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I, thA nrnsent A iss rrtnt ton thn AevfAog t4nt r4nr oprrnt ion of' a 

new two-peed s tnc;te- ahc!sn cop a ifor rotor 13 iscu 	"itotz►h 
the not common Form of thr prirlr±ry rh ino, 'rr n sing; .n-pbAse 

induction. ^rotor is the i s otr icnl 900 - wind inq, for rqt inks. n* 

3 to 10 R.P,, n sta nza throe-phAsa tirin.̀ int Is geinin favour. Tf 

tie sin In-phaco induction motor In fittd with r stn,d rd throe- 

rphsse w .ndin;t the rotor cnn he operntod with s}~itmble 	ttehin 

Rrrnn eientt, nt two d if tnront spa' , the rntio of the two speed s 

bein. 3s1. 

Thn principle or onernt ion of this two-sc oe Motor i the 

utitthntion of the third-hnrnonte torque to - Ivr+ stns -1e onftre*fon 

et pane-third spoc'i. The titIri hnrr;onie fieitl 3bpco? ps 1ppilte 

sinniricnrt in cortitn wtn' Iw connvrttons rind the nmvn1tuAm of 

torque developed hecoman c 	rsble to thy+ f nn ntni torp. 

+t licd 	f lint!' 1 enrr1r,r1 o} t nor the ori r t ion & the 

inchino nt both the speeds.. 1enern1tznd rotntIni► CIn1jd theory, 

developed hi The nn4 Prown17 nn`! heed on the eaten,^ ion of the 

counter-rotat in field theor?, is ucnd to gnnl'rnn thea perornee 
or ' ho ouch ire. 

The new two-speod cepee iter notor in nn extrnn-,1v simple 

cinchine. It usos stondnrd three-phase induction motor windinr; with 

suitable enpaeitors and rr q°sires onl)t n simple switch for chnnjin? 

the speed from one voluc to the other, Only six terninels Pro 

required, the nunber hein'; the sine es in in~hinos with ntnr.dnttn 
et +rtors0 

`pest results on two nechines, one n strnThrd throe.phnne mechinn 



operttEd from. 9 in11e•phnse supr1v" and Piothnr with  
}ind ink +rrr nvernnt, show snt tsf .ctory hohnvinur in opprnt l,nn A 

both the normal Pn9 th one-third creed. Th present tur p 	a e 

a discussion on the d os irn of sw:h '.reh inpa nevi of the sv tteh tng 

'q 	 r1. 

.w. 
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1. 	VITtODUC:T1Ot1 
sho squtrrolacnjo int2uct ton Motor cont tnucs to bo tho moot 

popuiru' fora of n1tornot to current dr ivos. The to Its reasons for 
it^ popularity oi'o Its eocont inlLy s tplo but rued itnchnnten1 
construction and its rolutronent of littlo or no tnninton!nco. 
[tocuevor X11 induction motor driioo, whothor polyphttso or oire lo-
ghrtoo c3uftoZ from tho basic dofoct of boinj oonotont apoc d drivos, 
t. o. , the opeed of tho drives in non-ad justoblo In oporat ion# 
ovoral nothods of speed control of poly-phnoo in not ton motors 

hnvo boon su ; jostod from time-to-time and with a little codification 
Choy arc, also applicable to tn310-phtao nnchtnc~o. 

The nu;aastod nothods can be clnaaificd in tuo rn&5or cats ortoo 
(4) those ; iv inj cont inuoui speed w r tc t ton. and (it) thozo rtvtnk 
t :o or noro discrete spoodo, In the first cato ory are included 
the t oU-octabl ished nothodo of us in variable voltage 9ouroo 
vnr Z.n:blo frequency source an unbalanced volts o courco and the 
recently developed p ase—nixing and phnso•sproadin,7 techniques, In 
the second cn o^ory fall the fo louinn s 

1) urea of titndtn;o Frith different polo-nunhoro on the stator 
for operation at different speeds. 

ii) Use of the •fat andorOon connection for 2*1 oporat ion,, 
iii.) Use of the zoro-oequonco connection for 341 oporr.►.t ton. 
iv) 'iso of the polo-nnplitude nodulat ion techniques, 
The nothods indicated in (.) and (ii) above have been in 

common use for n loam; period and require little ooawont, uhtln 
those in (iii) and (iv) have rained only recent entry In the 
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co, j'°~r► r 	o1') in t o throo-phnoo rotrr vnriatan rnO thofr MofIlf .ctI 
 cin hnvo of ill to be a evolopcd o The coopo or tho 

t rt- 	o do'cribcd in tho pr.rzent a1oRortnttonto iFilto'3 to 
t X' tiOvc? on nt of € oolf•ott rt In.; o tn;lo-phnoo rotor capnblo of 
oporat ion rt tc~o diocroto opooda in the ratio, 3:1, 

Brown owl Fut1 J had d tocuoocd the soro•ooquonce oporrt ion of 
polyphnoo Induction motor and nn o~ttonoion of this cork lcd to 

20 
the dovolonront of s' 3:1 pole-ch tnt rotor by &±rton rind Butler, 

21 
and fot:otiffo r#nd Jny iant It in p000iblo to operate satisfactorily 

3,x ,18 a pol ph ago motor fro a a th 3.o pheoo oupply 	uo ink; a static 
phnoo convertor and it has been shorn that the boat form of the 
convertor is a pure capacitor and honco the Capacitor motor proves 
In pr *ottco to be the Groot satisfactory oinqlo-phase induction 
motor* If o throe phaco rotor to used from a stn ;1o»~phaso supply 
with a enpro itor convertor,, it is possible to obtain 3 sl speed 
operation by rott1n; the h .;her speed throe h nor: ml oporatton and 
to lo'cr speed through aero-soquonoe arrr n, onont of the phase.' 
v 1nnt Ings, 

"hn hno ^hour in n recent paper that stn le.ph000 oporpt ion 
of tt o-ph000 motors with ,o y otricol utnt1tns not in quadrature 
loads under certain conditions to the production of 1nrto third 
harnonic torques o,nd consequent laro dips In the torquo.spood 
characteristics at ono-third speed, This phonononon could be 
onploited to nak o the machine run at true discrete spoods In the 
ratio 3:1, 

The present d isoortation ozeritnos in detail both the above 
Dothodo of speed control i.e. the zoro.'soquonco connection method 



~;n 4 ç 	nn;~ ;e,ricU nonnquadroturo Qtntor vied tn; conncotion 
r~~ttznw, nc 3couoo coo thoir rcI .t ivo for it9 a Toot rootxjto oho:-s 

c io tt r mothod to more ac t isfuctory4 / conprohonw tvo 

thhro~7; of thin typo of trso-spoof.1 c !pacitor motor to clovolopcd 
n^ in tho aonornl izoc1 rotot to ,-f told theory of B 'otzn Haid 3Iv.  . 

B c1c considerntlong for tho dootn of this typo of m chino yc~vo 
n1so boon it tectod. Toot roonito obtnincd on tuo difforont 
t1pos of no:orn ohou ontloThotory bohnviour in oporntton n.t both 

tho opo^,,Ja. 
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2.1 operation of o three-phaso Induction rotor from s inp2o•phe.se 
supply with nn extorrml statIc phrse convertor. 

2.1.1 3eneret 
2.1.2 n r1ysie of Performance 

2.1, 2,1 (k nerr l 
2,1,2.2 w tartin; Perfornence 
2.1.2.1 'dun-up Por torn .no e 

2,1.3 Conclusions 
2.2 The zoro-sequence operation of n three-phase tnwuctton motor. 

2.2,1 ' ner1. 
2..2.2 The " lij iv font c ircu t 
2'.1 Per `or fence Chnr'ctertet tos 
2,2.4 Conclusions 

2.1 Opermt ion of two_pMeee iniurt Ion notort, hav to ; atntor rtnti tnr 
not in q nndrr,t e. 

2.3.1 1onor'I 
2.1.2 Anelyst of Per 'ormnnoe 

2.1,2.1 ►c nerel 
2.3.2.2 Cnloulet ton of Torque 
p.1.2.3 tarting Porforrinnee 

2.3,1 !inrnonicn in `yq,itrarol-Cft ►oMotors  
2.1.1.1 ' enernl 
2.1,1.2 "'ftect of d iRpleeenent nn;1e on flim-.exp Per"or*~nr 

2.3.4 Conclusions. 



.6. 

2.1,. OPt 1VTSO ©? A 	 I'VICT20"T OTOT !RO'.,3 ^IPt~t .PTT tST 
;PPI ''ITi M "XTI;1V!AL STATIC PHAS , C9iVT ~ta01, 

2.1.1 3eneral 

The most common form of the primary winding for nth 1 ~-ohnne 
motors in the lover horse-power rnn'es tG the rsv etrtcnl 90!0 

vin inr; but for rcptinks 'I to 10 14.P„ rmnmo there appears to be an 
tncrea in; tendency to use a otnndnrd throe,.phn8o w-ainl inc, The 
three-phase vannas, not neees ert1yr bnInneed, are derived fro± 
the a in le-phase : upp1Y with the help o¢ a static ph se convertor. 

The problene in this aspect Pre those of eelectfnq suitable 
coiponents of the static phase convertor to r; tvo the hest nor 'or!ance 
with respect to t 1. t cted-rotor torque and current; 2. hronk-down 
torque; : , current balance in nornel opor rticon and 4. operattrio 
off ic for e7. 
2,1.2 ".ne1: stn of Performance 
2.1 *2,1 general 

Fiis.2.11(n) and 2,11(b) represent, togethrr with their 
inspection oqunt tots, the primary, wind in-ps in star and delta 
connections of n three-phase Induct ton motor connected to the sinile-
phnse sippl r with nn external static phnse-convertor of e.lydttnnoo 'by  
in circuit, Theo equnttons con be soied in terms of si otrtcr4i 
components and the complete performance of a gtvcn inchine with any 
of the p^)ssthle values of Y can be 	 Poemuse of 
intnrehnnc*nbility of tha pnr*netors from star to delta or delta to 
star connected c ire fits, only one connr ct i,on can be considered, 
'end hero the stnr•ooniected win?' in-; will be cons idered. 
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2 w 1 .'? i2 t nrt to;g Performanc 

'Cry re'ere ce "4) of h 1b in ;r sphv n Toro 	l rt mnnlvq Se ar 
thr► etnrt ino; ncrfort nee in der icu i nut in !qtr' pre8ont A flm'i r ton 

the ntt -nt San will hA confinedonly to the nont t iportnrtt frtetora 

rel t .nm, to the► start to perfor o'ie . 
It cnn be ahoun that the ratio of t o start in, torq io t I'$ to 

th' stcrt ins; torque under r'? arieod thrap-phase r ort tt ions, Tb„ is 

r;ivcn by the followinj expression:a. 

2 J 3 ' 3tnc. 

9 + 4,2 + 

,here y = !Y'a ,tY~ Its In the ndrittanee of the aehine At ntnnl 

still, o&= *» , rind 	(3 And 	nra nrr gun' 	t 	of '' and Y. rnspeet iv"2.v 

It niny he noted that this equation  tort conte i is Only the two 

d i<nensionless onrniaters y and 	, +end it Is therefore"os,,41bl" to 

deuce re'ults which ,re npnitcah .e to any induction netor with my 

form of phase convertor* ' t enn to ahovrn :'hat for a even vntnne of 

d~ , thv torq=.ie ratio in n next .art when y 	1/2 and for m 4vpm valwr 

of y the torque ratio to m 'iaxtun accorr'tn' to A value o 

= 	are Co .12y/(9 s 4YP )I # and further that when r = 3/2, the 

naxtiutn torque rat to excoed n unit'y ¶'hen a, > 147,80. The var tat tons 

in the value of ratio T/Th with the vartattorta in the values of yr 
and dctre shown  in t n,2,l2(a) and 2.12(h), 

The unbalance 'actpr, which is defined no the ratio of the 

ne;attvea.nequrncc current to the pootttvca.seiw.nce c irrent y at 

stand-still Is liven by 
3 + y 	2 17 COS (o 4 30 ) 	 /~ 

b r +? IVCon (o(•'30) 



Wn! for t'hn rtxc,d vniue or o the unbnlnn^ f!~ctor 1q c ntni'nr' 
who,n Y 	nn 1I for n fixed vnlun o ` v, w on eC = are "ns ~-3y/(3♦y l 
rith nn nhaolute !lini in of Vro when y -n .(i 1 nA dM 500. 
2.1.2.3 'tun-p Performance, 

In theory* torque/spool curvos eoulA be onloulpted for  
of phase convertor from the rctwilent a trcutts for posit tvo-nn 
aegat tvs-sequencer oper^t ton. ^ gn± 'rot proceAllre Is to deter the the 
torque/speed curves for positive- sand neryat ive-s nquenae opnrnt ion for 
n Fixed voitr, a and to use this ar a basis or theoretical calcul^tion.. 

The torque/speed curves with ii if?mrent values of y are riven in 
`ig.2.l3. 

