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SYNOPS IS

-

The importance of Ly- "s il Keviliaey
.braking an Electrical Machine 1s well known. Dependinz on
the individual requirements various circuits are given for

Braking of Induction Motors.,

This dissertation mainly deals with the
A.C. braking of a two-phase induction motor, having two windings
In space quadrature with different number of turns, The analysis

13 based on the Symmetrical Component Theory,

This ispreceded by a brief review of

schemes suggested from time to time,



SYNBOLSB

v, Positive-ssquence 2ight angle compoment of voliage
Vai Negative-Sequonce right angle ccmpoment of voltage
1 Positive-soquence Pight engle couponent of current,
I, !tasativnuwmm right angle couponent of cirrent

2,3-@11-33‘ Positive ~ssquence right engle oomponent of admittanoce
 Ym8,%4B, Negative-sequencs right anjle component of simittanose
Y 0, *i8, Bxternal admittence in 'm' winding as vieved from

‘m' winding,

Y -ﬁmn, External admittonce in 'a' winding se viewed from
‘a' vinding,

V-g‘*gz)vﬁltago applied to 'm' winding

bV "» (bi*g‘bz)v Voltage npymd to 'ah winding

I, Current in ‘m* winding,

b Current in 's' winding,

s | .

¥ Wwurne ratio . !

Ve Volts_ e inducted in ‘m' winding,

Ve Yolitage induoked in ‘a‘ winding

B, Porvard circuit right ansle component of equivalent
2 rotor resistence offered to Iy

R, Backvard cirauit right angle componsnt of squivalent
2 rotor resiotonce offeved to I,

#y*iXy  Stator admittence ae viewed from ‘o winding,

r2*§%, Rotor sdmittance as viewed frem 'm! winding,

Other symbols are explained in the text whorcvcr
used,
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INTRODUCP2ION

1. _GENERAYL

Deceleration of electrical machines to o lower
spted is a normal requiresent in their various spplicetions,
In some cases speed reversal is desired, Deceleration can
be effected either by friction brakes or electric braking

A frictiom brake consists of a broke ehoe with
friction lining , presced on to a drum £ixed on to the
sachine sheft, The efetem converts the kinetie
anergy of the rotating masses into heat ensrgy at the
drgs, The control is echisved by sijusting the presmre
of the brake snd the madhine can be brought to standstill,

Blectrical braking has distinct advantages of »
mo00th shockless oparation and quick spesd reverml over
frietin mﬂo

1,2, BISCTRIC BRAEING OP 3-# MOTORS

The following methods are umally employed to
bring the thrae phoss induction motare to stsndetill,

i. 4.¢, braking « Stator is dhsconnected from a,c,
wpply and eonnected to 4,0, source, |



13, s,c, braking = a, Plug reversing,
b, Regenerstive braking,
¢, Introduction of capacitors in
stator winding,
¢, Unbulance operation,

1,3, EIECTRIC ERAXIN} OF SINGLE PHASE AND TWO PHASE MOP(RS

The braking cchemss for those motore can also
De claseified as |
Ab DOQQ Wm.
i1, A0, braking,

B&dﬂn&n hae described dn detsil a cirauit
for braking single phase motor ueing rectifiers to
convert 8,0, to d,c, A similer patent cirauit is given |
in Soviet Inveatims (27, | |

A0 BAKIG
)

Dewsn'’ ' has given s cireuit in vhich the
capacitor is connected accross a single phase capacitor
start motor lesde just vefore the a,o, supply to the motor
is interrupted by a"make before break” relay, |



A plugging cireuit using two contaet centrifugal
switeh, & voltage relay and s resistance is given by
vﬂmﬂf(‘ )c

The poesibility of reversing single phaee
squirrel cege motor in a fraction of aycle, simply dy
reversing supply voltage at the notor terminals is explored
by s Ougtal®),

For two phace asynchroncus motors, single phase
braking cirouits are investigated by Mdaww) .

Singls phaes trakes mads by short ciroudting
the suxilisry winding on iteelf or threwgh a capacitor

in invn‘hmted by Mck-y (?)

A plugging cirauit for copacitor motor is
analysed by WQMWM‘B).,

1.4, 3COPE (¢ THIS WORK

sunr(®) demnstrated tnat the theory of
sysnetrical components can de used 40 predict the perfore
mance of single phase motors with grent sase,

In the preesnt work gemeral circuit is considered
for braking, The gensral equations deduced have large
musber of variables and as all the variables coaBined
Sogether becomes unmansgable, the analysis has been sinpll
£50d dy imposing restrictions on seme varisbles snd by
Baking wuitable assumptions,



The general circuit with large number of possidh
braking ciromits, Each cireuit le investigated for
braking performsnces,

The thecretical results obtained are confirmed
experinentally snd practical cdrouits are sggested to
achisve braking for each scheme investignted,
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2.1

SY.CTRICAL COCPGILITS

Contents
Synmotri~al Conponent Thoory
Syrre trical Conponants of Four Phase System’
Aprlication of Symmetrical Component Th.oory to
TuowPhase Circults
Application of Syrmetrical Conponent Thiory to
Induction lotor with I'ields of Eoth Segqw ne-s



SYMMETRICAL COMPONENTSH

2,1, SYMMETRICAL COMPONENT THEORY

rewtum( ©) has stated ™ A System of n-vecbors
or quantities may be resolved, when n e prime into n
different symmetrical groups or eystoms, one of which
oconsists of n equal vectors and the remaining(n=1) eystem
consiste of 1 equi-spanced vector which with the first men-
tined groups of equal vectors forms n equal number of epmm-
strical n-phose aystems, When n is unprimed, some of the
n-phase aystoms degenerate into repititims of systems
having numbers of phases mmepmam to the factors of n",

It has further shown that the internal charscter-
istic bekavicur of the rotating machines far each of these
components aystoma can be readilly expresped in terms of
the simple fields which they represent,

2,2, SYMMETRICAL COMP(NERTS OF POUR ;PHA8ES SYSTEM

) & 4 1. a, 32 Q'Qt0i0§~t axe n roots of the

oqatiomn 2! o , then & symmetrical polyphase
eystem of n~ phases may be represented by

‘21 - "" a" dto(zt")



Since o vector has two degree of freedom 80
other system may 59 obtained by taking

Bp = uM Byo | ves{242)

¥here r can have any value between 1 ¢to n

Bince 1"'3*32"' nerren *an‘i s 0

the sum of all the vectors of a symmetrical polyphase

‘systean are gero,

It B, E, seeeeB Do s aystem of n Vectors,
the following holds good, -

: [’f" 32 P seee *En ] "‘”""1) ‘WZ,*"*&““‘EQ
B = -1* &

r n n

+»

e R bEFsIBES Sibhan

rui
B*& 32* Q#itﬁ&tﬁﬁ*

(r-1)(n-1)
AmF=1) 1) ] &

+

a .
0;-3&(2,03)

