
with ciffarent control signals,

2) The schems is suitable for sustained fwingering of SCR's for
a longer duration,

3) The size of the requiraed pulse transformer is small,

4) The pouer dissipation in the SCR'a gate is less comparad
vith continuous sustained triggering and it may be adjusted
to a mininum value,

S} Wide variation of the gats resistance does not affect the
turning ON Operation of SCRYa,

(f)} pPulse Amplifier;

A two stage transistor amplifier has been used to amplify
the pulse height cobtainable from the aAND GATING stagg, Circuit

configuration for the same is given in Fig.2.3.11,

Here pouwser transistor SL-100 has been used for the first
atage amplification, The transistor Tg turns DN whan an input
positive pulse appears at the base of it (after AN GATING )
The eemitter current of T3 {8 the first stage amplified gain,

This eemittsr current of T3 i8 applied at thse base nf transise
tor T4 to turn ON the seme, which in turn 4ives the amplifiad
current pulee appearing at the semitter of powsr transistor T,.
Thess amplified puless are applied to the primary winding of

a pulsa transformer, Secondary wvoltage of the pulse transformer
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is applied (through the protecting circuit )} to the gate of
SCR's, The uss of pulss tranaformer is to get isoclate ths con-
trol circuit Prom the power circuit, Niode Ug has been usad

to protect the transistor T, from the revsrss biasing., Diodes
i3 and Dg has been usad to prevent ths demage of the gates of
SCR's due to negastive spikess The complste firing control eir-

cuit configuration is given in Fig., 2.3,12.

Although the comparator adjuats the ON period of thyristors
to the nsw value as the change in Vg occurs, but the thyristors
may rot respond immediately, Herae all the thyristors are triggered
aimultanaously,‘fhua atleest two seperate units are required for
triggering all the four thyristors from the isolation point of

vi euw,

The functional block for the firing control system is given
in Fig.2,3.1, as bleock 83._It is assumad that block By is a first
order system with gain constant K; equal to 1/m ancd the time cons~

tant Te. The transfer function of bleck Bz may now be uritten as;

, Ke — .
Ge(s) = s 5 (2.3.6)

2.3.4 Induction Motor;

The torque davaloped by the test machine at a given operat-

ing pobnt is a function of spesd of the machine, p.u.firing delay o
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of thyristors, voltage asnd frequency eof the powar supplied teo
the stator of the maching, The differsnce betwean developaed
torqus and the load torque of the machine is tha sffective teorque
working on the rotating system. The developed torgque dependent on

the above varisbles may be represented in squation form-

‘rd = F(ur,c( .,V, 1 4 ) - (2.3.?}

where wy = rotor speed in rad/sec,

and o = per unit firing delay of thyditors,

To study the dynamic behaviocur of the machhne about its
operating peint, tha refarence voltage and developed torque
has besn perturbed. The small variation in devslopsd torgqua may
be expresssd in tarms of the small change in rotor speed and

the firing delay as follouss

' m ——— Aol *
A o A

g - (2“3.8
A i =comst A YE | ot = Conat, )

This can ba Purthar exprassad as,

Ard = Kd'Ac( + KS'AWY ‘ - (2. 3‘9 )

wWhere K4 and Kg are treasted as copstants for the machine
which depand upon the opsrating point and may be obtained from
ths stesady-state characteristica of ths machine, The speed

torque characteristics Por different values of firing delay,
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has been obtained from the equivalent circuit mondael of the slip
ring induction moter (Chapter~ 3). The variation of the developed
torque wibh Piring delay (X) for different values of rotor speed
has alse been plottad, The torqua (Vs ) firing delay curves gt
differant values of spaed ars obtained and are shown in Fig,.(2,3.13)
Also the same are tabulated in Table No.I. The torque (Vg ) rotor
spead curves are shouwn in Fig.2,3,14 and arae tabulated in Table

No,.I1,

The speady state values of firing delay and the rotor speed
may be taken as o(, ant wrg respesctively. Tha constant K4 uhich
is definaed as the ratio of ATd and A wtth spsaﬁ constant( eqn.?.!)&)
is tha slope of torque (Vs ) firing delay curve at the sperating
point {(urgs &, })s» This has besn obtained from the curves given
in Fi9.2.3.13. Also the constant Kg which is defined as the
ratioc of AxTéﬁyhrutﬂxtha conatant value of o, is the slope of
torque (Vg4 ) slip graph at the same operating point. Constant
Kg has been obtainsd ffom the curves given in Fig.{(2.3.14 ).

Now the values of K4 and Kg have beon obtained from ths
results of steady state analysia and these vaslues have beoen
used for the present perturbation study, The reaultapt change
in ths developed torqus may be expressed, as the summation of
KgeAand Kg. Auwp which are the outputs of blocks B4 and Hg res-
pectively (Fig.2.3,1 ). The change in tha developad torque is

compared with the change in load terque. The resultant'tntqua
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_TORQUE VS _FIRING DURATION (X ) FOR_DIFFERENT

ROTOR _SPEED

FIRING ___TORRUE (N~ m ) FOR
fU?ﬂT;ON SLIP= 1,0|SLIP=.8| SLIPm.6 | SLIP= .3 | SLIP=D,2 | SLIP= 0,4
2% .