In givthc; cm operrtin rating to n motor,, hentinj !lest be 
considered in add it ion to ratio of pull out torques. It was found 
that the tote. stator losses hn not tnerenne1 by a inrce amount; t +o 
lar ce Increase in loss s sppenrs In the rotor, as pvpn a si ijht 
unbalance In voltnce sets up n cons I rnblc nP.ot ive..se*uanee field 
which gonerates double-frequency currents in the rotor, with ' I h 
loose## 

i. Conclusions, ions, 
The best perforrinnce Is obtained when th ► start Inn► 	nninit 

pond itions approach those of' balanced three.phase operation. The 

study has also indicated that it it 1tfteult to produce completety 

balanced terminal voltages with the help of a simple static phase 

convertor at all lands, so there rmust be A derating of the threephns 

motor when operated in such A grey. 
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2,2 ?TTF; 71''T 4.. 	 II'' " 0P7 "!tY1 01? 	P'TA_f: T"Mr!^Tarr 

20201 t~enoral 
It uas ronora y nacaptcd that zero-cequoncc o ornt ion oP three.. 

phnno in1uct ton motor fails to proOueo n torque798,1 , i19. r~n~n '. 	i n ~  
anti Proton and 'T3utler6 shaved that this nom not be so. Tho wh, under 
the soro-soquonao operation no dart inl torque is dovoiaped , but If 
the rotor once comas to the spood, it will continue to run at a 
opood nit;htl? loss than one-third of the► synchronousopocd and can 
also t&Tto some load at this speed 
2,2.2 The ''quivalont Circuit 

?I . .21 represents the prinary windtnro of a three-phase 
Induct ion motor connected to the n to ;'la..phase supply for zero. 
sequence operation* It may be ,shown (acs section 7..1) that when a 
balanced thro phaaa wtnd ing entries gore-snquonco sinusoidal 
current f of frequency f, the nth h€ rnonie m.,m«t'o at a point t 
electrical  dorees nlont the portphor7 of the nrnnturo fron the runs 

of any phase Grind ins*, at anv instant of t1m" t, to 
xn 	n, (I + 2 Cop 2n7T /3) r7on(nx + T.n1r/3)coo w t (pe2.1) 

rhoro t nth barnonle itndtn-1 factor off' each phage, when each 
phase wind to is d iatrIbutod 

T' = Amplitude of the n 'h harmonic M.M.P. of onah phase 
when ouch phase wt dt n to considered to be of the non istr butod 
and full pitch torn, 

C.) = 2 r,-f, nn3ular velocity* 
It can be seen that 'rM is noro for all values of n, except 

n = 3 and multiples of 3. T hue 9 the n.me ?, waveform, duo to the 
curronto of coroa ooquonca, produces n an nottc field In apace which 
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two tF roo t irioc tho nurnboo of poloo for ihtch the cioch ino to act~iull T 
wound 0 The rocultont field in otet .on ,ryM' in speec. nnt3 i ulootn !fit 
ç 	j,,jnt1eiontol f'roquoney f, The pulmtttn^; fiold nary be r000lvnft 4nte 
tuo conpononts which rotate in opposite directions nt a synchronous 
opocd ocunl to one-third of that for normal throe.phnso oporot .ran. 

The equtvalont circuit of the nnchino4 for zero-ooqueneo 
operation to no shown in '4.",.2 922, The switch P t tntrouco to 
conn ider the effect of the phyo teal 	netonont of the pr impar? 
utnd $ng. 

if $ be the f`racttonol slip of the socor or)r windi*io, with 
roopoet to the noriral forward rotnt to ; f inid , rotnt in at tho 
synchronous peod of the motor, thou the slip of the ooeon4ary 
winding frith roepoet to for ►ard rotating field, rotat inq at one-thirr 
of normol synchronous opood, is given by,, 

=, 2+33 
	

(2, .2 ) 

t.nd the slip of sccondnry winding with rospect to the backward 
rot at to  ttold, is ivon by 

sn' 

also LV" = 2  
2,2. 	Porfor nnce 4"+h ractertsttco 

The vari~+t tone of current, povor and torque throurthout the 
Opood rrzn;o t y be prod feted by dotorntntn*? the nnohtnm n: ra t Mara a 
no d ieouoocd b Brown and Puttlor69 for known vnluno of fractional 



slip s". 
if, % + 'o  to tho inpothrnoo of tho motor per ohnn o thou, t+,r} 

current per phnao, 
TO  LT -:1  

Poor per phena PO  u iil be given by 

PO  0 x02  no 	 (2„2,5 ) 

The torque per phase in svnchronousynchronouswatts referred to the 

zoro.00quonco ynchronous spood Is given by 
To = P .- Fh 	 (2.20.6 ) 

(R 2/r") T 	- (R,/2 - »n) I 0 	(2. a' ) 

If the different pnrumntora are knotm then the complete 

performance of the machine can be predicted  praUctcd on the hiRotn of above 

equnt ions 
On the b siv of the tests made by Provn nnc Buttler6  eo'sn 

useful romlts are suariaed help r. 

On the aosutpt tan that saturation rnw 'be noilecto1, on te 

btrto of the full line voltngo applied to the tort lne a in tics 
cases t,o, the zoro-ooqucnee oporpt ion as bolanaod hroo-phain 

oporntlon, the lino current was approxirttoly the sane for the 

same slip but the outputs in two cases wore in ratio of l.t*. 'ifovevor, 

utilizing control of supply frequency to roduco the spood of the 

squirrot-ca a motor to one-third of the synchronous opood with the 

errtnc slip, with positive sequence operation, thf, ratio of the 

outputs reduces to 1:1. 

It is possible that for thew nppl icot ionn whore a speed 

roluction of 671 in required occasionally the cost of n fairly 
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o t ip1e suttch to nrrt n!~v,ont for e}annt tnR to z ,rv-oogirnnvn opornt .ran 
to proforablo to tho ocponoo onA opien roqutronent of rt f'raiuoncV 
oonvortor, despite tlio oontloquont reth tion In t yr t1ahio outpxt to 
apprvstmmtoly : 3i,, 
2,2.4 Conclusions 

Zero.00quonco opernt Lon of a throo-phaco squirrel-cngo induction on 
motor providescharacteristics come ihnt a imilnr to those of o s tr 1o. 
phaco Qotor hnvinj throe times the number of poles 

The torquo/apood ahnroctortstty boinq of pnrticulnr Interest 
uhoro n opood reduction of 67 i ovca ionnUr roqutro4. The zero-
ooquonco effect can be eliminated, or accentuated, by epos tni dos inn, 



2. 	3I!GIJ ►PRa 	OPTI T OF T1,70-PTiA `''. 1"DI r"TIf r I"i vr" 
!i"717O "VltT0f t!I'1?I?I1!G '10' TTI 1117Vlf MTi ', . 

23,1 General 

In most ttroaphsoo tniucbion motors the stator bn.: n Hain and 
nn lut11tary titnftnr; uhioh nre in opr~ce c ur±drnturo. 'fin pr rct tep 
dost n limit rt ion irapo rid by the numbero slots r n oi s r~?o 
such thst ofton it to not possible to hnvo tho stnter titnd trIn In 
exact gaodratur.e. It has boon shownis that nil other roio not 
factors botnq equal, it is pesoiblo to obtain ht!~brr starttnj 
torques by non quadrature trind in*;o. 

Several ettopto have boon node to onolyso the operation of 
the nechino. All authors with the notable exception of 
have bared their nnalyois on a cnoidorttón of only the f'undamenbol 
components of the marjnottc fields and hove itnorod the effects of 
space harmonias. Jhn has included the effect of space hormontes 
by using his "Ganornl tzed rotnt inc-f teld theory" 91 which in hosed  

on an oxtonsion of the countor~-rotattnr; field theory of the atnglo 
phase induction motors. 
2.3.2 Analysis of Performance 

2,3.2.1 3onoral 

?it.2.'3l, represents, torother with the inspection aqunt tone , 

a tiro..phnso induction motor connected to a o iniole-phase supply of 

vo ta3o Vwith o static Impedance 7 in circuit. hern in and a 

represent respectively the main and tho ouxiliery stator vindtn s. 

The roux ti Cory has k t os as many turns as the mom itndinwinding and to 

displaced by on electrical on;lo 80 from it,* Those equations can 

be soloed in tones of gonoraliaod rotat in field poromotor??$* and 
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18416 
tho cosinlato porf'©ronnao of n r;ivon nnehtno can ho nvnthr~n4.mc . 
'ho ^quivalont circuit of tho induct ion motor Is. no shorn In '4r~,P.'° r 
it ig r Ounod here that the iron loOO( . can b) oottrnatr+ aopnfftOlV 

r 	iaod to the other povor requ5romont13 of the motor. 

2,;8.2.2 Calculation of Torque 
The torque In synchronous watts can be obtained by find In the 

dtftoronao of the potter inputs to the fortard and 'hr ci trnrd fields. 

Iteme*bortn3 that the synchronous speed for tho nth` harmonic ftold 

is 1/r th that of the fundamental. 

203G203 Starting Performance 

For bettoon 600 and 1200, it has boon shownis that the rat to 

of the starting torque, Te 9 to the start ink; torque under balanced  

tto•phaso conditions, Tb, due to the nth harmonic field is 

approximately given b * 

ky( in .& + kx 'Stn , --L ) 	in n & 
rb 	y2 	 , + k + 2 k2ir Cosa 	tn(n 	)  

crhoro g 7, 
~Z  0 

2 Y- ? Cyan n 6 

+'Wf=tAW`p 
and (-4), (- t) and (-P) are the arguments of Z3 , ~...7no Cos ns. 

and Z respectively and 7. and Z are the standstill values of 

211 and Z. 
It can be shotsn from this equation that for given values of 

tt, no and $ 4 the torque to maximum vhon y = !r2. 

0 
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r ,ao the opprothntto ratio or the mto itz im.i cur'ont T.0 

to 1tr axuo tihof tho cithd tn' two in quadrr taro to " ,von by► 

r~L 

,~. 	2kz (ic (on t + 	Cas --< ) 	« . 
TMa 	 + j ►2t VCoo 

Etna the ratio of` the euxUherV titn8tng onrront, is ;'van by 

TOO . (1 , 2lni Co  
la th 

The nbovo rat ion have boon obtained by no joetin the 'h tsphor 

P fors of t. 

2,3.3 Har onies in Squirrel - Cao Motors 

2.3.3,1 General 

I. squirrel.ortgo 'r riming ronota stronll ` to fields of tIt pole 

nu°nbers. This makes all squtrrel►eago Induct ion motors very 

susceptible to the harmonies of the air gap field# Of n1" the 

harmonics present, the ones which have theos noticonbia effect 

on the motor porfortnanoe two the hang-bait harmonies of the order 

2m1 ) and the stetor slot harmonies of the order (o  1), 

v re in end e are the number of phases ,nn4 stator slots per pole 

rospeottvol 	The letter ordor hernontes nf'oet the etnrttn !u1 the 

?ufou p z'fornnnoo of the motor, where as the slot harinonte nm 

instrumental In tho production of atrnv bed boss e, 

In bei need pa r.phano operation, the h rnonte of the order 

(n - 1) rotates boe er s rhilo that of the order (2 + 1) routes 

foruerds with rosp et to the fundomontal. The e,ard rotnttns 

hanontc produces on almost un for no ottvo torque over the entire 

speed conga of the motor and hence eroeton no run-up problem, pravtdo 

that the fundonontal. torque iq of the adoqunta mnv nttude. The forint 



rotnt in , harnontes, hog:ovar, dov►oiops a torquo wh inh P1hnnr oa sign 

at tho sy nohrono~rn opood off' tho hay non1c thus oroat lnr n r 2y) in thn 
motor torquo/spood onrvo„ "- ino a t + it a1 ip is rospans Thio far t 0 
'orcttrt in*;' of thr motor, it is otnn9ari praet Fico in tho Aon tpn o P thr 
atator w4.nd inl either to o'l ininata the (2n + 1)th harmonic connloto  
or to reduce its amplitude to as shall a value as pract ioable. 

r)no harmonic field ^hich. is rarely taken into cona iderot ion 
in the d os i -n of stator v ind in7 for poly-phase induction motors to 
the third, In throe phone n►ach inns j thou gh the individual phases 

zany prOthico lar;o third harmonic components of ri.m,f., the resultant 

nir.Cap field has no third harmonic component for all forms of 

balance 'operation and thou unbalanced forms in which the stator 
uindin;s are connoted in star with the star point remaintn iolntnd  

In tvo.sphnso machines on the other hand, though the third harmonic 
to present in the resultant m,m, f4 urava4 it rotates han?vnrda for 
nil forms of balancod operation and hence tines not afoot thio rein-np 
porformar co of the rotor to any s trnif leant d et reo, 

P "hon a pal '-phase motor is opornt int under unbalanced con l tt lon, 
hov,vor,, all the harmonic fiolda present in tho atr« np have both 
form: rd and hnoku ord components. The third harmonic fortrard f144,  
if pr000nt assumes groat importnnao in such nod oa of operation and 
may cause serious runup trouble unless its ampl ttuu o is very s n It. 
compared with that of the fundnmentni. In "iq,9 ..' 3 curves (a) and 

(b) show tvo torque/sped curves obttned by toot18 on the 0cno 
nquirrol•cage motor but with two different stator wind tnr s, In both 
oases the applied voltago t as adjusted to Give the same fundamental 

fluit, but the amplitude of the third harmonic memo . uns about 201 



that of the t'unlanwntal in ease (a) and zero in ease (h). The two 
curvos illuotrato aOnirnb].y the importance of troopinrT the third 
hnrnonic m.4 e .f'. as low as possible in rail oases of sinhlo phase 

oporot ion. 
2.3.a.2 Effect or Displacotent tngole on Tun-up Performance. 

then both the main and auxiliary wind ings are carrying current 4 
tho nnplitudos of the various harmonic fields in the resultant m.m.f. 
Bravo b000 a functions of the displacement  angle O . its effect on 
the run-up performance Is not very easy to est mite quant ttnt tvely. 
It is however, quite obvious that the dip in the torque/speed otnrvo 
nt /nth synchronous pod 	by the reversal of torque due to 
the forward Component of the nth hsrnonte field can ha eltrninntrd 1.f 

I I 	k ' ~ 
and 	n 8 = blr 	 (2.1.6 ) 

whore b is any odd inte;or.  
It was Lound '8 for a particular machine that P capacitance of 

25 uf accord in to equation. nos # (2.3.5 a 2..6), should show no 

third harmonic dip In the torques peed curve when the 8 was 1000, 
Curvoo for different values of capao itanco are shorn in Pt.2.34, 
with the Onmo capacitor in circuit the for ,uo/speod characteristics 

of the machine for tour different values of displacement nn°*lo 8 
(60o'; 800 , 10& and 1200 ) were obtained, thoso are shown in FigveP F 
2,3,4 Conclusions 

The use of the ioneralto6 rotatinel field theory has resulted 
in the antisghotor analysis of the tuo.phase motors. it has goon 
s1 aownl8 thAt, for normal squtrrol-ono motors, shout P0 more 
fundamental torque can ha obtained by nnktnm, the d ,epineonant nn le 
other than 900, It present, the most inportant harnonte iold, mor: 
run-up point of view, is the forward oenponont o' the third. 