Equation 2,1, states that a aystem of n vectors
or quantities may de represented whon n different symmetrie
‘cal systems or groups, me of which conaists of n equal
vectors " "'32 + i-cu-ay%

n
sad the remaining (n-1) systems eomsists of n equi-spaced




vectors which wvith firet forme n equal number of symmetri-
¢al n -~ phase systemo,

Considering the equatiom 2,3, for a four phase
system by eubetituting n = 4 -

1‘4»3‘4- 354'34 B*aﬁ*ang *3334 |
31 - - + +*
4 4
" B,+alR, +atn. +a%8 B, +a B, +o Bora’E
B teE R L DR
4 | 4
| vese{2.4)

Since 34 = { for a four phhgs aysten so

25 oa?
b. Bytigt By VB, By BB

. " - . 3 *
4 4
B +a°5 48 + a°B B, m’nm +a 8,
it Ml S 5
| 4 4
".(2.5)

Sinilar squatims may be cbtained for other three

vectors of four phase system, The equatim 2.5 states

that eny four vectors By , B, , By » By may be resolved

into systen of four equal vectors,

nw ’ Eto-" o * Bso

and three symmetrical four phsse system including
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repititive syetem ( n = 4 is unprime),

3
By o+ 8By, OB, , &3
2 3
Bz v "By 8B 8 By
2 2
‘15 v & 315' ‘13 v ® 315 « « (Repetitive

factor)

The system of symmetrical syster is shown in
Pig. 2.1,

The characteristic Operétor for four phase system
can be deduced from n phapo eysten by substituting n = 4
in the characteristice operator equation

2w e

oM 0 vieneigee

I"("n a(-o4ﬁgL_9_°.a

2,3 APPLICATION CF SYMMETRICAL COMPONENT THEORY T0 TWO
PHASE CIRCUITS

In a two phase machine, sometime lmowm as quarter
phase machine, the voltage gmerated are equal in
mognitude , but 90° apart in phase ,

B, =nd 553 are the genarated voltages in phase

Aand B, They are equal in magnituie B lege 5, by 90°

these two vectors form an asymmetrical pet of vectors due



to their unequal phsse displacement, For a symmetricel
set of two vectors the phese displacssent should be 180°
and 0° « ZThe two phase system being an unsymme rical
gystem can not be represented by a timo changing omme
even umhr balsmce opsration, m;re ars several ways of
replacing such a system of vectors, Apprlication of
individual depends on the nature of the prodblem, The
following are the different waysl '\ 7,

] Positive.and negative - sequence right angle
compmente, '

2  Popitive - and gero = sequence symmetrical
compnents,

5. Fhase cuxrents snd voltaeges not replaced by

companents,

-POSITIVE-AND NEGATIVE- SEQUENCE RIGHT ANGLE COMPONENIS

The two phas: systes, accarding to it, cen be
coneidered as a special cese of four phase system in which



two vectors B, end By are

E‘ ‘E,-E’

EB ﬂﬂann“

eee{2,6)

This shows that the est of vectors ¥ end 4
of symmeiyicasl four phase system disappesars to give rise
to two met of vectors as showm in Pig, 2,3

EB‘ ’
- ‘[ ~
&p e ES

£, 2Py
i -y e

< |
1 &Ay;
Fig &7 PonTil-& NuanfL

ST A oL Cu RPN T

—— st - FU—- - ——

The vecters of each aét are equal in magnitude
and disploced from each other by 90° « They are called
positive - and negative = sequence right asngle _mpwmfs,
duc to their 90° yphase displacement, This is aistinct
from single phase two vectore which are displaced from
each other by 1a0° . |

The phase voltage B, ond By are expressed in
terne of the above components of phase A and B by
the squations

At A2

B TR SV RAC P

B A = B +B
X} (207)



Bolving these to get.

3 - § (8, +J8.)
At A IB - ves(2,8)
Similarly for currents

Iy = I I
o A ;‘2 ves(2,9)
I ek g1y

At & ‘

«e (2,10}

1, = & (I, -.3131 i}

2,4, APPLICATION OF SYMMETRICAL COMPONENT THEORY TO
INDUCTION MOTOR WITH FIBILDS (P BOTH SEQUENCES

Vhen a current flows in tlia rotor of the inductiom
motor , & torque is produced, The torque In magnitude
equals the square of the current magnitude multiplied by
the effective rotor resistance offered to thot current,

In symunetrical component <theory the rotor current has
two componenta, the positive - sequence component and
the negzative sequence compoment,

¢ 4 I‘, 12 are the two current oomponents ,

referred to main winding on the etator end 31 and R‘
2 2



sre the etfect;va resistancooffered by the rotor to
positive - and negative wsequence ocurrents respectively
(values referred to stator),

The two torque componente are

i) Torque due to pomitive - mequence current

2
= T :
o = [57 & NNCEXT)
2 ;
11) Torque due to negative - pequence warrent

2 | |

T = |1 R {(2,12)

2 [ sesslfy

S

The two torquep avre due to currente of opposite
phese sequance, The torques are thorefore opposite in
direction and the net torque T a.agivm by the difference
~ of the two 2 2 '
v =z, |z, - |3,] R, eeelaa®)

., 2 2

Vhen T 1o positive, it is asmumed that ¢.1s
sorque give forvard rototiom to the rotor and is hereafter
called Driving Torque,

Vhen T 1o negative , it 48 assuned that this
torque give backward rotation to the rotor and is termed
Br m rorqueo
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- GBNNRAL ANAIYSIS OF AUTMMRTRIOAL TWO-PHASE INDUCTION
0

So1. GENBRAL

The two-phase Induction wotor has two windings
denoted 'm* snd 't in spaoce quadrature, as represmted
in Pig, J.1,

A symuetrical two phase motor has ldentical
windings for the two phases, The two vindings are fed
from o two phese eupply. An ssyunetrical two phase
inductin motor hae differsat mumber of turne in the
two windinze, (The mupply source may or may not have 90°
phase ~displacenent) when the motor is connected to the
supply eource, the voltages Vy end V, sre induced in
the "t snd *a' windings respectively, I,and I, are
the surrents flowing in the ‘*m? md 'a! windings,

Therefore from squations 2,7 to 2,10 , the
two phase symmetrical coupments of woltages and e-urrents
can be cbtained,

AL } N vea(3.1)
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h = 4L,
I, -

QQ"‘S».‘Z)

Where v' and vam positive and negative -~ sequencs

right angle compatnes of voltags, snd I, and I, are
positive - end negative sequence right sngle compements
of arrent, -

When thefwindings hove differant pumber of tums
the effoctive turne ratico k , is defined a® 3
‘Rﬁactzva mmber of turas of 'a' winding
E o e N
Bffective number of turns of 'm' winding,

This ratio can be deterninad sither experinentally
or from the design data (Appendix (i),

