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SMMARY

In the nrasent dissartation the davalopmnnt aqﬁ onernt ion of A
new twoespaad sincle-nhase copncitor motor 1s dlsenssed, *lthoush
the moet common forn of the primery winding for a sinsleo.phase
induct ton motor is the asyrmetrical 9¢° « winding, for ratinas of
3 to 10 HePey n stanfard throee-phase windint s gaininz favour, 1If
the sinzle-phase induction motor 1is fitt~d with a standard three=
phase vindini, the motor ¢an heo oneranted with snitable switching
arrangenents at two diffrrent sperds, tho ratio 0f the tun speeds
boing 311,

Tha princinle of operation of this two-snead motor i the
utilization of the third-hrrmonic torque to vlve starle oneration
ot onnethird spoed, The third harronie fiald hecomes Auite
gisnifiennt in ecertain windine connactions »nd the mamnituda of
tornue davclopaﬂ-h@conaa eomnarahle to the Cundanantal torane,

Netailed annlyssie in ravried ont for the onerntion of the
nachine at roth the speeds, onornlized rotatin+ €{el1d theory,

dovelopsd hy Jha anl Rrown17

av? based on the exten~ion of the
counter-rotat iny fisld theory, is usad to annlyse tha performsnce
of tho nmachine.

The now two-spead capacitor “otor 1s an extran~ly simple
anchine, It uses standnrd throee-phase Induction motor windinz with
suitable enpacitors and requires only n simple switeh for chanzing
the speed from one vnalue to the other. Only six terminnls rro
roequired, tho nunber heinz the seme as in mnchines vwith staredeltn
startors,

N"3TLTS 07 FIPHAINTITAL VRERITICATION,
Tagt results on tun machines, one a staninrd threecephnse machine



operated fron sinjleephase suprly and another with alishtily wmad{fied
vindins srrangement, show satisfactory bhehaviour i? oparat inn a¢
hoth the normal and tho oneethird eneed. The prasent stuly ineindee
a discussion on the desinn of such machines anl of the switchine

arranzenent,
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1.  IMTTRODUCTION
“hao squirrolecngo induet¢ion notor continmucs o bo tho most
pomular forn of nlternating eurrent drivos, The ugin roacons for
itc popularity oro its cosontinlly simplo but rugied mechanieal
conotruction and its rogquironent of 1little or no mnintonnnco.
llovevor all induction nmotor drivos, vhethor polyphase or sinilo-
phaso ouffer from tho basic dofoet of boing constant spocd drives,
1e0sy the speed of tho drivos 1o nonwad justable in oporation.
Sovoral mothods of spoced control of poly-phase induction motors
hnvo beon suggestod fron time-to-tinme and with a 1ittlo modifieation
thoy nro algo applienble to singlo-phngse nachinns,
Tho curgested nothods can bo ¢lagsified in twvo major catesorioes
(1) thooo zivint continuous spocd veriation and {(1i) thoso pivine
tvo or more dlscrote spoedss In tho first catogory are included
the wolleootablished netheds of usiny varinble voltane sourca,
vnrincblo froqueoncy sourco and unbalanced voltago sourco and the
rocontly dovoloped phasoenining and phasoesproading tochniques. In
tho sccond eantonory fall tho follovinTt:
1) Uso of windings with differont polo-numbore on tho stator
for oporation at difforent spoeds,
11) Usc of the Alonandorson conncction for 211 oporation.
i11) Usoc of tho zoro-sequonce connection for 311 oporntion,
iv) ‘Ise of the polo~-amplitude modulation tachniquesn,
Tho nothods indicated in (1) ard (1) abovo hovo been in
common uso for a lonn parioed and roquire 1ittle commont, vhile

thoso in (111) nnd (iv) have naincd only recont entry in tho
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cor1mpainrl Plold in thao thrao=phnse motar veraion rnd tholy nndificd
cinmloenhnoa verolons have still to bho devolopads Tho ceopo of tho
irwectasrtlon doseribed in tho present dissertation 15 linited to
the Govelopaont of a solfestartine singlo-phano motor capadblo of
oporat lon at tuo dlseroto apocds in tho ratio 3:l.

Brovmn anfl Eutloéshnd dlocussed tho gzoroe-soquence operntion of
pely=phase inductilon motor and nn oxtonsion of ﬁhiu vork 1lcd to
the dovolopnont of n 3:1 polowchaniing wmotor by Barton and Butlcff
and Daweliffo rnd Jaywantfl 1& 1o possiblo to operate satisfactorily

’ 3;4913
a poly-nhnoo potor from a singloephaso supply

usin? a statie
phnso convortor and it has heen shown that fhe best form of tho
convortor 1o a pure capacitor and honco tho capacitor nmotor provos
1n prectice to bo the nost sntisfactory singlo-phase induction
motore If o throcephase motor 15 used from a sinzloephase supply
uith a eapneitor convortory it 13 posciblo to obtain 3¢1 spoad
onarntion by notting the hisher speed throuzh normal operation and
tho lower spoed throush zero-sequence arrangemont of tho phases
uvindints,

Jh%shna shoun in a reeeont paper that single«phaco oporrtion
of troephaso motors with asymiotrical vindinzgs not in quadrature
lords undor cortnin conditions to the production of large third
harnonie torques and consequont large dips in the torquoespoed
charnctoristics at one«third speeds This phonononon could be
exploited to nake the machine run at tuvo diserete spoods in the
retio 311, |

The prosent dissertation oxamines in detail both the nbovao

nothods of spocl control leo. the zoro-sogquonce conneetion mothod
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and the nepmotricel none-quadraturo stator vinding conncetion
neghad ~nd Qiceussos thelir relative moritss Test rosults shov
they ¢ho latesr mothod 19 nore sotisfactory. A coéprohonﬁtvo
thoovy of this type of twoespocd capacitor motor 1s dovalopcd
usiny the zeoneralized rotoatinp-~field thoory of Brown nnd Jhals.
Basic considerationa for the dosizn of this type of nachino havo
also boon indicoted, Tost rosults obtained on two difforont

typos of motoro shovw sntiafactory bohaviour in oporation nt both

thn snocdse.
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2.1 OPERATIOY OF A THRPTPHAST I'DICTION 'OTOR PROM CINILE-PHABT
SPPLY VITH AN FXTERMAL STATIC PHASE COTIVERTORN,

2.141 General

The nost comnon form of the primary winding for single-phese
motors ln the lower horse-pover ranges 15 the asymmetrical 90° -
winding but for ratings 3 to 10 H,P, rante there appears to be an
increasing tendency to use a standard throeephase vinding., "he
three~phase voltazes, not necessarily balsnced, arc derived from
the sinsle~phase supply with the help of s static phase convertor,

The problens in this aspect nre those of selecting 3uttahle
covponnnts of the statiec phase convertor to nive the hest nerformance
with respect to : 1, locked-rotor torque and currents 2, hraeak-down
torques 3., current balance in normal operation and 4, opernting
efficiency.
2.1.2 ‘"nalysis of Performance
2.1.2,1 General

Piz3.2.11(n) and 2,11{b) represent, togrthor with their
inspection oquations, the primary windinis in star and delta
conmmoctions of a threeephase induction motor connected to the sintle-
phase supply with an external static phase~convertor of admittance Y,
in eireult. Thege equations ¢»n be solved iIn terms of symmetrienl
components and the complete performance of a given machina with any
of the possible values of Y can be svnthasiaed% Recnuse of
interchanaability of the parnneters fron star to delta or delta to
star connected circuits, only one conmrction can be consifterad,

And here the starsconnected windint will be considered,
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2.1,7.,2 Tftnrting Performance

n rofarence (3) of hiblioeraphy A more comnlete analvaie of
the atarting nerformance in derived, Tnut In the p;esant Atsengr fon
the att-ntion will ha confined only to the most important factors
ralatint to tho startiny performance,

It can he shoun that the ratio of the startin- toraie, ™, to
th~ startin, torque umier halanced thressphase conditions, Ty, 1s
7iven hy the followiny expressionte

L 23y Sine

9 + 4y" +» 12y Cosx

vhere y = |fg/¥} Yg 15 tho admittance of the machine at stand
stilly A = Pe %y and (and ¢ are argunents of ¥ and Yg respectively

It may be noted that thils aquation contains only the two
dimensionless porameters y and  , and it 1s therefore nossidle to
doduce results which are apnlicable to any Infuction motor with sny
form of phase convertor, 7Tt enn re shown thnt for a gfven velue of -
d ¢ the torque ratiso is o ~mxirm vhen v = ¥/2 and for n ofven va‘lu'n
of y the torque ratio 15 a maximum accordin+ to a velue of |
« = arc Cos E-zav/m + f_wz)] § and farther that when y = 3/2, the
naxium torque ratio exceecds unity vhen <> 147,8%,  "™he variations
In the value of ratio T/Ty with tha variations in the values of y |
and o are shown in F$25.2,12(n) and 2,12(h),

Tho unbalance factor, which is defined as the ratlo of the
notativessequence current to the positive«somuionce current, at
stand-still is given by

[‘3 + y° + 2 3y Con (ol + 30) A
-

2 . ' (?01.2)

7+ 9° + 2 2 Cos (o = 30)
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it for the fixed vnlus of o the unhelance factor 18 a ninimum
vhen v = J 3, nnd for n fixed value of v, whon « = are Y] [-3y/{3+y?5]
uith nn ahsolute =inimum of zero when y = JR am? o = 150°,
2¢142.3 Muneup Porformance.

In theory, torgue/spead curves could be caleulated for any fornm
of phase convertor from the equivalent eircuits for positivee-an?
negat lve=gequoenca oper~tion. * general proceure is to determine the
torque/speed curves for positive- and netative-snquance operation for
a fixed voltrze and to use this an a hasis for thaoretical caleul-~tion:

The torque/spensd curves with diffarent values of y are egiven in
Pilg.2.13,

In giving sn operrting rating to a nmotor, hsating wmust he
considored in addition to ratio of pull out torgques, It was found
that the total atator longes had not inereased by a larse amounty tha
larze increase in losses appears in the rotor, as even a élight
unhalance in voltare snts up a considerable negntiveesgquance Tield
which generates double~fregquency curronts in the rotor. with hish
losses,

24143 Conclusions.

The hest performance 1s obtained when the startine amd rmning
cond itions appronch thoase of balanced three«~phnsa aperation. The
study has also indicated that it i A{"ficnult ¢to produce completaly
balancoed terminal voltages with the help of a simple static phase
convertor at all loads, so thei'e must be a derating of the threesphns

motor when operated in such a way.,
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2,2 THN TLROLIEWITTET OPTAATINTT OF THARPLIIARR I'DINPTAT ©Hm 001,

242.1 Goanoral )

It uns nonornlly necapted ¢thnt zero-soquencae overntion of throae
phnoa induct lon motor Cails to produco n tarque7’8’g, i1l ?ﬂmnnﬁn
nnd Brovn and Entlore showed thnt this nocd not ha so. Thoush, undor
tho goro=gsoquance opornt ion no starting torqueo 1s dovolopced, bhut if
the notor onco comas to the spood, it will continue to run at a
opood sliszhtly loss than ono-third of thn synchronous speed and can
also takoe some load at this ospoed .
2¢8.2 Tho Mquivalont Circuit

Fi{g+2.21 roprosonts the prinary vindingo of o throoe-phnse
induct ion motor connocted to the singlo-phase supply for zoroe
gsequonco oparation, It may be shown (sce soction 7.1) that vheon a
balanced throoephnse winding carrios, zeroe-soquenco simusoidal
current, of frequoncy £, the ntB harmonic m.mef, ot a point =z
Qlectficnl dezreos nlonng tho periphory of tho armnturo from the axis
of any phase vindingy nt any instomt of time ¢, is

Fap = K Fh (1 ¢ 2 Cos 2n7 /3) Cos(nx + 2n7/3) Cos 0t (242.1)
vhere R, = n®? harmonte vindinz fretor of onch phageo, whon onch
phaso vinding is dlatridbuted,
Fj = Amplitude of the nt? harmonic m.m.fs of ocach phnsa
vhoen each phose winding 1o considored to be of the nonediatributoed
and full piteh forn,
w=a 27 ¢y, angular voloclty.