0.0 15.07 13.69 11,63 6.91 4,85 2.54
0.1 14,68 13,22 11.13 6.52 4,56 2.38
0.2 14.20 12.67  10.56 6. 10 4.25 2.21
0.3 13.60 12.01 9.60 5.64 3.91 2,03

0.4 12.86 - 11.23 9,15 5,13 3.54 1.83

0.5 11,93 10,29 8,29 4,57 3. 14 1.61

0.6 10,76 9, 16 7.29  3.96 2,70 1,38
0.7 9.730 7.814 6,14 3,27 2.22 1. 13

8.9 5.14 4,20 3,22 1.65 1. 11 0.56

0.97 3.29 2.67 2.02 1.03 0.69 0.35




JABLE =11

TORQUE s _SPEED FOR _DIFFERENT VALUES OF &

SL1IP k TORQUE {N-m ) FOR
Il = 0.0 of= 0.3 X= 0.5 ,(?0.72 o= 0.85
0.1 2,54 2,03 7.61 1,09 TD.71
0.2 4.85 3.91 3.14 2.8 1.41
0.3 6.91 5.64 4,57 S 3,18 . 2.09
0.4 872 7422 5,91 - PE - B 2,76
0.5 10.29 = 6.64 7.15 5.08  3.41
0.6 11.63 5.90  8.29 5.5 4,03
0.7 12.76 11.03 9,34 . 6.80 - 4,64
0.8 13.69 12.01 10,29 . 7.60 . 5,23
0,9 14,46 12,87 11,15 8.30 - 5,81

1.0 15.07 13.60 11.93 - 9.02 6,36
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is the effective torqus to drive ths mechanical system, The
trangfer function of the meschanical system may be exprsssed

as Pollowss

K
( 1+5Ty )

Gﬂ( S) = - —— : ( 2e 30 10)
where Kq is the gain constant of the mechanical system,

and Tw is the time constant of the mechanical system,

Km = 1/F — (2.3.11)

and Ty = J/F - (2.3.12)

whareg F f£35 the frictional qonstant of the retating system,
expressed in N-m/rad/Sec. J is the moment of inertia of the
rotating system expressed in Kg - m?, Fig.2.3.1 shows ths various
functional blocks which has been tonsidered for the present study,
The various gain and the time constants are given in Table-IIl,,

at two different speeds i,s, at 2%orpm and 2400 rpm,

oy L T EVERSIT 22
-~ a-m“'b“
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TABLE - I

VARIOUS GAIN AND TIME CONSTANT USEC FOR PERTURBATION
R W A A |

Rg = 9,78 ( Series rosistance )
Rp = 148.0 ( Parrallel resistance )

Speed | 2400 rpm | 2400 rpm

K4 0.0319 0.0319

T 0. 1 0.1

Ko 14,24 (PI Controller} 14,24 (PI Controller)
60.0 (P Controller ) 60.0 (P Controller)

T2 0.47 (PI Controller 0 .47 {(PI Controller)

K -  0.1087 - 00,1087

Ty 0.0055 0. 0055

Kg - 8,333 - 5,12

Kg -  0.02135 TH4TF2: —0/03)3

Km + 104,72 104,72

™ 16,19 16,19

At 2100 rpm — X= 0,85
2400 rpm - X = 0,72
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CHAPTER=3

ANALYSIS OF THE SCHEME- SPEET CONTROL OPERATION

for analysis, a simple Thev€nin esquivalent circuit cof the
systam has besn developed, The effact of Iron losses, stray lpad
lossgs and losses dues to harmonics are neglected, fho rotor
current Ir, stator current Ig and the dsveloped toraque Td have
been davelopad in terms of the p.u.firing delay {(o¢) and tﬁa
rotor spesd wp., Thaese are Ccomputed using the sﬁandafﬁ techri ques,
Dynamic performance of the system has been studied at tuo diffarent
values of speed., Both P and PI contrellers ars considerad, Analy-
tical results are obtained considering tha various functional
biucks of Fige2.3.1%. The various differantial snd algebraic asgua-
tions which govern ths small veriations about the operating point

are solved using the standard numerical method,

3. 4 Thaarza

A o

The egquivalent circuit diagram of ths slip-ring induction
Yeactancege
motor is given in Fig,3.1.1,.The various resistances and wEpEiEtES
ares refesrred to tha stator side., Hore V repressnts per phase
supply voltage to the stator of the machine. Rm and jXm are the
magnetising branch componsnts. The parallel combinations of Ry

end jXm oivess

Rm o 3Xm
(Rm + 3Xm )

Ro*jxo -
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3'RM-KH(Rﬂ§JxM )

Rﬂz - mi
- ; i ] Ju 3 5 —enu (34101)
Rn2-xn 2 Rns + Xn

Now applylng Thavenin's Thaorem across points A and B
(Fig.3.1.1). The Thevenin's squivalent model has besn obtainad
(shnun in Fign Je1e2 )3

Eg = V1{Ro * 3 Xo) — (3.1.2)

{Ry + Rg )+3(Xe+%g }

(Rf*’jxi) (Rt iXg )

- (3¢ ‘..31
(R4+Ro }+3(X1+Xe )

p.U.firing delay o , has been defined in equation 2.2.1
and far convanisnta, it is given hereg

Torr
TontTors

of =

There are two sxtrsme Cases for conducting tha thyristorss

(a) Thyristors In conducting statag

In the case when thyristors are in conducting state, the
squivalant rotor rasistance per phass (raferred to the stator

side) will be as Pollows}



R 1 LF- - .lﬁleEi.:l (3.1.4
t - '-g'i: 2 _ (RP"* RS) e ot ~o1o )

The valug of will be zero in this casa,
() Thyristors In Non-conducting State;

In the casa whan thyristors are in GFF state, the aquiva-

lent rotor resistance per phase will be}
1
Ry - —s—; LRZ * Rp] - {3. 1.'5)

In this cass the value of ol will be unity.