In order to simulate a symmetrical tub phass
notor tha(mﬂmg 'a' mey be replacsd by an equivalent
winding having eame nunber of turns as 'm' aleng wilh e
tranaformer of voltage ratio k , ac ehown in Fig. 3,2,

This nodifies equatione 3.1 and 5.2, to give for
the amymzetriesl cese

Va = Yy T,

Y‘, = 3k ‘gv'-r\vz)

ena(3.3)
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La = Lj+3,

ese(3e4)

1

Yy pgraratically these squatins can be represented
3
as shom in rnﬂo 3¢3n

5.2, THE _ORITICAL ANALYSIS

In Pig, J44s o voltage aV le s;ipno;l to the ‘m¢
vinding in series vith an inpedence element of adnittance
Y, sud s voltage W 1c applied to the *a’ winding in
series with an enother elenent of sinittsnce Y,

With thees voltages applicd, I, and I, axe
the crrents i:l.tmng in the two windings,

The Kirchhoff's §aw squatioe for Pig, DS.4 can
be written as

¥ = e -V = O C eee(345)
L
) 4

Y - -!-L- o =0 sve(346)
[ )

Bquations 5.7 and 5.4, give
w - V‘ Hrz

V. - 315 "“' vz)



vy
A R R

I, v =T kw8 () [mNoh) /

Vhere Y, and T, are the input admittances of the
sachine for the poeitive -« and negantive - sequence two
phase system respectively,

Bquatio 3.5 end 3,6 reduce #a

1 i-%.%
' o ,
Vt?."* Vz’fg
hv - ‘ " - ) -~ ak (V“-‘" vg) = 0 ,..‘.(%33
Y, | ,
.- These equations can be solved for V, snd V,
to give : |

ok , ‘
T (k'Y #aY, ¢ SKDY ) < JOKYY

v’ « Y oo wsm———g—

«(3.9)
g+ T,) (T4 kz‘.!‘) +(1,4Y,) (!’_#kz‘!

Y -
Y +KbY ) +
(ak T Y, ;lkb‘f‘) IdY, T, K (5.10)

(T % T, (L4, ) +(50, Meghdy )

v, =V

Bquatims 3,9 and L,10 pertain to a generalized
two phese uoter, in whith the two windings placed in space
qusdrature mey have a turns rstio other than unity, The



Voltages applied mgy be unbalgnced two phase voltages, cnd
different impedemee elsnents may de counected in series
with either or both ef the twe windings, Al normal and
atmormal modes of apsration of two yhaﬁ and smingle phase
induction motors are partioular cases of this gmoeralized
echems, o8, X, = oc mnd T, = 0 the wcheme

ropresents s ordinary single phase induction motor
‘operatiom,

345« BUIVAISEI CIRCUIL

The equivalent circuit of s two phase induction
motw wnder wnbalanced conditions can e shown as .‘ln
(1)
?1& -8

I L3 :: A : :”‘.‘_
~ . _\.. AN v @ “"{j\.,
| ‘ -
(L g L& "
tj ~a
]
< . ) S D SE
S Yoy
A PTO T s T m st U ERLEN T L et o
Fiy 35

(b) NEGHh Tk ~ FE vk N BELVWROED T LT AT
Vhen Vy ¢ the positive sequence right angle compment
of voltage is applied to the two ghase inductiom metor , I,



the positive sequance right mngle compment of &srrent
flow at s phace angle difference of /5.‘ with the applied
voliage V4

, e — ..c.c(st1‘)

R"r;x‘
Coe A

1.0, 31 - '—Ti';‘."" u.u(;'?.?a)

Vhere [f4 e tho phase engle of &mmtl,

and ﬂtz - R' - 3‘,‘

" M ad ri bq;n»(5¢‘5>

{41

12 ,
Pimilarly ¥, = ?;-*

1 ;
- ; ' 'lﬂl‘(’q")ﬂv
3.2 + 3 32 |
Cos /3

m 32 = ‘Yg‘ |

Whexe pz is the phase angle of current ‘.'2

and . - - - m—--c“ £z - |
223 uz f' [ 'xz‘ f‘] ...(3.15)



Prewm the equivalent eirouit of Fig, 3.5 the
input sdnittances csn be written as

g = 1 ee(5.16)
! (vo/s +3 x) $XP
(r‘* 1%)+
2 +y@exp)
1
Y -
1 r,
(--- + §X,) 3%p

—2 I *xp)

2=m

oonn:(’o"’)

It 45 gesn from equations 3,16 and 3,17 that
the input admittances are functims of elip and they ealso
vary with silp variation, Y, and Y, are experimentally
shtained for various valuee of slip smd eurves plotted,
The valuse of thece simittances st a partionlar speed
may be read off from these curves (Appendix¢2 ),



Je¢4s CONDITION POR TORQUE REVERSAL

Bquatione 3,9 and 3,10 csn be written cs

I, = VT,
- 2 B
T, (kT + aY=3ibY,{ «JbK,Y
w VY i e
, ' 2 2 "”918)
T, A ) (i T, )
?2 = YT
| zi(mz!‘wx‘qm‘ YHabRY Y
» vra . -
R 2 A7 )(‘!a*ka!.) + (I,*Yz)(l,*kz!‘) .
ceee(3.19)
The tms in two directions ave given by
Ces /3, 2
R THRLRANA T

2 .
Ta (0¥ Yrax,~Jokr, J-JibTY o

(1,07,) (5,9°%) +x41,) (1)

se0e{3,20)



¥

2
|5 om) ) ey

Cos 2
[ ( Tm-w’?-‘ -, Iy, P Uy (x’r raregonn,) -sion,Y, 1) -

oy

Cos K | 2]
(*;-;;?2 ) %l ()1 (W T, taY *IBKT, HIRDYY, |)

—l

,‘ 0“0‘5.22)

For braking the net torques T should be -
negative and the following condition must be satisfied:

2

11,7' - xy) i L!_(a\:?x‘urz-a»u‘ J-JRBY,Y, |]

2
Cos /}g

2 2 |
.- .-T;g_r - ¥y ) '12 ’ ['%‘“ tgnft’ﬁmt) *5%!1!‘ ']

- O )

The limiting condition of oquation 3,23
. 2
(mmmde w0 )17, 1 | 0GP ax - g0k, J-goics,T, s]

PA

2
2 )
- M ‘r‘ ) 'tz‘ ' Yu(.gz f’*l'f‘ ‘l’abk!‘)"nk 11!‘ ']

= 0 .onﬂ"u24)



Bpuation 3,24 is & quedrstic squation, The
solution of equation 5,24 renders the required braking
range . (Appendix 3) , As this equation contains o
many variable paraseters, it is not convémpent to deduce
the result in terms of all the variables involved, In tha
enalysis, therefore, some assumptions of keoping some
varisbles cmstant are necessery,

345, CURRENT ARD VOI.TAGEE DURING Bnmm

Cuarrent in the mt mm - :h is given
by tho equation,

xm‘ P 12
R ICER N AT 207,72 THIOKT Y, (TTy )]
(0 T AL, +(eny(Egey,)

vee{3,25)
Sinilarly I‘ the auTent in 'a' winding is givem by equation

I, = 3L A !
'i_{:kz Y&T“fg) - jb%ﬁ’(ﬂz) 1

Bx.«r, )¢12+k Y, ) * (5,0T,) (!m: X )]
dﬁg(sqa’s)



Hence by proper substitution the twvo current
poy be calculated to estadlish the aurrent variation during
braking.