It can bo soen that Fpe i9 coro for all values of ny oxcept

n = 3 and oultiplos of 3, Thuoy the meme.fs waveforng duo Lo tho

currcntc of soro=otoquonce, producos o nagnotic £iold in spaco vhich
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hra ¢heoo tines tho numbor of polos for which tho machine 4o actually
vound, Tho rosultant fiold in otationary in spaca.and pulonts at

tho fundnnontal freoquoncy £, The pulantins field may bo resolved inte
two conpononts which rotate in oppooite directions at a synchronous
apocd oqual to ono«-third of that for normal throo-phase operation,

The equivalont cireult of tho nachine, for zeroesegquenco
oporation 46 nn shown in Ti+,2,22. The switeh P i3 introduced to
considor the effect of_the physical qrranzcmoﬁt of the primary
vinding.

I S ba tho fraetibnql 81ip of tho secondary windine with
rospoct to tho normal foruard rotating f£inld, rotating at the
synchronous gpeod of the motor, then tho slip of tho seconiary
winfiing with rospoct to foruard rotatint fleld, rotating nt one-third
of normnl synchronous spoody ;s giVQn by,

~ Tg/3-m
sn = “fala
s -2+ 33 | (2.2.2)
and the 8lip of sccondary vinding vith réapect to the baclkward
rotating flold, is given by |

- 1773/3 - N
S'" = !
- Hy/3
= 4 - A0S (2.743n)
nlso 3" = 2 - O% ﬂac?-o%)

2:2:3 Perforonnee Characteristics
Tho varintions of currant, powor and torque th?oughoﬁﬁttha
opeod panie may be prodicted by dotermining the nmnchine narametors,

ns discuascd by Broun and Buttlcra, for Itnovn valuno of froetional
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alip 5",
If Ny @ JX, 1o the inpedanco of tho motor por vhasae thon, thae

curront por phage,

Vo
IO = ' {P2.4)
, " R°2 - on

Povor per phase P, will bo glven by

Py = 102 Ry | T {2,2,5)

Tho torquo per phase i{n synchronous watts roforred to tho
goro~goquence synchronous spoed 18 given by A

Ty = Pp = Py (2.2,6)
5 (Rpp/8") Tpo = (Bpp/2 = M) B2 (2,2,7)

If tho different paranaters are known then tho complete
perfornance of the machine can bo predleted on the basis of above
ogquant ions,

On the basis of the tests mnde by PFrovn nnd Buttlarﬁ some
usoeful rosults are summarised dbelow,

n the assumption that saturation may bo neglectod, an_thé |
bnsio of the full line voltage applicd to the terminals in two
casos 1,04 tho zoroesoquence oporation and balanced throse-phasa
oporation, the lino curront was approxinmately the same for tho
sano slip but the outputs in two easos woro in ratio of 119, Howevor,
utilizing control of supply frequency to reduco tho apocd of the |
squirrel-cago motor to one-third of the synchronous gpocd with tho
asnme 8lip, with positive soquonce oporation, the ratic of the
outputs reduces to 137,

It 15 possible that for thooo applications vhore n gpocd

rotuction of G677 15 required oceasionally tho cost of n fairly
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ginple suwitching arrnngeﬁeuﬁ for changine to zZeroesoguenca oporntion
{09 proforable to tho exponse and space réquirement of a froquoney
convortor, dospite the condogquent reduction in availaklco output to
approxnimatoly 337,
2.2,4 Conclusions

Zero=gsoquonco operntion of a throoephase squirrele-cage induction
motor providos charpetaristics some what similar to thoso of n singlo.
phagso mbtor having throo times tho nunber of poles.

The torquo/specd characteristic boing of particular intorest
vhero a spood reduction of 677 43 occasionally required, Tho zeroe-

poguonce offect can be ocliminntod, or accontuated, by specinl dosien,
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2.3 SIUGLE«PHAGE OPTRATINN OF TWO=PHASE I TINTT tnpann
HATING STATOR VUITDIMNGS "I0T T1 VIADRAT'IRT,

2,3,1 fGonernl

In most tvo=~phaso induction motors tho stator has n nnin nnd
nn auxlliary winding vhich are in spnce qundranturo. In practice
design linitations imposad hy tho numboer of slots nnﬂbéplen nro
such that ofton it 1o not possible to hnve tho ctato?'winﬁinqn In
oxact quadrature. It has hnon ahownla thnt nll 6%her rolevant
factors boing equnl, it is possiblo to obtnin hizher starting
torques by noneguadrature vindings,

Several attompts hove hoon nmade to annlvsd tho operation of
the machino, All authors with thg nctaﬁla excopt ion Qf Jhalg,
have bagsed their nnolysis on a’cahsiﬂorqtian of only tho fundnmental
components of tho magnotic fiolds and havexignoreﬁ.tho offocts of
space harmonics, Jha has included tho offect of spaco harmonies
by using his "Genoralized rotating-field thcory“,1§ vhich is hased
on an oxtension of tho countor-rotatinn field thecory of tho singlo =
phase induction motors, ’
2:342 Analysis of Performance
£2+:3:2.,1 Jonoral

F1z.2.31, roprosents, togsther with the inopoetion equations,
a two-phaso induction motor connected to a sinsloephase supply of
voltango V with » statie inpedance 7 in eirenit, 'hore m and n
reprosont respoctively the main and tho nuxiliary stator windings.
Tho nuxtiliary hos k timos as many turns as tho main vinding and 4o
dioplaccd by an electrical anzlo ¢° from it. Those oquations can

be aolved in torms of ponoraliszcd rotnting ficld paramotersla, and
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12,18
the conploto porformance of a nivon nachine ean bo aynthonized, !

Tho nquivalont eireuit of tho imductlon motor iz a3 shown in Pir.R.3?,
1t 40 cosuned here that tha iron logsaes can he oestimated soparatoly
and rddod to the other powor raquirements of the motor.
2,3.202 Coleulation of Torque |

The torquoe in synchronous watts ean boe obtninad by finding the
difforonco of the powoer inputs to the Fomard and hacmmrd fi0lds.
Remenboring that tho synchronous speed for tho n*? nharmonic fiold
1o Ilnth that of tho fundamontal,
2:3.2:3 Gtarting Porformonce

For between 60° and 120%, it has boen shown'® that the ratio
of the starting torque, Ty , to tho starting torque under balanced
two-phase ecnﬂiticns, Tb° due to the n?h harmonic field is

approximately given by

Tw v + 18 + 2%Py Cos “in(n /2) o

Y{\ ky(Sind ¢ kx Sin ¥+ - ) %4in no
=

vhore y = \ i\
ZB

(2.3.2)

2% 2. .. Cos nd
;|
zﬁ
Kz podby V=2 ¢ «~¢

and (-$)y (%) and (-B) are tho argumonts of %3, =.7n, Cos né

and Z respectively and 75 and Z,4 aro the atandatill values of
le and ano
It ¢on bo shown from this equation that for given values of

Ity %y and ¥ 4 the torquo 4o maxinmum vhon y = 12,
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aloe the approximote patio of the nain vinding curront ﬁns-

to 1to valuo when tho vindings aro in quadraturo 1q nivon by

\1)__,

I 2‘, | , T-Z“
\ ms\~ \'_ gkx (X~ Con ¥ + y Cog ¥-< ) (2.9,3)

o’ | ¥E + 14 + 2kl Cosw

ind tha ratio of tho auxiliary vindinz curronts iq riven hy

Tap

AT

Tan0° - S
The above rntios have boon obtainod by noplosting tho hisher

~ (1 = 2kx Cos ¥ ¥ (2:,9.4)

pouors of X.
2,3,3 Harnonies in Sqﬁlrral - Cange llotors
2.3¢3.1 Genernl

A squirrel-cage winding roacts stronily to £101ds of all pole
numberss This makes all squirrelecage induction motbra véry
susceptible to the harmonics of the air pap field, Of all tho
harmonics prosont, tho ones which have tho most noticeablo effect
on the motor performance are the phase-belt harmonies of tho order
‘£ 2m 21 ) and the stator slot harmonies of the order (2o 2 1),
vhere m and & are the number of phases and stator slots per polo
roopectivelys. Tho lovor order harmonics affact the starting and the
run-up performance of the motor, vhers as the tlot harmonies are
ingtrumental in tho production of gtray load losses,

In bnlanced polyephase oporation, the hormonic of the order
(2m = 1) rotntes baclwards vhilo that of the order (2m + 1) rotates
forwvards with roespeet to tho fundamontal, Tho bhackuward rotating
harmponic produsos nn almost uniform negative torgue over the entiro
apoed ranzo of tho notor ond honto crontcs no run-up prodlenm, provido

that the fundamental torquo is of the adoquatc magnitude. The foruam
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rotating harnonics, howovar, devolops a torque vhich channen ninn
at tho synchronous speed of the harmonie thus eronting » 31p In tha
motor torquoe/spoad curve, Oince this dip is rosponsible far the
ternyling! of the motor, it is atandard practice in the Acsirn 6f tho
stator vinding clither to oliminate tho (2m + 1)®P harmonie complotely
or to reduce its amplitudo to as small a valuo as practicanble.

Dno harmonic fiold which 1s rarely takon into considerat ion
in tho dosiin of stator winding for poly-phase induction motors io
tho third, In throo=phase machines, though tha individual phagsoo
nay produce largo third harmonic compononts of n.nm,f.y tho rosultant
airegop fiold has no third heroonic component for all forms of
balanced oporation and thoso unbalanced forms in vhich the stator
wvindings are connected in star with the otar point remnining tsolnted
In tuvosphnse nachines on tho other hand, though the third harmonie
i prosent in tho roesultant m,n.f. wave, 1t rotates hackuards for
all forms of bhaolanced oparntion ond honce docs not anoct the Tun-up
porformanco of the notor to any significant degreo, |

Uhen n poly=-phase notor is oporntiny undor unhalancod comidtion,
hovaver, all thae hormonic fiolds progont in tho airesap have hoth
forvard and hackward compononts, The third harmonie foruvnrd field,
if prosont, assumes groat importnneo in auch modos of oporntion amd
nay cause serious runeup troudle unloss its amplitude 1s very small
comparcd with that of the fundamental. In Pin.2,33 curves (n) and

(b) show two torque/speed curves obtalned hy toatls

on tho sano
osquirrele-cage motor but with twvo difforent stator windings. In both
cngos the applied voltage was adjusted to glve the oamoe fundameontal

flux, dbut the amplitudo of tho third harmonic mem.f. wns about 207
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thnt of the fundamontal 4{n case (a) and zoro in ease (b), Thno tuo
curves illustrate admiradly the importaneo of Yroopinz tha ¢third
harnonic me.n.fs as lov ns posaible in all easas of'sinale phase
oporant ions
2¢343.2 Effect of Displacaoment Angle on Runeup Performance.

