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Tha induction meter compares favourably with d*c, motors 

as r• *rd* costs alts, saintefeacrt,, and wear and tears but suffers 
from the Limitations that its speed of operation reagins more 
or less constant# sad can not be varied as desired. A number of 
s~t1 Is for its speed control, are known but the variation of 
speed is neither smooth nor suitable for certain drives * especially 
heist crane etc* 

A standard torque-spaod , characteristic of an induction m 
rotor is obtained when a positivou sequence system of voltages is 
impressed on its teralAals. Under negative.sequeaca operation 
the characteristic is the inverse unige of that at the previous 
on.. When a sero. sequence system of voltago3 is applied $ the 
motor behaviour could be determined by recourse to single-phase 
motor theory #in** the resultant field caused by cophaaal voltages 
Is pulsating,. 

If the induction motor is subjected to the positive and 
negative-sequence systems of voltages sis~zltaAeousiy, the resultant 
terqva.speed characteristics will be the sl,debric sun of the two 
separate characteristics, and this resultant characteristic could 
be modified, as desired, by varying the relative magnitude of the 
two systems. This suggests one of the ways it smooth speed control 

of the induction motor, 
A st .ltaneous production of positive and negative-sequence 

system of voltages could be achieved by a number of says. One of 
the easier method Is an unbalanced operation of the induction 
motor. Under unbalanced operation, s.ro-uqueaca system, if not 
eliminated, is also present alongwitit the positive and negative- 
sequence systems. The s.re-sequeaos system Could be easily 



oiiainatad by providing a winding arrangement such that the 

atgobric sum of the phase vectors Is sero. 
The unbalancing could be produced, simply by introducing 

an impedance in one of the lines, or using an auto«tranatorasr. 
The doffs of unbalance produced depends to some extent 

on the load conditions on the motor, but to general a variable 
it sdancs is required to control the degree of unbalance intro. 
duced. 

A saturable core reactor (8 C ! ) Can be used as a circuit 
element having a variable taped ace. The S C R consists of two 
Windings • a load winding connected to the alternating current 

supply p ad a control winding connected to a direct current sourest  
and providing a variable bias. The 5 C R is driven electrically 

by the ,lns voltage and the bias,, and the flux density in the core 

reaches a saturatisaa value Bs sometimes during one of the halt 

cycle of the lino voltage.. if - the core material Is rectangular 
the transition into saturation is sharp, the impedance of the coli 

drops abruptly and most of the lie* voltage appears across the 
loads  - and hence provides use ful power. The reversal of line  
•oltage drives the flux out of. saturations  lead conduction *eases#  
and the direction of flux change, is opposite to that of the 

previous half cyclo. Lead powers and conduction angle are controll. 

ad by waving the initial flux density 'B' towards positive Bs 
(direct curroat), in general, the above technique controls 
laducteaa.o by applying as ad3uatable 4.0. magnetisation. 

The speed of an induction voter can be controlled by 
a.Marcciat; tip S.C. (load) winding of the 8CR is one or the supply 
lines, and obtaining d.c, for the control winding either with the 

help of rectifiers or directly from a does. Soum availablo. 



By varying the control current of the C R the relative 

magnitude of aegativa•ssquence voltage can be varied as desired#  

As such$  this method Is not effective#  because the a ter operation 
is stable only in a very limited range of spse4. However, with 

a motor having a high roter resistances  the speed control Is 

possible in all the four quadrants, The high rotor resistance 

also limits the high input current caused by the unbalanced opera-

tine, In case of a slip ring induction motor s  the secondary 
resistance can easily be Increased by adding an additional resistor 
In the rotor circuit,  and a wide range of speed control can be 
obtained by rasing a capacitor In addition to the resistor, or 
by using a combination of external resistance f  capao2tanc. and 
induct . elements in the secondary circuit. The speed control 

+sae also be ade automatic and responsive to speed as suggested 

by W1ak.rhat min the case of slip.ring induction motors, In case, 

of squirrel cage induction motor the current in the control winding 

of the 6 C R is automatically varied by the d.c. tachometer genera. 
tar (fixed on the shaft of the induction motor) and comparing It 
with a reference direct voltage* Also by using a capacitor in 

parallel with the 6 C 1 f  the external reactance may be varied 
npto a greater extent alongeith the facility of reversing its sign 

too#  the direction of rotation of the motor can be reversed without 
interrupting the mains circuit, and a 4y*a.mic braking Is possible 
without an extra equip a*t. This fort of speed control of Induction 
Voter, however,, causes problems of magnetic vibrations, solsst  
overheating, and high .Input line, current. However, all 4be. these 
difficulties tsuld be alleviated to some extent. 

In the laboratory standard tests on a slip-ring induction 
motor#  and a squirrel-►cage Induction motor were performed to 
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obtain ter parameters of the motor windings* The possibility of 
speed eo*trot of the induction motors,, by mixd.ssquancs eperati©a, 
was studied by measuring the torque-speed, and torque-input 
current charsotsristles for the *bove motors under the following 
different condition$$ 

(a) with balanced applied voltages 
(b) with various unbalanced v©ltagea obtained with thy+ 

.(6), with various unba3eiived voltages obtained with the 
single phase Varise. 

ad 	: (d) In the case of slip-ring induction motor (a), (b),, and 
(0) with the different externs, resistanoee in the 
rotor circuit. 



4111 

it e.*pi.z eporater + 
at art B 	flux dsaiity* Retentive# sad Saturation flux 

densities 

f 	 " supply frequency 
a 	 for zsrs-sequeace excitation, aspiitudo sf the 

nth space haracatc .a, t.t. of sack phase f for 
concentrated * and full pitch winding. g. 

LI, 	s 'sr sore sequences cxcitat.#oa, aaplitud• of the 
ate' spa** har+otic ..a.t, of each phase, at a 
psiat A *loco degrees, at any instant of time to 

~lE 	a Magsst isiag, and aaerc isa farces. 
Ia 9 tb' Ld 	0 phase currents 
I,,$,, 2, is 	a positive$ aa# negative and sire-sequence stator 

currents per phase 

1p i24 	a Positive and neg*tiV,-a.qu.aes rotor currents per 
pbss+ 

I3ft 12b 	a Zor -ssqusace rotor currents per phase for forward, 
and baerard rotating fields* 

K 	 a open circuit voltage ratio for sack tapping utiliza4 
is cute-transfersor, 

• for zero-sequence exo station,, nth space hiarasnic 

winding factor for each phase for distributed, and 

tractional pitch winding. 

a muabr of turns in the control, and load sin figs 

of the 3Cfi, 

a stator, and rotor resistances per phase 

r2r, r 	' sirs-sequence rotor resistances per phase for fir- 
ward f and backward rotating fields,, 



R5 i R~ 	a r,asistaMces of is coxtrel and load circuits 

at the SCR 

$ ! $ s 	sl l= fractional slips for posttiva, *s1atir., and 
sere-sequexce (turward, and backward rotating 

bolds) systems. 

0 To $ positives negative, and zero-sequence torques. 

yø Y2 ',V 	= positive' u*ative1 sad rero.sequence voltages 

per phase. 

Yj $ 	0 = adaittances for positirre, assdative, and sera- 
• s.quax0a systems.. 
I. 	a •ztsrma:i admittance, inserted in one of the lines. 

a •qulvaisat source impedencs of the auta•trns- 

former. 
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In the field of utilisation of electric energy the 
major 'role is played by the tilectric rotor. The p Bey*phaco induction 
aster Mae widespread industrial usied#  but'alongwitb very valuable 
adv*ittgos it is known to auffar fro* the inherent disadvantage of 
tdry poor speed regulation ckaar!►cteristics. The use of induction 
motor has bier, as a result, ignored to matt variable speed dr iveo 
opec ittily with wide range speed regulation*  In recent years there 

has been a great deal of research activity to devise moats of ebtoin al 
a variable speed operation of induction actors. 

The d.o, actor which is very widely used is variable 
speed drives has the great advantage of a giving a smooth speed 
control but this is obtained at the cost of additional significant 
expenses on installing converters, and anergy teases in the conversion 
of a.c. Into d.c. The disc, motor itself coats considerably sores  
requires a treater cares  and wears out quicker than a.c. actor. 
Therefore*  the ceen tut rust in induction mater speed control 
has increased steadily in last few years. 

problems of speed control for crane hoists, aid 
other similar drives are more involved than those for general drives, 
`or speed control of electric drives in general, we have to consider 
load changes ranging from zero to full load„ In the case of crane 
hoist, the actor load might change from zero to full load during 
hoisting and from *10% for lowering the empty book to .64 for 
lowering the full lead. 

Another difference between general drives and '±mist 
driven is the fact that in the case of general speed centro# 
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failure of the ±control would merely stop the operations  but usually 
nothing more would happen. In the ease of a crane hoist, !ailuro of 
the control might cause the abrupt dropping of the load # an extremely 
dangerous situatioft. 

The requirements of a satisfactory hoist control are as 

(1) Safety in operation, Ruggedness, and Simplicity of 
apparatus. 

(2) To hoist all normal loads at slow# Medium and high 

speed. 
• (3) To lower all loads at low f  medium and high speed„ 

(4) To provide accurate positioning of a l loads, overba. 
uliat or non overhauling (inching). 

(6) To avoid too high currents In the windings and thus 
reduce heating of motor and apparatus. 

Speed control of slip-ring induction aotors when the 
torque developed by the motor is appreciable and In the some direction 
as the mechanical rotation, may br obtained merely by adjusting resist? 
ane* in the rotor circuit. 131Fsver, this siq1e method is inefficient 
at low spend aittings, and the no load speed . is always synchronous 
speed. In the case when the torque is in the opposite direction to 
the rotation'  as in crani hoist towering, the problem of speed control 
at less than synchronous speed is not easy. A.C. motors have been 
used to obtain speed- torque characteristics similar to that of hoist 

1  control by means of auxiliary machines as in Kramer or Scherbtus drive, 

Another type of s.c. drive employs two slip-ring induction motors so 
that their torques oppose each other in a rnner as to permit stable 
operation at speed less than synchronus speed, All or these schemes 



are unsuitable duan to the problems regarding either power supply, 

cost # size of squipmeat 1 or complications of control. The latter 
method # however, suggests a means whereby the previously outlined 

features may be obtained with only one slip ring induction motor. 