The voltages acoross In is given by

I

Va (ext) T Y,

¥ [“‘z’.‘?t”a)'*z‘ Ty Tt 90RT, (X1, ’] |

IEEAET) ¢ (1 er ) nfy,)
eea(3427)

Similarly the woltage aq‘rosa the external adnittzmce in
the fts! cﬂrmu
)
' -
va.(!fﬁ-) = L4

i | R
g [ ]|
ok § e )(‘Ia#kzr‘) (X4, )T, -t-ka? a)

qu#(v’t’aa)
Voltage scross 'n' winding V,, From equation 3,5

!h

-7 | - lka'!‘('!f"‘!'z) *253‘?2*35&.(!2- Y‘)

s

(Xy +13 MY, W (T01,) (X 9PY,)
veee(3429)



Similarly v‘ = Yoltage accross *a’ winding
from equation 3, 6 im

alext)
b ek Y (Y =Y ) =3bk % (Y *z)
.y b-é?; 't.( ) 3 !.(
('z,,lwt )('R'a*k ) -v(:,ﬂa)(t,*x 1)

eese(5,30)

ﬂ‘&eaa voltage equations ere #auiséxy‘ to
establish the voltage rating of externally introduced
inpedances and slso forkhe safety of the insulatim of
the md‘.\ns,
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positive sequence admittance become conductive, It gives
minimm velue of the megative ~ sequece voltage (Since

the voltsges divide in theinverse ratios) and hence the
negative sequence torque, !nlua resulte in the maximm ebriving
torque,

Purther if theyalus of Kz By 18 incressed, the
negative ssquance torqie increasss snd the positive seque
ece torque decrsases, At xz By ® 3.16 ( The valus of the
negative = pequeancos Inductive suscsptance at the partiailar
volue of the slip), the positive - sequence torque is
ninimum giving Bhereby maximun backvard torque,

2
Batween ?‘»Bz = 1,72 paa, 10 3,16 pu, Lor a certain
valus of kz 3" the pesitive and nezative ssquence torques
are aqual, giving net torque as zexo, This point gives the
starting point for machine to drake,

| ¥han the value of x?n, is increased bayond 3,16p,u
both positive and negative sequence torque increase, The
positive sequence #orqm increases to give less braking
torque, The nature of variation ie shown in Pig. 4.4, Hhe
above explanation holde true for all values of slip,

In P1g, 4.5, for the value of B, = 2,5 and By*5,
it 1s seen thet the eurve crosses over from negative side
t0 positive gide, This 1s a account of the fact that when

ka!‘ i» kept constant, for various values of slip B,

(positive sequimes iInductive susceptance of the machine)
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incresses and Bs (negative -~ cequencs mqucbive suscephe
anoe of the machine) decreases as vtandetill 4is approached,
- S & point resches vhen the two tarqies equals, giving

net sero torque shown by points A andB , Beyond this the
driving torque increases snd ultimstoly at standstill

it becomes szero,

IRPERENCES ¢

f. Braking is poesible with this scheme, The
machine can be Wrought to etandstill, by suitable selece
tim of capacitors, For completely stopping the 4 it h,p.
motor considered the value of B3 ehould bs more than 5

Pcua '

2, The motor cannot be reversed by thic schems,

28 at zero speed the net torque for all valuss of By
is zero, |

3, The capacitor required for braking is
usually greater than the capaciter required for starting
{compare with Pz, 4,17)

4+ The schems csn be succssefully employed
for capacitor start and run motor,

REQUIREMENTS FOR BRAKING

For guch s btraking schems t0 be useful & circue
it hse to be designed for the ‘a' wilding, wheredby the
following eteps can be performed)
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B:= Capacitor for Starting.
S

BB:- Additional Capacitor For Braking.
Switeh S in position 31 for Starting,

Switeh S open for Runnring.
Switch S In position 2 for Brakinge.

Fig. 4.5 BRAKING CIRCUIT WITH ta' WINDING SHORT CIRCUITED

THROUGH_A C APAC ITOR.




i. The value of the etarting mpnhe:.tor changed
to the value of the capacitor required for braking,

14, ‘s’ winding is short circuited by the capacitor
of (’»)o

Pig, 4,5 sbows s cirouit suggested to achieve she
above operatio for braking s motor,

‘Experiments were psrformed ¢u a + h,p. Induction
Motor (detells given in §.1 and 6.2) and the following
results were obiained,

1, For values of B, more than 3,32 pu, the
motor can be brought to standstill,

34, Por valuse of B, , between 2.4 p.u, and 3,32
P, there isc speed reduction, The machine capnot dbe
brought to standstill =8 at low speed the breking torque
is Insufficient,

314, Pfor valwes of B, lese than 2,4 p.u,
thers 18 no braking,

Theae pointe are Iin close conourrence with figs
4,3, ma 4,4,



4.2, MODIFICATION OF SCHEMB 4

In this modification a conductance Gy 15 connec-
ted in perallel with capacitor of braking scheme §
ss showm in Pig, 4.6,

I g | S
| % Ga

Pig, 4,6, DBraking Scheme having ‘*a' Winding Shoart
Circuited Through s Capacitor ands Resistor
in parallel, ,

. . The positive- and negative-soquence volt#gua

are g . | _
(Ga*xze.-}* 3(&2334-32)
Vg = V '
1 K £0q )43 (258, + By* B,) |
'0*&(4‘3)
J 2 2 N .
(@4 K0,) + § (KB B)
v, =V —_— »
@y + 0 26y )+ 3(2fn‘m'+ B,)

ba-bto(‘.4)






| The terques for various values of G, and B

ars calculated, The curves ars plotted in Fig, 4,7, The
curves ghow that es Oy 18 incressed, the torque (at a

fized elip) chenges from negative value to positive values,

Vhen the value of G‘ is increased a stage comes
vhen the effect of capacitor ﬁ‘ is nullified and comduce

tance predominates to give dominating positive soquence
torque, Then the motor have no braking action,

INKPERENCES

The introduction of raaménoe although results
in eversll poor braking §erformance but this scheme enables
a camtinugus control on the braking torque, Such s braking
schemte msy prove useful vhen a slower rste of diseipation
of Ybraking enexgy is desired,

CIRCUIT WITH SUSCEPTANCE IR PARALIBL WITH CAPACITCR B
BRAKING SCHEME %,

*he offoct of sntroduction of copncitance ia to

give increased value of B, by the correspunding amount
The inductance gives substractim from B, The effect
is similar to the braking scheme {1 with variable e;ptciﬁm'-

REQUIREMENTS FOR BRAKING 3

The edreit for t'a' winding ies to be designed to
perfern following operstions simultsnecusly,



1-&
SYPALY

Bsz- Capacitor for Starting.