7 + V 

¶7 	tr 
A 

V 
	

V 

IiPT Lk I (J rD, 

C 

.2-11 -  PRIMARY WINDINGS OF A THREE PHASE INDUCTION MOTOR CONNECT 

TO A SINGLE PHASE SUPPLY WITH AN EXTERNAL PHASE CONVENTER 
CIRCUiT. 
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(iii) Single-phase operation with capacitor, y= 3 

(iv) Single-phase operation with capacitor, y-:3.0 
(v) Bingle-.phase operation with capacitor, y= C'O 



FIG.2.2I ZERO-SEQUENCE OPERATION OF3PHASE INDUCTION MOTCi 
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FIG.2.22 EQUIVALENT CIRCUIT 3-PHASE INDUCTION MOTOR WITH 

ZERO SEQUENCE OPERATION 
C Switch P Is closed whrt tarimaxy wiQd .hgs have coil srai 
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'IG.2•31:STATOR WINDINGS OF A TWO-PHASE INDUCTION MOTOR 
CONNECTED TO A SINGLE-PHASE SPPLY WITH A STATIC 
IMPEDANCE Z IN CIRCUIT 
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FIG.2•33 TORQUE—SPEED CURVES FOR THE INDUCTION MOTOR. 

Curve (1) For 80° spread, si;7gle.phese operatio i. 
(11) For 1200 spread, single-phase operat~.on. 

C 'Two-phase squirrel-cage Induction motor). 
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3. 	' "fi1 	!CJS 	i  	.. P ' 	C P. P " 1''O.1 VV"ry ?' 

1.1 senor :3 

it has been volt o tehlfthod '4 (en t4irc,i: so! In leteit In 
'cot ton 2) thet a throo-phoso Induct ion rotor can he oporntet  

art I aotortl t from a o tnole-pbaoo supply►. lover, l stator tnd tnc 
connect ionr are possible for nueb oporet on nnc3 are Thorn In 

(alb,c,d #+o,f', °nd ). Out of those'i1nal.i (a b) 
repronont respectively the star and delta connections, Pi,ia,,:.1 
(c, ": o) represent respectively the 1200, Gi4O ini equivalent lop 
connret cone, and the ' , ;.:.. (t') ropronents the n in'►10 art in-, 
connection chile the Pt' . 	(a) represents the aero-aoq#uence 
operation. 

The operation of the notor with these connect ion arranmcr ants 
has been discussed In previous sections. "o"ie of the points of 
part tculor intsernst arc ownnnrioed belov i 
(a) flperat tt 't 0- it f connmct ions of T'i"!s..'3.l (f' 	 )  

the di dvnnt ac;° or non~►nv° UUah it tty of th' start tnft torque 
and is infer Scar in this respect to th .t with oth,'r f-onnaet 1 on 

(b) The strv;le wThdin connection has a sial third harnonta torque 
and . has tax trnun pot it 2vn torquo near the synchronous speed rl too 
to the and not ntel ooaponont, 

{c) The zero phase soq fence has ° torque/speed charaeterist le 

o tmtl.°r to a a in,lo.phase induct ion notor hay Ing, three tires 

the nucther , o? polos. 

(d) tYhon the titnitna are connected with vtndinn axes otthar GOP 

or 120° (electrical) noart the h Io;hor ntr rttnj torque can be 

achieved but ' the third hart onic conponents are f f'tc tent to 



Tfeaat the runn ,ng porforr nneo of tho motor nd ir c rtn in 

ctOOR the third hnrnonio torque is sufficient to hold tho 

i:otor ctnble at one-third of the synchronous speed dun to the 

!:.1nhnnantn1 conponont. The ar p . tt d a of' the third hr r onic 

torque can be inoronood or daaroaaed by solpcttn suitable 

vnlues of the ottornnl. aapnottor. (Sae r7too2Q'4 and equation 

'Xoe2a3*5 and P O 

Frog the fore' otnr d iscuos ton n vary important conclusion +inn 

be drntin that when n throe-phnso zotor,  a  with d tffcrnnt a lnd 1.n 

arrnn';omnnts, is connected to a tnglo-phaoe supply the motor runs 

oithcr at n speed correspond in to the undenental c-ornponont or at 

a opood correspond .tag to the third harmonic field. This loads to n 

possibility that tho same throe-phaco motor can be usol as a two. 

apoed single-phos motor. One speed 'being the some as the normal 

opornt ing spood of the motor and other the one-third of the normal 

£tpocd. 

For the operation of the motor at one-third of the normal speed 

the stator vindin€; should not haver a pitch of (2/ )`Wolectricnt 

radians or a wind to ; spread of (2/3)1r electrical radians. reenuso 

a pitch of (2/)1r electrical radians rives a pitch factor of s ro 

and n spread of (2/3) olaotrtoal rad inns gives a d tstr .'hut ton 

factor of zoro for third harmonic ftold. '¶'u hMr the single winding 

connection t .' .1(f) and rophase sequence 	!. *Tt ) connections 

cannot be usod in practice duo to the non-avniiab itty of ntarttn 

torque In those connections, The o inr le v inl inso, connection ala o 

ouffors fron poor running performance duo to poor stator space 

ut ilinat ion. 

Out of the rotnntntn throo typos of connections ' ; ,; .l(c,d,a ) 

virtually anyone can be chosen for the ono-third opood oporatton. 



But the third  thirl hnrn©ntc torque to rannimum tihen the d1spineonont anoplo 

In 300. R,a^o the third herrrionic component curronto uii2 be niun 
! ' tho stntor ,ind to ; sprond is -V /3 elactrlonl rad tans. 

or the norcaai or full speed oporat Ion the stator rtnd 4nro rrnv 

bo conncnetod in nn " c7A1 except the zero.eequenco opernt ton con~►octtoni 
Socpuso nt zero sequence operation the otnble torque Is obtained 
only rpt one-third speer * Out of the other connections nil except 
etar And doltn will shag t tendency of crnul tnr At once-th f spoad. 
The third hr~rnon1c conponont in ceso of 800 A 1200 d ispineo int 
anlo connrottons can ho suppreae d only at the expenso o ` the 
startirr torquo $ ihtch Is undesirable. Third harronIe eo aponon't 
can also be suppressed in ease of equivalent 900 connect ton i, by 
solecttn the proper external i! podnnoois. But the same lnpodrince 
nay not ho able to rive sutfic lent otart iron, torque and sr t is factory 
full speed running characteristics* Thus noc000itat .ng atleast 
throe valuoo of external Inpodanco and turning the oporat ion of the 
motor into a complicated sy tan4 It ne r he noted that the maximum 
fu amental torque Is obtatnod when the titndtns are connected 
In star or delta. It to thpreforo obvious that the host arrnnrve€ ent 
would be to use either a star or delta connected itrtdInr for the 
fu ,l speed operation vh ich is free of third hnr' on tc crctl in , 
requir1n3 only, two capacitors, one for start Inr and other for 
runnino, 

nonce one can conclude that proper ►tr tnr, conn tions votild 
perr tt a. satisfactory operation of a throe-phnse machine Prom •• tntl+ 
phase supply not only near synchronous speed but also near one-third 
synchronous speed. 



3.2 'ppb. scat ton of the Gonornl tzed fiotnt to jField Theory. 

The generalized rotattnj I' told  theory can he used to annlrae 

the porformrneo of the motor. Each of the, forunrd end bne1nrcrd 

rotcting components of the nth  hnrmonto stator mom*?, uawo of the 
sinrlo-phase r-rindin'; tnducoo its own component rotor currents and 

produces induction motor act ionwith n times the fundenentel n in'hor 

of poles. P•°hen the rotor hind Ines are on open circuit, thi foriar4 

and hackccrnrd rotat in 'fuzes due to any harmonic field nuet oneh Mcg, 

equal to half the correspond 1nT niternet tn& flux. The reaction of 

the short-c ircuited rotor to thane counter rotet torr, 'ltix r is well 

known from tnduot ton motor theory,, The result in' equivalent c treult 

for a ono. dnd in, induction motor 1s as shovn in V sI.3 42,E  The 

constituent circuits for nil the forward and hacl card rotatln7 

fields in this figure have been onnocted in series since the nn.n.f, 

reopens ihlo for their product ion to uuppl ted in cases by the nano 

etator pheso currant 

The circuit as drawn noalects the iron loosen in the machine. 

The iron looses can be calculated separately and added to the other 

paver roquire: ont.a of the machine. 

if 71fn  end "bn  represent th ± aoif-lapedeneo of the vtndinr due 
renpe+etIvoll to the forward end the hack nrd rotetin.r components 

of the nth harmonic field. 7.' , and L ' h̀n  nay' then ?re vritton to 

ropr000nt the sum of the Iapodanees duo respeetively to nil the 

forcrnrd•-rotatin!; and nil the hnc nrd.rotntinq 'marnonte. . fields,, 

The total eel Mpodance of thr otntor phase Indtng Is then riven by 

7 phnso ` r  4  jx  + ` ? fn +  ern 	 (1.1)  
thoro r and x are respectively' the rantetanco and lockage reactance 

of the otntor winding* The voltage equations for the machine with 
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t)woe-p!WO tator t,trdtngo are thoraforo 

-2n 	*2n 
~n Ia( Q +!Z 	bn ~ a 1% Ib(Z°C •tn  

s.ri  n 
+ Irc To ( cK 'in + .cC bn 

2n  -2n 
Vb 	kb 'a 	c( 	i ~` 	b ,) + 'bf ab 	 f'n + '►n ) 

+ (kb, rc ) Tc(T- cX ", + 	7bn3 

n 	*»n 	 -n 	n 
Ve = In kc t -°c fn + E.°, 'bn  ) "- (k0/l%) iib, (z, o, " fn + E~C1hn ) 

+ T( 	+  

t- ,hare xa a r + jxa 	 (not of turns In "b wInd In) 

	

and 11b 	('to. of turns in a wind tw ) 
z =, r + 	k 	(Tie, of turns in c w Id !n* ) 

C C  e (Tie, of turns in a ifIndin 
The perfornanco of the mnchine can be ea it r calculated If the 

para .+ tcra of the equivalent circuit of FI, 3,2 are known. 

3,3 Analysis of Porf arrancy at Pull : pe+ 

3a 301 Ionerri1 !qunt iota 

PtGC.3a 1Ua and b) roproacnt reapocttvo . r the pricer? wind tnm.s 

of n star and delta connected throe-phe so induct ion rotor connected 

to to at ;lc»phase supply with an external stntte ph io convertor 

of impedance Z, in circuit. Racnuoa there to a normal rotntionahIpI 

between a star and delta connected balnnecd aynten, 'o, for the 

prnacnt purpo a it is only nc eoaa"ry to consider one ►f the 
connecttone, and in whit follows attention to con'tnod to the etnr-
connecte sy~otcn, Inspect ion equnt tend for this c ireiitt obta tnod b cr 
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the application of !irchhotf's laws, are as follows: 

V A vc 	a 
These eqwtions assn he solved in ter'is o 	nern1t wi rotatin 
field theory par et rs« (tae secttau 12).y utiltstn the 
subst itut ions 

VA AZll 1B12 TC1 

=r, 13* .I +x 12 	 ) 

equn t ion (p..6) is Qbta tried from +squat ion (,3.2) by subst itut trig 
Za + E 	+'E bn `X11 
«.2n 	2n 
oc 	+ç 11,n 
-n 	n 
taC f n + QL  

As the stator hoPs a symmetrical three-phnac wind in;, 

ze 
and kb = kc = 1 

it can easi,i ' he shown that the slit ions off` the- equat ions (1), 
( ,4) and (' «!5) are riven b the followin s 

,N• s0* (3,9) 

+MSV 	 wrewyw+r.r.+r.,r.Mre.w+rrw 

( Z11+Z ~.2Z13) ( 7 a7Il~.7lr2 r,l3 )+( ;+2?II»712 ' i ) X 11 2 12+Z1 
... ... ('3 «Z0 ) 



X aV 
_ ~11~'2~~•2?,~~ a (7•~~~~+"~~~4~7~~ ~; (~+~71~~'~~.2°''~'~ ~ (73.1 ~'~~~.~+~''~.~ ~ 

4«o 	rho. (1.11) 

`F ret o oquat tons Cl iae the gonoral izcd colut ions for curronte in the 
thrc~o 1ndian s of the a otrioal stator of a throe»phaco tnduetton 
rotor hrWtn; a oycmotrtcal rotor and connootad to a s inglo phaco® 
upp1,~, Those include the effect of space harmonica, 

3.3.2 Calculation of Torque 

The torque in 97nohronouc hntte can be obtained by finding the 

difference of the pouor Inputs to the ?oruard and bac1 fard floidh, 

omenbortn  thit tho synchronous spoof for the nth harmonic field 

ins l/neh that of the fundamental, the torque duo to the .nth harmonic 

field is given In synchronous ratty by 
» 	o»n 	0 

T = Re ~(S ' + Tpnoc7 ' + Tco(?rn) t o + 

	

.»n 	 n 
I p~ fn+I 	+ TICO,' ) Tp + 

	

C IAtk ' 	+ "fn) T A n 	 ( 4.12 ) 

uhoro T*A.O Ig and xC are the complex con jucrates of to I t~ and Tr' 

and Re stands for "Roil port of",, If Rrn is the real part of the 
forrard impedance Z f.9 the above aquatton roduaoo to 

n(!xA+1B +I,a ) Rlt 
	 (1.13) 

:3tmrmilarly, the torque duo to the tth harmonic backnrd field is 

g icon by 
hn n (i IA + IBS + ice, \ ) Rbn 	 (1.1 § ) 

tihoro Rhe io the reel part of the hnc1tinrd field impedance 7hn° The 
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net forward torque in synchronous watts is thereforeI 

n •n 2 	 -n n 2 
n = n (1 IA + IBo( + ICO( ) Rin *~ n ( `t + 10 + Tcot ) " n 

...• ... (3.1£) 
qunt ion ( 3,15) i9generalised equation for the torque due to any 

hq.rmonic field of order n. 