It has been sbowi p that the application of unbalanced 

Voltages to the stator of an, Induction motor produces mixed-sequence 

systems of voltages# and if zero sequence system of voltages is elis~ 

it ated1 motor operates only under positive and negative sequence 

systems of voltages., The operation of Induction motor simultaneously 
under positive and negativeasequenc a systems of voltages is aquivals. 

at to that of two Identical Motors operating with balanced primary 

voltages and so connected that their torques oppose each others Thr 

use of a single induction motor with unbalanced voltages apj lied in 
a definite predetermined manner will yield characteristics similar 

to those of the two motors, 

There are number of ways of producing unbalanced volts. 
gena, but with the use of saturable core reactors 1, the unbalancing 
can be easily produced and controlled. Also saturable core reactors 
provide a mans of asking the primary unbalanced voltages a function 

of the motor speed and consequently an automatic speed control of the 
motor speed and consequently on autocratic speed control of tee induct- 

ion Mater Can be obtained, 

This dissertation gives a review of work on the speed 

control of induction motors by sixedsequenc. operation with the use 
of saturable core reactors, and the results. of an invastitatiou 

carried out to demonstrate the principles Involved* 
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'2b  operot cL; of ca Ind uct ic;i rotor c30ps a :3 iapo:i tho cI ooa 

o&  a1 ctl.otk!1 cs' u; !ct1tinC mot 2c f io l An tIiD c2z ap of 

tho cc tor' Aiozi :Jr1c.r ocd poiyc pfhaco voltQCoo c o jai 1icd to the 

,stator of cz .3teticz t torp the rotatix_ fic11 go wcdhocd by tIo 

coiMncU cctLn of the bt1ncod po1yn, hco currccta flouiuG In tho 
polycgb.co priLtxy An► rc of the cptoro also rotot'p ; f2.o1Q rototoc 
ct cync hronouu epoc~a a~:d follouo monot is pat ho through the otator 
fro ag t rfro jnp rnu the iron of tho rotoro The caun1v0o of this 
rotating; fiolu ror in3 eO or 1033 crnstanty end hence c.aa be re- 
pr000ntc i by a rotating vector of couotcnt c t tudo D ub000 locus 

circlofl If the pol,cphnco Volta,o3 applies aro unbn1ancodpth 
oaC.aitudo of tte rotatinog field icy no lcaCor conotant thereby o hinq 

the 1ceu3 of the rotatinG fiold vector an o11ipae. Tho chapo of the 

ollipco dope do u ion tho typo of uabalonco and the opoc1 of the rotors 

;:ovor D my ubaizccod or t n3yctricc l 3aphaoo oyatoQ can be ,r000l-

vod ocaordic,G to oyocetreol eo onont theory icto thrco coparato 

ottrio1 cyetoee of poultivoa no;ativop and zoro'ocquoico roe. 
1 cctiLvolye If oaturntion offocto Coro aez11A the offcct of the 
t~bc ocJ oyotou ie the 3ynthooje of the aopairat,' offoctt of the 

3 oocpencnt oyLLotrioal 3yotoCzJ6 

The pocitivoaooquonoo oyatoo of voltoGoo in a throoapbaco 

oyotoa aczcitto of throo voita os of oqual t gnitudo having a progro-

ceivo jhcco dicploconont of 120 bot.: on thoci in n ivon cyclo order 

(abe)0 . ,en a 1 acitivo cojLcAco oyoto of volta oom of a1itut3o t 

cad fro<ju,:~cy f 4 is cpj.1icd to the oycotricc1 3c hauo stator oLx nc 

of ai 23uction cotora it yroc ueoo a rotating c lotto field In Ito 
air-gap, which rotates, in the positive or forward direction relative 
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to the primary circuit f  at synchronous spsod N. This field,  at 

least the fundamental compbNot has a constsat saplitude, and 

induces ,.a„fws. causing the flow of the currents in the rotor 

or secondary. Dc to the resultant electromagnetic interaction. 

of the aagnotemotive•fere* and tiel4, on unidirectional torque 

is developed, tending to rotate the ertor in the direction at the 
rotating field, If the torgae developed is sufficient, the rotor 

follows the rotating fl&ld at a speed..?,, ao ohat lessor than the 

synchronous speed. Under runniag coag Sttons, the field rotator 

forwards relative to the secondary circuit with a velocity alb f  

where s *4 slip equal to (N5.N)/Ns t  and induces in its windings 

a positiveosequeacs sfstea of voltages of amplitude, sY, and 

frequency at, which causes positivo.soqusaoo currents to flow 

to the secondary. The primary and secondary positive.sequenco 

currents satisfy the o„p.f. balance equation, so that the differ• 

ezoo at their *.a.fs, just produces t.bo positive-sequence flus. 

he equivalent circuit of the induction aster for the 
pssi.ttve.soquoace system of voltages Is shown is Fig. 2.1. 

The postttvo-soquo*ao torque at n slip a Is given in 

synchonsus watts#  by 
T1  =3 12p  r2 la 	 *** (2.1) 
ty re 1 	positive-Sequ*iae rotor phase current„ 

 rotor r.sistancs per phase 

Fig. 2.2 represents the torque speed characteristics of 
a standard t--2eticn motor under posittve..sequence operation. 
2;. 2 	r 	d u i n• 	r 	r 	r 	a c f. 

The nsgative.seq*e*ce system of Voltages$  consists of 

three equal voltages, tack making to angle of 1200  with the •ther e  
buthaving the phsee.sequence in the revez'so order to that of the 
positive sequeae system. When a a,gative-sogaoace system of 
i 
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voltagoc, of c rp11tudo V2 9 € nd froquancy f v Ic cpplIed to tl 

oror otrio.l otator vi ding of oa xuductlo.A =tort It producou a 
rotating icignotic fiold In Its al.r' grip, ahicb rotato 	In the 

nogative or backvlard diroi tion ( taos ,'.-- tho oppoaltodirecticri 

to the field duo to the poE t1vct soq :onc o s'stoa) relative to tho 
prit ry ciroult at syncIrozious cpG , cz.d at least the furdatxintnl 

of this fiold bc.o t conix t r t r mplitud . 

If, the rotor 1:3 rctrtii,g Icy the i ,r =ctA.rn of the pocltive" 

coquerzce field r2ith 1ipu (the , + Cativ+o•ueqi.za"rce field rotating 
at s7 ehrcnous c food f , the of coslto d.:x'ction) the clip of the 
rotor with re poet t , ths.. n,,Ca11AvP .seq or ce field in 

(2 2)  

Tha equlvnlent eIrct It of the tcdcetto:a orator 1 or to rog.. 

ct o..s 7 L1R7i isope 7,t n1'©h+l +° slA}otz 	i- q L3 

The neg t1 ►:.. c uance ti rc uo, in s ynehrar u 	ct clip 
0$ 	is giver by 

2 3 Ian r / 3° 3 I r2 / 2«n oa oe (2©3) 
vhoro 121 a 	etivo~.coquonoe rotor pbaoo c: rrent* 

P2 c rotor r'oeiotanee pIIaaQ 
rotor ron1ot aoo inorcaa c vith the 1Icraneo of clip 
Fie,, 24 rcpro9onts the for ,uo-cpood obaractorictico of a 

ct ndord lndvetion cotor, ender nn ativodsoquoaco o eration* 

2*3 Qnrt4 ori  

It cr be sho rn th€it c bo a bc.l anccd 3pbcoo stator v1nd ine 
f 	iot, star Lc ozc 1tc?d with zaro.nor uonce or ©o"pheuml 

Ointicold21 eurrento, the nth n Mao terrn.~~:iie as :afa at a point +R 
deco dd oes of ;ns ; tic perlp ry of the ro tury from tho axle  

tcr ono ptiaoo a1cdi a at any Instant of tic3 t o 1a 
` a 	T II FAI ( 1 + P. coo 	) oon (n + ~ )nin 2 n f t 

(2 ) rthoro F'n a a lltudo of the i' h apace hers onic oecok., 
of each çctco g or cc=o ontrato Q fall p 2.to h :a Sx.►1 irw, 
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• l A a a space harmonic siodine factor or each phase* when 
each phase winding is of the distributed and fractional-

pitch form* 

It will be semi that F,#, is zero for all values at up except 

as 3 and multiples of 3, In practice, the. higher saitiplos of the 
third space har k or* sufficiently small, and mai be neglected. 
Thus, the a.s.t. wsvetori, due to zero-saque e currents# produces 
a *ag*eticfidd in space which. has three t.itr*s the number of pales 
far which the machine is actually wound, the resultant ftold is 

. stationary In space and pulsate ; at the tssdamental tregiency f, 

This stationary and pulsating field raay be resolved into two rotating 
components of equal magnitt4o but rotating in opposite dirsctioas at 

• a synchronous speed. equal to one-third of that of normal 3«phase 
•peratto*, 

It follows that the equivalent circuit it the machine# for 

ssr.••sequencs operation, will be similar to the well Known equivaleat 
circuit of a single phase induction motor. This circuit is and if isdl 
as shown in lid, 2.5 by the introduattox of the lick L and switch i 
in ardor that the effect of physical arrangement of both the primary 

and secondary windings sa ► be considered. 
The slip of the rater with respect to the third harsonie 

field, rotating in the positive or rward direction$ 1s diver by 

w~ ., -2+33 

and t e slip of the rater with respect to the third bare is field, 
rotating is the negative or backward directions is given by 

Then the primary winding has a coil span of txoo-third the pole 
pitch er each phase winding is distributed in tee-thirds of the pole 



0 
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pitch, the value of winding factor K 1s zero. With either of thee* 
physical arrangements of the prtfssary windings the third harmonics 
are always eliminated # and there is no interaction between the 
primary and secondary windings. The equivalent circuit of Fig. 
2,5 reduces to the leakage itnpedence (ri + 3x1 ) only, and therefore,. 
the switch M must be closed* 

When the phases of the secondary are connected in star, 
and the neutral point is isolated, there is no circulating path for 
z.rf=sequenco currents* Thus$ with this physical arrangement of the 
secondary windings, the load connecting links L st be opened,, 
Again# when the secondary winding has a coil span or two-thirds 
the pole pitch,or each phase winding is distributed in two•thirds 
of the pole pitch# no zerem»sequence e.m.fs can be induced in the 
wisdings, irrespective of whether it is star or deltic connoted, and 
thus the links L must be opened. 