B~ Additional Suitalle Capacitor for Braking,
B

G- Rasistance to Cowntrol Braking,

&

Switch S in position 1 for Starting,
Switeh S open for Rumning.
Switch S in po-ition 2 for Braking.

Fig, 4,8 PRAKING CITCUIT WITH 'a' WINDING SHORT

CIRCUITED THROUGH AN _ADMITANCE,




i. To change the starting capacitor value %o
more suitable value - for braking, R

34, 7o connect a resistance in parallel with
the braking c,paeitor,

111, To short eirouit ths 'a’ winding through
the resistor oppacitor combination,

- & cirait suitable for the sbovs operations is
muggested in Fig, 4.8,

BYXPERIMENTAL VERIFPICATION

The circuit wes set up as ehown in Fiz, 4.8
The conductonce wae varied to obsexrve potr breking soctim
The braking became ineffective beymd tas values of
G, ® 1,03 pou. for § h,p, motor with capacitor 3.6 pe,



4,%, SBCOND MODIFICATION (@ BRAKING SCHEME NO, 1

¥hen an sxternal adumittence is introduced in
m' winding, the scheme is chown in Pig, 4.9

Pig, 4,9, INTRODUCTION OF ¥ 1IN BRAKING SCHER I

The pooitive and negative sewuquce voltages are

, 2
Y, (Y + 3k |

?1 -V ‘ = : n. ) T eso(h,5)

(I Ty H(Tvak By (T, +7, MYy +3K'B,)

T(f *93, )
ve V¥ , : , 5
2 (Y, +34 )(‘-!a*akzn J ¥ (TptTo ) (T B )]
t’(‘os)

The voltage ratic from above equations is

v, TLeafs,

- - asesnldT)
v , .
2 LRED X
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The retic is same s obtained from equations (4.1)
snd (4,2) » This shows that '!. only effects the braking
| torque performance when braking is achieved oth.rﬂn,
but in iteelf cannot give s braking action on the motor,

VHRR Y, = G, (Conductance)

The equations (4,5) and {4,6) bYecones
v &,rag“kan *Bail
‘ -
['(a,m ma](am & a,;mg )] [(G,*Gg MB;,] [51*3(138 + )]

L AR (4~§8)
Oy [‘}t"’d '(&amt )] ’ .
?Gm"“i””lﬂ [92*3 (k’fl! émz)] * r,{ﬁ 0 )+3§E; +3 o3 3 )]

san ’(‘,9)

vy = ¥

The torgque 23 a function of G, for s fixed valne
of By - is caloulated and plotted in Pig, 4,10 , Curve
shows that the Lwaking torque performance 3is veduced,

VHRY Y, = JB, (Susceptance)

The aquatione (4,5) and ’(4.6) becones



Vg =V 3 [-92"' 1058 Ba’]
‘ | . V .
[Gﬁ'é (B‘fl‘)] [624'3 (kzst-ma)] -rE}a‘l-j .(33*32] [?‘4-3 (x?n‘m.‘)]

o0 (4,10)
3B,[0y + 3 (s 43, ]
T Eo,*: (B,*B,)] [6_‘2*3 (2B, 43, )]’ * ["2“# (3,*B, )] x
| KX “‘2”{’31)] .
| eealdaty)

(1) WHEX B, 4s negative (Inductance)

(o3 4#8y)] &[e, 42e2,08,) | vocome

(G- 3(B ¥8,.) | ale «3 (B +3 ) | #ince B,& B, have always
AL mt |2 mn" 2

negative neumerical values, The nature of the equations
(4,10) and (4,11) becomes gcame oo oquatims (4,8) and (4.9)
with the differencs, thers the oonduotance is incrensed and
here susceptance is increaped, The net result is thus
sinilar msnd 1t is confirmed by Pig, 4,10,

(14) WHSN By %0 POSITIVE (CAPACITANCE)

[ 8, +3 (.Bnn,)J 2 [c_;a *3 (8,8, )] be cones




[3‘4- 3’@;3‘;] & [ezfra (n.—nz)] . This vhen conpared

vith ecorresponding terms in (1) s it i seen that the
numericsl values will be lesc as compared to -oorioopondm
terms in (1) for seme muwmerical values of By , This give
the denominator of equations (4,10) sna (4.11') lesser
values as compared to (1), Thus torgques are larger in
this case as compared to (1) ,

The torques for zero slip of ¢ h,p, metor under
study s calculsted end plotted in (4,50 ) and (4,11) -, Qurves
shows capacitor . improves end in-ductance give poor braking
torque performsnoce, | |

Opming the cireait ot points A 4n 4,9 , the mober
cirenlt can be split in two perts, Beyond A the cumitb.p
eimilar to Pig, 4,1, This verifiss the conclusion arrived
8t earlier that ¥, can only influence the braking performance
when braking im achieved othervise but in. iteslf cennot
give any btraking sction, Hencs the equivalent cirauit is
sinilar t0 PG, 4,2, for the part beymd A in Fig, 4,9
by replacing V by V, , Where V, o given by -

Ta

- |
LS



B:=- Capacitor for S.arting.
S

IE;- Additional Capacitor for Braking.

Y=G & JB :- Extdfnal Admittance in ‘'m! winding .
m o m m

For Starting:- Switch 'S ' Close and 'S ' in 1.position,
| 1 .2 PR

For Running:- Switch 'S ' Close and 'S ' open,

F or Brakingse Switch 'S ' Open and 'S ' in positon 2.
1l 2

Fig, 4,12 BRAEING CIRCUIT WITH AN EXTERNAL ADMITTANCE IN

‘m' WINDING AND 8a' WINDING SHORT CIRCUITED

THROUGH A CAPAC TTOR,



ANERRENCE
The introlduction of resistance snd inductance

in seriss with the ' winding of draking scheme give
peor braking torque performance, |

fhe introduction of capacitance in ssries with
‘m' winding iaproves braking torgue performsnce, 8o
this schems can be used sffoctively similar to schene .
t 1%t csnuot sive reverse rotation,

The cirouit of £ig, 4J2 may be used to achieve
the switching needed mmd to verify this modificetion
axperizentally,
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Ingpection of equatians (4,12) sna (4,13) show

thet #ith positive valuss given %o b, the positive-sequence
Vollaqr W (eases omd Negedate - Safuen £Q
decreases, Riving correspmding increass in driving tarque,