3.3.3 Start ins Performance 

3.3.3.1. Porformanoe rq,wit tons at Stn.n1 st tU 

it stnrtinq the iripedsrnce to the forwn,rd nr bnckwird fields 
are equn1 w i.e. 7fn = 'bn. if `''~o and 79n represent the standstill 
vAluos of 71 and ' , the equations for stnrttnm; perrorn~anes r neo 
frort equnt tong (30), (3„10), ': (3.11) to 

7 + 78o .. 2 Z ',n Cos no 
I 

(790 . 27-7 Cos n 9 )(2 + IZ, - $Z'  	ms n e 

I.. .0. (3.16) 

I.V Z + 2Z8o ,• 4t7 Cg's n& 

(Z 	2E.>,9n C:o€3 n a)( 2Z + 317sQ ' 8z7sn Cos Yi 0 

• .. .. r (3.17) 

22.Z Cos n 6 
IC z V n 

	

	 _ 
Cos n 9 ) (22 + 3?90 - 6 E 79n Cos no ) 

0#0 •f0 (' .lR)  

As the stntor has n syetrioe1 three-phase winding, and is connected 

either in star or delta, so all the oven hnrnonics will be absent 

to ether with the third .nd its rnult tplew So the value of 

+ 2719' 4 e795 4 P787 + 0040 	 ( .1g ) 

also 2 %'en Cas n 	a - (79, + ;s5 + 7;87  

and hrnce ''so - 2Z Cos n 8 = ;e + 	 781 + 795 + ....) 	(3.21)  

"quilt ion (3.21) is the some ns for ' $ for ay*^ atrtea1 oonponent 



..27. 

i!~tpcdsnco s rpt standstill, 

or c o ° 2Z 0 Cos n& = 7s 	 (1.21b) 

Subst itut 2n the oqunt torn ( .21b) in equations ( :3,16) , ("x.17) And 
( .1C) and exprOss tnj the three phase currents in torus of correspond inr 
bnlnncrd throm-phn5o current, \TbJ a !VL /X Q7,, . Thus 

	

 

.u,„ 	 -V 	 (,22) 

	

Th 	g.+ 4 	+1;y Cos a 

	

'TB 	12 17 + 12! os  

	

= 	
_1 

	

IC 

lb 	1 + 472 12p Cos Q( 

and 	 = 	 ((.24) 

	

b 	9 + 412 + 12? Cos OL j  

	

There r = 7,/',s 	= 	..c4' and (- p) and (• ) are the 

nrgu Tents or' Z and Z. f11 the three equ .t ions Pro equal to 

unit? for n value of p = J and o(z 1500. 

3.3.2.2 Starting Torque 
From equation (3.15) the starting torque follows by suhst itut tng 

a Rbn' 

T = 4( 1 tTR1 Sin  + \I\ \rr\ in 	\I \ in +a ) 
(E.n in n 	R 	) 	 ('1.'pI) 

where `, = ~~~* ~~~ y ` - ` r nd ` 'o ~- 4 and dP , 	nM 

the Arguments of I A , Tp awl Tr. 
It can he shown that the ratio of the starttap! targe, 'F, to 

the start tn torque under bel +neot9 throe!-phnsn cure tt ionq , ' ,, to 

gtvon by the equation 

2f3r 9th o, 	
(3.26) 

b  c + 4y2 + 121 Cos vc 



33'3,3 TTnt%nlnncc ?'actor 
'1nhninnco Factor in the rntfo of tho hnc inrd current Cncrntivc-. 

spqunncn current) to tho ?or 	curront (pos .t tvo•nec~umnce eurrrynt ). 

nus tho unhf►1nnce factor 1x Is r ivon by 

t 	+ fi 	' ~CcK 
iubst gtut inr the vs luee Of T,, tp nn i Tr fro' equwt tong 0#109 0.17) 

nni (3,18) and exprose in; U in terns a? pnrnmetors y ai OL, 

''L 
2 	2 MY Cos (o( + ?100 } 

U = 

	

	 ( .28) 
+ Y2 + P. y Cos (o( 3ao ) 

3,3.3.4 tloasuros of Stnrt tnFT ' unlity 
The accepted measures of the "etnrting-qunitty" are cterting 

torque per amper of supply current, and starting torque per emper 

squared of supply current. A better criterion$ ih1ch takes recount 

of the hentin effect due to all three phase currents, to the 

startIn torque per watt of stator copper Ions. The ratio of the 

stnrtinj torque per watt of stator copper loss un4nr unbalanced are'! 

balanced coed tt Ions is tven b4,r 

TA(TAA 2 . TBI 1 + ~ic~ 2 ) ' 

Tb/(3\t ) I 

r3Y Sin cK 
C'!1.2 } 

3 * Y2 + 3y Coo tic 

It can bo :shown that q is rnxi my when r = .  and d= are 
Coe \.. 3y/(3 + ) for fixed values of of and I reopcct iv 1p. Tt may 

be noted that the conditions for the proposed qu l lty to be a 
mn rout are came as those for perfect balance. 



3.3.3.8 Vojto ;o Across the Phase Convertor 
The voitalo across the phase convertor will be 

Cubst itut inj the value of IC from equwt ion (3.18) and taking the 
ratio of this voltse to supply voltage 

- 	 - 	 (:3.31) 
V 	(9•4Y +12yCon001 

The ratio is maximus when 7 	 - 3/x'2 t"os o(~' . At the 
condition of perfect bairince i.e. y .1 and 	1540 the rat to Is 
equal to unity. And thus the voltnjo for the phage eonvortor is 

sane As the supply voltage. or other values of v and oc the volta e 
can be calculated from equation (3.31), 
3.3.4 Run-yup Performance 

In theory, torque/spend eni other eharactertat ie curves for the 
machine can be calculated from the equivalent circuits. The 
generalized equivalent circuit is as given in ?t g.3.2. As the 
machine is syetrical sand connected either in star or delta so nil 
the even and triplan harmonics will be absent. 

If the circuit of 'iy.3.2 is spitted into two circuits, one 
for all the positively rotating fields and other for nil the nognt .vel 
rotating fields. Then the two circuits will he as shown in 'i ;.' 3. 
It is assumed that the synchronous and rotor speeds o ' the mnehtne 

are s , and 'a r.p.m., respectively, and the d lrect ion of rotation of 
the rotor is elvays r arded as being positive. 
39 '3.4.1 Performance "'qunt ions 

If the total tipedanees of positively rc tnt ink `teid: g and 
noo;r~t ivoly rotating fields nro '1 and 7p respectively than 



+ 3 
(7, 

+ 5b + 
?f + ... r I 

a2 2 + 3 {71b + ZSf + 27b + ...• 

with these values of 3', and Z2 the equations (3.9 ), (3.10) and 

(1.11) for three-phase currents reduce to 

9. + :1e 	+ 720 
1 = V 

 

 (3.13) 
3217:2 + 7~? + 7 

(1,34) 
3117,2 + 717; ' 

3wl1 
tic 	+ 72e 

371 2 +7 ?+ 727 

Also it enn be very' easily shown that the pos it lve-sep aence 

and nefTgt ive-sequonce currents, Il and 12 are q Ivan by the follow ins; 

..3 A/3 
Ve 

I 1 

1T/u 
Ve 

and r'2 

0.jlT/f 
+122e 

:ZIZ~ +7Z+z2z 

n/6 
Z+31e 

( 	 ) 	(3.37) 
3 :1?2 .~ ~;1 	72Z 

3.3.4.2 Torque Equation 

The torque developed by the machine can be calculated at any 

speed for any value of the external impedance with the help of the 

equrt ions given from (3.12) to (3.15). 

When expressed in terms of the starting torque un'ler balanced 

three-phase cone it tons, ¶b$, the torque ratio for the not rwarA 



torque is g1von by 

br 2+3+2r3yj Coy (0Q) I R1/%..tY ~ 	2 ► y , Cos (4,,-rt; 30 
1bo 	312+9.122+S►,2.Y22*6piy22 Coo e+Spxy os ~(,~• 	3~~~~' roe a. 

•ao 	(1.19) 
where  

and f - (3 , (• ~ ), and (.$) are respectively' the nrr~unents or 
Z, 71 and 7 . 

The above equnt ton for the torque rat to Is In terms of` 
d imorts 4onloss parameters. "'or most of the Induct ton motors the 
value of 2 at an spood d irfers vary little from the standat to 
value Z9 (see 'it;.3.4}, it Is thore?ore justifiable to assume that 

yl = y and of = of * Pbnd the oquat ion (1,8) for the torque rat 4o 
can accordingly be modified. 

The performenco of the machine can be calculated from the 

equivalent circuit and the torque equation. In practice the effects 
or harmonies and stray load losses are such that values of torque 

calculated on this bests differ eonstder. bly from those aetunll7 
developed by the machine, 	compromise procedure Is to determine 
the torque/speed curves for positive and negat lve•soquence anent ion 

for a fixed voltage and use this as a basin for theoret icnl 
oaleujat ions''. 

*3.3e4,3 (Tnbalnnee Factor 

The unbnlnnco factor, t iieh Is defined as the ratio of the 

no;at ivo-sequonco current to the posit ivopeoquonee current to riven 

Tfr 	y2* 	 (.4) 
*21:x,con (°k .►10)  



ess 

in prnat toe the effect of variit ton of the vartou9 	eters 

ern ho eeleuintod by the above equation, 

3o %4- .e3 Voita;G Across the Phaco Convertor 

'.'ho voltage across tho phaea convertor to tvn* by the 

oqun U Soy (3.30) as V ; = 

Substitute the value of x'c from oquaiion (3,35) mn taktng the 

ratio of the voltage across the convertor to the suppler voltnro. 

+o 
4*41 

117172 x12+ ,2? 

It can be ho tit that 

V 	 YJ +Y1 	x. '1412 Coy (oc,,. + 120) 
.,.. 

*to *** (3.42) 

4o the value of Z2 at any speed differs very little from the 

standstill value ?s. tt is therefore justifiable to assure '. 1 a y► 

and off ` = o(.. Also it the value of y reconendcd for perfect 'lance 

at standstill i.e. y J3 and o( a 1500, this ouprossion reduces to 

'V 

 

1+ y22 .. 72 Coo a C1c ,f!*2 Gin +~Cz ...~ ~. 	 (3,43) 
V 	1 0 y2 	:►2 Coo 0(1+ J3.12 Sin of 

This ratio is unity when Lz 0, which occurs at standstill and  

at a speed close to the runntnf; li,1 tt speed, 'cheer these values 

'BOO- > c> 0 the ratio is less than unttq, Tance If the starting 

eapocitor Is selected for per?oot balance at atnndst i21 s there io 

no litkiihood of over voltnio on the capacitor durt at the runup 

ported, 



3.4 'nal to of Performance rt Ono- -Third o1' T jj qpo 
1,4,l ;enornl *'quntione 

is t isenssed proviouniy (nee 3.1) thnt tho Otritor itnr tnre 

in (30° conneet ions cr311 be used for the riueh inn to operate at 
ono-third speed. '3o the annlrs is here vill be Oona or such A 
nrtch ine, xn Pig.3.l(d) a 	and C represent rospoet iv li the throo 
utndinps of the throe-phase induction motor # `!'ha A and B windinre 
of this motor Pro connected to single-.phase otipply through a PXtornal 
thpcdonco Z, Though for a balance motor the turns ratio of the 
throe z ind in s Is unity. But for the analysts o ' the porfornaneo 
a more ; onoral case will be taken i.e. when the winding B (rhich is 
ciun it tery for this operation) has k times as many turns as t w tnd 1mq 
(which is rain wind ing for this operat ion) • ins pact ion aquat tons 
for this circuit obtained by the cippitention of Kirchhoff's law are 

	

= 0 	 (?,44) 
V + VB 4 1B:  0  (.45) 

to the rotor has a siniietrical winding, rt'nornliced rotating 
field theory can he used. 'then the 

-n  n 
lA lA (za + ~?fn ''E7,'hn) - kip CZ oC 7fn +%OCn )) 	1.4) 

n  •.n 
VB «. kIA (E (K,7?n + Z o'vbn ) + TB {$'h +` 2~ 1Pn ~" ~ "bn ) 

,STT/3 
where o(o 0 ' 	rind zh are the leakage impedances of wind Ingo 
A and B, Z and Z represent the Impedances of the A wind to duo 
to nth harmonic forward field and the nth harmonic backward field. 

Equations (.46) and (3.47) can also be written In terms of 
four-terminals network pnrn otors as 

 

VA = 'AZI3 " 1}3Z12 
 

(3.48) 

	

VB a mIA721 + 1B722 
	 (,4g) 



tihero 	x'13 a t s4 + 7- 7 fn 4 7,,n ) 

+ten 	n 
712 	1 (o0  

n  eon 

o k(Eos Z +-oc07bn) 
21 

722 ri (zb + k 7 ' t + k2 7) 

(.8O) 

The impodansa pct'nnotcars 7w 7124 2l rind 722 are all functions o? 
the speed of the rotor. 