Using squations (3.1.4) and {3,.1.5 ) the equivalent rotor circuit

resistante psr phase may be expressed generally as follouss

Ry = ! Ry + - 8s
E T ST T Rpe Rg - (3.1.6)

Now tha equivalent circuit modal considering the effect
of solid state resistance controller may be represented as shoun

in Fig.3.1.3.

Applying Kirchoff*s current Theorm Por the circuit shoun

in Fig.3.1.3,

_f_a__s (Rg + Rg } + j{Xe + X2 )
r



R1 -~ Jx’ ' A X2

v | R mm Ra/s

a

ric. 3.1.1 EQUIVALENT CXRCUIT DIAGRAM 0? TH( SUIP RING
. - INDUCTION ﬁOTOR.

Re ive A - 2 .
-'-*—-r—PIt
) 2/
- Ca/0
4

FIC.3,1.2 THEVENIN EQIVALENT MDDEL OF FIC.3.1.1e

Re 4Xe 4x2

F1G.3.1.3 . FINAL EQUIVLENT CIRCUIT MODEL USING THE EFFECT
. OF SOLID STATE CONTROLLER,
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+ 3 Xa‘*xz)

= | & -o»-—l--"r"nz* R -As ‘l
" 1L -x)rpers | |

£ 2 r q 2. o
2 1 P » NG |
[IJ -[a 5512 (- ) Rpens } l[ f ] — (3.1.7)

Rearranging equation (3.1.7) we get:

| Rp. Rg ]
[nz* (1-x) Ap*As |

5 : m——— (3, 1.8)
T
[F( E“) (xg* X2 ) } ]
Alsos
£
11- = 8

(Rﬁ? Rg)+3(Xa* Xe )

- {3,1,9)

L
N i [ Rp. Rs 11 .,
Rgt s 4 Row e il 2+ X
From F1g.3.1.1, ths value of Ig may be sxpressed as followss

: «/[(awg-";’)z* (xn+ x2 ) ]
]
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The toraque develeoped by the machine may be expresssd as

follouss

Now substituting the values of I, and Rg from squations
(3.1.9) and (3.1.6) respectively into sguation (3.1.1%) we

pget:

2
: Rp.R
Sp :
) (1‘-‘0‘}3}3;95 (2,',',2)

Using the teast machina paramaters (Appendix-A } and equations
(3.1.9), (3.}.1&) and (3.1.}2 ) the rotor current Ir, stator current
I4 and tha deuslepéd torque ﬁay‘be axpressed in fazﬁs bf}F1ring
delay ol and rotor spaed wr (wp = (1=5p Jug ). Using ecuation
{3.1.12), the variation of torque developed with the firing
delay o and the rotor spsad wp is computsd, Ths curves thus

obtained are as follow;

(a) Torque (Vs) rotor spsed for differsnt fixed valuss of Piring
dalay X, These are shouwn in Fig.2.3.13.

(b} Torgus (Vg ) firing delay for diffarent Pixet values of rotor
spesd (Slip ). These arse shoun in Fig, 2.3.14,
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3.2 Cynamic Performances

The prasant study investigates the varistions of rotor
spesd due to perturbations in reforence voltage and load toraue,
The various functiona; blocks are shown in Fig.2,3.1.vTﬁe diffore
ent input and ocutput variables of the various blocks ara denoted
by ¥1s'¥2s Y3» Yas Y5¢ Y6e and yo. Thasse variablas may be dafinad

as follous:

{difference batuasen the covaloped torque and the lead
torque vaeriations }.

Ys = Awg ——— {3.2.2)
{variation in rotor spesd- rad/sec ),
y3 = AV ' —— (3.2.3)
(Variation in techogenerator output veltage )
ya = Avg o ——— (3.2.4)
- {gifference betwesn referenca voltags variation VR and yq)
yg = A | o (3.25 )
(Variation in p,u.firing delay )
ve = Kaedol a— (3.2.6)

(Variation of developed torque Td with small changs in
with wr tonstant.).

y?7 = Kg.Aur ——— (3.2.7 )

(varistion of Tg uith small change in rotor speed wp with
oL constant,), ,



ATa = ¥s * ¥7

(3.2.8)
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These variables are also given In Fig,2.3.1. For the present

perturbation study, the differential and algebraic equations which

govern the small variaticns about the operating point are first

developad in tarms of the above variablasa, Then these aquations

are solved simultaneously using standard fourth order Rungee Kutta

numerical method, The various differsntial and algebraic squations

are given beloy., Thess squations are applicabla when PI controller

is usad;

Y9 =

Also 96'

and y9=

Ye * Y71 - AT

K

nu—‘?m gY‘ﬂ- Z.z_
Tm ' Tm
Ky Y
—¥2 -3
Tr Ty
Ko

L L Avp~y3)
Te

.§E~_.y -
Tr

Kgeys

- Kc..2!§
(53 4

¥s

Te

o -

N

-

(3.2.9)

(3.2.10)

(3.2.11)

{3.2.12)

(3.2.13)

(3.2.14)
{3.2.15)
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Whan proportional controller is used all the equations
(3.2,9) to (3,2,15) are as such, excapt equation No.(3,2,12),
For p controller souation (3.2.12 ) is replaced by thes follou-

im equsations;

ys = Ke (BVYR - y3) — (3.2.16)
and 9Y8 o g . S¥3 - (3.2.17)
d¢ dg

Tnitislly, the system is in steady stata, thersPors, the
initial values of the above variables are taken as zero..
The valuas of various gain and time constants, usad fof ths
present dynamic study have baen find out and She tabulated in
Table (111}, The ubove mentioned variocus algebraie and differential
sequations arse sodved by using by using standard numerical methods.
The various variables are eumputgd by using standard computer
programmes for the fourth order Runge~ Kutta maethod., The fléu
chart uased for the same is given in Fig.3.2.1. Also the develepsd

comput ex programme for the above is given fn Appendix- *B',

The dynamic performance is carried out at two different
operating pointse~ one at No.= 2100 rpm, &) = 0,85 and another

one at No = 2400 rpm,, oy = 0.72,

W
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READ NEQ, NSTEP, DT, AIR,
\AIS, TD, AN, ALPHA,
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[3 - J+1