¥hen S, is given negative values, thghagativo soQuen ce
torque increasss and positive ssquence torque decresses
resulting in braking torque, This leade to idea of draking
by plugging or plug reversing, The torque Vs Dy curves
for varicus values of B, (for { h,p, moter under study) are
calenlated and plotted in Pig, 4,15 for the zere elip, The
curves confirm the above statement,

Pig, 4,15 ehows that ot o fixed value of veltage,
when the value of By, Inwresses from O , the torque
inereassz upto & certain value of By snd then falle, It is
also noted thot the value of By which give nmaximus driving
torgue for & particuler value of by gives maximum braking
torque for the same valus of by , but vitd winding terminals
reversed, G0 the same capacitor ¢an be effectively used S
driving and braking of themotor,

IRFERENCE

The variatim of voltage applied to a winding
results in & variatim of the net torques , Thus s voltage
in phase oppositicn to that of 'm' winding has to be
applied to & winding %0 obtain gy negative torque, 7This
method has the sdvgntage that it cen be used not anly %o
bring the motor te stmdstill, tut slso to xeverse it, The
sehene is also useful for capacitor start and espacitor run
notors,



1L ¢
SUPPLY
e ——

B = Capacitor for Starting.

S

B = Additional Capacitor for Braking,

B _

For Starting:= Switeh S in position 1 and S open,
1 : 2

For Ruming:- Switeh S open,
1

) For Braking:=- Switeh S 1in position 1 or 2 and S closs
1 2
Flg, 4,16 BRAKING CIRCUIT WITH fa' WINDING HAVING

A CAPACITOR ANDA VARIARIE VOLTAGE,




o

= b T

e |t S ————




The sbove wes expsrimentally verified also,

REQUIREMENTS POR BRAKING

The circit shown in Fig, 4,16 csn pwrform the
requirements of this braking scheme, viz the voltage applied
to the 's' winding is changed through mn sutotranstorser, and
the voltage applied can be reversed through a changeover
switoh,

USE OF STARTING CAPACITCR FOR BRAKING AS IN SCHEME 2

To evainate the usefulness of the starting cspacitor
in the braking schemes of 2 , the follovwing aurves w-ers drawm,

‘1, starting torque ofths mobor as s functiom bf
E, (This 15 ehown 10 curve § of Pla. 4.17),

1. A voltage equal and opposite to that applied
%0 the 'm' winding is considered to be spplied to 'a’ winding
vith the motor initially assumed to be mumning at synchronous
epsed, The braking torque is calculated for various values
of By, and plet i» shown in curve B in Pig. 4,17,

A comparision of qurves A, B shows that the
capacitor valus which gives mximunm torque at starting, als o
gives maximum torque in the reverse d‘.irwt."..m vhan the motor is
plugied from synchroncus cpeed,

Therefore im eapacitor start motors, the starting
teapaeitor cn be ussfully exploited for braking slee,
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4,5, MODIPICATION OF SCHEME 2

In schems 2 vhen By, = o0 the positive and

negative « sequence voltages are

E«Db) .
Y' - A 4 ( 2 k ) ’ to“1t4)
v, » ¥ (3 ve(4,85)

The sbove equations show that Vyand Vo have some

naantwdo « The net torque T is given by

G . 2 . 2
T = ?’("*&)('21'2 ﬁ*“’g!’*z‘z )

sef{4.16)

This squation when referred to 6.4 1t give no
change of cign and thus no braking is possible, By thisk
method 41t is possible to control torque {snd speed) and
henee can be used for it,

The fall in epesd by varying the valus of by ean
‘bs obiaoined experimentally and fer no load, For 4 bh.p.
motor (under s‘f‘-udy)' & curve chowing the epeed Ve by
is showm in Mig, 4,18,
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4.6, BRAKING SCHEME 3  PIUGGING

In this scheme, the capacitor normally in 'at
winding is changed to "' winding and the bYraking
]
porfornance is odbtained, (%)

Normal cireuit for wtarting is shown in Pig, 4,19

The positive-and negative « sequenca voltages awe

Y. *(3x2+xn
?, = Y 2 } 2 nt(‘c”)
BREE ST 2N |

t0(4t,8)

. 2
v, =V

T, + 1, 20,

Vhen plugging takes place ke cirouit is shown
in Pig. 4.20,

The positive-and negative « sequence voltages becomes

| | «3i?, +8 (3k*1
! X RS RE XN -
L+ B (Jk = ¢ | |
¥ - [ B @k~ 1) 1 .el4e20)
2 ko Looxyewyeam

84mplifying the equations (4,17) and (4,20) to



ee($,21)

w2 arq,) +0fB e, )
lofe 22 s 2.
| - 8" ¢ 0n, )

2 2
2 (xm-Gy) +(B *B,)

' -zj- | = s 2 3 o2 > vef4422)
Y2 (kB,464)" + (By*By)

- The inspsction of squstions (4,21) and (4,22) eleow

2os 1 e

This shows that the negative sequence torgque increases
to give braking omism-; |

A% wunity siip the snyput simittances of the mothine
are equsl |
| (cay gu'xaa z’an‘;_»uwua )

e

2 %2 -
Por k= 1 the net torque under two conditions are
2

Yir1° = |
3 . . " 2 [ﬁ‘ G] -0(‘::-24)

(@) + {B‘*B) | |

2 2
Y .
| It B [ -2, a._] oo (4425)

() + (m,+8)?
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i L2 s
s‘\i {51
——a | 1 » g “"‘b
1~ | MoAy
3 ePPLY l Ml Au!
I ngunnd
B:e= Capacitor Fop S’carting.
S
1
For Srartings~ Swifch S in positionjand S close.
1 2

For Rumning:- Switeh S in position 1 and S opn.
1 2 -

For Braking:- Switch S 1in position 2 and S close,
1 ' 2

Fig, 4.21 PLUGGING C IRCUIT,




This shows that with cirenit of Pig, 4.19 and 420
the 4ve terques odiained oppose each other, Hence the
two elreuit give opposite rotation at the start, Purther,
the cireuit of Pig, 4,20 give torque at zero speed, =m0
the Teversal s possible,

¢

JEYERENCE
1. The scheme ean give speod reverals,

" 41, The capmcitor at the start cmn be used for
torque reverml,

. #31, The schene is equally useful for capacitor
start ¢ run motors, | |

The cirait 3is so designed to dlsconnect the
capacitor from ‘s’ winding eand connecting &t to ‘m*
winding, Then mipply 1e given to both windings, %The
~ arrangenent is Y0 be mads to disconnect the supply at
the instant of gero speed,

The denired cirait ie given 4in Pig, 4,21,
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2-p SUPLY

Reve rsing Switch R.S, 1in position 1 for Starting and Running,

Revarsing Switch R,S. in position 2 for Plugeing.