The zero sequence torque, in synchronous watts, at any 
slip 1, Is given by 

T$ ,~ 	3 . [ I 	rte, (" 2+31) 	L Ib r2b / (4-3s) ..] 
where 	r2f and Ii a Secondary resistance and currnt per phase 

for forward rotating field, 
r2b and I2b= Secondary resistance and current per , phase 

for backward rotating field. 
The determination of paramatere, and performanee calcula- 

tided, for s ra. seusnc a operation s are completely discussed by Brown 
wad But 8 

Fig. 2.6 represents the torque*apsed characteristics of a 
standard induction motor, under zero-soquenoe aperation. 
2.4 	t 	u 	u 

The zero-sequence system will be absent from all types of 
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3-phase operation is which the algebric sum of the phase vectere 

is zero. This condition is satisfied in many types of unbalanced 

operations of 3-phase induction machines. Hence In the discussion, 

of operation of induction motor under mined-sequence the zerf• 

sequence will be ignored and only the positive and negative-sequences 

will be considered. 

When an induction motor operates under berth positive and 

Aegative»sequence systems, bath ,the positive and negative'.sequence 

torques are present together, and the net output torque of the meter 

is the algebraic . sum of the two. Also the relative, magnitude of, the 

negative-sequence torque depends upon the degree of unbalance. 

2.4.1 icedSepuence D r tion•P1 r mal Met e r. 

Typical torque-speed curves for a normal induction motor, 

under different degrees of unbalance i are shown in. Fig. 2.7, (*egl-

ecting the effect of stray load losses). Curve 1 is for normal 

positive-sequence operation at rated voltage der I per .unit). Curve 

20 for negative-sequence operation at rated voltage is therefore 

the inverse mirror image of curve 1. 

Curve 3 is .for the coed itlon in which beth the positive 

and negative-sequence voltages are of the full rated value. It is 

the algebraic sum of .the ordinates of curves land 2. Curve 3 thus 

Is' applicable for the condition I V1I 	1921 and the torques weald 

be reduced in proportion to the square of voltages when the values 

of Vi+ and 4 V2\ were other than. the rated value. Curves 4 a*d 5 

apply respectively •twtthe conditions of operation in which IVII 

> \V2\ and  yi 	1 V2 
2.4.2. 	ed- u Ac e D r t n -- High- Re i t c  Betel'.  

Typical torq(•o speed curves for a machine with high 
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resistance r•t+~r are .show* in Fig.2f8 Curves 'rr various values 
Of I' it àad IV2\ are iaciudod as in section 204.1. Curve 3 shows 
that when `V1~ = I V21 4 xamic braking is obtained over the whole 
speed range. 
2.4.3. jd t14P, uita epues0e. 

From .?ig. 2,'?,# it Is obvious that the possibility of 
erfsct iv, need control by Var.ying the ratio of (V`J / I V2 ( 18 
very lisited In a naz'aal motor but trors Fig. 2.2 (app11cablI t* 
ester having a high sacoudMry reaistanoe ) th speed control of 
jj4uctjn motor in all the tour quad, ants is possible. The speed 
central o. induction motor with rimed sequenca is diecusss4 in 
greater datai . in sect. 	4. 
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The direction of rotation at an induction aster oonnec ts4 
to the supply depends upon the phase sequence of the applied volt• 
ages, and can easily be changed by simplyy interchanging any two of 
its teraival cor .ctiona. A aixed*.segL4e opration of the motor 
can be achieved if the primary windings of the Indiction motor are 
connected aieultansougl.y to two generators la such a way that the 
motor connected to Individual generator separately runs In opposite 
directions. The generator rotating the motor in the forward direct 
Ian supplies the poaitive.maqueuoe systen,oa*d the - otb er rotating 
It is the opposite direction, the negetive••a rquonce system of 
voltages. The sagnitwie of the positive and negative-aequ.nee 
voltage# can be varied by changing the excitations of the generators. 
The connections re shownSn Fig 3.1 
3.3 VkrisUafs .tEapi1 Pr.du 9Una1ancd ODeratonl. 
3.3.1 	etrici I$.nces in he stator  

The primary winding of the motor itself is connected symmo. 
tricslly In star or delta. The insertion of a variable impedance, 
resistance, induct s, and capac.itanoap either singly or combined 
as shone In Fig. 3, 2, produces unbalancing * cad the degree of 
unbalance can be varied by varying the ispedenc.. 

The phase voltages, and Currents are shown to the figure, 
Applying Cirohaftts Law* the inspection equations are 

gib + V 	*- 1& 0 	'- V 	0 	0 .«...«.••«..•.. (3.1) 
'fib • 92 	~- To 0 	0 	(3.2) 
Is + 1b + Is 0 	0 •....•••......• (3.3) 

whore 	'Ve t Vb 9 and Ve are phas* voltages 
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The ooturablo core reactor is a variable acv impodaco 
' dovico0 Ito lccdnnco can lea varlcd by the control of the core flue 
t th direct cwrrcnto The 3CR has o throo ii.nbd coro0' To i4ont of 
c32n vindinga Caac, colla) arc piccod on the outer ltabov and the 
control vindinG (doc0 coil) Is placed on the cc ntri limbo The 
ap,plientioa of direct current to the control nindina itttroducoo 
doe* Siuz thick rodtzzoc capacity for aS3tornatiar flux and accordinGly 
the reactance of the a0c0 coiloo 

The LC is aloe uocd no a + Coot Ic a"1if I.or 0 and baa been 
appUc ,! to vcrloUcc purpococ l Cl t7,ido ranj' o of pot or output o 

• 0301 	RC1 " to 4l A 

Tho ideal ooroo arc noncoxiotant and the actual corn cator• 

lab n util incroace thoOr oultability of :oroo of t nottc t rlif 
no they approach the folloc& g corgi ltionna 

(1) Uinir. an byctorocic azd eddy currant boocea 
(ii) IiiGh differential pore ability (ja d 	 loo the 
knoo of the hyrtoroois loop and oxtrot ly boti clifforontia .. 
porn eabiiity in the coturation branahoo0 
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(1 .i) /ibru~w obongo betrcor. zona of high and #.ori diff ori. • 

al porrcability0 

(iv) Hi h uaturutien faux-doncity io* 

F Caly thrco olocnto 9 Co; alt 9 isick of and Iron exhibit high B41 

rntloo r at norz l tetporcturooe Dost Soreo~,.atnotic eatoria1c are coupc- 
cc i of d1lopo of thooc throe olotz,.nt o t ith omnll but controlled 
a~..auotoa of tthor oubotamovosa 

MO forroraenotio n12.oyos motly usod an core matoriit10 for 
11ncar 2tckctors and trcnof orcoro, be t vor9 in thousolve5 ere not 
oust ibio for OCR, and cdditionoi proportico crust be dacieacd into 
3CI r coracs 

Tho manufacture of the forrorinavotic alloyo, ouitcblo for 
anotic acplif for core, to a detailed prccoos to enhance the Uooire 

able nns otic cboracte otico0 The ohonical conpot~ition Ic vory incor- 
tcit_, I~ieltol and iron ere principal constituents, Controllod trccov 
of copcor g obroniun, Yc iybdoAurr4 and silicon zy be introtkced into 
the nlloyo or used in its Mznutaeturo, It to not the oa ;ct is prof or ,- 
too of the trace oubntancoa , but their affect on thy! cryctullind d 
ctnllz:rical structure of the forroo gnotic alloy Which e 	cce 
ocs'tc2i cb ractortootioo4 

The atoms of the forroeagnotic olooento obnit p niehol arid 
iron have a tooso electrons in their outer rin s, Eecb akiglo ntoo o iy 
be CGZ331dorcc, a cat11 clectroma not in ntsl.cb the oa notizin forco is 
not up by the outer shell olactrona spinning in their orbit,, Hovover, 
for the naturiul Itself to be terror raotic, this effect a .ct be coczu-
ir_:tiaum Thia requires a opoef'ic erranco +nts of tho a atooc In in 
crystal nttico uuoh that the Indiait ul ta8netic field produccd by 
ocob ator. c.ill not Gaol each -othor0 

Cry3t3l or Grain orientation to offectivo in crihanein cortain 



skaraoteristics. Twe astkod8 are used i Cold r.liing, and aaaeal.- 
lag in the presence of sagnetic field. The asacst at certain trace 
elsae*ts asst be csatrtlled. Annealing is dry hydrogen and redact. 
Iain with strcn.g Aeoxidiziag agents are effective techniques. Alloys 
with most identical properties are vailabls commercially fran 
several different manufaetuErere, 

3.3.2 Gar. L,ic t 
8GR corea may be 

(i) fabricated from flat laminations eL thickness ranging 
upward from 0.102", stacked together as in traasfarsrr 
practice (Fig. 3.7) 

(it) wound from continuous tape of thickskess ranging upward 
from 0..0010 into a toroidal spiral (F ig.3.8) , or 

(iii) stacked into a tor©id from flat st*sped rings of thick-
massi - gristsr than.. 0,002"(Fig. 3.9) 

it the above t3 ree,, the tape wound cars Is the most widely 
used due to the following reasons$ 

(a) It is available in *1l the printipal alloys from save 
rai saauf ac t urers. 

(b) it has an excellent magnetic characteristics,, 
(a) It can be would to any disensions without requiring new 

dies. 
~(d) The standard ore Mass available si*plify the aagnet io 

design. 
(0) The leakage flux is lower. 
A stacking factor, defined as the ratio of effective cross-

sectional area to geometrical cross-sectional area l, may be expressed 
as a percentage. 
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S.F. = Ceffective area/ Geometrical area] 7. 1.00 	• 

, j Zt varies with material thickness. Typical figures for tape  

+gad aeras ares  
70% for 0.441 tape#  80% for 0.002", and 88% for 0.004". 

/á.3.3 	.H ax 1lupCurratL. 
The 8»H loops, showing the relation between the two inter•. 

dapfsdaat magnetic variables,#  flux density B sad aagnetiaiag force 

H. are obtained irzparisaatr lly under carefully controlled conditions 

of driving electrical vsriablea r  frequency, , sample six*#  and care 
configuration. Fig* 333. *hors the major BB loop for a typical 

magnetic amplifier materials This is called 	or loop*  because it 

represents the limiting magnetic atstes and a further increase in 

the applied voltage does not change the shape appreciably. Fig. 341 

shows comparatively the B-8 loops for transformer silicon steel and 

a nagnetic amplifier material. The significant parameters of the 

BuH lases are given belsws 

f l 	ur 	- 	t 	• This is the practical maximum 
flux-density the material Is capable *to Beyond this point a 
increases very slowly with II, the relative permeability 
becomes constant, approximately equal to unity. 