A

(x(K)=0, K=1,4 )
DAN = 0.0

T

1-1'
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YES

F16321(a) MAIN FLOW CHART(to study the dynamic -

0

‘10An -‘xx(1)*60/(2.*3.1‘)

AN = 2100+0AN

l_

ALPHA® .85+ X(4)

4

CALL SUBLSALF -

I = I+ ¢

YES

v<:»pnxnr RESULTS
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T
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:1-,203

dyx (1) wr(1)eoT
lc(x)- tuér}+vx(x)
f';'r
"ND 1S YES
‘ < NEQ
T aT+0T/2.0

YL(1) = F(1)%DT

| fr—— X(1) = UU(I)+(¥MI(1)+2,00
Y3(1)+2,0%YK(1) +YU(I)) /6,0
Usie1 o
1
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START .

AEAD AK q,T,,AK2, T2,AK3, T3, Akai:)

AKS,AKM, TM, DTL, IVR,

F(1)= (x(1)*(Akm*aks~1.0)+Axm~Ax40
x{(4)-akm® DTLY/TM
' ¥ .
F(2) = (AKIX{1)=x(2))/T1
Y
F(3)=AK2%({DVR=X(2))/T2-F(2))

Y

k(q)-(Ak3§x(3)-x(a))/f3

. ‘ RETURN ’

F10321c)FLOW-CHART OF SUBROU'TINE FTN
L)

READ ANS, R1, R2,X1,X2, RESXE, .
E,RM,XM, RP,RS. = - |
. - . % . ’
=1-AN/ANS
¥ ‘
RT=~R28RP#RS/(( (1-ALPHMAY*RP+RS)*5) |
. ) K ; ] \
(RE+RT)%#24( X24+XE)*¥* 2
J >
ATR® £/(2%%,5)

. y : )
© EM=(RMAR2/SY NN 24 XM X2) %" 2

IN =RM#EQLXMRE 2

¥

‘ EISanR*(zﬁ/zN)**.s_

1

TO=18DRATRY #2RRT /{ 2,%3, 14#ANS)

FI0,324()FLOW-CHART OF SUBROUTINE SALF
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CHAPTER =4

_ANALYSIS OF THE SCHEME - N, €, PYNAMIC BRAKING

For the dc dynamic braking the stator winding is excited
as a FPE81d winding, The winding configuration has been choossen
as shoun in Fig,8,4Tha rotar slip rings are connected to a
thigh resistance bank. Thus, for dc dynamic braking on slip~
ring induction motor, the rotor winding works as an armature
winding, The two mnfs,; both dus to armaturse current and stator
direct current, togathear with their resultaht must be reforred
to a common base; net only in raespect of thelir number of turns
but also of ths type of current, Thé equivalent alternating and
direct currents propduce the squal fundamental mmfs, ,vhen flou=

ing in a three phase uinding.

4.1 Theorza

L il 2 2 2

A simpls equivalent circuit configuration of the system
including the effact of thyristor contralled axternal resistance
in the rotor circuit has been developed (Fig.4.1.1 ). The effact
of stray load losses, iron lossss and lossss due to harmonics
end saturation are neglected, The controller has been designed
in such a way that the firing delay X becomas a desired function

of par unit speed as shown in Fig.4,1.2.

The stator is excited by the direct current Ig which will

produce the same magnitude of fundamental mmf as the alternating
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Fig41.1 Per-Phase Equivalent Circuit Under DC. Dynamic
Braking With Variable Rotor Resistance -
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current of magnitude (rms value ) as}

N2 . e
Is = w7 Ig - (4.1.1)
where Ig is the alternating current which is equivalent
to the direct currant in the stator winding refarred to the

rotor side,

The field uinding ia stationary and the relative spead

of the rotor (armature ) and the field is simply the rotor speed,
Spead is takan in place of slip, Here slip is definad as linear-
ly proporticnal to the rotor spaéd. L.at tha armature amf_ (air-
Gap omf,) at synchronous spaed is E, the actual emf at any

other spesd of the rotor, for the same flux will be Sd.E,,

wharse §

Actual reotor apeed ——— (4,1.2)

5
d Synchronous spsed

An equivalent circuit of tho system per phase has baen
devsloped, A simple sguivalent circuit of tha system includ.
ing the effact of thyristor contrplled external resistance
is given in Fig.4.,1.1. The same firing circuit except aoms
miner changes in controllsr, has been used for dc dynamic
braking also. Hare pkoyorticnal ty#e of controller is uaed
s0 that the firing delay o becomas a desired function of speesd

{cheracteristic curve between p.u.firing delay and rotor spead
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given in Fig.4,1.2), From Fig.43,l it is clear that;

Is = (Ig +In) ——— (4,1.3)

teking the magnitude of aeach gquantity,

Isz d Irz + Imz +21r.lm. Sin Vq‘ - (4. 1.“)

where Ip is the rotor current (arhature } alternating in nature,
and Ip is the resultant alternating current refarred to rotor

winding. Thus -

Ere. Sd

d/ﬂt5 +(X2.5g )2

Ip =

;m-»Xm. Sd

-» — Wo—— (40 1. 5)
o REZT(x25) 2

wvhere Ry is the equivalent rotor resistance plus sxternal
rasistance connected in the rotor circuit {referred to rotor

side )} Rgr may be defined as followssg

Rp. Rg
R ' ;
vos [Rz * (1=ol) .Rp+ R,] w—e (4,1.6)