Fig, 4,23 BRAVING CIRCUIT WITH TWO PHAS® SUPPLY.
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4.8, BRAKING SCHEME §

The possibility of bdraking by introduction of
an gdmittance In any of the two winding and two phase
Supply 1s expl-ored, The circuit is shown in Pig, 4.24,

Fig. 4,28 CIRCUIT FOR TWO PHASE OPERATION WITH ADMITTANCE

IN STATOR WINDING

.. The positive and negative sequence voltages for
Pig. 4,24 (am¢ are)

. , .. 2 : _
I + ¥ (k" 4,k v
Ty + T+ 2Py, .-

v [ LY (khm ] (4.29)
V2 Y+t y, |

Simpliyfying the above equations by b, = k = 1

Yo set

Y, + 27
, i 2 ‘
v1 = ‘ - 00(4050)
Ty ryp 2y,
, ¥
v2 r-l» . . so(4a3‘)
I YTt e,

With Y, =@, (conductance)



vith T = (conductence)

The voltage ocomponents are

(@t 28 ) -3% os(8,32)

?' - ,
Gy, * 312
Va - L L vn(4~33)

(@ ‘wa*ze‘) -3 (n'* 'nz)

The equations show that V3V, (Ref, %o Pig,
6.4y 6,30 & B, >By ) , Thus positive pequence
torque ‘\u iqna'moa by introduction of conductance @0 no
braking sctiom is obtoined, |

Van Y = «§B  (Inductance)

The veltage eompanente are

G, «3 (3, *3) |
1 | 2 32 . 3 o {4.34)
(e‘f @) <=3 (By*B,* 28) |

(G, * Gz) - 3(31*32*@‘)

o “035 )

Again v,nz $0 give no draking sction with

datroduction of imductance,



Vhea Y« JB, (Capscitanoce)

The voltage couponents sre

-~

- - 2 )
V' w nz 3 (na ” ‘) guo(“.’ﬁ)

(04%0p) = § ( By* By~ 28, )

-338
2 Gi 13 oee(4:37)
Gy top-g (apmem)

The sbove emations show that for ocertain values
of B, , Vo mbomaogrmtwthmv, » Thue braking
sotiom is cbtolned by introduction of mpac&tanm.

The abalysis is given for the ms.mg case |

%, = k = 1  for sinplifying the discussion and 1t
hold true for other pesitive values of b, ,

I b =1 and the ¢ Lh,p, motor under etudy,
the curve is plotted in Fig, 4.25 fLor various values
of B, snd zero slip,

9% Anepection of ths equatims 4.28 and 4,29
for negative velue of b, the ¥, ) V' %o give braking mction,

LEVERRNORE

1, Ife eapadiiter is connected in series with
the ‘a' winding the nst torque developed & its direction



~N
~ v
g_" \\ - L ' Mo, A\.t
> N L iR 1
w J —— \—b ]_‘
¢ , gﬁ
U .
JbyV B
k :W\ I ¥ lLo. ]
LR
S
/
Bse= Capacitor in fa' winding.

a _ _
Switch S open for Starting and Running. }
Sw itch S close for Braking andSpied Reversal,

CIRCUIT WITH TWO PHASE SUPPLY AN DA CAPACITOR

Fig, 4,26

IN'a' WINDING,



depend on the wvalue of the capacitor, Froper choice
of eapmeitor meke the net torque negative, The maximum
value of the net torgue in the Teverse directicn is,
however, much lees then the torque odtained in the
forward dasrection,

3i. The reversal is schieved by reversing
the supply to one of the windings,

4144, The introduction of inductance and
resistonce does not hely braking,

The cireait shown in Pis, 4,26 may be used for
braking employing this § achema,

BXPRERIMBNTAL VERIPICATION

Por a fixed value of cepacitor in Cirauit of
Pig. 4,26 the machine reversed on closing the switch
8, As the voliage to ‘a' winding ie increased the re
versal was quicker,

Then with fixed value of voltage to 'a? winding

the mpacitance was varied to obtain the speed eversal
in & oertain renge,
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4,9 BRAKING BSCHEME 6 - IRAKING WITE TWO PHASE
UNBAJAKCED SUpPLY

In this scheme the possidility of draking » two
phase moter by mupplying unbalanced voltages (of variable
magnitude & edjustoble phase dAfference) is explored,
The circuit used for analysis is shown in Fig, 4.48,

The positive and negative soquence components of
the voltages are 3

v‘ m‘ ‘5 ["‘ » ....i'-b‘?‘ 1+ 3 (32-' i-'- )] +ns(438)

.vg - % [( L B 'E‘ ) + 3 (;z - .Z.l_ J »e(4.59)

By suiteble sdjustuent of varisbles , 8y, 8, byd by
$he positive-and negative-sequence components of the voltage
and the eorrespanding tcrques cen be varied, 80 muitable

variation give mk!.ng or driving aot:.m gay be attained
a8 desired,

if a4 4s kept equal to by , by verying only
8, and by the relative phase sugle of the voltages
applied te the two plinges can be changed (ref, to Pig, 4.29)
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AMZERERCEs

For norsal forvard running, the two volisges
are sdjusted in phase quadrature, i.e, &, = 0 ; md
their megnitudes are so0 adjusted that b, / a =k
Por reverssl a mmber of operatims are poseidle e,.g,
8, Nay be incressed suitadle, . reduced to gere
and similtensously b, reduced to Zero snd b, increased
- suitedly,

The experimental clrcult wie pet up ap shown in

Fig, 4,51, Ths circeit is for a‘ ® b‘j and » and b,

are varisble, By keaping &, constant the spesd

reversml was obtained by varding b, , Then b,

vas kKept éongtant snd speed reveresl obtained by
Varying w, ,
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CONCLUSION

THE CIRCUITS JINVBSTIGATSD ARE COMPARED IN THE POLIOVING TABULAR PGRM

{

Schexne

INPERENCE ‘APPLICABILITY

1.'a' Winding short
circuit through o

capacitor,

a, The value of the capacitor for braking 1o
larger then that required for starting, required,
b, Braking torque performance can be inmproved
by introduction of capacitor in *m' winding
The control is affected by additional sdmi-

ttance in any or both windings,

ie discomnected,

having the arrangzement to
discamect *at
‘m* winding,

a, Whem ppecd reversal is not

¢, In the capacitor run motor

b, Where the centrifugal ewitch

winding frox

a, Sstie capacitor con be uged for both starting

a, Where speed reversal is regd.