	

(2) t t 	 t 	 d• 
Be , th.a l.uxc decays to # Br, 

inataad of zero„ B. is a measure of residual magnetization 
in the materials  and is maintained indefinitely until addti-
anal excitation is applied. Any flux level between i Br  can 
be stared . 
(3) u 	t 	r R tap 	iti, l /Ba  - A value 

close to unity is desirable for the magnetic amplifier 
reactors. 
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(4) i+ erciv tares. H is the magnetizing force necessary to 
bring the flux-d*nsity to sero from Br. In cores art good 
rectangularity* He  det.rein.s the peak value of the aayaa-
tizind current. 

3,3,4 	stpØi dAl  -Current t  
Fid. 3*12 and Fig. 343 show the relation between the exci• 

ting voltage and exalting currents for the materials having linear and 
ná linear (quare) B•B loops respectively. 

For linear BUIPH leap, tine exciting current is in quadrature 
with the exciting voltage and no power Is absorbed from the source. As 
the &.H loop opens up#  the laphase coepoueat of current appears and 
In the extreme cases the exciting current is In phase with the 	it- 
Ing voltage. The power* is dissipated is the core material and is 
assigned to the hysteresis aed eddy current leases. 

Per a giv ac flax-density showing; the eddy current losses 
increase with the fr.qu.noy and the B. H loop eiMe as elongw.lth the 
Increase of % (Pigs. 3.14 & 3.16 ). 

The shape of the B-H loop also changes If the flux-waveshape 
is sat sinusoidal. If the acre is excited by the siauaeidal current f  
the flux Ae longer varies siuus.idally, and the loops of ?ids.3.16 & 
3.1?-result. The loop measured with sinusoidal exciting current haft* 
power rectangularity aid larger Be than those taken with sine- flint. 

Ideally, to compute the electric characteristics of the roac-
tar„ B should be known Carr every value of H and vice-versa. With 
sine flux drive, the flux-sw d is set by Paraday's Laws a44 Is indepen-
dent of either pystsresls or eddy current effects in the cores But 
with sin-current excitation, H is known, alice the excitation current 
is independent variable. But B cannot be cosputed, because the rate 
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1.7 

Sr change of flux itself sets the eddy current lasses, s d hence 

determines hew much of the magnetizing current goes to change flux 

and hew muck is necessary to account for the eddy-current losses. 

Therefore, the problem is some-what indeterminate and only the 

experimental Batas are relied upon. 

3.3.5 Tejreraturetfects 

The B-H leap is sensitive to temperature changes. One or more 

of the parameters, saturation flux density, Bs-, rectangularity B/ 
3s q  and coercive force 3c :  my be affected. The resistivity of the 
material increases with the temperature thereby decreassing the 

•ddycurrents losses. Typical effects are shown in Figs. 3.18 & 3.19. 

As the temperature is raised, a value (the Curie point ) is 

reached at which the material lose their ferromagnetic properties 

and 'become paramagnetic. The Curie point is different for each 

alley and well *b ve normal operating temperatures. The change Is 

reversible, because magnetic properties reappear as the temperature 

decreases. 

3.3.6  Mir__ ►ec.s 

The ,B.H loops .ceneidered s• far are the major Drops, because 

they indicate the limiting magnetic states, Bs and He „ The lower 

excitation on the reactor cell produce miner le.ps; with flux swings 

smaller than 2Bs. The eddycurremt losses are reduced )  because the 

rate of change of flux are hewer, and the width of the loop (2 He  ) 
decreases. 

As with major loops, the shape of the minerloeps depends an 

the waveshape and typo of electrical drive. The sh*e4'lux families 

for Deltamax and Supermalley are shwen in Figs. 3.20 & 3.21• 

The effective;  permeability is defined as the  slope of the line 

between opposite tips of the major or the minor loop. The slope of 
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Sapsrsalley is fairly constant, bscsuse the shape of the leap does 

not Change as the exaitatio* 13 rsduaed. fl.wever, the ain r loops 
of *eltaaz are relatively wider than the major loop s because the 
width of the loops tends to remain constant. 8 p.rmal ..f is o=*.R 
heat for high grade transformer or inductors# because  the magnet 1. 
slag ispedence resins high over a wide rang► of applied volta .s. 
Its magnetic characteristic may be assumed linear. The a effective 
permeability of omits+ drops eft rapidly with B, indicating ccl.. 
apse of is dente at low voltage levels. Its characteristic is nsa 
linear and Its use is restricted to magnetic amplifiers. 

Mother ta*ily of ether loops is obtained With combined d*c. 
and a9c, excitation (Fig. 3.22 ) The applied voltage Is adequate to 
drive, the core through 2 Be # when no doe. magnetizing fare to 
,present. As the does. current Is increased,, the flwt-tieing boc.ass 
leu than 2 fls oheugh one of the saturation level is still reached. 
The miner loops for D.ltaae with sln~fluz .me shown is fig 3.23,E 
The operation of may magnetic amplifiers, If the minor leaps are 
known, the eltu,arp. canditiozis and the performance of the circuit 
can be predicted, 
3,3.7 Walla if S.G.R . 

To explain the operation of MGR and ether magnetic amplifiers, 
numbers of authors have soused the different forms of ideal magnet i• 
gatice characteristics for the cares (Fig. 3.24 ). 

The term shown in Fig. 3.24 (a) is 'based an the assumption 
that the slope of the characteristics is finite before and after 
saturation, and has been used by Lass '3 is explaining the operation 
of 3-phase magnetic amplifiers. )rabbi?' has also adpptsd a siailiar 
apreach for explaining the operation of self suited sett is 
amplifiers.  
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„*he farm shown is Fig. 3.2+4 (b) is based on the ' assuzJ4tio* 
hat the slaps of the magnetization curve is infinite before 

sat arat iaI) and zero after sat urat icA, and bas been used by (bla 
and Atk 1aseA and ethers& With these assumptions the operation a ' 
aegnetie aultti.rs are explained fairly well both In the transi. 
ant and steady state. Hiwaver, the resutis of the analysis are 
net valid when complete excitatiea is used, 	*use infinite 
permeability means sero uagnet isint cc rrenta t s*isle leads to 
infinite gain. 

The Berm of Fig. 3.24 (a) is based on the assumption . at 
the infinite slope. to the magnetisation curve with edditisnal 
assumption about the control circuit ispedene., and has been used 
by Mitaesl'~` in obtaining relations for the self excited magnetic 
aaplitiars, taking into account the magnetizing currant also« 

The rare of Fig. 3.24 Cd) 3s based on the assumption that 
altheugh the ear is reduced to zero# the residue flux in the acre 
is nearly equal to the saturation value. This form is applicable 
to a ny practical cer* saterisle, particularly these having a 
rectangular hysteresis leap, 
3.3,8 	inr car R acoZ  

TM two coil reactor of Fig,* 3.25 can tur ctioxi as a 8CR 
The example does met have arch practical , value but serves to illus-
trate the r+ lationQ among the electric and segnetic variables. 
The lead circuit has MZ turns and is in. series with 1i# voltage 
and the load resister Ill... A d.c. current 10 flaws through the 
centre]. cell M. from the d.c. source L. Mt " 	and Ra, is muff ice► 
4 featly high to establish Constant current in the central winding. 
The load current is centrelled by I . When le *a 0 p the reactor 
traces that minor leap of Fig, 3.27 (with no saturation),, the fall 
line voltage . across the coils, and only the aegastiziing current 



flows in the lad. Since Rs  Is assumed large, the currents isdu. 
cad in the control circuit through the reactor core are .megll. 
gi l.e. 

As L increases, its a adds to the magnetic circuit, It 
Ic  is + vs Into the dot * it produces a flux change toward + Bs. 
Since the positive half cycle of line eoItU. dribs the flux in 
the sosw d i t ion the core is saturated by the and at the 
positive line swing. 

'ifs* 3.26 & 3.27 shat the significant waveshepts and 
the aiuer loop traced. The circuit action is explained b*lewt 

(1) Just before the end of the positive half cycle «  the 
core is saturated and the load current equals .3/R3  

(ii) At the reversal tog  the flux is still saturated, 
coil voltage and line current are zero$  and H 

(ii) As the line goes ye the care remains saturated 
between to  and tl  ( the right flank of the loop) , 
the load absorbs all the line veltagef and coil 
voltage is still zero* At t2  the load current only 
slightly smaller than Ie  ,with their difference 
determined by the width of the loop; La  a No  (lc• 1y) 

/1 

(it) lamediately after 'Ll 9, the not H on the core Is smalls 
than necessary for saturation, the lord current 
Increases to I* + in  and thereafter remains oonstsn4 
the flux begins to mase toward R „ , and coil voltage 
appears. Between tl  and t2, the coil voltage is the 
difference between the line and the constant voltage 
drop at ( Ie  + lw ) set up by the lend current. 





if 

Cv 	Att2!e1=RL s e00Q,B=Bs ,andthebottomef 

the loop is reached. This occurs before the reversal 

f 	 at t . Also tj t0 t *► t2 . 
(y1): IaaNediately after t2 * e16 el 0, ooil voltage is 

positive the f lux s ►ves toward + && ! ead i 	ZQ*.ia 
(vi) The flux can swing upward only by the exact amount 

that it aay.d downward. It saturates at + Ds and 
tf • and X e llevi g Mold s 

A t~  t~ 

tl 	c t2 
where A0 	ores of the coil, voltage- second 

~x (will) Between tt and tl core flux remains at + Bs and iL 
As le increases,, the portion of liar voltage 

appearing aeressi'tbe Coil. becosrs an*3.ler and the flux swing 
decrease t ►n Ie = Ba / RL 9, the core ramie saturated,# lead 
and like voltages are ideatica'i, ad no further ration takes place. 

Some power gain can be obtained it NO NL and the control 
coil is wound with many turns of tine wire. B'ewever, this circuit 
is rarely used doe to following disadvantages. 

(1) A high Voltage is induced , in the control circuit. 
(2) it Rc Is made large, to limit the induced currant,, 

most of the control power is dissipated' in the control 
circuit and the Baia of the circuit is negligible. 