Yhon both the nmain and nuxiliary windings are carrying current,
tho anplitudos of tho various harmonie fields in tho resultant m.m.f,
uvavo become functions of the displacement angle § « Tts effect on
tho runeup porformnance i{s not very easy to estimate quantitatively,
It 1o, however, quite obvious that the dip in the torque/speed curve

at llngh synchronous speod eaused hy the roversnl of toraue Ane to

tho forvard componant of the nth harnonie f1isld can hoe aliminated {¢
\Ta] = ¥ \Tal (2.2.5)
a!’!ﬁ \‘-' - No = h-‘r (20?16)

vhore b 1s any odd intogor.

It vas foundig for a particular mnchina that s capaeitance of
26 uf nccordiny to equation nos.{2.3.5 & 2.3.6), should shov no
third harmoniec dip in the torque/speed curvs vhen the ® was 100°,
Curves for different values of capacitance are shown in Fin.2,34,
vith tho same capacitor in circuit the torquo/specd charactoristies
of tho machino for four different values of displacement nnzle O
(60°%, 80°%, 100° and 120°) vere obtaincd, thosc nre shovn in Fig,2,36
2+3.4 Conclusions

The use of tho generslizod rotntinn f1ield theory has resulted
in the sntisfactory annlysis of tho tvo~phase motors, It haa bhean
shpwnle that, for normal squirrol-cnge motors, shout 207 more
fundanental torque ean ha ohtatned by making the displacement anrle
othor than 0% If progent, tho most inmportant harmonic ©iold, “rov

run=-up point of view, is tha forwsrd componont of the third,
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STARTING TORQUE AS FRACTION OF BALANCED ¥Ph TCRGULE

oL ELECTRICAL DEGREES.

FIG, 212 VARIATION OF STARTING TORQUE WITH K.
( iega+ive torques are nssocimnted with negatix

v~l1as of o )
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TORGQUE AS FRACTION OF BALANCED 3IFPHASE STANDSTILL TORQUE,
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FIG. 213 VARIATION OF TORQUE WITH SPEED WITH DIFFERENT VALL
OF Y.

Curve (1) Balanced 3-phase operation,
(i1) single-phase operation with capacitor, y=1.5
(111) Single-phase operatlon with capaelitor, y= 3
(iv) S8ingle-phase operation with capacitor, y=3.0
(v) 8ingle-phase operation with capacltor, y= o0
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FIG. 222 EQUIVALENT CIRCUIT 3-PHASE INDUCTION MOTOR WITH
ZERO-SEQUENCE OPERATION
{ switch P 15 closed when primary wiandings have coil span

of 2/3 of a pole pilteh )
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FIG 23 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. 233 TORQUE-SPEED CURVES FOR THE INDUCTION MOTOR.
Curve (i) For 60° spread, single-nhase operation.
(11) For 120° spread, single-phase operation,
( Two-phase squirrel-cage Induction motor).
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FIG. 234 TORQUE-SPEED CURVES FOR THE INDUCTION.
MCTCR WHEN THE DIGPLACEENT ANGLE 6= |00.

Curve (I) With a 15 uf capacitor in circuit,
(11 with a 25 uf capacitor in circult,

(IT1) With & 35 uf capacitor in eircult.
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FIG 235 TORQUE-SPEEC CURVES FOR THE INDUCTION
MOTOR OBTAINED WITH A 25 uF CAPACITOR.

Curve (1) for 8=60°, (i1) for 8=81°, (ii1) for 8=100°,
(iv) for 8=120°,
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3. THEORY OF A U™ TY0LSPTTN CAPATYITOR ¥OTOR

7«1 enoral
It has boen voll ostablished *® (as disevssed in Actall in

Soction 2) that a threeephase induct fon motor enn ho opornted

gnt isfoctorily from n sinsleephnse supply. Soveral stator winding

connoct ions are possible for such opoerntion and nre shown in

110431 (aybyoydya,fy and g)e Out of those Tigs 3l (a 2 D)

reprosent regspoectively thé otar ond dolta connections, Firs,3,1

(cyd & @) reprosent rospectively the 120%, 60° and equivalent a¢®

connretions, and tho Pig.3,1 (£) ropresenta the sinnle vinding

connoct fon vhile the Piz.3.1 (g) represents the zero-soquonce
oporantion.

The opaeration of tho motor with these connection arrancoments
hng hean discussed in provious gections, %0ome of thoe points of
particul~r intercst are summerised halow:

(a) Oporation v'ith comnections of Fi¢é¢3.1 (f % r) suffere fren
thoe diandvantace of non-~availability of the startine tornue
and is inferior in this rospoct to that with othrr ronnoctions,

{(b) The sintle winding connection has o snsll third harmnonie torqua
and has maxinun pooitive torque noear the synchronous spoed Auo
to tho fundanontal conponont.,

{(c) Tho zero phaso sequence has n torque/specd characteristic
osimilar to n singlo-phase induction motor having threa times
the nuober of poles.

(d) Uhon the uindings nre connneted with winfiing exes olther s0°
or 120° (electricnl) avart tho hisher startinn toraue ¢an hoe

nchirved but the third hormonic connonents are afficiont to
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nffoct the running porfornance of tho motor. /nd in certain

cnoos the third harmonic torque is sufficlent to hold tho

ator ctable at one-third of tho synchronous aspeed due te tho

Mmndnmentnl conponent, The anplitude of the third harmonie

torque can be inereased or decronsed by solectinnz suitablo

vnlues of the oxternal capncitor, (See Tiz.2,34 and nquation

"0:2:3:.5 and 2,3.8).

Pron tho forezoinz discusnion a very important conclusion ean
bo dravn that whan n throe-phaso motor, vith different winding
arrantononts, is connectod to sinpgle-phrse supply the motor runs
oithor nt o speed correspondint to the fundamentnl component or at
a opocd corresponding to the third harmonie finld., This loads to n
possibility that tho ssme throeephase motor can bo usol as a tuoe
spoed singloe-phase motor. Ono speed being tho same as the normal
opornting speod of tho nmotor and other the onesthird of the nornal
gpecd,

For tho operation of the motor at one«third of the normal spned
the stator vinding should not havo a piteh of (2/3)TWolectrical
rndians or a windinn sproad of {(2/3) Welecctrical radiana, Reesuse
a pitch of (2/3) 7 olectrienl radinng gives a piteh factor of sero
and n sprend of (2/3)7W elsetricnl radinns gives a Aistribution
factor of zoro for third harmoniec fiold. Tarthsr ths sinelo windine
connaction Piz.3.1(f) and zoro-phase sequence Tir,3,1(g) conncetions
cannot be used 1n practice due to tho nonenvailability of starting
torque in those connections. Tho single vindine connaetion also
suffeyrs fron poor running porformance duo to poor stator spaea
ut 1lizat fon.

Qut of tho remaining throo types of connections Tigs.3.1(c.d,0)

virtually anyono can be chosen for tho ono~third spoed oporation.
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Fut tho third hnrmonic torgue is naximum vhen theo displaconont anzlo
13 60°, *1lro the third harmonic component curronts will be naxirmnm
1 tho stntor vinding spreoad is—TW /3 electrieal radians,

Tor ¢ho nornal or full speed oparation the stator wvindin-rs may
bo connactod in nny'wny except the geroesequence opernt lon conmmctions
Becruse nt zero sequonce operation the stable toraue is obtained
only nt one-third speeds, Out of the other connacti{ons nll excapt
star and doltn vill show a tendoney of eravling at ono-third svoed,
The third har-onic componont in caso of 80° & 120° Alsplneotont
anzlo connnctions can ho supproessed only nt the expenso of tho
starting torquels, vhich i3 undosirable, Third hormonie componont
can also be suppressed in case of equivalent 90° conneétiona, by
solecting tho propor sxternal impedancels. But the same inpednnce
nay not ho able to szive pufficiont starting torquo and satisfnectory
full spoed running characteristics. Thus nocossitating atleast
throo valuos of extornsl impedance and turning the oporation of tho
motor into a complicated systom. It may be noted that tho moximum
fundamental torque 1s obtained vhen the windints are connected
in star or delta. It i3 therafore obvious that the host arranmoment
would bo to use oither a star or 4olta connected winling for tho
full spoed operntion vhich 1s freec of third harmonic eravling,
requiring only tuo eapacitors, one for atarting and othor for
running.

Honce one ean concludo that proper winding connections wenld
pernit n satisfactory operation of n throe=phase machina from sinsle

phaso supply not only noar aynchronous spoed but nlso near one«third

synchronoua gpood,
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3.2 Application of the Gonaeralized Rotating Fiold Theory.

Tho gencralized rotating field thoory can bo uscd to annlyse
tho performenco of tho motor, Rach of the forvard and backward
rotating components of the n*D harmonte stntor Mete fs wnve of tho
sinnle=phase windint inducos its oun component rotor currents and
produces induction motor nction with n times the fundamental mmher
of poles., 'hon the rotor windines aro on open circuit, tha foruvard
and baclwuard rotating fluxes due to any harmonic field must oach ha
oqual to half the corrosponding altermnting flux., The reaction of
the short-circuited rotor to those countor rotating fluxes 15 woll
enovmn ?rbﬁ {induet ion motor theory. Tho reosultinz equivalent ¢ireudt
for a oncswinding induction motor 43 as shown in ?15.3,2. Tha
constituent circuits for all tho foruvard amd hackward rotatin:
fiolds in this figure have bsen connoeted in series sinco the m.n.f.
rooponsiblo for their production is supplicd in cases by tho aame
otntor phaso current,

The circuit as drawn neglects the iron lossos in the machino,
Tho iron losses can be enlculated separately nand added to the other
povor requirements of the machine,

If 2o, ond an reprosaont the self-impedanco of tho winding due
raspoetivoly to tho forward nnd the haclunrd rotatinn compononts
of thn n®P harmonie field. 74 and L7, may then ho written to
roprescnt tha sum of the impodancaes due respactively to all the
foruard-rotating and all the hackwarderotntine harmonies fields,
Tho total aelf-impednonce of the stntor phase winding 43 then siven by

Tohago = T * 3+ T ¢ HT (3.1)
vhore r and x aro taopeetivcly the rosistance and lonkame ronetanco

of tho stator winding. The voltane eoguations for tho machine with
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throeephnoo stator vindings are thoreforo

-2n +2n

Uy © Ia(ga *sz +’£?bn) S kb Ih(zgx - '!'fn + 5ol ?bn)

' -n n
+ ke I, (£ ”'?n -*?_o("?bn) |
| en -2n ,
Vy 2 Iy T(SX gy +Z& ) * N (2 + 2%, +3T7 )

n -n
+ (p/ke) Tl o %, +20C 7 )

n ~n ~n n
Vo = Ty koluxX 7oq + 2 Pyp) ¢ (Me/ly) Ty (2K 7y + Z(7hy)

+ Te(zc *'Z.”fn +'z’.‘.’?bn)

vhere 2, = ¢, * §X, (Mo, of turns in b winding)
and ky, = e
Zp 3 Ty * IW (o, of turns in a winding)
(Mo, of turns in ¢ windin-)
Zg = T * X, Ko = o