Burst itut in the values of VA and VB from squat lone (3.48) and  

(3.49) In squat Ions ( 3.44) and (3.45) the current in both the 
itndin' o can be calculated, Gins$ t1h,9 13 iIntn has It ti! es as 
nr±ny terns as the A. ' rtnd ing, it would Id eellr hnvc 	t tics An iueh 
laak a 'ped nce 	n ). Then " ~ becomes egwwwl to RP711-t 
and the currents In the windings Are riven by 

.Ga (""~ 	'2l } 27 	) 7,1 	~ .LCi 	1 	1 	t?moi f 

The above equations give the genornlized solutions for 
currents in the A and 8 wind to s of the stator. They include the 

et't'oet of harmonies. 

3.4,2 Calculation of Torque 

The torque In synchronous watts can he obtained by finding the 
difference of the poisor inputs to the forward and the haO nrd 
fteldS,Tho torque due to tern nth harmonic field to ttvrn in 

synchronous tatty by 

~ 	e~(I ? ~ 	7 't )TA+(~ t `A ? +Ik2! 7 )Z 	n  



,.35a' 

vhoro I nnr I* are tho couplet eonju;atoa of to rind IB ani no 
ct w3 o for tho "real .part". If Rrn is the root part of the f ort nrd 

FMold ti pcdt nco Zing the nbovo equation rodu000 to 
-n 

rn = n( J1A - kI1oçk )2 f 	 ( .54n) 

	

n [ lTA\ 2 * k2 1I\2  + 2k IT 1 \x\ Co: t..n /3 \ q 	(30541 

vhero'to c~ c~ n.nd I and c t ro the arrturiont' of TB nnl T. 
5tntInrly, the torque duo to nth h'1o?dc bn.cT rr~rd field is cdvcn by 

Tb fl = n( \r,, - ' CTA0~bl ) 	bn 	 (i. 55e)  

1* n CJTA! + k2 \IR\2 + 2k \\A1 \TB\ CosQ+n1r/3)j'1g, t' .Rc 
tthcro "bn is the real part & the hnc' rr~rd 4'tol i p+c angio 7 ,n* mho 
net f orvard torque to thoroforo 

Tn 	nt \I 	ki -'\)2 n «»n(,iA..kTpRo )) syn 	O*MG 

3.4*3 3terttna Performance 
3.4.3.1 Portormanao riqur t long nt Standstill 

At startin.;, the tnpodancee to the forerard and bnaktrord fields 
*pro cquoi 9 i.e. 2 fn = Z. If ?.o, sand Z roprocant the utandot ill 
va.Luoo of ZI, and ?fng the oqunttone for otrrtin porformnnao 
vr,.C1QcoC from equations (3,51) and (3.52) to 

7 V(2 ` it2Z'sQ '"21V ' 'Ian Co! nivi) 

A 	7,80 (? ' 2'ao ) ~~ 4k (E ? ,n Con n1r/3)
X5 ( 	"7' 

21C T 71an Co: n r/i ) 
B 

r. 	 (lMs$ 
?0o (7 + k Zao ) - 4k2 (t Tan Cog nl/3) 



3,4, 3.2 Start in; Torque 
1t starting the equation (3.56) reduces to 
T = 4k \TAS \I\ Sin * R fn Sin n1/3 	 (3.59 ) 

where the summation is to be carried out for till the orders of 
h^rmoniC present in the air gnp flux wave. 

It may be noted that the stn.rtinq, torque due to the third 
harmonic field is zero, when expressed in terms of the stertin 
torque under balanced two-phaco condition, Tb, the torque ratio for 
the torque due to the nth harmonic field to given b? 

T 	Sin o(+ (k%k) x 3 in t #kx r Sin (+' ~) ] 3 in n 1t /3 
T'h 	[y2+k4+20.y Cos cc fk4 -2k2 p Coe (+a~.2)-2k4 Cos 2~I$ In u Tr', 

aa,  (3060) 

where ro 	
-1. 

x = t(2 Zsn  Cos n ir/3)/Zso ! 	 (:1,61) 

and (-f),  (-i) and (-N Are the arRnments of S o 9 Z7,sn Cos n -w /; 
and Z. 

The above equation for the torque ratio is in terms of 

dimensionless pnrnieters, The two pArnmeters x and tnko Recount of 

the coupling of the Mer;not ie fields of the two wind i.nga, The 

d imens ionZess parameter x is the effective Ileo-effic lent of courlinj" 

between the stator windings, Whereas the parameter t is the lagging 

phase shift introduced by the coupling field .hen the angle between 

the axes of the two stator windings is lr /2 the two parameters redue( 



9.174. 

to ;oro. Also for tho nnilo to +o it/1 the vnluo of y rn' n7e e0o 

	

0.1 rind to usw,1ty 'uoh loss, The term ootnlnlnr 	an t4 in 

equation (3.G0) cnn thoroforo be nor;1ecte without nueh of foctin 

the torque ratio, Also for norrnnl values of k jx9j9 c ( and ' the 

tern (k3-k) c "gin i'" is tush smnl1or ooipnroti with 	in +citot " .ni-k 

and hence equation (3:64) can be reduced to 

T 	l► C In o(¢ k Sin (t-.& 	I in n 't/3 
(3,62) 

	

#k+2 yrCosc( 	rinnnl2 

It con be shown that for liven values of ksx,ot and the 

torque rat Io Is ° aximun when r =k2. 

3.4, 3.3 5t art in3 Currents 

The start to currents tire given by equAt ions (3,57) and 

(1.58) • On simplifloat ion in forme of d inions tonloss pnrnteters 

jtvon by oqu !t isn (1,61) and nor1ectine; the h tm,hor powers of x the 

equations for atnrt Inv, currents reduce to 
_ ISL 

2 kx(l ` no 't+ y (ios 	.&.) 

	

iA .» 	.. 	 ( 	) 
I 	 r+k4e2k y Coy of 

	

Vi' 4kit Coo t" 	J) 
rid 'gyp' 	....... 	..~. 	...~... 	 ...._  

	

o 	Y" +lz 1 +2 y con 	1 

3,4.3.4 Vojta ;o Across the Phase Convertor 
Volta' o ncrosa the phase convertor is j tvon by the equation 

VZ :. 'B ' 	 (3.65) 
whore the current 113 to given by equation (3.58) and its epproximnto 
modulus by equat ion (3.64). Tionc o 

V 	1..2kx Cost 
C y  ~~A 	

~ ~~a~ ) 
~2~~~ 

cis ~ ) ! ~►  
~~ 



The ratio of the volts a ncroso the convertor to the nupply 

voltn;o is given by 

1 •- 2kx Cost 

	

,,.,; 	y 	.w"'",. "" .' 	 a 67 

	

V 	+k0 +2 yCoso( 

it onn ray shorn that the Above ratio to mnni .Tum when y = (k/(`cin o() 

for the thud values of k, t,o( and t. 

3.4.4 .Rung-cep Performance 

The performance of the nnoh the at an speed can ha en euIntoe 

with the help of the equivalent circuit r tvi n in Fir.  2. is 

orrpininod earlier that when the two stator tiind Ina are connected g ° 

apart it has a large proportion of third harmonic field  flux, And 

duo to this flux the machine runs at ono-third of synehronouq speed 

duo to the fundamental field. The characteristic curves can ho 

calculated for third harmonic field with the help of the same 

aonornitaed equivalent circuit. 

3.4.4.1 Torque 

The torque developed by the machine is given by the quatIona 

(3.58). r'ut the dip at one-third of the synchronous spood is due 

to the for nrd component of the third harmonic field. And the forcrnrd 

torque is ji,ven by the oqunt ions (,54n) and (:3. 4h) For the third 

harmonic field the forva.rd torque will be 
T   STB\ 2 + 2k \l 	\T\ Cos ('k-1d 	I 	(' # 	) 

and for the fixed values of t he I'3 and k the above eiwton will +o 
naicimum whon' = it . also it can he soon from the equation (2.55) 
that the not torquewill be maximum when y- 

For the balanced operation 
!IA` 

 
It IIg~ 	 (I'Sq 4 



Thr the torc.rmrd torquo due to the fundamental component urhen 

'I4I = k 

T 	c~ t1A 2 (2' + 2 Co f--1T/ ) R 	(3.7o) 

^n fort-rnrd torque due to the third herz onic field cihon 

\IA~ = k  

The ratio of the two torques is 

(1 + c o9 	—ir ) 

If ys it the cond tt ton for mnxirnvn third hnrrionte forvt rd field 
torque then the rctto of torque reduces to 

T3 1
12 ( 13/B 1) 

 

T 
w -~r 

as for normal squirrel-cage Induction motors (fl /fl) to not 

less than 1/12 the torquer ratio for normal induction motors will be 
higher than unity. 

If y- W/2, the condition for maximum forward torque the ratio 
of nquat ton (3.72) reduees to 

14;6 (R13/R1) 	 (3,74) 

T±ven for the obo re condition the third 'harr onto torque is 
eonpnr:ible to the forward torque clue to fundr r2ontnl component* And 
for all othor x alues of y- between nP? tnd TV , the torque ratio trill 
increase from what shown by equation (11.74). 



3,5 Conclusions 

The use of ronctrRli,zcd rotatin+;-Recd theory ''ins rooultc1 in 

ostnh1iohini a antiofactort theory for the nnr it=its of tho "'Tu tvo.. 

spur 1 cnpnc iter motor", The theory Is ippl !enhle nt nnsr opooA r n! 

for nny type of connoct sono poo s ibis, 

It hoe been shown thot the third hnrnonic forwnri tortpio to 

comparable to the torque duce to the f'ua nmontel conponont for corn1n 

winlinj orron, omonts, lend hence the torque can be used oo it mot+ortnr 

torque nand a speed as low as ono third of o:y►r .chronous opood due to 

fundamental field con be achieved suceassf'u,lly* 

The ante output of the three phase Irduct ton motor when conneete 

to it single-phoso supply is obout 67' . its the pull out torque at 

one-third opeod is itbout the onno as for norrnl opood than tho output 

at one-third speed will be rc ucod only to ihout 22t. Rut the 

advantages of the nrrnn';omont d iscuoeed are In its simplicity on4 

availability of the otartinc torque, which was nbeent in case of 

zero-ooquence oporntIon. 

90'0 

c1 tltt.4PY yiy 	r i~r 
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31 OPERATION OF A 3-PHASE INDUCTION MOTOR FROM SINGLE-PHASE SUP 
WITH DIFFERENT STATOR WINDINGS ARRANGEM1-.1 S. 
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IG.3,2 GENERALISED EQUIVALENT CIRCUIT OF A SINGLE-PHASE INDUCTIC 
MOTOR HAVING A SYMMETRICAL ROTOR. 

r I x — Resistluace and lonkage reactazee of the stator winding respectiv ily, 

~mn °' Magaetlsi 	renct,.rxoe of the stator winding due to the nth harmonic 
fiRid. 

c2a — Leakage raRatgic* of the rotor due to the ath harmonic field' 
referred to 	i tator winding.  

Pt2t 	Respective re5istan s of the rotor due to the forward and backward 
) components of the 	harmonic field, referred to the stator wtndi fr 
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4. MITF,ni 4M. TAL t 1Dnrc 

4,1 General 

To verifyy the theory sot•-out In the pro ►i'+u.n snntlon tents wore 
carried out on two induction motors, One of them as n stnnAnrd 
throe-pheso squirrel-oaTe rotor rotor' h'  1P the fo114 7inIT n Te.►pinto 
rat infra s. 

6 H.P., 400 volt., £s 5 amps, 50 c,p.e, 4 pola„deltn connected. 
The other motor was a epocinlli wounr1 squirro' tcnrro induction 

motor, which iias designed andassembledfor the present work (see 
Appendix 7. ), having the following tappin s z 

i) S7.7 tap in the i ain winding;* 
it) 4z13 distribution of the third winding, 

The proposed rot ins of the specially wound motor were as follows: 
5 H.P., 400 volts, 50 c.p., 4 polo# a tnr..00nnooted, 
?or test purposes ouch or the two test motors were coupled to 

a toe„ machine, the speed of which was controlled by moans of wnrA- 
t nrd4 Oona rd arran! oment', 	variable cep ac ttor bank was used as a 
phct eweonvortor. 

~a the measurements on A stet ionnry induct ton motor are nffoet !' 
by the poe it ion of the rotor and to avoid d iscropnne tea duo to thio 
factor the standstill results wore o crapolnted from the graphs cif 
road in:' s taken over a rfln%o of low spends to both directions. The 
toot voltage was lower than the rated voltn o to ensure that saturati  
effects were minimised. 

Particular care was oxere iced to maintain the altornat inr sup~ai.i 
voltage and temperature of the toot machine constant throughout the 
toots. Sufficient time Arno nlloued to reach the final temperature 



hnforo tak1n the rinal rend tnc o for onch sAt. 
?or tho noneuro' nt o ' the oloctro-mainot pie torque, the old 

current o the d.c. dyinno coupled to the test notor Frcn ngtntcqn^A 
conr3tnnt throughout the tcoto. And no the electro.inrnottc torque 

d cvclopcad by a d.c. ach the is proport tonal to tho product of field 
an or iature curronto, the nrmaturo current i:il1 c~ ivo the torque at 
ouitoblc ocalo If the field is kept conatanto F1onco the ar nture 
current of tho doe. ichino uno noted for the torque denoloped by the 

teat rachine after correcting ror the frictional bones. 
To avoid the fluctuat tone of the d.a s supply voltage provided 

in the laboratory a coporate c otor•.ccnerntor not uns used for the 
d.c. supply required for both the fields of the d.c. mnehines, 
?t,4,1 ohous the scheme of the tenting. 
4.2 Tests on. Standard ''hroe-►Phase Induction Motor. 