(3) If a linear inductor replaces B to I .ait the induced 
currents, It dissipates no control power and hence 
raises the power gain, but its size nay be prohibitive* 
because of the d.c. current it met carry without 
saturating. 
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3.3.9 7 	 R 
If the control circuit resistance is relatively low, when 

the d.c. control signal is tare p the current in the load will 
equal 

IL  

The second term is the reflected component caused by the 
coatrel circuit resistance. Unless Ra  (Nc / fi, )2  Is vary 
high compared to RL, this current coep©aeat will be large, and 
the amplifier action will be very poor. 

The OCR of Pigs 3# does not require a high control sire 
cult r rsistaaoe and can operate with a wide range of ceatrel. 
circuit resistance and can operate with a wide range of control 
circuit i+r eda*cas. It consists of two identical reactors with 
lead aeils in series aiding and control, coils in series eppssit-
.sa« The significant features are a 

(1) The output Is a non reversible a,*c, or #  with a lead 
rectifiers. single polarity d.c « 

(ii) When the control voltage Se a 09  beth cores trace 
miner loops without sat urot lag (Fig, 3. 29.) and the 
output current - is 4niia. 

(iii) Whaa Re  JA 0, the cera saturates on alternate half 
cycles of .ins voltage ( Fig*  3.30 ) , cad power Is 
delivered to the lead. 

(iv) The coil of a saturated reactor short circuits the 
aintrol circuit. 

(s) 

	

	The circuit action in each ha] ' cycle is lde*ti rslp 
with the two reactors changing roles* 
Fag. 3.31 shows the electric and magnetic variables 

for the circuit at a value 	)1 0 . The detailed circuit action 
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is as fellows$ 

(a) A +V9 control voltage into terminal 5 saturates A in 
the + ve half cycle and B is the • ve ons. 

(b) At to, A Is at Beg  and B at -Bs• 
(c) Between to  and tf A1  both fluxes move toward + Bs. Be 

adds to the core voltage of A and substracts from 
that of B1  since the control circuit current Is aijb 
ataatially zero and the drop across R. negligible. 

(d) If identical reactors ire assumed, because of Bc  the 
line voltage does not divide equally between the two 
load coils, This holds only for this period. 

°A(1,2) ) el  /2 ) OB (2,3) ,awd 

(e) At t, reactor A saturates, and no further flux cam-
g,% occurs upta t . Its coil acts as a short circuit 
in the control circuit. 

(t) Between t1  and t f, , OB increases for two reassas $ 
(1) the full value of Bc  is available to change its 

flux & 
(2) the lead current sets up a voltage drop across Its 

terminals equal to. iL, Rc  (t / me  ) . 
() Ims*diately after t r  beth flux densities move towards 

Bat  and the action repeats itself with the two react-
era changing roles. 

(h) if magnetizing currents are neglected :  the instantaneous 
control current must always be related to the lead 
current during the intervals tfA  is t T. and ttB  is t2. 
Because of the connections in the control circuit!  Ie 
is a double frequency train of pulses with the ways sh-
ape of a full wave rectified portion of 9.y. 
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81.*c• the control circuit i.e linear# is so far as 
d.c. values are concerned the average values of 
these pulses must equal Ie is / etc . 

' 	 The following relations can he derived. I p 	_ 

le No c xL NL (Law of equal. aWere-twr. ra) 
where Ie average c.atrel currents and 

Iy average lead current. 
The average lead voltage Is 

EL= 2L RL = (11 /Ni ) ( RL /Bc ) 
The power gain, if the load responds only to the average 

value of lead current, is 
P C/'RL )/ 1/To ) B1 /R,c C ,/ y)2 

if the useful load power is determined by the rue value of 
lead currents the power vain is 

2 
P'CR /B0) Clie / L). .Kf 

where Kf ca form factor of the load current. 
Fig. 3.32 shows the parallel, connected SCR. The load 

v d gs are in parallel with a series co,nection for the control 
circuit: the ba$tio relationship, slunar to series connected, 
are applicable, and voltage $ and current waveshapes are almost 
identical. 

In practice, the performance of serios xT pcvallal ceanect-
td reactor is obtained with the common control coil 2 inking 
both cores ( Fig. 3.33 ),. With this arraAgaent Ae is lower. 
The load windings are on the outside liibs of three limbed *ors 
structure and the control winding on the centre limb. The a.c. 
wind lag have eq~Ri aepereturne affect s and are so connected 

4 

(either in series or parallel) that the a.c, flux due to these 
windings cancel out in the centre liabg and deem not induce 
alternating voltages of the f;andei ental frequency in the central 
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w ing. When a control voltage 1 is applied t it sets up a 
-flux Chs ge in the two caress or halves, in opposite directions, 
3.3.13 Characteript .cs o~ SCR 

Figs 3.34 and 3.35 shoat a tastily of curves relating Ht 

average SCR voltage * average lead current 1L = and Average 
central current to . Fig, 3.34 sheers an idealized characteristic 
Used on ideal cors, and Fig. 3*35 is a pxacttcs1 ch aracterist- 

The curves are for so load cosditians ( a.c. circuit reg• 
distance being very small ). The slope of the lime OZ csrres-
ponds to the resistance in the i.e. circuit windings. The line 
passing through ARCDdefines the circuit when operating with 
a constant average SCR voltage Ra and different values at 1. 
The load line YX corre: pbnds to a all pl r voltage QY, the slops 
of lo Y a -RL . The point 0 is the limiting point and 
maxis average load current is 

a 	 • = x1 /B 

where Ra B + r 	r 	winding resistance. 
The characteristic for a given lead my be plotted as 

shown in Fig, 3.36 in which the average load current I is pletti 
ed against the average control current 1Q , for the tss load 
conditions at Fico 3.35. The slope of this curve is the cu .~.ent i, 
gain which Is equal to we / R A " and IL R1 / Za 

The control ratio s, is defined approximately as the ratio 
of maximum average load current ) to the aiiimns average lead 
current 'with sire c ntrol currents and is used as a criterion 
at the range of control. 

*¼ 5$1"IL• "CE1/Ba) / (31/ 2z) 
= Ra / 2x5 
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where 2 X. a reactance of the s.c. windings in the 

unsaturated state. 

3.3.11 dal( jxciteQ1 

The RCR circuit described previously relies entirely on 
the asp+ re.turas on the Centre lima to saturate the core. This 

requires large control coils, which adds to the physical size of 
the structure, and therefore to the cost. The large control 
coils also have an unfavourable time constants I /B, when con-
stuered In relation to the tow ti* constants required- for re-
Rulating equipments. The application of this tppe of device to 
regulating system has been limited,, because of its low power 
gain, its slow rates of response, and its cost* The self excited 

8CR (Fig. 393? ) hasp to a great: extent, ev.rcowe the above Io-

hsrent disadvantages  ©t the ,CFS. The lead coils provide 100% 
.teed back, and assist its saturating the core, The control coil 

aapereturns and watts can be relatively low. 
The equivalent circuit for ie1P exciting SCR is shorn In 

Fig. 3.38. The energy drawn Prim the control scarce during a 
cesducting period is supplied partly or wholly from the wain 
power source by using self excitation. This 1a a form of 
positive food back. The ].da current to rectal ed and made to 
flow in trod buck wi idi g `B similarly die, used yo the control 
.finding. A typical control current char ►cteristics is 5~tOWn 
in Fig. 3.39. 
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Age 4.1 shorts a simple arrang'niont of speed control 
of o1p:1rC induction rotor The a,c winding of the &GFS 
Is connected in ono of the sup, ly lines, and the d.c0 for the 
control , t7inding is olthar obtained  obtotnod tIIt a the help of rectifiers 
or directly from a d.c. source, if available, In tho secondary 
of tho induction motor a variable inpedoncoD resistancop 
i`nduc'Cnco p and Capacitance either oinCly or coabtnd, is 
connoctod, As explained In 3,.3. by varying, the control 
current of 5CR $ the rolativc' m - nitudc of nciativo sequence 
voltac o can be varied v and with the variation of secondary 
rosictanco along t7ith the ration of l l/b different cp od 
torque charactorintics can be obtained, A vt 6er rangy of 
speed control can be obtained by using, capacitance in ad°ii- 

on to resistance in the secondary circuit, or by owing a 
combination of resistance oaj.acitanca and inductance, This 
can bo Pzpalina d by the fact that the currant in the oocon-
dary of a olip°ring Induction rotor is doter rinod by the 
induced volOa*7a and impodgnoo of the secondary circuit. 
As the c for a9, roachod synchronous o9ood D its slip a9moacho1 
Zero. The induce 1' voitaCO decrea .oc in proportion to the 
Sligo Ithen the secondary irPadgnco is capacltivo, it varies 
inversely as the zlipa increacinr, to infinity as the slip 
aPP'oachod to zero, The combination of docr asod volts o 
and incroa © Amed~nco cuuso a rapid decrease in current 
too the motor accolaratoc from ctondzill. In additlonv the 
error f ctor is lore and lon A n bipcauso of high cab citivo 
reactancoe The combination of low coconc ry current and 	• 
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and low 	or factor results in le. a t1in 1O tor quo foss 
slip la» o than 5CO The difsad  van nace of thaso char,actorisc 
ties is that there is still an ap~rociablo torque► at otando 
Dille hotovcr ith this method full load to wring e, coda 
in hoists, as lo 'a as 18 can be obtained0 

The equivalent circuit for positive v and w~ ativo-
sequence systems,, with capacitive reactance in the secondary 
are cho= in rig$ 42 The current loci ciith secondary 
csapacitanco ray be obtained In a canner similar to that 

t constructing the conventional circle diacrom of an 
- 	induction motor. The circle diagram of an induction motor 

represents the current locus obtuir d then a variable rcaia-
tance is connected in series with a f . ted reactances 

U th the e33actitsnce in secondary the zoactanco 
of the motor charges as a function of sliPo and thus requires 
a different diamc'tor constant reactance circle for each 
value of ilip0 The diaraotor is equal to I' /(z-n 2) ( for 
,omitivo*soquance system), If a series of constant re^is 
tunco and constant reactance circles are drain for a number 
of values of clips there, intersection can be used to doter 
r~ino the current tzith ccipacttcinco in the secondary circuits 