’ (Tlos of turns in a windimgfl

The parfarmanno'cf the machine can bhe easiiy ¢aleulnted 1f the
paraneters of the equivalent circuilt of Fig.3.2 sre known,
3.3 2nalyais of Porformance at Full Speed
3.3.1 Jdonoral Equntions

Figs.3.1{a and b) roprasont respoctively tho primary windinss
of a star and dolta connoeted throoephase induetion motor comnactoed
to a ginglawphaso supply with an external static phase convortor
of impedance 7, in ¢ircuit., Fecnuse there is a normnl relntionahipﬁ
hetwoon a star ond dclta connectod balaneccd system. So, for the
procont . purpose, it is only nocosonry to congidor one of tho
conncet {ong, and in vhnt follovs attontion i3 confined to the stare

connccted system, Inspoction equnt 1on31 for this cirenit obtained Wy

{3,
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the application of Kirchhoff's laws, are as follows:

Ip+Ig+Is =0 (3.3)
V - VA + VB = 0 (3.4)
vh - VC - Ic'?. = o (';05)

These equntions ¢nan bhe solved in térms of aenaralized rotating
fiold theory parameters, {Gee section 3.,2).By utilisinz the
subst itut ions |
equation (3.6) 13 obtained from equation(3.2)by substituting

Zq 022!!,“ +2?fbn = 211

~2n 2n
Z oL zfﬂ +Eo( ?«bn = ?32

-n
X zf

Az the stator has a symmetrical threesphase windins,

(3.7)

n

y *EX Tpn T P13
%4 % Zh = 2¢

and ky =k, =1 (3.8)

1277 /3
= @

It can easily he shown that the solutions of the equationms (2,1),
{3.4) and (3.5) are 7iven by ths followinns: /

| . 24711+219-2719
IA\ = V - X -
(244424987 g M7t 211+ 7yp~B2% 9 )+ (2427 =719 =71 3 ) (711 ~R21 9+ 2y o
LR ¢ (3 QQ)
2+2711-Z1p-713
IE 2 WY

( 2114-212..2213) ( ?«*?’11+?’12-2213 )+ (2*35311‘-212-213 ) (711-3212*' 219
ves  esee (3.10)
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?11-2"124719
(711*219-8713 1747114732271 3 14 (7427172740719 (71122710474 )
o¥e  seo. '(-'3.11 )

Theso oquntlons give tho gonoralisced solutions for eurronts in the

Ic aV

throo vindings of the symmotrical stator of a throa-phase induction
notor having a symmotrical rator and conncctod to a singlo phave |
csunply. Theso include the offect of space harmonies,

3.3,2 Calculation of Torque ,

Tho torque in syndhronous watts can bo obtained hy finding the
difference of tha powvor inputs to the foruard and bnekward filelds.
Acnenboring that tho synchronous spoed@ for the n*h harmonte fiold
15 1/n%h that of the fundnmontal, the torque duo to the n®" harmente
flold ié pgiven in oynchronous watts by

n =N ®

Ton = Ro ((Tn%pn + Tpo 7gy + To Zgn)Ty ¢
-n n R

CIAO\ ?'fn#IBzfn + Tcdxz?n) TF +

n ~n
(Ipe ﬁﬁ‘ + I an+ Iczfn)rgl n (1.19)

vhere I3, I§ and I¢ are tho complox eonjugates of I,, Tp and In,
nnd Re stands for "Real pert of*. 1If an iz the real pnr€ of tho

foruard impedance Zp,, tho above equation roduces to
| n -n 9
Top 20 (| Ty + Iyx+ Teok | )7 Ry (3,13)

Similarly, the torquo @ue to tho n'l' harmonic dackward fiold is

given by
=n n o

vhoro Ry, 13 the ronl part of tho hackward fleld inpedance Zyne The
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net forward torque in synchronous watts is therefore,

n “n 9 -n n 2
T,oxn (I + Igx+ Toot | )7 Ry = m ( | Ip + Ipx+ Teacl) Ry,
s 000'(9015)
“quation (3.18) is generalised cquation for the torque due to any
harmonic fiold of order n, |
3.3,3 Starting Performance
3.3.3,1 Performance Pquations at Standstill
At startinz the impedsnce to the forward and backward flelds
are equaly i.8s P¢p = "hn* 1P 7go and 74, rapresent the standat 111
values of 73 and "¢,y the equations for starting performance reduee
from equatfons (3.9), (3.10), % (3.11) to |
Z % 799 = 8L %y Cos n§
IA -2 | fp— ‘
(7gp = 2= 7gp Coa no )(B7 ¢ 325, « 6Z %y Fos no Y
ave  sab (3.16)

2+ 224 =~ 4T 7%p Co8 N0

I = bV“‘—“ .
B ~ ”r
(zao - 22"31& Cos n§ ) 22 + 31.% - azzsn Cos né)

*s e LA X ] (3‘17)
I = 7e0 " 22% Cos _ne
(%4, = 2T 7%p Cos ng )22 + 32, - 6E7,, Cos no )

8 .
ees sen (3.18)

%3 the stator has a symmetricsl three-phase winding, and 1s connected
either in star or delta, 8o all the even harmonics will be adbsent
together with the third and its multiple., Fo the value of
7890 = Ba * 2751 * 27g5 + 2Vgp + eeee (2.19)
also 237 Cosng = - (g1 * Pgg + Tgp + eees) (3.20)
and hence 7g, = 2L 7g, Cos N6 = 2y + 3(7gq + Tgg + wees)  (3.21)

Tquetfon (3.21) i the same ns for ", for sy~matrical component
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impedancot® at standstill,

OF %4 = 2E %5y Cos n& = 74 (2.21b)
Substituting the cquation (3.21b) in equations (3.18), (3,17) and

(3.12) nnd exprossing the three phaso currents in torms of corresponding

bnlancad throsephase current, \‘Tb‘ = \v /0D \%74 . Thus

-\
I, ‘3*23@4-6?0090( e
w—s| = (3.,22)
™y LQ + 43;2 + 12y Cos o
b,
Ty 12 + 3° + 12y fos o] (1.29)
e | 33
Iy 9+4y§»12y003« .
Tn | 3 -
and ...E. = var (R.24)
b 9¢4y?‘+12ycoso&

vhere y = \z/?.s\ y k= ped and (- B) and (=) are the
arguments of Z and Zs. All the three equat;ibna are equal to
unity for n value of y = 3 and o(= 1507,
3.3.3,2 Starting Torquo

From equation (3.,15) the starting torque follows by substituting
Ron = Fyno

T = aC|L\\Tp| Siny + Vip\ Vo\ Stnvs {In) \Ip\ Sin vy ) x

(£n Sin n® ‘an ) (2.25)

vhere Y= -y \£2 Hy- ¢, and Y, = $ - hend gy oo g ere
thae arguments of Ia.’ Tp and Ip.

It can he shoun that tha ratio of the starting torque, T, %o
the starting torque unior halanced throe-phage conditions, T,, 1o
given by the equation

203 31n & (3.78)

i*—)

=

) 9+4y2+12yCosog

r3
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323,3.3 !nhnlanco PFactor

"nhnlance factor in the ratio of the hackwnrd current (nogsativo-
sequonen current} to tha forward current (positivoosequqnée eurrent ¥,
Thus thn unbalance factor " is given hy
|1y + Thak + T
|Tp + Tp Tcz'\
Substituting the values of Iy, Tp nnd Iy from equotions (%3,18),(3.17)

(2,27)

=

anl (3.18) and exprossing U in terms of parameters y amd o,

J
3+ y2 + 28y Cos (o + 30°) -
U= S
3+ y2 + 28 Cos (ot~ 30°)
3,3.3,4 loasures of Starting Juality

(3.28)

The accepted measures of the "startinz-quality" are asterting
torque per ampor of supply current, and atarting torque per amper
squared of supply current. A better criterion, wvhich takes acecount
of the henting af?eat due to all three phase curronts, is the
starting torque per watt of stator copper loss., The ratio of the
startint torque per watt of stator copper logs undor unbalanced ond

halanced conditionz is ziven hy

. \Tal% + |18l + (1612 ) ®
4= .
Ty/(3\T2 ) 7
J3y Sin ol
= —— {qiag)
3+ yg + 3y Cos ok
It can he shown that Q is maximum vhen y = J3 and &= are

Cos [~ 37/(3 + y°)] for fixed values of oland y respectively., Tt may

be noted that tho conditions for the proposed qunlity to be a

naximum are snme as those for perfoct balance,
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3.3.3.86 Vpltazc Across the Phase Convertor
Theo voltaro across the phase convertor will be
Vy = IoZ (3.30)
Substituting the value of Ip from equation (3.18) and tnking tho
ratio of this voltaze to supply voltage

vy y
v (9 + ay° + 12y Cos &)

The ratio 1s nmaximum vhen vy = (f /(2 Cos 00] » At the
condition of perfect balance t.0. v = J3 and ok = 150° the ratio 1s
equal to unity, And thus the voltane for the phase converter 1is
samo as the supply voltanme. Wor other values of v and & the voltage
can be caleculated from equation (3.31),

3.3.4 Run-up Performance

In theory, torque/spood anl other characteristic curves for the
machine can be caleculated from the equivalent cirecuits., The
generalized equivalent circuit is as given in Fig.3.2., A3 the
machine 18 symmetrical and connected oither in star or delta so all
the oven and triplan harmonics will he absont.

If the circuit of Fipg.3.2 i3 splited iInto two circuits, one
for all the positivoly rotating fiolds and other for nll the negative)
rotating fiolds. Then the two circuits will bho as shown in Piz.3.7%,
It 12 assumed that the synchronous and rotor gpeeds of the nachine
are ”s and W P.pemey respectivelv, and the direction of rotation of
the rotor 1is elways rogarded ags bhelng positive.
3.3.4,1 Performance "quations

I? tho totrl impedances of positively rotntine fields, nnd

nogatively rotatineg fields aro ’1 and 7n Prespactivoly then
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(12.37)

?1=z+3(21f+25b+37?+.o.o)
72 =2 + 3 (zlb +* Z5f L Z?h * sees )

with these values of 2, and 7, the equations (3.9), (3.10) and

(3,11) for thrse-phase currents reduce to

1%/3 -37/3
e v oo 30 e (3.33)
IB - 7 + 21 + 22 (2.34)
” -3Wa , /3
" 0 + Zne
TC = V 1 2 {1,18)

Also it can he very easily shown that the positive-sequence

and negative~sequence currents, I; and Tp ara given by the following:

~§W4 «3T/6
Ve Z+ 3226
11 = ( ) (3016)
i3 32175 + 297 + Z9Z
Jn/s yn/8
Ve 7+ 3219
and Ig = W—— ( - ) I (3¢37)
Jé 331?2 * ':1'3 * 22?;
3+3e4.2 Torun Equ&tion *

The torque developed by the machine can be ecaleulated at any
spaead for any value of the external impedance with the help of the
equnt ions given from (3.,12) to (3.15).