The various torque/speed and current/speed chnrnctortat ten of 
the standard motor worn stud tad with perti ulmr reference to 

(a) Balanced throo"phneo operation xrtth rind tat s in 
(1) star and (it) delta. 

(b) Zoro~►nequonco operat ion. 
(c) 5 ingle. phase operation, with only one wind in? excited.  
(d) i tnrbo.phaco operation with ,n capacitor convertor in 

circuit and the windings connected in 
(I) strir, (ii) delta, (iii) equivalent 90, (iv) 1200 

and (v) at 600. 
hale obtatninr the above character let tee,, the effect of the 

flarnitudn of the capacitor on torque and currents was also stud ted. 
The b'nktnj characteristics of the mnehine wore also recorded, 'then 
the »:rind tn;o wore connected at 1200 rind Coo. 



"44.. 

The value of anpaa ttors, which tnvo the naximu t stort in!1 torelxo 

were prod tctcd and the ehnrnatarist fes, If paan ihio, ware obta tnod 

for these valuos. As the capacitor hnnk available were limited no 

the ahareoter iat lcs could not ha takon for h irher vnluan of eapaa itor- 

".Che open-circuit, short-circuit andzero-'sec uence standstill 

impedances of the machine are as fol .ows i.. 

Open-c irautt L'npodance 

Short-circuit Impedance 

Zero sequence stand- still 
impedance 

4, «1 Starting Performance 

= (2670 + .j487) ohms 

M (2105 + jX38) ohms 

(l + 533.S) ohms 

Frori the short-a ircuit impedance the value of the capacitor which 

will r ive the maximum torque can be calculated, which in 49 Af when, 

the stator wind ins are in star* 

rihi1orly when the windings ora connected in delta the ea ec for 

which will' ,ive maximum starting torque will he 49 x .1 = 147 pf, 

Also when the wind inr s are connected In R00  or 1200  connect ions 

the value of y is proportional to k2  for maximum torque at starting. 

As for a symmetrical throe-phnao motor tr to unity no v is also unity. 

Ilonco the value of capacitor which will mivo the maximum torque at 

s t ert in is 49 x 1,5  74 of « 

or equivalent 900  connections the value of .k is J' no the value 

of y for maximum starting torque will be proportion to 3 or the value 

of the capacitor will be 25)1f, 

Since the start in current in most induct ion motors to from 

four to six times the full load current s  prolonged standstill tests 

can be cnrrtad out only at a lower voltage than the rated voltage, 

Go it was decided to maintain the voltage for all the tests at 220w 



rij.4,14 Torque/speed curves - s in,1le-~phese operst ion with 	ins 
at 600 and a capacitor (utth brnkinv e1+iarecteri8tiee). 

1i.4.15 urrent/speai curves - sinjle~►phnee operation with wind ins!t 
at 600 and n cepieitor (with hroktnç chnrs~steristir.8). 

flnterrin; to Above fiures it mar be noted t'at In all t$+a 
cases eurv+ s have boon recorded l"or the vptw*es of empoe!tors wnit'rd fi 
maximum stnrtinj torques also to st'idv the effect of canWettav on 
the magnitude of the torque, curves h'±ve been recorded or the 
various ve l as of the capacitors. The eapee ttor vh to would r' iv 
minimum third harmonic torque while the vied ins are at MO. was  

predicted and the torque speed curve for this value was recorded In 
curve (iv) Ft . (4,12 ), 'Iso for the comperis ion the balanced 
three-phase characteristics are given on each €graph. 

To record the ver i t Ian of V g iv ing the maximum. torque with 
speed, tests were per formed day held In the motor constant at one 
speed and the value or y noted for the maximum torque at that speed. 
The results are regarded in  
4, Tests on the Specially *. ound rotor 

The open-circuit, sh©rt-circuit and zerosequence ntnndet111 
irtpednnees of the machine are as roUlove t 

Open-cm lreuit tnpedanee 	 a (1875 + 3221) ohms 
+hort «-circuit impedance 	= (6.8 + c,8) ohms 

'"nro«-sequence standstill Ismpeddance= (7„6 	ohms 

The various characteristics of the machine were studied with 
particular reference to 

(a) Balanced three-phase operation 
(b) tnIle.phase operation with a capacitor convertor In 

circuit, and the wind in?e connected in 
(I) star, (ii) delta, (iii) at 1200 and (iv) et 6&. 



per phn5G. 
4.2,2 1 unntna Performance 

The run-up porformnnca for different Fttndtn errnngonents was 
invcstt ntod rttth the fo11otsin vtoc~ai 

1. To nnnur© that the convertor selected for start in would rive 
satisfactory run-up perforc rineo. 

2. To stud ° the effects of the different valuae of the capr w ttors 
on the ver tnt icon of the torque end current lith the iipoed 

The results of the tests have been record in the us wl 'orn o 
torque/speed and current/epc►ed curves in the ftrvures 3. ist od ielou t 
?tq..4.2 Torque/speed curve8..hnlrn. ed throe-phase operation with 

vtn1 Int In (1), star and (it) delta. 
.4.3 Current/9po d eurvos.'hele!n^ad throo-p'Inse npprat ten Fifth 

t~indtars In (1) star anti (it) delta. 
?tq.4.4 Torque/speer c rvo .s tnglo ►phnoe per at ion rtnd !ns In 

star anti capacitor In c ircult. 
?ia,4.5 Currant/speed cu yes inr;lo. phaco opornt ion v inti tncs in 

star and capacitor in circuit. 
Fi,*4,6 Torque/speed curve s-s n. le-phn.eo operation wind tnjs in 

d cite and capacitor in c ircuit, 
Ftg.4.7 Current/speed curves s Ingle-phaco operation wind inns to 

delta end capacitor in circuit 
Flg.4,8 Torque/ speed curves » s tnr;le-phase operation t t) only one 

vine to excited and (it) zerosequence operation, 
F`tr;,4.9 Current/speed curves •. s tn7►lo phaso aper t ion f t) on1 one 

-inti Inc excitedanti (it) zoro-sequence operation* 
Fi;.4,l0 Torque/speed curves ,. single-phnse operntton with windinMa 

in equtvnlent 100 aid a cepacttor in circuit. 
?t;.4." 1 Current/speed curves - stn ie phaaa operation vtth inttnT9 

in equivalent 900 encs a capes± ttor In c ircult. 
" r .4. i" Torque/speed curves s injinphnse operet Ion with wind tnlra 

at 1200 and n capacitor (with brnkt.: r characteristics).  
ViiA013 Current/speed curves - s in le-phnse ©pent ton with wind tnimq 

At 120' and n capacitor (with hrmirinr cbnructortet tes ). 
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"hile ohtninint the rharneterist1res, the effect or the 

ma.gnitus1e of` the enpicttor wits silso stu i&&. "'he breUin chs1ractersoti 
of the mAchine were also studied when the wiritng4 were connected at 
1200  svnA 80c• 
4.3.1 starting Performance 

The cnpnc .tor for the iextrnum start in torque when the wind In ;s 

^re connected In star to 178 ut. 
r►imi1erly when the wtndins are connected in delta the 

capacitor which would 1 ive mnxirnum starttnm; torque will be 
178x3=534,uf. 

Also wben the wind Ins are connected in the 600  or 10 

connect ions the va1i a of cnpac Itor for maxi-ran starting torque is 
given as fol lows s 

When the turn ratio to unity (p1), 	= 178 x 1.'5 2fi7.)if. 

Ass the r aximum capacitor iaiue nvetla ie was eaW 3P ,;if, arc 

it was not possible to record the ebPracteristic curves or the 
Mexinum start .nm, torque except In star eonnoete d vtnO incts. 

To reduce the current at high slip values the vo'itn a per phase 
was reduced to 160 volts per phase for all the testa. 
4.3.2 1unnin Performance 

The rum-up performance of the machine was studied similarly 

as for the standard three-phase nAchine described In the section 4*24 

Its for this machine it wain possible to use 4rhole of the periphei 

when the windings are at GOP  or 120, with a changed value of the 
turn ratio k, so special attention was given to these connections, 

The torque/ peed and current/speed chrirecteristies w+ re studled Por 
quite a number of capacitor values. ".nc those o particular interesl 



"oro rt!corcIod. 

Tho results of" the toots hnvo boon recorded in the =uourl ornn oQ 

torquc/spo d and current/speed curvoa in the f irrirom listed hnlowa t 

-i=;.4.16 Torque/apood curves - 'hal' neel thre phnr r► operation with 
win3inks in (1) star and (it) delta. 

''t,.4.17 Currant/opood curves balanced them-phnco operat ton wwtth 
windtn * in (1.) star and (it) delta. 
Torque/opood curves - s intln•phase epernt ion winl in's in 
star ari capacitor to circuit, 

t't.4.19 Current/speed curves ... s iamb -phaco operot ion winA tea to 
Star and capacitor In circuit. 

vil,4,20 Torque/speed curves •. sin41a.phnse operation wtndIn"►o In 
delta and capacitor in circuit. 

ri'.4,21 Current/spood curves - s in le phnso operation wtn4 in&1 in 
delta and capacitor in circuit. 

Pt .4,22 Torque/speed curves •• s innlo-phone operat ion with wind ins 
at 1200  and a capacitor (with . braktng characteristics),, when 
k 1. 

Ft' .4.23 Currant/speed curves 	ngleiphase operation with vin inga 
at 1200  and a capacitor (with hraktnj characteristics), 
when k « 1. 

Fig.4.24 Torquo/spood curves c in tom-phaco operation with 'wind tnts 
at 120 and a capacitor (with 'hrakin characteristics), 
when k 0 1. 

Fi .4.25 Currant /speed curves - s tnotio-phnso operation with wind inls 
at 120 and n capacitor (with hrakkino charnctorit ins ), 
when It 	14 

i'i1.4.26 Torque/speed curves - 9inIln-phnse onerat!on with wt* tnRR 
at 600  and a capacitor with hrnktn 	nracteri tts-s ), 
wh on 1t = 1. 

Ftl.4.27 Current/speed curves - sin ls.phri90  operation with vtnd to a 
at 600  and a capacitor (with hra' tnj characteristics), 
when k=I. 

Vij.4.28 Torque/spend curves - s inole.phase operat ion with vi.nm inrts 
at 600  and a capacitor (with hrc' tnq eharrcterist tea), 
when It 	1. 

i.4,29 Current/speed curves - niniln-phaso operation with wtridinrs 
at 600  and a cnpnc-'tor (with braking characteristics), 
whop It 0 1. 



4.4 Discussion of the Results. 
4.4.1 Discussion of the Results nt tormttl Speed. 

The stator windings will be connected nithor In star or in doltn 

¶rtth n c spec itor in circuit for nornot spec d opernt ton. It rriy be 
noted from PJI,4.2 and 4.16 that even with thn s ne vottnjo per phnon 
the torque dovoloped by the motor when connectPA in d+ 1tn Is lower 
then cncc'n connected in star, This specially to true or lover etparA' ,, 
'owev° r the torque is one in the operet inj r~+nere of the iotor, 

d increpnney ie v be due to the orinll unhnlArce In the eupp1v volterin n 
hone a result f ng the th ird •.hnrnonie cuurrent * wt  eh flows In the el jai ed 

doltn, but crnnot in the star wind antis, 
It has 'been mentioned In section 2,1 thet the starting torluc 

under s tnl1e•phnoe operet ion oxceeds the belenced three-- phase provited # 
a147.9. Of the two motors tested, one had a stendot III impedance 
nnjle of 60° % and the other of 50°. It Is obvious that whatever type 

of convertor could ho used, (> 147,$0 is not possible in case of the 
second rotor. However in case of the first machine$ proper choice of 

convertor would give c()147.80 R and hence it should ho possible to 
oxpommentally obtain starting torque higher then hninncecl throe..pheoe 
torque. Those deductions beer out mnd are substantiated try experfnentc 
curves plotted in Ftga,4.4 and 4.6 for the first !rehtne, ts .4v18 'for 
the second machine. 

As the values of 71 end ?', chnste with the speed, the value o ' 
external impedance Z which ,, Iv s the inxFnun torque varies with the 
epee]. Referrinw to the "V.g,",.4 j it Is ovident that the value o-' "p, 
re* aina practically constnnt throuwhout the operat to ; rnngo nnA the 

value of t1 varteo slowly upto about two«third of synchronous speed, 



and dooroosos rapidly afterwa.rda. The effect of this on the variation 
of y for the nnxttum torque with the speed to that 7 vary olowly in 
the hor Inning and upto about tiro-third of iynohronouti apood and 
incronsoo rapidly after this speed. The variation of V for maxim "i 
torque with speed for the standard machine to plotted In " .r;,4.' t_►. 

Roforr inrc to Pigs „A.+ ,4 „6a 94 * i8 and 4.20 the 'bronT down torque 
varies with the vacuo of .I and it occurs at d i?eront sponi4s for 
different values of' y. The htrhost break-down torque in ease of first 

motor is about 871 of the normal threogy►phase torque and for second 
motor is only G?o4. This dooms to be duo to the rotor roe tstane , vh .e# 
is ht;hor for the second motor. 

In ,vine an oporat ink rating to a. motor, heating must be 
considered in addition to ratio of pull-out• torques, A conservative 
way to evaluate this is to assume the winding temperature as a f unct toi 
of the highest phaco current. From the stand point of local stator 
temperature rise, the delta connected motor appears bettor in the 
running ranjo. The total electrical looses t however $ are some in both 
star and delta connected stators. 

Consider .np both the break•down torque and the benttnN o+' the 
otator the safe rating of the motor when oporatinj from st igwphase 

supply is only about 66. 