At Fargo values of o3.ip the diameters of the cot- nt . 
secondary resistance and canatanct secondary impedqncc circles 
are large. As slip decreases t the constant resistance circle 
becomes smallero The constant inpQdonce increase in director 
until resonance is reached q at vhich value the diameter to 

a 
infinity 9 and the locus bocomosLvortical iinoo P rther 
reduction in slip rcault in successively smaller circles 
of constant rcwistanco0 The constant imodgnco circles 
become ca, acivo curront loci . an their d4.amctor also 
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dcc'Coao of zero al19t or 31nchronous S9M3 the dianotora 
oso zoro g as would ba or, Qctod since oacondary current 
20 also sono for Chic cond2tione `Tho itothol of obtaining 
the current boci1 vith oocondnry capac tivo roac£anco In 
2liiwtratod In x1g0 403,0 

1,nothor incon2.ou moth' 	suggosto4 by 46ckerhaq uses 
a f o: turo, nanoly variable unbalanced prier voltaeo autocatiI 
a-ally responsive to spood tifih this method it 1s Foso$blo to: 

1) oaploy unbalanced volts o without _high 1n zt 
current tibicb ii.ght bo o~cpoctod0 

1) obtaf. 1c_oo yban cyncbronous opood at no loads, 
111) obtain oh act risUas providtnt ax doroo of 

starting torque feoo t to 7 full. Load for quo 
L3ithout the tjustmont of rotor rasistance0 

1v? obt in chcroct rrioUcs providing retarding for quos 
vhteh are zoro at sero cpocd, and which cover a 
seed range from 0 to 3 at light, or no load an6 
10 to 183 at full load„ 

Tho os ontiol olcnonts of control arc t 
t1 ; a variable i o&nco rcaotor 
(2) a Vctaao shifter 

(3) apood detector titb a lifter 0 a d 
(4) a standard severing controller oquipent0  

or all subsynchoonous s,00d control this system sea 
a nil 10 relativity high external rcistanoa in the rotor circuti 
rich 

(a) tilt},in the operating r ngo -vas a stable rotor 
Oto atlon spoeti .tor quo charactoristics ; an  

(b) lits the Input currant fl this being tho fu danont; 
and one of the Wim icrtcinco of tbo cyatcr,  , 
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Typical speed - torque characteristics T-1 and speed -
input current c)mraoteristias of a motor with a high resistance 
In the rotor circuit are shown In Fig„ 4.4.a). From the Fig. 
4.4(a) t  it is apparent that withing the operating range in the 
IV quadrant the motor operation is stable i.e., retarding torque 
always increases with the increase in speed.. The characteristic 
TQ-1 may be regarded a* the positive sequence torque component 
where the negative sequence for quo is zero. 

For a minimum ubbalance in voltage, used in the system*, 
caused by the dis;:l.acement voltage vector RX-j1n Fig.4.5(b) where 

1a 0..23 we have 
(a) the Positive•sagnence speed-torque characteristic Ti-; 

Vig..4.4(b) , which is similar to T's.»1, except that the 
auag tulle is reduced along the for que-axis. 

(b) this neigative sequence comLonent,  TN'.2 Fig.4.4(b), 
which, is similar to the positive component s, except 
that the ' magnitude is lower s  since the unbalanced 
is not great and is inverted on the speed axis. 

The motor shaft torque Is the aleebric sum of the two 
components or the characteristics T 1-2, Fig. 4,(b). 

If the motor Primary is further unbalanced by increasing 
the displacement vector SM2  to 0.866 S, ig,4.5(b) , the applied 
single ase.. The positive (T ?.3) , and nei ativs (!N3) sequence 
components are equal in maginittide for equal degree of relative 
slip, Fig. 4.4(c) , The shaft torque or not torque characteristic 
passes through zero for que at zero speed and the shaft torque. 
opposes the roration at all speeds„ 

If 8L is increased in ^ ;gnitude still further by EX 
(F1ge4*5 0b"), the phase sequence at the motor t e r m i n a l e 
is reversed and the negative-sequence torque component become , 
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predominant as shown in FI;. 4.4(d). The oirresp,naing sorter 

shaft torque passes through zero at acinus 35% speed and shows 
that negative torqueis developed at sere speed. 

4.1*1 
The facer spood.»terque characteristics curves 'Q1,TQ 2, 

Tq.3, and TQ each r•sulting from the application of different 
values of fixed unbalanced voltage and with Input current lima. 
ted do net cover effectively the area a ` the iV quadrant and 
are therefore unsuitabl, in themselves for speed control at all 

Leads. This system provides the necessary cover** by effecting 
an auteratie transfer in response to speed from either of the 
characteristics TQ,-3 or TQ-4 at sore speed or to the character•. 
est is s TQ 2 at any selected negative speed. The curves are of 
general shape shown in P`is*f. They are quits different, parti-
eularly in the low torque regions* then any speed: torque chars- 

eteristic attained so far. There, ray be as 	ay► intermediate 

curves as desired and they way originate from either TQs3 or TQ .4 
at sero speed. 

4.1.2 Varii ble,,ISRId c sBeactpr,~„ 
The vector eeltages % and £X2 and any intermediate 

value shown between L1 and TZ shown in Fig. 4.5 are produced by 
a single saturable core reactor con*eoted between these two points 
The vector voltages X3 and 	4 and all interardiats values are 
produced by the saw reactor in aoabiaition with a phase shifter. 
4.1.3 Phasi•• _Shifter 

The phase shifter is a series reactor and resister coaiiw 
nation indicated by XPD and RPD is F ii, 4.5. As a onnec ted the 
three elements of the star connected load are . 
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(a) the resister EPD and winding W 
(b) the, reactor 'D and wiz ing W2 * and 

(c) the reactor (voltage drop EX, ) 

The neutral of the star connected isaci is therefore the motor 
terminal. T, and the displacement of the neutral with respect to 11, 

L2, L3  determined the unbalance of voltage applied to the motor 
Wind Ings. 

To sake the primary unbalanced voltages a function of motor 
speed the power for the control winding (d.c. coil) of SCR#  used for 

unbala wing, Is taken from the meter secondary voltage. 
When operating the actor with unbalanced primary voltages 

the voltages and frequencies dovelopeS in the rotor area, 
w For positive • .sequence voltages  

Vlr  = s Vl 	
1 	 i..• (4.1) 

'and air  
(b) For negative 4. sequence voltages 

V 	M s' V2  * t 2-s) v 	
(4.2) 

Where V. 9  V2, sf and st are primary positive and negative 

sequesce voltages and slips respectively, and t is primary supply 
frequency. 

In the speed range 0 to • 100 % the negative ssgoomce 

component ( 4»2) t  with Its descending magnitude and fraqu ey produces 

modulation in magnitude of the positive sequence component (4.1) 

but dses net affect its fundamental frequency.' Besides these 
modulations there Is still another variable in the secondary 

voltage resulting from the variable unbalance. This variation is 
indirectly associated with speed in such a way that a rise In speed 
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is accompanied by a rise in secondary voltage*  however only is 
proportion to the torque being develap.d.. Thus as the speed ruse 
from 0 to • 100 % the magnitude of secondary voltage is iudeter. 
siesta but its frequency has a perfect definite Value for any 
definite speed. The speed detector used, therefore $ should have 
minimus response to magnitude of applied voltages and aixtaas 
rsspsuss to the 'fr.qu.noy them of. 

Tb. detector consists of 

-(1) A tbrai.phass transforasr operating at high flux 

. 	density. 
(2) a capacitor in series with each prisary cail,*ad 
(3) a rectifier to convert the output to direct current 

The reactance of the capacitor (•J /2 n t v ). varies with 
the change of frequency and therefore the v*1tate drop across the 

capacitor will very with the change oX' the primary current of fre. 
quescy. 

The transformer primary voltage ( counter e.s.f• ) is 
given by 

4*" N, id 	c t * IC f 00i.#0..&0 	(4.2) 
where, N 	nuaber of priwury turns 

.0 	= *Ziiur flux in the Core 
f 	a frequency of the voltage applied 
K 	a constant a 4.44 'X 	OM  

Durr to core saturation, A 	, after a particular value, 
if applied voltage t  remains constant s  and .hoses Z1  the transformer 
primary voltage (He  4,2 varies with the variation of frfqura- 
vy sly. 
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Alae, the wave•tsrm of the speed detector transformer 
secondary voltage is peaked due to core saturation and the *r.p1i-

tuds of the peaks increases with the increase of primary voltage. 
The increase in amplitude is accompanied with lessened durAttoaf  
so that the energy per peak remains approximately constant* As 
the frequency rises, there are more peaks per unit time hence 
the output of the system varies directly as the frequency except 

as codified by tke relatively miner motor secondary voltage 

variations from other causes. Th.si minor variations are taken 

care of by the capacitors, with the result that the output of the 

detector system responds fairly well to frequncy and consequently 

to speed. 
At zero speed, , the excitation of the main reactor (8CR). 

oust be sore, hence the detector •utput voltage existing at zero 

speed must be nullified. This is obtained by paralleling the 
output of the detector with another rectified constant voltage and 
depleting the circuit for both through a common resistor. 

43*5  
. 	As the input energy to the detector system is small 

and most of it output energy is censured by the leading resister s  

the azcotatiea energy, obtained only from the detector systoay, is 
oat sufficient for the efficeat working of the system. Ther. 
fore the use if an amplifier to obtain the excitation onergy 

for the main reactor makes it possible 

Ci) to keep the speed detector components sell, and 
(i1) to standardize the detector system which may ho 

applied to all ratings of motor with the variable 
being take* care of by the amplifier. 
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The a lifier used,, Is a single a.e. bridge, composed of 

two saturable core reactors as shown In Fig, 4.7. 

A-A and 8-B ani s.c. coils of the two saturable corn rose

ters,, The control winding of only one saturable : core reactor is 
excited from the output of the detector system. The saturable core 
reactor with d.c. excitation has variable iepedgnce while the other 
without does excitation has fixed iepedence. Out put eflergy from 
the detector varies the lepedepnco of coils A-A, to upset the balance 
at the bridge and produce a potential difference at R and S conse• 
quest to the exciting call of the main reactor. 
4.1.6 jRrRSt _.0 r Fl waiirui&Sd r j W 

Application of unbalanced voltages to the ,prmiary winding 
of a motor of-coarse produces u*balaaced current input. 

Pig. 4.9 curves show the line currents and percentage 

heating in the following three different cases, the W-ter develo. 
ping the same given torque ( 100 % j 

	

1.) 	when the motor is ' eperat iag with balanced Input 
voltages. 