Yhen exoressed in terms of the starting torque unier dalanced

three-phase conditions, Ty, the torque ratio for the net forward
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torque is givon by

7 {9,2+3+213y, Cos (4=30)} Re/Ry-{yy7+3y,2+2 By1v, Cos (rdds
Too 7129975747, 2y,P 467,757 Con & +8yy7, Cos (44427, %7, Cos &

soe sso (3.78)

vhoro vy = |%/%)| 4 vy = |%/%)]
“‘ = $‘"$}_ L q\_ = #,‘*}_

and («f8 )y (= qi)’ and (-4%} are respactivaely the arnmuments of

3,7.1!\!!(’20

(9,%0)

The ahove equation for tha torque ratio 18 4in tarmg of
dimensionless pnrameters. Tor most of the induction mutors‘the
value of 79 at any spaod Aiffers very little from the standstil}
value 7o (see Fig.3.4)s Tt 1s thorefore justifinble to assume that
yi3 =¥ ad & = .« “nd the equation (7,38) for the torque ratio
can accordingly be modified,

The performance of the machine can be calculated from the
equivalent eircuit and the torque equation. In practice, the effects
of harmonics and stray load logses »re such that values of tofque
caleulated on this basis differ considerably from those nctualiy
developed by the machine. A compromise procedure is to determine
the torqueo/specd curves for positive and negnt lve=soquence onernt ion
for a fixed voltage and use this a8 a bdasis for theorsticnl
calculationsl.
3¢344,3 Unhalance Factor

The unbalanco factor, vhich is Aofined as the ratio of the
nozat {ive-sequonce current to the positiveesoquence current is piven ¥

Y12 + .'iye?' + ?fﬂvlvz Cos (ot = o = 30)

(3.40)
912 + 3+ EJQYl Cog (o&\- 30)
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In practice the affoct of variation of tho various naramotars
enn bho enleulntod by the above equnrtion,
3e3.¢ 4 Voltage Aeross the Phaso Convortor

'"ho voltage oeross tho phase convertor is piven by tho
cquntfon (3.30) as Vg = In7. |

Substitute the value of I from oquation (3.35) ond taking the
ratio of the voltanme ncross the convoertor to the supply voltanoa,

-3W3 Ju/3
Vy 7476 -+ 2%e

——— 3 (3(.41)
v %% + N7+ %2

Tt econ bho shovn thnd

\Vz\ _712*5'12?3*2?12?2 Cos (oK, + 120}
p-1

v a-éq-':}vaawl?yaa*avlvaa Cos , *6?1?2 Mos (4“‘»_)’23’1.25’2 o o,

ses see (3,42)

As tho value of Z5 nt any spoed differs very little from tho
standstill value Z,. It 1s therofore jJustifiadble to assumo vy = y
and o(\ = o Also if the valuo of y recommended for porfect balrnce
at standstill i.e. y = |3 and o« = 150%, this oxprossion reducos to

v, 1« yza - ¥y Coas A, = I?iyg Gin o,
v 1+ y,° = ¥y Cos o+ {375 Sin o,

This ratio 4s unity vhen o, = 0y vhich occcurs at standstill amd
at o aspeed clogse to the runnine linht spoed, PRetween thesoe values
90°->o(‘_> 0 the ratio is less than unity. Wence 1f the starting
enpncitor 1s selected for perfoct balence at standetill, there s
no liklihood of ovor voltasa on tho capacitor during the runeup
poriod,
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3,4 Inalysis of Porformanco nt Ono-Third of F™ull Speed
3.4,1 7eneral "quations
As Aiscussed preoviously (gec.3.1) that the stator vintines
in 30° connections will be used for the machine to opornte at
onao~third speed. Do the analysis hore will ho Aone “or such a
nachine. In Piz,3,1{d), A,B and C represent raspoctively the threo
windings of tho throo-phase Iinduction motor, Tho 4 and B wvindings
of this motor =re connocted to single«phase supply through a external
impedance Z. Though for a balance motor the turns ratio of tho
throe vindinzs i3 unity. But for tho analysis of the parfofmance
a more goneral case will be takon 1l.0. when the vinding B (vhich 1is
auxiliasry for this operation) has k times as many turns as A winding
{vhich is main winding for this operation). Inspection equations
for this clircuit obtalned by the applieation of Kirchhoff's lav are
vVev, =2 0 0 {3.48)
v+ Vg Ip7 = © {3.48)
Az the rotor has a symnetrical winding, genoralized rotating
fleld theory can be ugsed, Then the
Tp = Ip (2 * X%, +E7% ) = kg (T oZ: 7 pn +zg(° "wp)  (3+48)
n -n 2 P
Vg = = XIy (EJp, *Z&K %) + Ip (y, + X275 + ¥ 27 ) (3

jwa .
where &, = 0 2q and 2y aTe the loankane Impedances of windings

A and By 2, and 2, ropresent tho impedances of tho A vindiny duo
to nth haramonic forward fleld and tho nth harmonie backward fleld,
Equat ions (3.45) and (3,47) can algo be written in torms of
foure-torninals network paramoters as
Vp = 1,73y = IpZy, | (3,48)

Z22
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vhoro 7., o (34 +zzm+z7.bn) )

en n
4 a k{Z&, %m *20(97'7‘,")

n en > (3.80)
7y = KlZo, 2o +ze& 7y )

Zpe B {2y *+ kazzfn + kaz an) )

Tho impedance paranetors 794, 212, 221 and 222 ars nll functions of
the speed of tho rotor,

Substituting the values of V, and Vg from equations (3.48) and
(3.49) in oquations (3.44) ond (3.48) the curronts in both the
vindinas can be ealeulated, Since the B wvinding has k times as
meny tarns as the A winding, it would ideally have 1> times as mch
lonkaze impedance (zy = kgzn). Thon 7,, hecomes equal to kﬁgll*

and the currents in the vindings are niven bhy:
) o _—
= Uz 7, - 7yp) /(72 ) Ty - %127y (351)
2y g |
Ip = =V (733 = %py) / [ (Z + ¥°%4) 7y = zng{& (3.52)

The ahbove equatlions give the generalizod solutions for
currents in the A and B windings of the atator, Thoy include the

affoct of harmonies,

3.4.2 Calculation of Torquo

The torquo in synchronous watts ¢an be obtained by finding the
difference of the power inputs to the forward and the backvard
fialds.The torque due to the ntP harmonic €1e1d ¢s niven in

“synchronous uwatts by
Tfn = He {( Iﬁzmﬂklgwo an) Ii“‘ (*kfﬁ&oqm*‘kz IBzm) I%] n (?; 53)
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vhero I‘R and Ig are tho complex conjusatos of I, and Iy and Re
stends for tho "roal part". If Rp, 1o tho roal part of the forunrd
f10ld impedanco Zpqy the nbovo oquation roduces to

=T
Ton = 0|1y = *Ipk| )% By (3.54n)

n [\IA\Z . %2 \XB\"'Z + 2k \I,\ \tp\ Cos(\mnﬂ/’%sx Rpn (354
vhero Y= its $ 0 nnd tp nnd ¢ are the arguments of Tp and Ty,
Smilnrly, the torque due to n*? harmonic backwnrd £101d is riven by

Tyn * ¢ \In - kIB&,\)a Ren (1.560)

vhero Ny, 18 the real part of the backunrd ¥ield impedance 7p,. ™o

net forvard torque i1s thorofore

T, = nC \Ty = k107 Rep = nC \Ty = ¥TeB P By (3,86

3.4.3 OGtarting Porfornance
344.3,1 Porformance Tquatlons at Standstill

At otartine, tho impedances to the forward and backwerd flelds
are cquely 100e Z2pp = Zppe  If Zs0 and Z reprOﬂant tho standstill
values of %4y and Zope the oqunt ions for atnrting performanco
reducos from oquations (3.51) and (3,62) to

V(7 + 1{2290 - 2k %%, Cos nV3)

Ty = e (3.57)
A Zgg (7 * ka'?.so) - 4k (75, Coso nv/gfg

V{7nn » 2k $7.. 08 NnT/3)
Ip=- 22 2 (2.58)

700 (7 + ¥e750) = AK2(T 75, Cos n¥/2)°
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3.4,3.2 Starting Torque

At starting the equation (3.56) reduces to

T = 4k \I)\ \Ip| Sin \ T Ry, Sin nw/3 (3.59)
vharge the surmmation is to bhe carried out for all the ordors of
heroonics present in the alr gap flux wave. |

It nay be noted that the startine torque due to the third
harmonic field 1s zoro, ‘hen expressed in terms of the starting
torque under balanced two-phase condition, Ty, the torque ratio for

the torque due to the n®h harmonte fleld 1s given by

———

b}, [72+x%2iPy Cos o +k4x8-212x2y Cos(or2t)-2k?s® Cos 2%|stn n,

\TJ . k v 51n o (i3-k) x Sint «kxy stn (+-2)] S1n nw/3

LA X ] LR X ] (3060)

vhere y = \E/Zsa‘

x = | (2225, Cos nw/3)/7, | (3.61)

L0k= Bep, ¥= Po—- ®
and (¢)y (-%) and (~P) are the arguments of 75,4 Z%p Cos n W /3
and 7.

The above equatlon for the torque ratio is in terms of
dimensionless parawetersg' The two pérameters x and ¥ take secount nf
the céupling'of the magnetic flelds of the two windings. The
d imensionless parnmetér X is the effective "eco-afficient of coupling"
hetween the stator windings. Whereas the parameter ¥ iz the lageing
phase shift introduced by the coupling field,When the angle botween

the axes of the two stator windingslis w/2 the tvo parémeters reduce
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to zoros Also for the angla to ho T/3 the vnluas of = novor areosin
0.7 nnd 15 ususlly much less. Tho torms contnining =® aml %2 in

cqunt lon (3.60) ean thoraeforo bo nezlected without mueh affoetinn

tho torquo ratio. Also for normnl values of ky%,vs & and ¥ tho

term (k3-%) x $in ¥ is much smaller compnrod with ‘_y Sin o¢kxy S;in(*'*ﬂ

and honce equation (3,680) can he reduced to

(3.62)

:1; N ky Y_Sin 0(‘+ kz 8in (f—&\ S4n n 7/3
\Tb\M - y + 1? « 2xy Cos « ’ Sin n /2
It can bo shoun that for given values of kyx,o and ¥ the
torque ratio is maximun vhen y = %2,
35403,3 Starting Currents ’

The starting currents nro given by cquations (3,57) and
(3:,58). On simplification in torns of dimemsionloss parameters
rivon by equntisn (3.81) and neglecting the hishor povors of x tho

oquntions for startinz curronts reduco to
/N

o (k? flos Y+ ¢ Cos T-4 )
EAPSIMA R (2,63)
700 v2+lede2kly Cos o
. v 1-0kx Coa ¥ - 2803
nn O, | enapsen - im
Vel \zso\ et e2ly Cos ok

3.4.3.,4 Voltage Aerogs the Phase Convortor
Voltano across the phaso convertor is ziven by the equation
Vo = Ig 7% ' (3.65)
vhero the current Ip is given by equation (3.68) and its approximato
modulus by equation (3.64), Honeo

A R i, Bl SN P (3.68)
\ Z\"\E;';\ ve+k%4212y Cos o o



«38e

The ratio of the voltame across the convertor to the supply

voltnyo 18 given by

by
Tal 1 « 2k CosY P
\:;\_NIY y2 . kK + 2x%y Cos o o

it can be shoun that the above ratio {19 maximum vhen y = (%2 /Cos )
for the fixcd values of Yyx,o(and Y, |
3.,4.,4 Runeup Poerformanco

The performanca of tha machine at any spoed can ba enleulated
with the help of tho oquivalont eireuit siven in Fig.R.2, 15
oxplained carlier that when the two stator windins aro connected g0°
apart it has a large proportion of third harmonie fleld flux., And
duo to this flux the machino runs ét ona=third of synchronous spood
duo to the fundamental fleld. Tho characteristic aurvén can he
coleulated for third harmonic field witﬁ tho help of the same
genoralinsed oquivalent cireuit,
3.4,4,1 Torquo