Rys Rpg and Rgy all resistances are referred to rotor side,
Also Erg is definsd as the referrad rotor emf corrasponding
to the synchronous speed of the machine and (b is the angle

between Er and 1.
Exro

Xm is the magnetisation reactance = 1
™
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Considaring equations (4.1.4) and (4.1.5) togsthar, we get
the expression for rotor current,.Thus,;

Ice Xm.
Ir Rt 2 - xﬂl L Aniannd (4,1.7)
BEY S+l + xz )’]

The slectromagnetic torgue developed By the machine may be
defined a8 =

T - “3 -lrz. “Z;;‘ w— (4:1t9)
a

substituting the valuaes of Ip and Rgt from equations
(4.1.7) and (4,1.6) into equation {4,1.8), we get the expression
for the developed torque asj

3 I52.Xm2. Re'/Sg

T . . ‘ [ (4&‘.9)
wWg [( Ryt /54 )g( m*’xz) éj_‘ :

The value of Rp is selected in such a mannsr that the pesk
braking torque is obtainad at ths highest possible speed { say
synchraonous spaed No.), for whithg

Ret = Xy + X2 - (4.1.10)

»

. » RP = (m + xz } - Rz - (4.1.‘})

substituting these condition in equation (4.1.9 ) the maximum



value of the braking torque will bat=

312, xm2
- s’. ——— (4.1.12)

2 wg{Xm + X2)

Tmax

with regard to the value of Rp, thae three conditions
as studied heres

(a) O©OC Cynamic Braking with Slip-Ring shorted;

With the slip-ring shorted, the effective rotor resistance
per phase will bes .

Rt* » ﬂz _ N <4g 1e 13}

Now putting the value aof Rg! from équation (4.1.13} into
aguations (4,1.%) and (4,1.8) the expressions Por rotor current

and the braking torque will be as follouss

Ige Xm o= (401w 18)

Ir .y ‘ﬂ B
2.2,
T w2 7]
1.2
Uge Sg

The condition Por maximum braking torque will bé ihst -

Rp = Sep.(X9 + X2 ) e (4-1-16 )

whare Sgp is the alip for which the torque is maximum,
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(b) EC Dynasmic Braking with Dptimum Resistance in the
Rotor Circuit:

with an optimum resistance in the rotor circuit, ths
braking peried is ipproved, Uriting equation (4,1.9) for

conveniencaj

3132‘ ng ——— (401-9}

T - “5[L( 5‘ *(XH + Xz)fI—

The developad torque will be maximum at the slip defined

asy

Putting the value of Scr from egquation {4.1.18) into aquatien
(4,1.9) for maximum toraues

.
35 . X2

——— (aﬁ1t18)
2ug( Xp+x2 )

Tomax™

The braking tbrdue (3) may be defined as follousy

- 2 T ntended AQ 1. 19
T Sg , Ser ( )
Ser Sg

fasuming load torque to be zero}

f.e.7 = O —— (4.1.20)
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Alao Tp = =T —— {(4.1.21)
Now the dynamic terque squation may be written asj

Jdur

ot - (4.1,22)

Tg = {(T-TL )
(Jhere J is the moment of inertia of the rotating syatem, Putting
the conditions from squation (4,1.20) and (4.1.21 ) into equation
(4.1.22), |

: g
Tg = = Ty - Jdur —— (4.1.23)

oy

Considering the aquations {4,1,19) and (4.1,23) togathers

27
- 2X | w3 _dur ——— (4,1.24)
Sef + SCR dt .
Scr Sd

From enuation (4.1.2) it is clear that

Diffarentiating the above squation with respect te t

dup . .. _Yac — (4,1,.25)
de ot -

Considering tha equations (4,1.24) and (4,1,25) togatherg

2Tmax = - Jug. _93d |
.Sd9_ der ot : —— (4.1.26)

Sex 'S¢



Rearranging equation (4.1.26 ); we get;

Jug [ scr Sd l
- ds O s n 1.2
gt = = . + ‘ d ( . ,)

1P Sin is the initial value of alip the valus of alip when
braking starts and Sin is the final value of slip. Now taking
the integeraticn of both sides of squation (4¢1.27)¢

S5in
Jus SC:
=m . " ] 4 ate
tab = S ‘jf [: SCr | 9sd {4.1.28)

Seen

Wy
Us

Agsuming Sin = = 1.0

and assuming Sein = 3,05

2
- T

1.0

‘ 2 2
o Jus [:Sct in 10 , (4.0 -0,05)

2Tnax 0.05 2scr
wdus f 1.5 scr + 0‘25:] ——— (4.1.29)
Tmax | Jer

for getting improved value of tgp}

dtcb
UScr

= 0 ——— {4.1.30)
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- 0.25
_.'_ ..:]_uﬂ- 1.5 = ---—-2' - 0
Tmax : SCr
Sgrp = 0,408 - (6.1.31)

Tharafore tha condition for optimum resistance in the rotor
may be obtained by putting the value of SCr from equation{4.1.31)
into aquation (4.1.17). |

0.408 - AL
X+ X2

- Ra+ Rp

X +X2

Putting the values of Ry, Xy and Xy Into eguation (4.1.32)
the value of Rp comes out to be 63,53 Ohm,