4.4.2 Discussion of the Results at One-~►Thirti Speed. 
Characteristics of the machine whoa oporattni at one«ter ird 

speed are plotted In 'tgs.4.12, 4.1,3, 444 and 4,16. A critical 
assessment of these curves show that the mnthino works satisfaetortl 
both at 9 a 12Qo and 6 a GOD, the main points of comparison between 

the use of thoso two displacement angles are given bolowx 



(1) The tie ttmui torquo (pull 'out) at ono-th 4rI opoc(Q to 
nppronimc toly the some In either e000a 

(2i) The otart tn torque when 8 a 1200  to h tohor than when 6 c (3 

(1tj)Tho currents In the windtnr;n when 9 = 120 	are htt hor then 

when&= 600. 
(lv) The net torque of the innehino r mritno positive throuu shout 

the speed rnnjo when 9 = 120 g  but becomes notnt the in 
part of the ranro i od into after one.-third pa+6 with 6 =6C 

It is obvious from (iv) above therefore, that if the nnehino Is 

to be started on ono.third connection at no-xoad j  the nachino will 
definitely stabilize of ono-third 9poed when 6 = 6O, but in run u 
to full sped if the 8-= 120. 'his fact tar othor with the point Vint 
currents are onn11olr when = 60 indicate that this connection 
should be preferred for one-third spool oporntton, 

Spec tel connect ions were used to obtainn GO°  or 1200  d toplaeonont 

(see Pt,.701(o a b) in order to utilize nil the w ind tnj space in the 

machine* Toots results with such equivalent 600  or 1200  ang10 are 
shown In Li3s,4,24, 4,,28, 4,28 and 4,29,E An ovaluat ton of th000 

curves In comparison with those of the normal machine with standard 
windings shows: 

(a) The overall Charnatoristios me better in the equivalent 
case as could have been ozpocted. 

(b) The corpnrnt ivo differences hotwoen 100  exit VPS  connect loi 
which wore apparent in the earlier case are also true or this naso, 

Another tntorost tno point that can be noted is the varlet ion 
of` torque and the current with different values of capacitance, no 
shot ;n in ttgs,4,28 end 4,29, For ( = 180 pf, the nrittmun pui1-out 
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torquo A onoa.third speed when 9 = 60°  and it = 1*6 to about 8L.4 

of the pall-out torque under balanced three-phase condit tong, t'lth 

cnrront of 9.2 nnpn In ruin trtnd in . For C = 70 ,uf , the nr1rnuti 

tornuo falls to about 54 while the current dropo to 4 amps. It 

is tharofore obvious that a small sacrifice In torque could be 

very hone tic ial In roduc in' the current and hence the heating of 

the mnchino. It is possible to obtain onttnetory torlue at tow 

current values by a proper so1ecti.on of the cnprtcitor, l'or anpie 

at. C = 70 juf 9  the performance of the motor is better and eomparr hle 

with that of at the normal speed opornt Ion, 

o theoretical ep.1culnt ion has been nttemptod to predetermine 

the no nitudo of the optimum capacitor for one-third speed operation. 

The difficulties are that the ver tat ions of Zi and Z2  of machines 

over the speed range is not necessarily' similar and hence monsuromentr 

of ?1 and . at one-third spood would be nec0000ry before the optimum 

value of capacitor could be predetermined, It is propooed to 

investigate in future the possibility of expressing the value of 

optimum capacitor as n function of 71 and 72  at ones-third speed 

4*5 Study of Switching Circuits for Low-Nish and Rtt'h-Iot? 1witcMn' 

Depend in ; upon the applications it will be required that the 

motor should bo able to switch from one speed to other* It r 	be 

noted that when windin ►o are connected In star or delta third hnrmon1 

torque to absent and if the motor is switched on it will run at full 

speed*. The operation of the motor shill not be affected a ithar the 

windings are In star or In delta • But as the wind inq;o will be at 
Goo' for the operation of the rotor or at one-third speed the switch tnc 

t!111 he simplified if the c7 ind in s are in delta for full-s pond 
oporat ion, 'Ind the w ind in s boon at 1200  for one•th ird speed oporat is 



thr n tho otnr connoet ion tiould hr vo boon fnvourod 

".o t►,r an the vied ing connections for htr h•'.lo : onr1 tow.hi 

st-A chivy; rro concerned onl'►i ~a off"on sutteti to roqutrd fora normal 

R'1L~:C 4.o i motor (Cee Pi ;'.4 a 5l ). only by ntiitch in j offtho ty 1ntl inp 

out o ,,ho circuit, the motor will ho suitched to one-third. spot 

operat ton. But th conplieney prises this to the fact thet even ulhsn 

tho titnd ins are at GO motor develops positive torque At N11 speed 

and hence the above awitc'h ,nr; will ho effective only In one ' irect ton 

1,0. £'rori low to htr;h. Boeauso when the motor to runmtn at one•thtrd 

speed and spoed.oelector switch is put on for the 'ull.epeed opora em 

the rotor will run at full spood. But if the rev ►rse is the case i.e. 

if the motor is rune .n at full Speed and the speed .selector switch 

is put on for one-third spoed, the motor will remain running at full 

spood due to the above said reason. To make the switching effective 

in both directions, some device depending upon speed will have to he 

used, The possible arrenaomont using contr ifugal switch is r tvon 

in F i;.4.52. The centrifur-;al switch romaine close upto say .351 - 401' 

of normal speed and open afterwards. A double pole switch is used 

as a speed-selector stitch, Total number of points used ero thus 

four elon, with a contrifu ;pl switch. 

If the C.wind inr has 4 el: tnpp inns a the ewtndthT can be used 

nlon, with A and B phase windings to Siva the resultant angle of 600 

bottioen the two axes. But hors also the motor develops positive torqt 

at full speed, The oentrii'ut nl switch to again roiuirod for hirth4ow 

owitchlnq;. The possible switch in; circuit to shown In ?tg«$.53. Tots 

number of tnppinjs required from the motor wind inva are six and numhoi 

off' terminals on the switch are nine. 

00* 
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FIG.43 CURRENT-SPEED CURVES FOR TEST MACHINE N21 

Curve (i) Balanced 3-phase operation stator windings in del 
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FIG.44 TORQUE-SPEED CURVES FOR TEST MACHINE N°1 
STATOR WINDINGS IN STAR. 

Curve (i ) Balanced 3-phase operatio i, 

(ii) Single-phase operation with 25 juf capacitor. 

(iii) Single- .phase operation with 49,uf oaptcitor. 

(iv) Single-phase operation with 60,uf capacitor. 

(v) Single.-phase operation with zero capacitor. 

( Third curve is for maximum starting torque ). 
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CURRENT-SPEED CURVES FOR TEST MACHINE N21 
STATOR WINDINGS IN STAR. 
Curve (i) Balanced 3-- phase operntion.. 

Single-phase operation with aapAaitor 
(ii) A., (iii) B and (iv) C_phase currents with 5)11' cap s, 
(v) A, (vi) B and (vii) C-phase currents with 49,zt eapel it 



3  00 6CO  900  1200 

SPEED R• P M• 

1500 

F IG. 4.6 TORQUE- SPEED CURVES FOR TEST MACHINE N° 
STATOR WINDINGS IN DELTA. 

Curve (1) Balanced 3-phase operation. 
(ii) Single-.phn.se operation with 147)if capr,citar, 

(iii) Single-phase operation with 80)f ei~p~.citor, 
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FIG.4.7 CURRENT-SPEED CURVES FOR TEST MACHINE NI 
STATOR WINDINGS IN DELTA 
Curve (1) Bn,1 aced 3-phase operatio , phase current, 

Single-phase (ii) A, (iii) B, (iv) C, phase currents with 147 jif ceprcit: 
operation 	Cv) A, (vi) H a-d (vii) C phase curre;tts with 80pf cspnel. 



FIG.4.8 TORQUE-SPEED CURVES FOR TEST MACHINE N°I 
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Curve (i ) Balanced 3..phase operation, 

(,ii) Sirg1e-phase op era tiort only one phase winding exoi 

(iii) Zero-sequence operation. 
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FIG. 49 CURRENT-SPEED CURVES FOR TEST MACHINE N°I 

Curve (i) Balariced 3-phase operation. 

(ii) Single-.phase operation, only one winding +oxo 

(iii) Zero-sequence operetiori.. 
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FJG.4.10 TORQUE—SPEED CURVES FOR TEST MACHINE N!I 
STATOR WINDINGS IN EQUIVALENT 90 CONNECTIONS 

Curve (i) Be1Q!ced 3-phase operation. 

(3i) Single..phase operation with 9.5 of capacitor„ 

(iii) Single-phase operation with 5 , f capacitor. 



W 
CL 

z 
W cr 
cr 

U 

1 (vii 

0 _ _ -- ~_ _ 1 
0 300 600 	900 1200   1500 

SPEED 	R.P. M. 
FIG. 411 CURRENT-SPEED CURVES FOR TEST MACHINE 14! 

STATOR Wi 1DI 3S IN EQUiVALr1T 900 COtTN1iCTIOh15. 
Curve 	(i) Balanced 3-phase operation, phaso current. 

' "P- 	il 
(ii) r 	{ Line current (v) Line current 

rprfl ti 'iii) A-phase current (vi) A-phase current 
(iv) Capacitor current (vii) Capacitor eurrQ 
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FIG.4.16 TORQUE•SPEED CURVES FOR TEST MACHINE N2 2 

Curve (1 ) Balanced 3-phase operation, stator windings in st 

(ii) Balanced 3-.phase operations  stator windings in do 
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FIG.417 CURRENT-SPEED CURVES FOR TEST MACHINE N° 2 

Curve (I) Bnlanapd -phRse operation, stator windings In dh: 

(ii) Bnla med 3-phase operation, sti for windings In st 

( Line currents ) 
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FIG.4I8 TORQUE-SPEED CURVES FOR TEST MACHINE N°_ 2 
STATOR WINDINGS IN STAR 

Curve (i) Balanced 3...pha8e operation. 

(ii) Single..phase operation with 178 jif capacity 

(iii) Single-phase operation with 50,uf aapncitoi 
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FIG.419 CURRENT-SPEED CURVES FOR TEST MACHINE N2 2 
STATOR WINDINGS IN STAR. 

Curve (i) Balanced 3-phage operation. 

(ii) &, (iii) B and (iv) C-phase currents 4th ).7 jif c paait.., 

(v) At  (vi) B and (vii,) C Phase currents with 50 ff capacit , 

Single phase operation with a capacitor in circuit. 
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FIG, 420 TORQUE-SPEED CURVES FOR TEST MACHINE N!2 
STATOR WINDINGS IN DELTA. 

Curve (i) Balanced 3.phase operation, 

(ii) Single..phase operation with 186 if capacitor. 

(iii) Single-phase operation with 140)if capacitor. 
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FIG.421 CURRENT-SPEED CURVES FOR TEST MACHINE N° 2 

STATOR WINDINGS IN DELTA 

Curve (i) Balanced 3-phase opex do't. 

(ii) A, (iii) B and (iv) C-phase currents. Single-phase 

operation with 195 orf capacitor. 
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X51 STATOR WINDING ARRANGEMENT FOR NORMAL & ONE-THIRD SPEED 
OPERATION. 

C is a capacitor used as a phase-convertor. 

Switch P is closed for normal $po=pd op+ ratioa. And is kept open 

for one-third speed operstiun.. 



Speed selector switch 

1 ______________ 	 ______ 

apRa1tor J 
	 -P 	4 

orntertor 

Centrifugal switch 
VC1 	A 

B 2 

FIG.4.52 LOW-HIGH & HIGH-LOW SWITCHING CIRCUIT FOR A NORMAL 3-PH 
INDUCTION MOTOR. 

Speed selector switch Is closed for 'corm l speed operation. And 1: 

opened for orie-third speed operation. 

o.. below ' a rzorm .l sp,.od 
Centrifuge.l switch 

( OFF- above 35; normal. speed 
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5a1 ttnin Conclusions 

The n a in purpose of the stork c nbod led in this d lssertnt ton wns 
to tnvost ate the possibility of u9tn s stnrdard three-phane 
induction machine to run at two stable apeods in the ratio of 1t 
fro a a alma phaco supply with the help of suitable convertors. 
"uumorouo d tffaront arrangements wore analysed and experimented on 
and it has boon shown that it is possible to operate a thracu-phase 
machine satisfactorily from a s angle-phaco supply at 2-i8paods • The 
main points of Interest arot 

I) The stator wind inma are connected in dolt* as Shown in 
?tSs#3.1(b) for the normal speed 'operntion, Proper choico 
of capacitor Ives n very satisfactory operation at this 
speed with normnl. r. at ins . 

Iii The wine1tns are rearranged to re connected with diapiaro'ia 
angle of GOP , for the one-third speed operat ion (00o 

Though considerable torque is obtained with hIooh value of 
capacitor, It is rocommondod to use a Lower value to onnhlo 
currents to be lot: and gota h .Vher rat in of the inch ino. 