Tho tornque developed by the nmachine is given by the equations
(3:,68). Put the dip at one-third of tho synchronous spoed is dus
to the forunrd componeont of tha third hormonie f10ld, And the forwvard
torque is niven by the oquations (3.54a) nnd (3.64b). For tha third
hornonic f£i0ld the forward torgue will he

Teg = 3 {\Ia\ 2,2 \Tg\ 2 + 2K \Ta| \In\ Cos (\MI)] Ren (7.68)
and for the fixed values of I,, Ip and k the abovo emntion will he
maximum vhon ¥ s« Also it cnn bo seen from the oquation (3,83)
that the net torque will be maxzimum vhon 4 = 7/2,

For tho hnlanced oporntion

\Ta| = % |1 (3.89!
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Thon the forward torque due to the fundamentnl componont when
\fa) =¥ |t

T = |I42 (242 Cos $-T/3 ) Ry (3.70)
nd foruard torque due to the third harmonic field wvhen

Al = & ATy )

Teg = 3 |Ip12 (2 + 2 Cos ¥= ) Rpq (3.71)

The ratio of the two torques is

S

ng o (1 +Cos ¥v~77 ) ?fa
w— W . . ——
Tm (1 +Cos W-T/3 ) Rpy
I v =T the condition for maximum third harrmonie forward field

{(2,72)

vtorque then the ratio of torgque roduces to

. |
= = 12 (Rgy/fpy) (3.73)
Tey ‘ |

$=T '

as for normal squirrelecage 1ndubtion motors (Req/Rey) 18 not
less than 1/12 the torquo ratio for normal induction motors will he
higher than unity,

If v = T/2, the condition for maximum forward torquo the ratio
of mquatién (3.72) reduces to ' |

T ’ .
\.?3.\ = 1.6 (Rpg/Req) (3.74)
e =T/

Fven for the above condition the third harmonle torque is
comparablo to the forvard torgua due to fundamental component. And
for all othor wvalues of Y batwoon T/2 and T , tho torque ratio will

ineroase from what shovn by cquation (3.74).
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3.5 Conclusions |

™o use of noneralized rotating-fleld thoory hns resultecd ¢n
oatablishing a satisfactory theory for the analysis of the ""lov tuoe
spocd capncitor notor”, The thoory s applicahle % any gpocd nnd
for nny type of connoctions possible.

It has hean shown that tho third harmonie forvnrd torque 1is
conparnble to the torque due to the fundamontal componant for cortain
viniint arranzonents. And henor the torque can he used as a notoring
torquo and a spood as lov as onoe«third of synchronous speod due to
fundamontal fiold cnn bs achioved successfully,

The safe output of tha threoephase induction motor vhan connecte
to a single-phaso supply is about 577. As the pull out torquo at
one-third opecd is about the same a3 for normnl speed than the output
at one-third speed will be roduced only to ahout 227, Rut the
ndVantagés of the arranzement discussad are in itz simplicity and
availability of tho starting torque, vhich was absent in casg of

zoro=-goquence oporation.

LE B

64/700

CTDAL ULARY Wiy
RHIY br wecovy
N Svam |



»31 OPERATION OF A 3PHASE INDUCTION MOTOR FROM SINGLE-PHASE SUP
WITH DIFFERENT STATOR WINDINGS ARRANGEME (175,



T % ( El Puidamental
e g Y5 4 forward fleld
20 : U
.
B 1b
X 2 P Fundamental
91 ‘ = backward field
e To1

nth harmonio
forward fleld

nth harmonio
backward field

1G.32 GENERALISED EQUIVALENT CIRCUIT OF A SINGLE-PHASE INDUCTIC
MOTOR HAVING A SYMMETRICAL ROTOR.
* , X~ Resistancs and leakage reactance of the stator wlnding respeotivaly.

tmn - }z_iagnetising rerctance of the stator winding due to the o™ harmonic
ald,

toy — lLeakage reactance of ths rotor due to the a™ harmoniec field,
referrad to the stator winding.

g Respective resistaagss of the rotor dus to the forvard and backward
) components of the n'“* harmonic fleld; referred to the stator windi-g
)
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FI1G.33 EQUIVALENT CIRCUITS

A. POSITIVE-SEQUENCE OPERATION
B. NEGATIVE-SEQUENCE OPERATION
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4, TRPERIMENTAL YORK

4.1 Ooneral

To vefi?v the thoory sot-out in the provisus saction tests wora
carried out on twvo induction motors, Ono of them was a stnninrd
throe«phaso sqnirrel-caqé rotor motor having the folloviny name~plato
ratints te |

S HeP.y 400 volts, 8,5 ampe, BC ¢,D.3y 4 polodelta connected.

The othor motor was a spocinlly wound squirrol-cage induction '
motor, vhich was dosigned and nasombled for tho prasent work (seo
Appendix 7.2)¢ having the followinz tappings:

1) 57.77 tap in tho main winding.

11) 4113 distribution of tho third vinding.
The proposed ratings of the speclally wound motor were as follows:

5 HoPsy 400 volts, 50 C.ps8s 4 POlo, star-connected,

Por tost purposes oach of the two test mbtors we?e cbupled to
a deCe méchium, the speed of vhich wans controlled hy moans of warde
tnyd-Leonard arrangeménf. A\ variable capacitor bank was used ng
phase~conveortor,

Az the moasuremonts on a stationary induction motor are affaoetod
by the position of the rotor amd to avoid discropancies Auo teo this
factor the standstll rosults wore eoxtrapolated fron the graphs of
readinza tnken over a ranze of lovw speecds in hoth directions, The
test voltage was lowor than the rated voltage to ensure that gsaturat!
offocts wore mininised,

Particular eare was oxercised to maintain the alternating supply
voltage and tcaperaturo of the test machine constant throughout tho

teosts, Sufficiont time wno alloved to reaéh the final temperature
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haforo taking tha Tinal rondines for oach set,

Zor tho neasurement of tho olectro-magnotic torque, tha “inld
curpont of the dece dynamo coupled to the test motor vng mintain~a
conatnnt throushout tho tosts. And ns the olectroe-magnot ie torquo
dcvoloped by n d.¢. machine is proportional ¢to tho product of fiold
and ardature curronts, tho armature curront will pive the torquo at
suitable senlo 1f the field is kopt constant, Honco the armature
current of tho dec. machino wns notod for tho torque dovoloped by tho
teot nmachine aftor corrocting for the frictional lossoes,

To nvoid the fluctuations of the d.¢. supply voltago provided
in the labofatary o soparate motoregenarator sot was used for the
dec,. suppiy required for both the fiélds of tho d,¢. mechines,
Pi1.4.1 shows tho schenmo of tho testing. '

4,2 Toests on Standard Throe~Fhase Induetion Motor,

The various torquo/spesd and eurrent/speod eharacteristies of
tho standard motor were studiod with particul~r reforence to

| (a) Balancod throe-phase oporation with winﬁings in
(1) star and (11) deoltn.

(b) ZOrb-aoquonce oparat ion.

(c) Singlo~phase operation, with only one winding excited.

(d) Sinrlo=phagso operation with n eapacitor convertor in

circuit and the windings connected in
(1) star, (11) dolte, (111) equivalont 90°, (1v) 120°
and (v) at 80°

"hile obtaining tho above characteristies, the offect of the
nagnitude of tho capacitor on torque and currents was nléo studied,
Tho brakinn characteristics of the machine ware also rocorded, vhen

the windinge wvore conncected nt 120° and 60°.
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The value of capacitors, vhich gave the nmaxirmum startine torgne
vere predicted and the charnctoeristics, 1f possible, were obtatined
for thegse values, A8 the capacitor bhnnk availahle wera limited so
the characteristics could not he taken for higher values of capacitor:

The openecircuit, shortecircuit and zero-gequence standstill

impedances of the machine are as follows e

Openec ireuit impedance = (2670 + J487) ohms

Short-circuit impedance = (21,5 + J38) ohms

Zero-sequence stendstill = (13 + §33.5) ohms
inpedance

4+.2.1 Starting Performancae

Fron the shortecircuit impedance the value of the capacitor which
will nive thé maximum torque can be ealeulated, vhich 1s 49 nf vhen
theo stator windings are in star,

Similarly vhen the windings atre connacted in delta the capacitor
vhich will 7ive maximum starting torgue will he 49 x 3 = 147 uf.

Also vhen the windings are connected in 60° or 120° connections
the value of y is proportional to K2 for maxtimum torgque at startine,
Ags for a symmetrical throa-phase motor k is unity so vy 13 also uﬁltv,
Honco the value of eapacitor which vwill ~ive the maximum torgque at
startinn s 49 x 1.6 = 74 af,

“or equivalent QO”lconnactions the value of_k_!a JZI 850 the value
of y for maximum starting torque will be proporticn to 3 or the value
of the capacitor will ha 25 uf,

Since the starting current in most induction motors 1s from
four to six times the full load ourrent, prolonged standatill tests
ean be carried out only at a lower voltase than the rated voltnro.

3o it vans decided to maintain the voltage for all the tests at 2207
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Mz.4¢14 Torque/spoed curves - sinsle-phase operation with wintings
at 60° and a capacitor (vith brakins characteristies),

F132.4.18 Current/speed curves - sincle-phase operation with windings
at 800 and a capacitor (with hrakiny charscteristies),

Referring to above fipures it mav ba noted that in all the
cagses curves have haen recorded for the valusa of enpreitors vanld o
maximum starting torquo,. Also to sty tha effect of capacitor on
the magnitude of the torque, curves hove heen recorﬂnﬂ"br tha
various valuas of the capacitors., The capacitor which would rive
mintmum third hermonic torque while the windinzs are at 1202 vas
predicted and the torque-speed curve for this value was recorded in
curve (iv) Fig.(4.12), Also for the comparision the dbalanced
three-phase charactoristics »ro glven on each graph.
| ‘To record the varistion of y giving the maximum torque with
speed, tests wero performed by heldins the motor constant at one
gpeed and the value of y noted for the maximum torque at that apeed,
The results are recorded in ¥i7.4,70C,.

4.3 Tests on the Speclally “ound Hotor

The open-éircuit. short-cireuit and zero~sequence standstill
impedances of the machine are as followst

Openwcircuit impedance = (1875 + 1221) ohms

Thortecircuit impedance = (6,8 + 10,8) ohms

"aro-sequence standstill impedance= (7,6 + §5,8) ohms

‘The various characteristics of the machine were studled with
particular reference to

'(a) Balanced threae-phase operation

.(b) Sintlee-phase operation with a capacitor convartor in

circuit, and the windings connected in
(1) star, (11) delta, (111) at 120° am (iv) at 60°,
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per phascs
4,2,2 FRunning Performance |
The runeup pqr?ormanco for difforent vinding arranmonents wns
invest{gated with the folloving viewss
1, To onsure that the convortor selacted for starting would mpive
satisfactory run;up performnnea, |
2, To study the effects of tho different values of the capacitors
on the variation of tho torque snd curront with tha npond.
The results of tha tests have bonn rocorded in the usual form of
torque/spacd and curront/speed curves in the ?igurés 119@@& helov:

Fin.4.2 Torque/spocd curves-hnlanced thres-phnse oparntion with
vindings in (1) stor and (14) delta,

ine4s3 Current/spoed curvesehalanned threes~phasa operatinn vith
windinms in (1) star and (14) deltsa.