(C) ©C Dynamic Braking with Solid State Resistance
Controller in the Rotor Circuits

For getting the dc dynamic braking by using Solid Stats
resistance controller, the value of resistanCe Rp is sslectad
such that the peak braking torgue nccura at the highaest possible
speed {synchronaus spesd }, with thyristors remaining in OFF stata,
Mow as ths spead goes down, thyristors start conducting with gradu-
ally increased ON time and thersfore, the effsctive rotor rosis-

tence gots improved, Tha reducticn in the rotor resistance is
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‘such that the peek braking torque is maintained throughout the
speed range, It continues to decrsase till the effective rotor

resiatance becemas marginal at standatill,

Braking with the present solid stasta resistanca contreller
has been dona by selecting the value of Rp by maxamiaing the
braking torqua at the highest possible spsed {syrchronous spasd)

of tha rotor, for vhich -

Knowing the values of Xnq, Xy and Ry, the parallel resie-

tance (external)} may be computed with the help of squation

(4.1.34). The ccmputed value of Rp comes 161,994 oha,

The variocus variablss are computed by using standard
computer programmes Por dc dynamic braking., The flow chart
for the abova is given in Fig.4.1.3.The dynamic braking has
besn carried out at tuwo valuas of stator excitation viz at
O.6 psu.end 6,8 p,u, of the rated stator current, The daoveloped
computor programme for all the three conditions is given in

Appendix=-f(t,

*RRWR
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CHAPTERG.S

PERFORMANCECE--CHARACTRISTICS,

nifferent psrformance characteristics both for closed
'loop speed control and dc dynamic braking are given here.
Theoritical and axperimental results ars compared side by side,
For closed loop spped control scheme, the change in rotor spesd
to sudden changes in refsrence voltage and leoad torque have
been given, For dc dynamic braking, twe different values of
stator excitation are taken, All ths three conditionsy viz.,
slip ring short-circuitad, inserting optimum resistance in the
rotor circuit and the solid state raesistance contreller used
in the rotor circuif have bean considered, The differaent machine
parameters used are given in Appendix {A).

5.1 Computation of Characteristics and Their Experimental
Varification:

For dynamic performance of closed loop speed-control
schema, the differential equations given in Chapter-4,( for
propartionaﬁp and proportional plus integral controllers) are
2ll non-linear in nature, Tharefore, the standard numerical
methed (fourth order Runge-kKitta Mathod } has been used, Thae
different paramaters vizs rotor spesd (up }, techogenerator
output voltage (¥ ), controller generated signal voltage (Ve ),
p.u, firing duration (), the stator current (Ia )} and rotor

current (Ir ) per phase and torque developed (Td ), ars com-
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puted at different regular intervals eof time starting from
initial values, The initial conditions ars such that the
values of Awups AV, AVe and AX are zsro, for both £ and
Py controllers, The dynamic equations giving the derivative
vector of variables i,s, equations (3.2,10 ) to (3.2,13 lor
squations (3.2.10), (3.2.11), (3,2.16), (3.2.17) and (3.2,13)
have to be simulated on digitaX computer. The standard com-
puter programme is obtained for tha same, {Appandix-B8),. The
fPlow charts has besen given in Fig.3.2,%. This programme com-
putes and liats the spesd of the rotor, p.u,firing delay,
stator current perphase (Is ), rotor current per phase and

developed torqua,

For dc dynamic braking, the performance analysis is governed
with the squations given in Chapter-4, Here only proportionsl con-
troller has baen conasidered, Thae values of currents, spsed, torgue
time for braking atc..have basn computed for flip-ring short
" circuited, fixsd optimum resistance in tha roter circuit and
the solidwstate resistance controller, The two values of stator
excitation arae taken Por sech condition, The diffarent variables
given in equations from (3,2,18)$0(4.1.34) have to be simuleted
on digital computer, The computer programmae for the same is
given in Appendixt{! The flow chart for thes same is given in
Filg.4.1.3, This programme computes and lists the speed of the
rotor, slip, rotor current, braking torque,p.u..firing angle

braking time and the total snergy losases,
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The dynamic performance of the systom has beaen carriad
out experimsntalijat the twe sets of spesd (2100 rpm and 2400 rpm),
The raesponse with respect to reference speed has been done for
the changes in raeferance voltage and load torqua, The same Cone
tiitions of reference voltage and load borqﬁa have been implied
for both P and Pl controllers, For dec dynamic brakingy ths perfor-
mance has been carrigdeout for all the throe conditions experi-
montally, Only P contreller has been considared hers which has
alqﬂhbdifrerant paramoters than the controller ceonsidarad for
the speed control scheme, The different results both for spaad

control scheme and dc dynamic braking hava baen taken uwith the

ald of fFast X~ Y plotter on the special carbonise sheet, These

are viscussad in detail in the following paragraphss

5.1.1 Computed Resultsas

Performance analysis has begen done for getting the rasults
both for speed control schema and dc dynamic braking. These ars

given in the follouwing paragraphsg

(a) Speed Contrel Scheme:

The various gein and time constants used for the perfur-
bation in reforence woltage and the load torque are given in
Table~I11, Ths analytical results have baen obtained uith the

aid of Computer Programmas givan in Sec.5.1..These are oiven

in Fig.5%5.1.1.