III) The switch in arran oment for the rrneh ino 10 oxtromely 
simple Are consists of only Six terminals. 

iv) Since the machine is st'andnrd thrao•~phoao4 no extra labour 
is required in des in except when it is dos trod to use all 
three phases in ona~th ird operation, one of the w ,nd in. s h~ 
to be splitted in the ratio 4:18. This does not involve 
a Creat deal of extra skill or labour. The Improved 
performance with such arra.nr;omont would Justify the slight 
extra labour cost of the wtndtnaa 



v) 1-'hon n throac►phr~oo motor is op rntoe nort r U 7 ''ron n o lmlo-
phnso nupplYF the mt►xinun info out-put is usui?ly about 3. 
The 2~►spoed r acb ine under invent ioa.t ion trill niso er ivo about 
33 power output at norra#1 speed and 22' power out-put 
(equ .valont to the same torque) nt one-third sperm within 
the permissible for porature i thitc. One intoarost tn fnct in 
favour of the one-third operation is thrt the motor, at this 
spoed could be ioctdod rt ht upto the mnulnum pull-o xt torquer 
at this speed without affecting the currents in the machine 
eppreciebl , It ern be soon thnt upto about 13- power out-pul 
could be continually obtained in this connection without in5u i 
to the notor or without much oh n;e in r 'fteiency.. In this 
respt therefore It differs from other induction mAchines 
whichh in rc~nernl cannot be run near pu -out condition for 
more than a vory short ported, 

vi) The experimental study of the. motor hen tnntad that whon 
the stator wind ins ere In star the number of earac .tors of 

different capaoitioa can be reduced only to two for both the 

operations, But if the kr tnd in ;s are in delta, tho number of 
capacitors mar rise to throe for ant isf, ctor r opernt ion of 
the machine at both the spools • 

5.2 Applications 

The availability of a speed as low as one third full r pood to 
edv€rntageous in a number of industrial drives* or a znmple, those 
applications Coro operation is normally at full. sped, but a low 
speed is also required for accurate pos tt tonin ;, such an nr touo 
~aachino-tools. 	ain, In the case of rociproentinr pumps andwtIn 



«.53d. 

'lots f'nne 4 the rnv^ flab i1 ity of one-third full epo ,d The 1l itnto:~ 
ocononic onorrtion durin' periods of lots dotinnd, 	thor, cortnin 
dr1voo require two discrete p©o425 during ouch cyclo of duty, such 

no eachinos uoins; quick-return notion# nutonntie drilling and tnppins; 
rnachinoo using a slow food and quick vtthdrnial and tool-feed notions 
for which a quick traverse is occa,niona11y required. 
5*3 Suggestions for ruture ' orkk 

The work described  in this thesis has been hroniht to n 
or t iafnetory conclusion by invoot int i.nci and nnnl~ro .nit the behaviour 
of n two"speed motor hnvinj the most conrion1Y used type o' atntor 
winding* Hotrover there remain certain topics requlrt.nrt further 
detailed invest is nt ton which are s, iven heloL1 

In the text of this thesis, no consideration has been r*tven to 
the use of an asy netriaal three-phase nrranno ent+ Due to the 
aoyn^ otr teat wind in3s a largo third harmonic field will be developed 
in the air dap of the moehino which nay be used to improve the 
performance of the machine at one third speed. 'hough the same will 
livethe run-up troubles when the motor is connected for full-speed 

operation, If the amplitude of the fortrard-component of the third 
harmonic field could be kept small, when the motor is connected for 
Lull-epoed operation, it Is possible that the asvniotrtoal threo•phaa 
arrano;onent may prove to be a better economic proposition, In any 
case the problem , provides interost inq possibilities. 

I,, 
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7.1 Fourier aer i©s for the *1.: t. F. C lave. 

7.2 Design of the Induct ion :Sotor used for Test trig. 
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791 "'ourj(r orics for the m.c .f. !ave. 

¶ 	of n s tw Le-phnso bolt of n coils fod with nit orn,it 2nd 

currant off croquoncy 	1'/2n cyclr's per socarri in trapezoidal in 
chnpo Pnd cnn be ouprosscd in terns of n '"ouricr series with conatnnt 
co•officionts as 

'ph = (4/ir) n " M (T Cno c° t ton n + .. o + 	C"o. C,) t ( oa me +• 

whore P~ is the pock n'iporc turns per coil nn cl the co 	tcientq 71̀ a , 
K2 .4 e. !n etc. are respectively the wind ins factors for the 
£undninntn1, the second .##* and the nth hnr onto field, 

In a synnetricsl phase wind ina, the consecutive phase belts are 
spaced - r olc~ctricnl rad inns apart and carry currents that are oppon tt 
in time phase* Rance the oven harmonic terms will disappear. The 

n.mof, of n sy notrical phase winding is therefore given by 

Fph = (W/IT ) m I''m Cos wt (Ki Cos € + K2 Cos 	+ 

K ('o9 mc 	....) 	(7.12) 

The throe phase vthd in which is distributed in space will 
carry the snnc current ane the resultant n,n.f. will. ho the sure nt ion 
of the, three mare.?„ waves as is represented in equation (7.1.2) but 

with the only chnn °o thet 2nd and third phase i.m.f, will now here 
terms ( + 240) and (t + 120) instead of x. 

nth hsr onic ceiponont of M*M*?* wave or three pesos will I 

' n a (4/n") r V ( /n) Cos wt Cos rat 	 '7.1'3) 
"2n = (4/'q'') n F,(%,/n) Cos W t ("os (n(z + 240) 	(7.14) 

P'2n = (4/lr) rn FM (< /n) CQo W t Con n(z '+ 120)  



(tit) 

The resultant hnrnonie component will be 
PflX 2 Fln + 72n + r"In 

= (4/-fl) in ?m ( !/n) Cos w t Inlos nx + Cos n (x + 240)+ 

os n Cx + 

cog w t roe(nx + Pn'rr/:)(. + 2 on 2y/) 	f7.16: 

where ^ = (W/u )(m/n) ,, or arnplitute o ' the nth bnr"ionle m.m.t, 

of each phase, when each phase wind inq f9 considered to be of non. 
ddistributed end full pitch form. 
7.2 Desi;n of the Induction rotor used for rxpprimentnl 

For exporirtontnl work a motor was required in which the full 

periphery of the stator was used even when the resultant angle 
between the two winding axes Is either SO' or ~.2t o. Also as the 

motor is to run as a balnneed three-phase machine when connected 
for full speed operation, So the motor is to be des tr;ned as a 
normal three-phase induction motor. To limit the number of terminale 

of the motor, it was supposed convenient that while the two wand tngs 
of the two phases are connected either at 60° or 120° the third 
one should be split up into two parts in such 4 way that when the 
two parts are connected to the other windings give a resultant 
angle of 604 or 120©. 

Fig.7, l (a&b) represent such connect ions for 600 nnM 12t 
operations respectively. Referr inq to Pi .7'.1(e) , let L 'PpSte 	s 
as 4 132B141 = L c f2C2, 42'21 = 

Rlso let p1' W J1A2 = as Cie = x and Ate = m+ A2C 	n 
From 4. A2 AlC2 j 

(a x)/Sin 	n/31n(60 	) n/3 in 120 	 (7.21) 



(iv) 

I 
Prom a o 4202, 

r /Sin(50 	S) 	n/gin(6O + s) = 2VA • x)/Sin 50 	(7.22) 
From equntions (7.21) and (7,22) 

t 	- x)/n a min S /"in 120 	'yin 60/2 	in (60 +)  
The solution of equst ton C7.P'3) is 	= 22.2° (7.24) 

Then from equet ions (7.21) '±nd r7,22) it enn 1+e shown that 
4t13 (7, F ) 

r1 	t Ti 	1:1.615 (7,26q) 

n : in = I :0.52 (7.26b) 
hence the I" w ini to ° should heve two parts with s distribution 

of turns in the ret to d *I3, 

The only available neehine for the purpose was one hsving the 
cage rotor with foltowinq specifications 

Inner diameter of the stator, D 	a 	11 

Axial length of the stetor,, l~ 	= 	4*:, 
dumber of the stator slots 	S. 	= 48 

Number of the rotor slots, Sr 	a 	56 
Width of the stator tooth, t 	5/32" 

(the stator teeth were perellel wiled ) 

Stator slot width at air cnp 	7/22" 

Depth of the slot  1" 

tappings 	re to be provided In C phase wtnd lnp, for 4 s' 3 MstrThutton 
rani in A phase winding at 1/j. 	:spec tficnt ions or the f•ri* 	' ink to 1+e 
d es fi ned t 

400 volts, star connected, 50 c.p.s, 4 poles. 



(V) 

Design of the Wind in,ms: 
4$ 

As 8=4,44Fv f ,"nhgx10 volts 
where T = wind inj `, .ctor 

f 	frequonev In e.p.a 
Tph a ember of turns in series in one phstse 

flux in IInes 
Rs F = 231 volts per phase, 

f = 50 c.pos 

r7,7) 

for full pitch coils nn8 4 slots per pole per phase, Kw = 
the pole arc, 'Y'~ = 4.325" 
Assuming the average flux density- in the air gap (Ag ) to be 
28,000 lines per squere inch, 

e x 
46#26 x 144 lines. 

Substituting the above in equationn (7,2?), Tph a 235 
Number of conductors per slot = 235 x 2/16 = 29.5, any 10 

dumber of conductors in one part of the C winding =(4/17)1fl = 7 

"umber of conductors of the tapping In minding --(1/A)10 

= 17•` , 8v 17 

Tendo it was decided to take 30 conductors per slot. 
':hen the e Tph = 30 x 16/2 = 240 
'dew value of Ag = 2'35 x 25000/240 = 24500 lines per square Inch 
The max ilium tooth density Bt 	(1T/2) Aft > in/t in 
where 	) = slot pitch at the air gap 

t = tooth width 
1Q = gross axial lenth of the stator core 
in = net Iron length of the stator core. 



(v3) 

3ubst itut ing the values of the above quantities 

Bt  = 98,800 lines per square inch. 

The maximum value of tooth density is 110,000 lines per square inch 

for 80 c.p.s motors, so the above value is well within limits. 

slot pitch at the bottom of slots = it x 7.5/48 a 0.47 inch 

Slot width at bottom 

Slot width at top 

Area of the slot 

Let the slot space factor be 

stet area for winding 

kroa per conductor 

U 0.47 r- 0,156 = 0,434: Inch 

= 0.218 inch 

M (0.314 + 0.218) x 1/2 

0.266 square Inch 

0.266 x 0.6 	0.13 s ►. i.nrt 

0.133/30 a 0.0044 aq . inch 

The nearest 	fo. to this nroa Is "15". 

Assumin, the value of specific electric loading to be 400 

nmper conductors per inch 

The current per conductor 	z (400 x x 8.5)/(SO x 48 ) 

= 8.18 amps, any 5.0 amps, 

Assuming the current density to be 1500 maps per square Inch 

Area of each conductor 	_ 5/1600 = 0.0033 sq. inch 

The nearest S.W.G. Mo. to this area is "16'x, whose area is 

0.00217 sq. inch. But the S,W.1, 'to.16 wire was not available In 

the store, two wires in parallel of 	 can be used Instead. 

The .V.G.TTo,l9 wire has the following; particulars: 

Bare dim. = 0.04 inch, Din, over insulation = 0.048 inch 
(supper enamelled) 

Area 	= 0.0012,669 sq. inch, Res iston^e at 250C a 6.51 ohms/loon'  

rienee the new current density = 5/2 x 0.0017569) = 198.A ar /"1i. inn 



The pitch of the winding in teras of slots = 48,14 = 12, 

3o the wind in throw will be from first slot to thirteenth slot. 

pis the pitch Is en even number so the single layer full pitch colts 

cannot be used. For the full pitch winding the double layers will 

have to be used. As the number of conductors per slot 1s 10, so the 

number of conductors per layer will, be only 15 and the tepptnTs wtlj 

become difficult as far as the accuracy Is concerned. Thit tho nu'ther 

of conductor q per layer will be increased to 10 as the re Pro two 

conductors in parallel. " o the wind tn7s can he corp1.eted tnkking 10 

conductors per layer end the final connect Ions to hrTnq thn two eo' ' s 

in parallel can be made while connecting the ends of the respectty' 

coils of a phase group. 

Slot Details (see F o, *7-.2 ) 

Slot lining, 10 ntis + 5 mils 

Separators, 4 z 5 mils 

Tooth thickness 

Wedge (fibre) 

gross slot area  

= 0.015" 
0'002" 

0.0625" 

0.0625" 

= (0,218 + 0,114) x 0.917/2 

0.25 s. Inch 

Insulation erect 

Slot lining 

Top wedge 

Separators 

Net slot wining area (S'A)  

Dia',eter of the wire with 

ineulnt ion 

0,015(0.cI1?5 + .c1?.c + 0.114 

0.012 eq. inch 

0, 0fl (,218+,242+.266+,2g)  

0.00808 Sq„inch 

0.1985 sq .inch 

0.045 inch 



'VIII) 

Space required by one wire, treating the 

conductor as if it were n square 	= O.O2(25 Sq. inch 

Jpc.co required by 60 wires 	 0.1215 'qq. ineh 

Slot fullness 	 = 0.1215/0.25 

= 48.7 

fence the vine in?, cmn he nCeoioate9 in -slots veil, 

3tancc of the 11inc in; 
to 

The axial len1th of the stator core 	4.P5 ,pus. Ins 

,rid shape coils, 	the length of the active c+, it rac es can 'fie 

a as 5.25"  with " projected out  outside the slots on enrh 

As the coils are full pitch coils the coil throw will be nearly 

L to the pole pitch or 4. "! , say 4.6" . Also let the total fango 

Ite over hang on one side of the coil be 	The The axial lonTth or 

ever hang will. be about 2 which is suff is lent for insulation 

.* n to well accommodated In the end plates of the frame. The 

is ions of the coil will he as shown in Fig,7.3. 

The mean length per turn 

Total length of the wire per phase 

Hence the resistance at 2500 

resistance at '00C 

Ras 1st=oneo at 4000 

22.5 inch 

= 22.5 x 240 = 5400 inc! 

= 450 feet 

= (450 x 6.51. )1(1000 x 

1.465 ohms per phase 

= 1.65 ohms per abase 

1.52 ohms per ph e 

0$ 
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7.1 CONNECTIONS OF THE STATOR WINDINGS TO UTILIZE ALL IH 
WINDING SPACE FOR (A) SO,(BBI2O OPERATION. 
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FIG. 7.3 THE COIL DIMENSION. 
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