	

ii) 	when the ' water is running at slow speed (low balance) 
iii) 	when the meter is running at high speed, FAST 

(greater uaba].anc lag) 
Fig. 4.10 gives a comparision of the system with ether 

systems of speed control as regards the percentage average heating. 
4.1.7 	 Coi3aact4Sn,~ 

A simple reversal of meter terminal connections produces 
performance in the first and second quadrants equal to that 
developed in the fourth quadrant. 
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4„2 Ioairr,1ate d* $e 

T system discused is 4.1, for the speed control sf 
slip-rind induction rotors can also be applied to the sgairrel 
cage induction motors with the f.11.wir g nrdificaticns: 

1) to halt the input current high resist ce ret®r may be 

used. 

Ii) is eliminate s.re-seQueace ayste# currents (3rd kara nie) 
causing excessive heating, the stater winding may be 

a) ce nected in star t  

b) wiund either with a csil-spas of two-tkirds the pole« 

pitch, or each phase winding is distributed In two 
-there e.t the pole pitch. 

111) to make the primary unbalanced voltages a function cf 
sorter speed, the power for the control winding (d,►c. 
coil) of main reactor (GR), used for unbalancing, is 
taken from a. d.e. tieheseter generator fixed to the 
shaft of the anter. 

Fig. 4.3,2 skews a system applicable to the control of speed 
cf squirrel cage iwductisa aster. The current in the control wt*•-

ding of the saturable care reactor is automatically varied by the 
d.c. tacheaster generator (fixed as the shaft of the induetien 
miter) and a reference direct voltage Vd. 

The typical speed torque characteristics are shows in 
Fid. 4.13. The steepness of the spend-►tergae characteristic will 
depend on the wermal characteristic of the ester and the desig* of 

the reactor and control circuit. 
By using a capacitor In parallel with the saturable core 

reactor,  

1) The direction of rotation of the meter can be reversed 
without interrupting the mains circuit,, 	• 
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ii) the external reactance may be varied apt* a greater 
extent aleag-with the facility of reversing its 
sign too„ and 

111) dyeanic braking is pessikl• without as extra equipment. 
However., the speed control of squirrel *age induction 

motor is somewhat more difficult than that of slip-ring induction 
aster, 
4.3 	D u 	 U 

*3.1 	2tLe, inturatisa 

Th* positive and *egati 'e-sequeac* magnetic fields, 
proportional tt the Positive -sequence voltage V1 and ■egative-
sequoace voltage V, coexist in the sachiae. Tk.y rotate at 
differeak speeds so that sometimes they oppose and soritioes they 
did. At the latter instants, even though the peak flax densities 
of the individual fields are r*,ae.asble, their ceabiaatioa results 
In gross saturation,. Due to saturation, there is a c®asidezabl_e 
increase to the aagaetieing. curreats and a deterioration is their 
wave fern. It is to be expected that saturation, will begin to ki 
apparent when the sun of the peak flux.deasities of the two 
component fields exceeds the normal peak flux.deasity iL the aackias, 
Neglecting second order effects, this will be when the algelrric 
,sun of the voltages Vi and V2 exceeds the aeraal phase voltage* 

The magnetic conditions aay be alleviated by the use of 
the following aetheda, 
1) reduction in supply voltage the delta connected aster 

say be operated in star. 
2) ietroductisn of additional secondary iapedence- the 

addition of ispede~ee in sort's with the secondary phases 
reduetoa the iegattvAve sequence flux without appreciably 



• 
affecting the positive ssque*ce flux. The secondary iaped-
eace should be resistance si.ace reactance, although giving 

_.. 

 

the desired drip is voltages oeatribrttes *.thing to the out- 

pat. 
3) introduction of additional primary iepedeacea. 
4) increase is the frame size of the astir a +eve. that necessary 

for sere . operation. 

The interaction of the peaitive*sequence ant with the 

negati$e-sequence field, and the legative-sequeace it with 

positive•sequence field produces torques which alternate at the 

relative slip frequency of the two components and haveaere mean. 
value. These torques are responsible for the vibration In machines 

carrying unsymmetrical currents. Each of the two '41ternatiag 

torques is proportional to the product of the amplitude of the f1.e14 
and yard' waves producing it, but since they alternate at the sari 
frequency their resultant is the vector sum of the two components, 

ire 	r t 	e 	d Heti. of th iã.tsr. 
The uabala*ced primary voltages have the following effects 

as regards the lune currents and lenses, 

1) The negative-seque ►ce currents produced by unbalancing 

causes unbalanced line currents and extra losses. 

2) Negative-'sequence current losses are in additii* to the 
asrmal losses at the faze slip with 'balanced ♦eltages, 

that is the losses may be superispesed, 

3) The Upat current to the meter isincressed. 

4) The additional leases ' due to operation an unbalanced 

voltages are large for mater with aultiple Bade retera. 
5) in additiea to increasing motor losses$  unbalanced 



11a• voltage$ cause sere-uaifera dietributiru of Capper 
1esse*. 

6) Small unbalance in voltage cause auch larger unbalance 

In line currents. 

Any eoasider: ti a of heating involves not only the current 
in the aster but also the .duty cycle upon which the motor operates. 
the currents encountered with the unbalanced priatary type of beilts 
and draw beach coatrels are ao r.ater the& those in d.c. hoist 
asters. These currents reach upto about 12 of normal in the 

variable unbalanced voltages, and uto 230 % in adjustable fixed 
unbalanced voltagseq The satisfactory service records of such 

asters have thews that beating is not excessive 3 

The reason that the d.c. sad *,.e.. hoist motors do not 
•verbeat 1a that the 4nty cyte$ I,$ teraittent 1* all eases. 

The most severe duty cycle included is specifications is 15 secs. 
on out of 45 sees. 	ew with ,t more severe duty cycle, udas 
heating Is not likely because; 

1) Coil adjacent to the hot winding are cooler, facilitating 
heat transfer. 

2) The teaperature equalizes rapidly when hoisting with 

balm ceps current a" also when the spoor Is at rest. 
Two similar Cargo wMch drives were tested is cutler Banner, 

I ac v Miblabee Wisconsin. One employed a 50 LP., 440 V, 60 C/s s 
575 r.p.a. tr tally enclosed allpriag induction water,, This motor 
was used in the unbalanced primary control scheme. Other employed 
a 60 H.P. ! 23OV6O0 r.p, w. totally enclosed too. rater. This 
motor was used in a constant potential d.c. Carge winch control 
schem. These meters were counted in turn on a standard Cargo winch 

arranged to heist and lower full lead. The duty cycle aced waa~l 



a staadsru cycle of 17 sees. foists 17 sees. lower*, sad 20 sees. 
off. T'ks kig est tsaperatire 'rise of the a.c.. motor was for 
all particular purses the same as that of the d.c. aster. 
Teeperatira of the ,heat e, iø tarpvli, and shut field wind Inge 
were ee aZ*ble to those or the has heavily loadel a.e. ester 
windings,. 



'1I 

!CThON 5  
5. .,çP1MLmAL $01  

5.1 	 U 	O 	r 

To verify the theory discussed in previous chapters,, 

experiments were performed on to induction motors whose now plate 

specifications are give& below$- 
a) Blip.'riag Induction motor 

{ B.HOP.I 	3-phase, 	400 volts., 50o/ 
7.0 asps. 	3.440 r.p.+a. 

b) Squirrel-Cage Ma tu►ctiea Ust.r 
5 B.R.P. * 	phase, 400 vclts 	50 a/s 
7.3. asps. 	3.440 r.p.a..: 
The specif icativxAs of her aai~: appy  etuses were as 

fofl ws$- 

c) Saturable-Core Reactor 
A.C. wiadiags - 	110 'volts, 0„21 -► 6 maps. 9 

D.C. windings 110 veLts, 0 0.5 amps. 

230F # €0C/o 	9A 
First, st dard tests were perferred to obtain the 'par* 

stars of the motor wiaJinga. Then eoaaact3.eas war* :do as shot 
is Fig. 6.1. The torque developed by the iaductiaa actor, under 
test$ at different speeds was mraaured by the ar *Leonard 
method. The torque-speeca, and targssutput Curren characteristics 
were measured under disrereat ecuditions discussed -n the fellow! 
ia,r sections, Alas, to ev'a .d the effects of saturatica, the 
tests on both the motors were carried out at reduced valta;ea. 
5.1 ,1 	"' 	 t 

Standard tests gave the fallewi g resultst- 
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a) 	.,v..,'r.Ball*~.-1281 
it is found that the turns ratio of sa induction meter is 

met saw for the ttttarut: positions of its rotor with respect 
to the stat.r. This is due to the effect at d1 'fereatial leakage 
flux* The turas rati•g theretere,, was calculated as suggested by 
P tsteia L y.g &ad ethers. 

U.K*. Voltage app .iea to 	motor voltage in (irroreat 
the stator 	posit teas 	the rotor 

` 	Volts 	 9 a Vo ,ts 

10 400 330 

2. 400 332 

30 400 328 

4. 400 333 

Boas 400 330.75 

S.Ne. 	Votage a plied to the 	Stator voltage is different 
the rater 	 pilsiti.as of the rotor 

a 
o .i ts 	Volts 

1. 300. 360 

2, Soo 359 

3. 300 362 

4. 300 364 
moan 300 	. 361 

E2 v 

= -b5 \ 'x76 1.215 
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S,Re.. J Voltage *ppliei 	Input current 	Power 
per phase 	 AMPS .~t t R 	j g~ 

V*lts. 	 WI 	 Power watts 

1. 	390 	1.83 455 220 235 

(a) 	t T 

t ON** 	Veitage applied Input current 	Power 
per phase 	 amps' 	ti attmar R a ~ 

Volts 	 seer Watts 

1. 	164k 	7.0 	690 -100 590 

(d) 	irectur,aej~ 
Stater resistance 	 2.1 •kaiphase 
Rater resistance 	 1013 shea/'phase 
From the above tests the following parameters were 
obtained 
equivalent resistance referred to primary 

Rk 	= 4.01 eheay'phase 
Equivalent re*ctanae referred to primary 

24 	a 134 shea/phase 
Secondary (ret.r) res. t*xce p3 99 1,39 •halt//DMsse 

(a) 	The tergt ►.spe d , and t.rgw.'.input current charaeter- 
istics were aeasur with balance a pli,d voltages of 150 volt s/ 
pka4e, and without an +, add it ileal roe istas►ce in the rotor circuit. 
These characteristics are shown in Fig. 5.2 
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(t) 	M external resistence,, of the value to give the 
stable operation of the motor in the complete range of the 
speed from * 100 $ N to - 100 % N, was added in the rotor 
circuit $  and torque-speed, axd -tsrque•iaput current character-
istics *ore measured with 

(1) balanced voltage of 150 velts/phase 
(ii) various unbalanced v.ltages, obtained with the 

. 	(iii) various unbalancedd voltages, obtained with the 
phase Varlac• 

The various characteristics are respectively abeam in 
P'ig* 6.3, 6.4, ani 5.5. 
(g) The external resistance in the rotor circuit was 

reduced and the terque«►speed and terque-input 
current characteristics were measured with 

1) balanced v•ltage Of 150 valts/phase 
ii) various unbalanced voltages •btaiuei with the SCR 

iii) various unbalanced veltagss .btsiaed with the single-
phase v.ri.c. 