Fig.5.1.1{a) shous the response curves to load pertur-
bation at operating speeds No.= 2100 rpm and 2400 rpm,uwith
while Fg 5:).1b) Jmdrcdles Lhu vespymse Cuvves for PL combmler
p controller with other tonditions to be same. Fig.5.1,3(c)
shous the response curves to reference speed perturbation
'at both operating speeds No. = 2100 rpm, and 2400 rpm,for
P Controller, Fig.5.1.1.(d) shows the response turvas with the

sams operating conditions for PI cantroller,

(b) OC Dynamic Breking:

The braking characteristics of the tust machine have been
cbtained in terms of rotor speed, braking toraque, roteor current
per phase and the time taken for braking. These are computedee
at tuo different values of stator excitation i.e, at 0.6 and
0.8 p.u,values of the rated valuss (Ig = 4,62 Amp and 6ys™M Amp,
respectivaely)., All the thrgs conditions of braking vizy with
slip-ring shorted, inserting fixad optimum resistance in the
rotor ciruit and with the solid stata rassistance controller:
are Considered separately. Stopping tims and the enargy losses
for tha above thres conditions are given in Table ~IV: because
these ars considered for the offective braking mode as well as

for the hesting of the uindings,

The braking characteristics of the teat machine are obtained
in terms of braking torque and rotor current, The relevent Curves
are shown in Fig.2,1.5 and rig.5.1.5..Fig(2,1.S) shous tha

varistion of braking torque with spaead while the variation
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TASLES IV,

ENERGY LGSSCS IN_DC_DYNAMIC BRAKING

SIOPPING TIME AND

_ULTH_AND_UITHOUY SOLIC STATE CONTROLLER

PC EXCITATION 0.6 p.u | DC EXCITATION 0.8 p.u,
™ ESTIMATED | svopeIng TIME Jesvimared

weme B ENERGY LOSH (Sec.) ENERGY L0SS

CALCULATEDINEASURED [ (U-Se8 ) |EALGULATED “ggsuij (u=sec. )
IPPING
DRTED 12,04 12,4 35120 5,08 9,3 44400
1XEC: 3.86 3,95 16450 2,43 2.8 17500
PTIMUM . +93 . .
ESISTANCE
LID SPATE 2,88 2,8 14210 1.72 .65 14630

NTRPLLER

\
"

e &

Smemm— o

*®* Tho natural stopping time of the motor uhen the
supply is dieconnected is 56 sec,,

RNaNNe
-~
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of roter current with spead is shown in Fig.{5.1.5) curve A
rapresents the performance characteristic for 0.8 p,u, axcit-
ation uwith slip ring shorted condition. Curve 8 represents the
variation Por the same excitation with fixed optimum resistance
in tha rotor circuit, Similarly curve C showuns the variation
for the case when ths solid state resiatance controller is in
the rotor circuit and the de egxcitation is 0.8 p.u,.To show the
effact of the change in ths lsvel of excitation on the braking
performants, respenss for 0,6 p.u,Stater excitation have been
computed and the rslevant curves for the same are shown in Fig,
5.1.6, fAgain the variation of braking torque and the rotor current

wibh spead are showun in Fios.5.1.6(a) and 5,1.6(b) respectively.

$.1.2 Experimental Rasultss:

for the ease to comnpare with theoritical curves, thse axperi-
maental curves are draun side by aide with ths theoritical one.
The different curves have been plotted with the aid of fast x= y
plotter,

(a) Speed Control Schemes

The varioua response curves for reference spaed and load
torque perturbations are given in Fig.(5.1.2). Fig.5.1.9(a)
shoun the rasponse curves to load perturbation at operating
speaeds No = 2100 rpm and 2400 rpm with P Controller, Fig,5.1.2(b)
shows the response curves for Pl controller with the same oparat-

ing conditicnas, The response curves to suiewdiss the reference
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speet perturbation at both the aoperating speeds with P controller
are given in Fig.5.1.2(c). Fig.5.1.2(d) shows the response Curves

with the same operating conditions with PI controller,

The veriations of stator current with tims are given in
Fige S.1.9 EEaReamem.. Fig.5.1.3(a) shous the variation of stator
currant at 2100 rpm for P controller, while Fig.5.1.3(b) shous
the variation of stator current at the same operasting spesd for
.ﬁi controller, Similarly at 2400 rpm the variations of stator
current for Pandd Pl cnntrnllér are shoun in Fig,5,1,3{(c) and

Fig.5.1.3(d) raespectively,

The effect of load on steddy state operating spsed has alsp
studied experimentally (Fig.5.1.4). Fig.5.1.4(a) shows the varia-
tion of steady state speed {2100 rpm.) with load variations for
P and PI controllers, Similar variations in steady state operat-
ing speed {2400 rpm )} uwith lead variations for both P and PI

controllers are shown in Fig,S.1.4(b),
{b) OC Dynamic Braking:

In the braking moda of operation, tha varifations of rotor
speec with tima have basn plotted with the help of fast Xy
plotter. The relevant curves for the same are showun in Fig.5.1.7
Fig.5.1.7(a) shous the variation of speed with tima from maxi-
mum rotor speed to zero spsed for 0,8 p.u.stator excitation with

slip ~ring shorted, For tha same axcitation, the variations of
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spaed with time for fixed optimum resistance in the rotor
circuit and for solid sclid state resistance controller (P)

are shoun in Fig.5.1.7(b) and Fig.5.1.T(c) respectively,
Similarly, the variations in the rotor speed with braking

time for 0.6 p.u.,stator excitation, with rotor shorted, fixed
optimum resistance in the rotor circuit and with the solid
atate resistance controller are shoun in Figs.S.i;e(a).,5.1.8(h)

and 5,1.8(c) raespsctively.