2, Bupply to ra
winding tlwough &
capacitor,

and braking,

b, Braking and reversal is achieved by reversing

terminals of any one of the two windings,
¢. Braking torque performance can be affected
by voltage control,

b, ¥Vhere the cenirifugal switch

1a dlsconnected,

¢, In the capacitor run motor

having the arrsngement to
disconnect 'at winding frmm
m winding,

a, Sale Capgeitor can be used for both starting
and braking,

b, Braking and reversaj 4« cbtained by chonging
the capacitor from ane winding to the other,

5. Plugging cirauit

Extremely ussful for
capacitor motor,

4, Two phase mupply Braking and revereal is obiained by reversing

the supply to me of the two phases,

Where 2 phagse supply is svai-
lable and the machine have
2 windings in epace quadratur

-5, Two phase supply &
adajttance in any

one of the two
windinge,

Braking and reversal is obtained by short
ciraiiting the capacitor , rut in any of

the two windings, It is also obtained by
reverging the supply terminals to one of the
two windings,

Can be used only vhere 2 phas
mpply is avd\]sble & the

motor is requi\i'gd to stop

or Teverge mmly .once,

Braking and reversal is obtained by varying
the voltage of one of the auto~trancformer
at a tinme,

6 Unbalanced supply

Vhere two phase supply is
available and cost is.of

AN
not much importance,




APPRNEDIX

6,1, TURNS RATIO

Turns xatio ss defined in 3.1 may be deternined
either m:rhmfdly or thecretically,

BXPRRIMENTALLY s

The moter is started and the supply at rated
voltage B, 48 given to 'a' winding omly , The opm ciroudt
voltage B,  acxross tat winding is measured, The motor
is min started and voltage B} vhich 1e voughly 186
nore then the tgtoa s spplied accross 'g' vinding only, (4 )
The ocpen circlt voltage wn aceross 'm' winding ia weasured ,

Turns Retlo k  4s given by

| '
N,

E zxM
~ 0 B

o Bepe 5 Te2 Aups, 110 volts, 50 "W'r lﬁw‘
inductim moter |
k= 1,44



Por 4§ h,p; » 5 dmps, 110 volts, 50 ¢/e
tf , Inductiom motor o

k b i"a »

SERORFTICAL

From design data » unit ext 1is assumed per
turn, sndit is multiplied by the distributim factor of
the vinding wd then added to get total et , Turne
ratio k is given by

Total enf of ‘' winding
Total eof of "m* winding

k =

Yor & h.y. Induction motor (wnder

considerstion)
k = §,10



The mschine is ocoupled to u 4,c, motor, o th:t
the machine speed s bde sasily contvolled, Then s two phase
balanoed reduced voltage is fod to 'a' and 'a' windings,

The voltage of 'a’ winding 48 k +inmes that of 't winding
magnitude to give equal voltage per twmn, The power W/, ey
ent I and voltage V in the ‘m' winding are measured for
various speed of themachiine in both forward end backvard
directims, Por a f.lmck Wy 1% ond V¢ for ‘ot winding ere
aleo recorded, The relation betveen the two should be

Vs I e , T o= VK

The induction machine im run on-two phass supply
to ascexrtein the positive direction of the machine field,
which gives clue to positive sequence oomponents, Opposite
dirsctim givee negative ssquence compinents,

The 4,c, resintence of m' winding at standstill
is meagured by voltmster, ammeter tnd battery, By suitable '
oonstant the effective resistonce *y is obtained, Then
Muittance ¥ = I/ , Impedance sngle S= Cos™ (v/IV)
fusceptance B = « ¥ Sin S , Conductence @ = ¥ Cos 5
Total resistance = Cos S/ ¥,

Bffeetive rotor resistance =( Cos B/ Y ) - r,
The various vejuse for § h.,p. Induction motor are plotted
in Pig, 6.1, %0 6.3,
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The geeral quadratis equation may be written ss

‘:3 +bx +te = Yy | ‘ ‘Q!(sﬂt)
e ¥y = 0 , the quadratic equation 6,1, becomes;
.!2‘* bxte =0 o np@.z)
Bquation 6,2, has two roots, eey x, snd x,
— |
b - ‘
b 4 - - —— - —— . -ee 643)
4 - b/2a | J “3 ! . osf
+ ¥o_e {6.4)
= - sy S dmm— : wae A0 a%
X2 = ’_b/2t 482 a ‘ ‘

Iet b/ = A

J«h.a;-.—.'.g = B
4e® . :

Vhere B is s ma; poaltive quantity, opsrator }§
valuse, are not cmsidered here
Then roote X, and x, will be

I' o A“‘B

m.(ﬁof?)
x, = A

By inspectie, 1% can be proved that

* R



The quedrstic equation 6,1 may Ye revritten as

y = (:"' ml)a,,‘ﬁﬁ ..‘;
2 A s )
r 2 2 -
- a [-(:.--A) ~$} esel(6.6)
pubstituting
X - x, +h
= A=B+h -”"‘(6.7}

*

Vhers h is any real quentity, positive or negative,
The quadratic equation 6.6, becomes

¥y = a {(«-Mh)g _Bz]
- ‘hz , ‘ -
b -28 h) uu(soa)

Comeidering the equation 6,8 for various
valuss of h, '

Por h € 0 , y will bemultipls of *s

For h =0 7 vill be zero

Por O Ch <28 , y will be multiple of -8
forh = 28 , ¥y vill be zero
forh 3 28 , y will be multipls of *a

This shows that for O ¢h ¢ 2B or X (% (x,
the value of y have the negative sign to that o2 a , Por



x % ad X3 %, , the vealue of y have the sase sign
as thet of a, Hence %o determine the characteristic

nature of y, the vglues of roote xy md x, predict the

range,



| | 2 e
6,4, TO NVAIUATR THE VAR 0P |T4| n,z .-|ng R

¢

Prom the symetrical conponent theory 4f V is
the applied voltage to ths positive mequenocs oirecuilt
then torque dus o positive sequence current is

2 2
Similarly T, due to negative sequence aurent ie
2

'1’2 - v

2
%l 3«2
Net *w““’ T -V m.z 3 | ~!Ya! an

» !‘(6*?)

. Neglacting voltoge drop in the stater and
-assuming a voltage V st rotor the net torque becomosa:

v [~
T = vz 8 ra ) (2"') ra
-(r‘a P+ (o x,) (r0)° + (2+8)%,
v{6.8)

Comparing adove equative to get

1ml g -kl s, < 2 5 - el .
- ® 2 P )l (rPezea}?



4. If 7o 38 neghigible as compares to I, then

‘o R 2
|t“ 2‘2 - l'lz' .

ot ..532 - a2
- “2 ~(2~n)122

a8 s varies from O to 1
¥,/ sX; 18 slvaye Jarger than 7T, (24'32

Giving thersdy | Y4 R, slways greater then
. 4

2

1%t 8,

18, If X, 1s Degligibls oo compersd 0 T, them

|7, ;2 R, .=~ % ) R,
2 L

As & varies fyom O to 1 a/‘ra ualxayn

less then 2-8 / 2, , gz.vm thorabw R qa R‘
2

slvays lses t2en |Y,| B . Hemce usefu) for breicing

LI

in modified scheme 2,
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