The various e2.,raetfristies are r e eetively chews is 
Fit. 6.6, 6#71  and 6.8. 

6.1.2 	t asau2rrs1sCs Indtzcti.a M.t.Z  
(a) r lead Teat 

S.N•. Voltage applied laput current 	Power 
per phase 	ares.  Volts, 	 1 	*2 	Power Watts 

1. 	380 	9*75 360-140 220 
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(b)  

S.ps. Ysl.tsgs applied 	Input current 	Power 
psr ,phase 	 ..~ 

v'slts 
 

Maps. 	*1 	2 Power trat s 

1. 	224/ .I 3 	7.30 1160 -60 	1100 

(s1 	Stater resiatg.ncs= 2.8 .ka / phase 
From th above tests the fells ring parawebers were 
ebtainei. Zquivalent resistance referred is primary 

Itquivalent reactance referred to primary. 
1'a a 16.0 sMa*/pkase 

(d) The stater at the rotor was connected in star 
to eluate Sri. kars~r*tcs torque* The torque« 
speed, a*d torque-input current characteristics 
were saasured with 

1) balanced applied voltage of 220/ 43 

ii) various balanced voltages obtained with the 8CR 

11i) asrisus unbalanced voltages obtained with the 
single-phase variae. 

The various characteristics are respectively sheds 
in Fig. 6.9, 5.10, and 5.11. 



Ol 



P 

t 

\ 

1 7 
- 

/ 
ii 

I L 

am 

I 



'41 

lb 

H 

4J 

41. 



5.2 	p_isc.ua s* •tReau1ta  
From Figs. 5.29 and 5.3 it is apparent that My aiding ax 

sxtsraal resistance in the rotor circuit st the slip-gyring 
UC, 

jadis4ti$Jt motors the motor becsmts stable is the esaplete rasga 
from -Ks to + Na g and ala the saxes. input a urrent reduces from 
9.8 saps. is 5.8 asps. erqus-spend charaetsriatlos, obtained 
by taabalaaci*g, w.tg the kelp of Sca t gives a poor speed control,# 

is the ♦icir~ty of the pcsitlr4 ayncbronous speeds sad torque at 
positive syackraseus Speed is practically zero, Wider different 
control cc rrent;s in the control winding it the SCR. However,,, 
unbalancing with single phase Tarlac gives P r uite apprecahle 

spoed centrel in the aictlaity of the plus synchronous speed, sad 

also at + Na the .negative torque developed, under different 
conditions of single phase variae voltage, is different and aatis-
vac tory. 

In actual practice with the variable r balaaclAg ( with 
a phase skitter, and aeplIfisr,, 4.1) the speed centre] is better 
than that of s# istsd anlalanc ing (with Slagle phase rar,isc ). One 
it the main reasons for getting peer spesU control with tis 
variable unbalancing, obtained with the 8CR, is that the SCR *sad, 
Was assesolsd in the laberatery from sidiaar,y cooks staspings. ! 
?ape OCR with such steapiags, dogs not wer officiontly sat 
properly when the alternatigg current In tkr lead wiadia -Fia 

loss because the B•H loop if the •rdiaary cke1 staag is net 
rectanguter, which is necessary for a 8CR core 	1 	However 

r, 
as scan as\tke a.c. current in the, lead winding be . *s suffici. 
ontly s.re ,\tkc 8CR perfersasce is satisfac tery. An all the 
tenqus4eharac~enist1cs, Ii;s. 5.4 to 5.8, suggest that ` 1 e Speed 

t 



of the slip ring iauctl motor can be co strolled smoothly by 
am ►s1sz ci ,g i.e. by eP L 1.Y1ag the positive # and negative sequence 
syster aiBoltaHooue1Y, and varying the relative magnitudes at the 
two systems« 

During the expert nt, It was also observe1 that the motor 
P~cse 

under jing .e *prattoz~, become hot„ and it cannot be operated 
uoraa111r for a leer period under this cow iticn. La otic 
viiratioas # "Jer single Dheseopretion in this ease l were net 
apprcc 1tfblo. Due to law voltage applied, the ai jaetic eaturatiaa, 
at normal voltage, cax net be predict, as the magnetic conditions 
at this low voltage $ and at normal voltage of operation* will 
be quite different. 

Figs. 6.9 to 5.11 give the spee~ rque characteristics 
for th-v squire k cage is duction motor s, under teats under dirfereat 
conditions of unb . *eiag, and these characteristics are., siailar 
to that of Fig 4.13„ discussed is; chapter 4. The speed control, 
is tie vicinity of the stabs region is very .poor , and these 
cheraetaristics for the squirrel cage inaction motor, under test #, 
cannet be used for any practical purpose, leaving the Method = as 
sucl $ exly or ec academic interest. 

A1aagwith the poor speed controls the squirrel cage induc- 
titrl motor' becess very het , under single pl wing $ and an additi-
ecp. f`an ha d to be used to cool It for completing the experiment, 
ceder this condition. Vibrati0E$ were also quite appreciable, 
possibly due to pDeduction of higher harmonics. 
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As explained tM. chapter 4*  the variable unbalancing gives a 

atistactSry aethad or stoploss speed control of induction motored 

.dad is combination with corral bound rotor motor speed control lg, 

varying thy' ateaxdary resistance (Fid. 4.11) , the tsrqueispasd 
characteristics cover completely all the Four quadrants, and meet 

the roquireeests for masy 4rivss e.g. )joist craiu drive, eiacb 

drive:  sly speed or inching eperatioa of coaysyors etc., and 
aack.taos formerly requiring arsatars shunted d.c, operatiena. But 

the addition of quite a nosier at apparatus 3 capac itars, traas-

feresrs, and rectifiers makes the syat& s cowplicated,, and is not 

vary desirable. The sped control of squirrel cage induction aster 

by the above method is not very useful for practical purposes, 

and the problems at vibrations,, &else # heatiad, and high input 

Use eurraut are more ccsasierabls, and .dlff icalt. How over, is 

future, if the above mentioned difficulties are overcos -,, and a 
stapler teed-back csuttre1. circuit, avoiding the ase of aual r of 

apparatus and to give the similar characteristics as obtained by 

the aetked discussed,, is develeped the method will be commercially 

oc"oaical and could be used for all practical purposes making 

the d.c• motors altogether obsolete. 
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8.1. C ZouIation at V sad V8 Produced by the lasprtiea of 

an im-pe~dA ce La Ono of the Lines, 

Ia rpecti.s equatiras are givea by (3.1), (3.2) ani 
(3.3) t*d sy'sw►trioal cs.p.tezt theory yields 

Va Ar 	F* + Vi + V2 .....k.... (a) 
ty 

+ 

	

2 tri 	 /  
a1 	I 	+ 	* 	V2 ♦ r .. s • (b) 	..(8.]) 

a Y* + # 	V 	+ 	a` 	V2 ..«... 	Cc) 

Is 	= Z. + 11, 	+ 	1 2 	.,....#...f 3 

I• + a2 	t1 	+ ,6 2 	12 .. 	(L) 

I* + s  +  a2  12 .. Ca) 

s'2 	• 	12 	2 .0*M.• .1. ...... 	(a) 

Zqu t ie*e (3.3) , (8.2) t and 	give 

10 9 - 09 andvo 	0 ............. 	... (8.4) 

iquatisas (3.1) , (8.2.C1) 9 (8.3.b) (8.3.e) , and (8.4) give 
a (V1 Yl / 7 + V2 !2'!) . V 0. (8.5) 

squatieas (8.1.a), (8.1.b), and (8.5) giva 
V1 C1 - *3 +11 /I) +92 (1.. a+l2 /Y) all ...(8.6) 
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e«times (3.2) 9 (84.b), sad CB.I.e) yield 

vl Ca • i) + V2 C1 • a) 	= a ♦ .. (8.?) 
Equations (8.6) , and (8.7) , give tU. solution 

Vi 	_* V I 	+ LJJL) r€ 	4u 

U-qty (3 + 	/ X +.Z2/  Y 

V2 = 	V 	( 3 + 	/ !, ) 	 • 
Ci a) (3+X1 /Y+!2 /y) 

The ratio ia 	 * 1 ~I z .rw.. 	3• 	. y t.. (8.9) 
1 Y  

898 Q&jSMjat jA_A of VI ,..i!...T8 r 	ed j 	- x 
,qgt•-Tr,rsf•r.sr 

The isapeetiea egaatioas (3.6), (3.?),p and (3.8) are similar 
to that er (3.1) , (3.2) f and (3..3) , except that Z has been rfp Laced 
by Z , and V by K V . The cMracteriatics .quatiaas } and equations 
(8.1) , (8.2) , C8,.3) , e 	(8.4) Will yield 
vi (1-a't!i/YX ) +Y C1 a+Y2 /Ys) 0 K V .,.....(8010) 

V1 (a *' 1) ' V2 ( i - a 	 = a v w... (8..11) 

Equations ( 8.10), and (8.11) give tyre solution 

yl q ~r 	.. ..1). Ma 	+ 2)  .~ 	.a 	MM 
L (].., *) (s+!lj Ye+r2/!1) .....(8.12) 

aid v 	 V 	ilHli wl.Mr#wti►M../if 
V 	

(1 
	4) ~IliM~►MII M.I~M~fi1tM.IP~fIrM~.M M~~!11- {3*r1iT.+r8/ Y. 

The retic 
	is given by 

48 	2+JC) +a t.- C) + ''1 /' 
....iw. 	

* 

	 ~iA a C$1~•~) 

v a„ 	(K • ]. ) s a (K +2) .. * ~"d / '! 
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