5.2 [iscussion of Results:

In speed control the perturbation studies have been carried
cut at the tuo different operating speeds =~ one at 2100 rpm,,
oy = 0,85 and the anathar one at 2400 rpm,, o, = 0,72,
The analytical as well as sxpsrimental results are géven in
F198.5.1.1 and 5.1.2 Eomparing the experimental observations
with the analytical results, the following observations are

mades

(1) For load perturbation, the aystem resaches to stesady state
much faster using P controller than with PI controller,

(11} For the same load disturbancaes, P controller introduces
a small variation in the steady state speed while ths
staady state error is negligible with PI controllsr.

(1ii)For tha refernece voltage perturbation, the system reaches
to new steady state value of speed much faster using P con-
treoller while P! controller is slower., Alsec for thes same
variation in referance voltage,P controller introduces some
error with respect to new value of speed, There is negligi-
ble error using ¢I controller,
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iv)

ol

There 13 a slite difference bestweasn the analytical and
axperimsgntal results,

For dc dynamic biaking. the affectivenass of the braking

using splid state resistance controller may be sean than with

the slip-ring shorted as well as with the fixed optimum resis-

tance in the rotor circuit. From the curves given in Figs,(5.%.3)

(5.1.4), (5.1.5) and‘(5.1.6) and Table IV, the follouing obser~

vations ars mades

(1)

(ii)

(1i4)

{iv)

with solid state rssistance controller in the rotor circuit,
the braking torque remains at peak level throughout the
speed raggs and therafore, tha braking-action is much faster
than with slip-ring shorted and optimum resistance in the
rotor Circuit conditien., Tho stopping time thus.obtained is
tha optimum for a particular sxcitation,

The energy loasaes in both stator and rotor windings are
minfmum with solid state rasistance controller than with
the other two conditions,

Thers is no jerky effect with solid state controller, wvhile
much jerks are obsarved for thae other two conditions, Much
variations in braking torgque are observed for slip«ring
shorted and optimum resistance conditions.

The stopping time ias reduced with the increass in de

excitation. This can ba seen from Figs.(2.1.5),(5.1.5) and
(5.1.6).

L4 21
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CHAPTERS-G

- o s S A W

CONCLUSIONS ANDG_SUGGESTIONS FOR_FURTHER WORK

The claosed=-loop s0lid ataste raesistance controller for ths
slip ring induction motor (the test machins ) has been designed,
fabricated and tested, The functional block-diagram with véricus
tranasfer functions has bsan given in datail, Ths main parts of
firing contral scheme have bsgen designed and fabricated, The firing
coentral circuit is so designed that it becomes simple, economical,
and raquires loss spate. The variation of speed for the fixed value
of lead torque has been obtained by varying tha rotor ressistance
continucusly betwesn RON and ROFF in closed loop mannsr., The per-
formanCa characteristics feor the speed controal schamg have bean
given analyticslly and axperimentally, Beth P and Pl contrellers
have been considered, It is observed that the change in operat-
ing spead dua to load perturbation for PI controller is nsgli.-

gible while with P controller it is around 29%.

The same splid stata resistance controller for dec dynamic
braking has been developed, P controller for the firing control
scheme is considered, The variations of braking torgue, rotor
current with rotor spsed and the ensrgy losses have been stucdiad
theoritically for all the threes conditions viz..with the slip-
ring shorted, wibh optimum resistance in the rotor and with the

solid state resistance centroller., The braking time has been
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comparad for all ths three conditions and obserwed that the
braking time with optimum resistance is better than with slip-
ring shorted condition. It is further observed that the brak-
ing time with solid state resistance controller is much batter
than with optimum resistance in the rotor circuit, Both analy-
tical and expsrimental rssults have been compared and found a
vary small varistion in between, Thae braking has bwen done at
tuo different values of dc excitation. It is also observed that
the energy losseos are minimum with the solid state resistance

controller.

Thus the control# circuitary used here for closed loop
speed contrnl sbhemne and dc dynamic braking 4s much simpler
and economical in comparision to other solid state resiatance
contrel schemas i,e, phase controlled and chopper centrollad

schamas,

Further, in this schema, some changes may be done to raducs
the spate and the cost of the scheme. This schems may bs used inv
industries to control the speed ofthe deives as well as to per-
form aeffective braking in cortain applications, The schsmg is
economical for medium size of machines, Further study for the
variation of stator current, rotor current with load toroue
can be performed, The effact of harmonics develepad dus to sudden

ON and OFF operation of thyristors can also be psrformaed,ln case
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of dc dynamic braking, the experimental results for the vaeri-
ations of load torque and the roter current can be obtained,
Saturation can be considered for further accurate analysis,
copplets control circuit for both ths schemes can be developed

jointly for field applicatiaons.
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SPECIFICATIONS ANE PARAMETERS OF THE\TfST PACHINE

Neame Plate (etails of Ganeralised
Electrical fachine:

Make - Naudslay's-ttd,,ﬁngland
Stator - 200/240V, A connscted, 15 A,
H.P, - 3.0
Phase - 3
Poles - 2
Cycles - 50/60
RPM - 2860
Insulation = Clags 'g*
Rotor -~ & eonnacted
Tﬁgpa ratiop - 3

Moment of Insrtia (J)e 0. 1546 Kom?e

Frictional constant(F)e095N-n/rad/sec,



Other t£lectrical Parametarss

E - 191.7 Volt
Ry - 2,75 Ohm,
R2 = 4,33 Ohm,
X4 - 3.924 ghm,
Xo = 3.924 Ohm,
Ri - 2,63 Ohm,
Ry ™ 305.0 Ohm,
Xg - 5.06 0hm,
Xm - 162.4 Ohm,
Reo - 63.82 Oﬁm

Xo - 12i-€6 0bwm
Rs = 9,78 Dhm,

Rp = 148.0 OBhm,

R bt

. . g
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