Piz.4.,4 Torque/spocd curves-single-phase oporation windin=s in
star and eapacitor in cireuit,

Fig,4,5 Curront/speed curves-sinsle-phase operation wvindings in
star amd capncitor in cireunit,

ig.,4.8 Torquo/speed curves-sinnle~phnso oporation windings in
- delta and capacitor in eireuit,

Figs.4.7 Current/spood curves - single~phasa oporation virdines 1
deltn and capacitor in circuit, ,

Filg.4.8 Torque/specd curves « sintle~phosc operation (1) only one
vinding excited and (11) zero-sequence oporntion,

Firsd.9 Current/spacd curves - singlo~phase operation (i) only one
winding excited and (11) zero-sequence operation,

Fi7.4.10 To?que/spaed curves « singlee~phase operation vith windines
in equivalont 902 and a capnacitor in aircuit,

T7.4,11 Current/speed curves - sinsle=phagse oparation with vindines
in oquivalent 900 nnd a capnoitor in e¢ircuit,

Fine4,12 Torgqua/spood curves « sinvlee-phase operntion with windinae
at 120° and n eapacitor (with hrakine ehnracteristies),

Min.4,10 Current/spoed curves - sinzle-phase operntion with vind inas
at 120° ant n eapacitor (with hrakine charactorinties),
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"hile ohtaininz the characteristics, the affart af the
masnitude of the caprcitor was nlso studied, ™he bhraking characterist
of the machine were also studied wvhen the windings were connected at
120° and 6€°,

4.,3,1 GStarting Performance |

The eapnacitor for the =aximum starting torque vhen the windinqs
~re connected in ster 19'178‘nf. |

imilarly when the windinzs are connected in delta the
ecapacitor vhich would rive maximuﬁ starting torque will he
178 x 3 = 534 uf.

Also when the windings are connected in the 60° or 100°
connections the value of capacitor for maxirmm startine torque 1is
glven as follovwa: |

When the turn ratio is unity (y=1), 0 = 178 x 1,5 = 267 nf,

As the maximum capacitor value availshle was only 188 n®y an
it was not possible to record the characteristiec curves for the
maximam starting torque except inlﬁtﬁr connneted windines,

To reduce the current at hizh slip values the voltaze per phase
ves reduced to 150 voits per phase for all the tests,

4,3,2 Junning Performance

The run-up performance of the machine was studied similarly
as for the standard three-ﬁhase machine described in the section 4.2,

As for this machine It was possible to use vhole of phe periphnm
vhen the windings are at 60° or 120°, with a changed value of the
turn ratio k, go special attention was given to these connections,
The torque/speed and current/speed characteristies were studied for

quite a number of capncitor values, 2And those of particular interest
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rroro rocorded,

The results of the taosts havoe beon recorded in the usurl forns of

torquoe/spend and curront/specd curves in the figures listed bHeolow:

747,4.16
F13.4;17
T17,4.18
"{n.4,19
174,20
Fi7.4,21

F17.4,22
Fin.4.23
Fig.4.24
Fi31.4.25
Fi7.4.26
Fin.4.27
’17.4.28

P17.4.20

Torque/spaed curvos « bnlnnced three-phann oporntion with
windinys in (1) star and (11) delta.

Curront/specd curves - balnnced thranephagse nperstion with
windinis in (1) star and (11) dolta,

Torque/sposd curves = sintle-phasa oporntion vindines in
star and capacitor in elreutit,

Current/spead curves = gintleephase operation windinsm in
star nnd capacitor in cirenit,

Torqua/spend curves « sinelo-phnse operation windinzs in
delta and capneftor in cirentt,

Curront/spoed curves « gintleephasc oparation winiinsz In
deltn and capacitor in c¢ircuit,

Torque/spaa&‘curves « single«~phose operation vith windings
ﬁt 1§0° and a capacitor (with braking characteristies), when
= - ) ’

Curront/speed curves - single-phase operation with windings
at 122° agd a eapacitor (with hraking characteristies),
vhen k = 1,

Torquo/spood curves - singlo-phase operation with windinags
at 1zg°#agd a capacitor (vith brakinz characteristics),
vhen I

Curront/spocd curves - sintloephnse opoaration with vindines
at 122 #an a eapncitor (with brakine charncterities),
vhon o

Torquo/spesd curves « sinrle=phase onorntion with vinﬂings
nt 60? nng a capacitor (with brakine characteristics),
vhon &t = 1,

Current/spoad curves = sin@lé»phasa operat {fon vith windings
at 60? ang a capacitor (vith hraking charnctoristies),
vhen k = 1,

Torqua/apescd curves « sinzleephase operation vith vindings
at 60? gng a capacitor (uwith hraking charncteristies),
wvhen % .

Curront/spocd curves « ointlne-phnso operation with windines
at 60° :nd a enpac’tor (with hrakinn ehnracteristies),
vhon k # 1.
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4,4 Discussion of tho Results.
4.4,1 Discussion of the Results at Vormol Speed.

The stator vindinss will bo connected nither in star or in doltn
vith a capscitor in circuit for normal specd operation. It may ba
noted from Fig,4.,2 and 4,16 that aven with thn'aame voltanoe por phase
the torque dovoloped by the ﬁotor when connaected 1in delta 15 lower
than when connected in star, This speclelly 12 true for lowver apeeds,
Howmv-r tho torque 18 same in the opernt!ﬁz renta of the motor, Thig
diseropnney nay ba due to the gmall unhalance in the supply voltame and
honece rosulting the third«hnrmonie eurrent, vhich flows 4n the oloaod
dolta, but e¢rnnot in the star windinns,

It hgs haen montioned in gection 2,1 thnt the starting torgue
under single-phase oparetion oxceeds the balanced three-phase provided,
o 7147.8%, 0f the two motors tested, ono hed a standstill impedance
anile of 60%, and the other of 50°. It 1s obvilous that vhatover type
of convartor could bo used, «) 147.8° 1s not possidble 4in case of the
second motor, Howevér 1h case of the first machine, proper choice of
convortor would give o(?147.8°, and henco it should he pessible to '
oxperimentally obtain starting torquo higher than balanced throeephase
torque. These deductions bear out nnd are substantiated by experiments
curves plotted in Figs.4.4 and 4,6 for tho firat machine, ™iz.4.18 for
the second machino,

s the vnlues of 73 and 7, chonde with the speed, the vealue of
external Impedance 2 which ~ives the ~nximin toraue variles with tﬁn
Spead. Referrint to the Min.R.4, 1t 1s ovident that the value of Yy
remains practically eonstant throushout tha operatint rango amd the

value of ¥y varies slowly upto about twoe-third of synchronous spood,
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and decreascs rapldly aftorwards, The affect of this on the varintion
of v for the naximum torque with the speed 1s that v vary slovlv in
tho honginning and upto about two-third of synchronous speod and
ineponses rapidly nfter thias speed, Tha varintion of vy for maximum
torque with speqd for tho ataninrd machine is plotted {n ¥im,4,30,

Referring to Figs.4.444.5,4.18 and 4,20 the hroakedown torque
varies vith tho value of y and 1t occurs at 44{ffarent spenis for
differont vnlues of v. Th@ h1qhest break-dovn torquo in case §P first
notor is ahout 879 of the normal threc-phase torgue and for second
motor is only 677, This soeoms to be due to the rotor rosistance, vhiet
12 hisher for the saecond motor.

In giving an operating rating to a motor, heating must be
considered in addition to ratio of pulleout torques. A consorvative
wvay to evaluate thils is to assume the winding temperature as a functio
of the highest phase current, From theo stand point of local stator
tomporature rise, the delta connectod motor appears bettor in the
running ranse. The total electrical losses, howevoer, are same in both
star and delta connected stators,

Considoering both the dreakedown torque and the heatine of the
stator the safe rating of the motor when operating from singlo-phnse
supplv'is only ahout 667, _

44442 Discussion of the Results at One«~Third Speed.

Characteristics of the machine when operating at one«third
spaed are plotted in Figs.4.12, 4.13, 4,14 and 4,16, A eritieal
assessment of these curves show that the machine works satisfactorile
both at © = 120° and © 2 60%, the main points of comparison hetween

tha use of these two dlsplacement angles are given below:?
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(4) The maximun torquo (pulleout) at onc=third spocd 1o
approzimately the same in elther easo.
(13) Tho starting torguo when §= 120° 15 hizher than vhon 0 o @
(144)Tho curronts in tho windinis vhen O = 120° arc highor than
vhen § = 60°,
(1v) The net torque of tho machine remnins positive throushout
the speed rango vhon 0= 120°, but dbacomes nozative in
part of the range immediate aftor ono-third gpood with § =8C
It 1s obvious from (iv) ahove therefore, that if the nachine is
to be started on onoe~third connection at no-lond, the machine will
dofinitoly stahilize nt ono-third spoed whan § = 60°, but may run up
to full speed 1f the b= 120%, ™his fnet togothor with tho potnt thot
curronts arc smaller vhen 6= 60? indiente that this commect ion
should be proforred for one«third spoed operntion,
Special connections were usod to obtain 60° or 120° displaconont
(sge Pi7.7.,1{a & b) in order to utilizo all the winding space in the
machino. Tests results with such cquivalent 80° or 120° anglo aro
shown in Fins.4,24, 4,258, 4,28 and 4.29, An ovaluation of these
curves in comparison with those of tho normal méchine with stanmdard
vindings shovs?
(a) Tho overall charnctoristics aro botter in the oquivalent
case as could have hoen expected,
(b) Tho comparative difforences hotwoon 120% and 60° conncetion
vhich vore apparent in the earlier cnge are alao true for this easa,
Anothor intorosting point that can he noted is the varintion
of torquo and the curront with different valuon of ecapneitance, as
ghoun in Fins.4.28 and 4,20, For € = 180 nf, the maximum pulleout
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torquo at one=third speed vhen £ = 60% and k = 1.6 13 nhout 61.4%
of tho pull=out torque undor balanced three-phase conditions, vith
enrrent of 9.2 anps in main vindinz. For C = 70 uf, the naximun
torquo folls to about 547 while the curront drops to 4 amps, It

15 thorofore obvious that a small sacrifice in torque could be

vory henoficial in reducing the curront and henco tho heating of
the nochine. It 18 possible to ohtain satisfretory torque at low
curront valucs by a proper solection of thé eapreitors Tor exanple
nt. C = 70 ufy the performance of the motor is hetter nan? comparahle
vith that of at the normal speed operntion,

o theoratical celeulation has dbeen attempted to prodetormine
tho narnitudo of the optimum capncitor for one-~third speed opaerantion.
The difficulties are that the variations of 2y and Zo of machines
over tho speed range is not nocossarily similar anl hence measuroments
of 71 and %p at one-third spood would he necessary before tho optimum
valuo of capacitor could he predetormined, It 15 propooed to
investigate in future the poesiﬁilityhof'oxpréaaing the value of
optimun capncitor as a function of 73 and 7 at one=third gpocde
4,5 Study of Suitching Circuits for Low-figh and Hishelow Switching

Dependin=s upon the npplications it will be required that tho
motor should bo able to gwiteh from ono speed ¢to otheor. It may ho
notod that vhen windinngs are connectoed in star or dolta third harmonie
torque 1o absont amd if the motor 13 switched on 1t will run at full
spoed. Tho oporation of the motor will not be nffacted althor tho
vindings aro in star or in delta., But as the windings will be at
80° for the oporation of tho notor at onc«third gpeed the svitching
7111 bo osimplified 1f the windings arc in delta for fullespood
oporation, 'nd the windings hoon at 120° for one=third speed oporat ic
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then the star connaction would have boon favoured,

ag for a8 tho vinding connectlons for hizhelow anl lovehich
sultehing oro coneerncd only a offeon suviteh is required for a normnl
inlnatlon notor (80 Fir.4.51), Only by switching off tho € winding
out of tho cirecuit, the motor will ho suitehed to one«third spoed
oporntion, But the commlicney arises due to tha fact that even vhen
tho vindin1c are st 60° motor dovelops positive torque at Mll apood
nnd heneco tha above switehing will ho effective only in one Airaction
1,0. fron lov to hirh. Boenuso whon tha motor is runnine at ona-third
spoed nnd spocdegelector switeh 419 put on for the full-speed oporatien
tha motor will run at full spood, But if the rovorse is the case i.e.
if the notor is runnint at full speed and tho speedeselector switch
is put on for ono-third specd, the motor will remain rumnning at full
spood due to tho above said reason. To make the switching effective
in bdoth directions; some dovico depending upon speced will have to ho
uscd. Theo possible arrangenont using contrifugal switeh 1s given
in 7i8.4,52. The contrifuszal suitch romains closo upto oay 357 - 407
of normal spocd and open aftorwvards, A doublo pole switeh 12 uged
0 a speod-selector oswitchs. Totnal number of points uscd aro thus
four alonswith a contrifugnl switeh,

I¢ the C-vindinz has 4:13 tnppings, tho C«winding can ho used
alonprith A and B phose windings to five tho resultant anzle of 8a°
botwoen tho tuo axes. But hora nlso the motor dovolops positive torm
at full spocd., Tho contrifupgnl switeh is again required for hirh-levw
owvitching., Tho possible svitehing cdrcult is shown in Tir.4.53, Tot:
nunbor of tappings roquired from the motor windinzs are six and numho

of tornminals on the suiteh aro nino,

e
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FIG.43 CURRENT-SPEED CURVES FOR TEST MACHINE N2
Curve (1) Balanced 3-.phase operation stator windings in del
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FIG.44 TORQUE-SPEED CURVES FOR TEST MACHINE Ng2|
STATOR WINDINGS IN STAR,

Curve (1)
(11)

(411)

(iv)

(v)

Balanced 3-phase operation,

Single-phase operation with 25 nf capacitor,
Single-phase operation with 49 uf capacitor.
Single-phase operation with 60 uf capacitor.
Single-phass operation with zsro capacitor,

( Third curve is for maximum starting torque ).
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F1G.45 CURRENT-SPEED CURVES FOR TEST MACHINE N2
STATOR WINDINGS IN STAR.
Curve (1) Balanced 3-phase operatlon.
Single-phase operation with capacitor
(11) A, (411) B and (iv) C_phase curreats with 25 uf capaei

(v) A, (vi) B and (vii) C-phase currents with 49 nf capait



TORQUE,ARBITRARY SCALE.

S U T

| N 4. . —
0 300 &CO 900 1200 15G0

SPEED R-PM.

F1G.4.6 TORQUE-SPEED CURVES FOR TEST MACHINE N¢I
STATOR WINDINGS IN DELTA.

Curve (1) Bsalanced 3-phase operation,
(11) Single~phass ‘Operation with 147 uf capneitor,
(111) Singlé-phasa operation with 80 nf eapacitor,
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(111) Single-phase operation with 5 uf capacitor,
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*S1 STATOR WINDING ARRANGEMENT FOR NORMAL & ONE-THIRD SPEED
OPERATION.

C 1s a capacitor used as a phass-convertor,
Switoch P 1s closed for normal speed operation, And is kept open
for one-third speed operation,
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FIG.452 LOW-HIGH & HIGH-LOW SWITCHING CIRCUIT FOR A NORMAL 3PH
INDUCTION MOTOR.

Speed selector switeh 4s closed for normal speed operation., And 1.

11
P

opened for one-third speed operaticn,

E 0:L.. below 35% normal speed

Centrifugal switch
( OFF~ sbove 35% normal speed
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S, NAIY COTICLTTISIONS, APPLICATIONT AYD SMGATITIOMS AN wrmon vV

6.1 !Main Conelusions
Tha main purposo of tho vork cmbodied in this dissertnation wns
to invostinate the possibility of usinz a standard threesphase
induction machine to run at two atable speods in the ratio of 113
from a sinsle~phaso supply with tho help of suitable convertors,
Humorous differont arrangemeonts wore analysed and experimented on
and 1t has beon shown that it 18 possible to operato a threcephase
machine satizfactorily from a single-~phaso supply at 2-spoods. Thoe
main points of interest arotr
1) The stator windinzs aro connected in dolta as shown in
Figs.3.1(b) for the normal spoed operation., Propor cholco
of eapncitor gives a very satisfactory operation at this
“apeod vith normal rating,.
11) The windings are rearranged to ho connected with displiacemn
angle of 600, for the one=third speed operation {sasc Tim,.7.
Though conzsidorable torque 1is obtainod with hizh valne of
capacitor, it 1s rocommondod to use 2 lower vnlue to emable
currents to he lov and got a histhar rating of the machino.
111) Tho switehing arrangoment for the machine is oxtromelv
gsinple and consists of only six torminalsa,
iv) Sinece the machine 1s gtandard thrac=phase, no oxtra labhour
is required in desizn oxcopt when it 1s dosired to use all
three phasaes in one«third oporation, one of the windings h
to be splitted in the ratio 43113, This does not involve
a great denl of oxtra skill or labour. The improved
porfornance with such arrangomont would Jjustify tho slight

extra labour cost of the winding.



=35

v) Yhen a throe-phaso motor is oporntced hormnllv fron n ~in7lo-
phnsa supply, tho maximum safo out-put is waunlly nhout 437,
The 2egpoed nachine undor investization will nlso zive mrhout
83" power outeput at normal spoed and 227 powor outeput
(equivalont to the samo torque) at onew-third speod within
tho permissible Comporature limits. Ono intoresting fant in
favour of the one=-third operation is that the notor at this
speed could be londod riszht upto the maximum pull-out torquo
at this speed uvithout affecting the curreonts in the machine
appreciably. It ern bo soon that upto about 337 powor outepud
could he continually obtained in this connoction without injm
to the notor or without much chanze in officiency, In this
respont thoreforo it 4iffors from other induction mnachines
vhich in maneral cannot he run nesr pulleout contition for
more than a very short poeriod,

vi) Thé exparimental atudy of tho motor has indleanted that vhon
tho stator vindineg are in atar the numbor of canncitors of
difforant cnpacitios enn ho reduced only to tuo Por hoth tho
operations., But if tho windinzs are in delta, thc number of
capacitors may rise to throe for satisfactory operation of
the machine at both the spocds,

5.2 Applieations '

Tho availability of o specd as low as ono-~third full specd o
advantagcous in a number of industrial drives. For example, thoso
apnlications vhoro oporntion is normally nt full speed, dut n lovw
spood is nlso roquired for accurnto positioning, such as wvarious

noachino=toolss Asaing in the caso of rociproecnting punps and aninle
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flov £nang, tho nvnilability of one~third full speed facilitatas
cconontlc onozntion during pertods of low demand, Marthor, cortanin
dpives roquire two discrete speeds during oach eyele of duty, such
as nachinos using quickeroturn motion, nutomatic drilling and tapping
machines using a slov foed nnd quicl withdrawval end tool«feed motions
for vhich a quick traverse i{s occasionally roquired.
5.3 Suggestions for FMature “ork

The work deseribed in this thesis has haen broutht to a
sat isfactory conclusion hy investinntine amd annlysing tho hehaviour
of n ﬁwa-épeaﬁ motor havine the mogt commonly used tvpe of atator
vinding, Howaver there remain cartain toples regquiring further
detnilod invastisation vhich are given holowi~

In the text of this thesis, no consideration hns heen ziven to
the uso of an asymmetrical threo-phase arrangement. Due to the
asynmotrical vindinzs & large third harmonic field will be doveloped
in the air gap of the machino wvhich nay be usod to improve the
performanco of the mnchino at onesthird spocd, Thoush the same will
1ive the run=up troubles vhen tho notor is connccted for fullespecd
oparntion, If the amplitude of the foruvardecomponent of the third
harnonic fiold could be kept small, wvhen tho motor iz commected for
full=opoed oparation, it is possiblo that tho asyrmotrical thrac=phas
arrangenont may prove to be a hotter econonic proposition. In any

case the problem provides interesting possibilitioes,

LR R
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CHAPTER=7

APPEMDICTS

7.1 Fourier Geries for the M.M.F. Yave.
7.2 Design of the Induction lotor used for Testing.
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7:1 Tourior Jories for the nm.m.f. Yave.

The Nelefe 0F n sintle-phase bolt of m coils fed with altornatine
curpont of frequoney ©/2T eyeles por socond is trapezoidal in
ghnpo and ¢nn be oxpressed in terms of a “ourler series with constant
co=-cfficients as

: 1
Poh = (/W) m Ty (7 fos ¢ C08 X ¢ eue + =Ry fos w0t fos nx +

cone ) (7.,11)
vhore F is the poak ampore turns por coil and the coeafficlenta %y,
Ko eoss Ky otcs aro respectivoly the winding factors for the
fundanentaly the socond eess And the nth harmonte field.

In a symmetrical phase winding, the consecutive phase belts are
spaced 7 eolectricnl radians apart an? carry curronts that are opposit
in time phase, Honce the oven harmonic terms will disappear, The
n.n.fe of a symmotrical phase winiding 1s thereforo givon by

Fon = (4/7 ) m Fp Cos wt (K Cos X + ;;- Ky CO5 3% + eeeet

%.Kh CO8 NR + seoe) (7.12)

The ¢threo phnse vindinz vhich is distributed in opace will
carry the snme current nnd the rosultant m,n.f, will he tho sumnation
of the three m.m.f, wvaves as 13 repraosented in cquation (7,12) hut
with the only chante thet 2nd and third phase n.n.f, vill now have
torms (3 + 240) nnd (x + 120) instend of x, ‘ |

The n®D harmonic enmponent of m,m,P. wove for thrao phases will

Py 2 (&/7 ) n Ty Q(.,/n) Cos Wt Cos nx £7.17)

In

Fop = (4/7) n Fp(K/n) Cos @t Cosln(x + 240) (7.14)

Fan = (4/7 ) m Py (Xu/n) Cos @t Con nfx + 120) (7.15)



(111)

The resultant hnarnonic component will be
t?nx E Fln + Fan + Fﬂn
= (4/T1) m Fp (Ky/n) Cos w0t [Cos nx ¢+ "os n (x + 240) +
fos n (x + 120)]
= K, Fp Cos wt fos(nx + 2nT/3)(1 + 2 Cos PnT/3) (7,16
vhere ?; = (4/71 Yn/n) T or amplitude of the nt" harmonie m.m.f,
of each pbaéa, wvhon each phase winding iz consfidered to he of non-
distributed and full piteh form.
7.2 Desizn of the Induction YMotor usa? for Txperimantal “ork.

For experimental work a motor was raquired in vhich the full
periphery of the stator was used even when the resultant angle
betwoen the two winding axes is either 80° or 120°, *lso as the
motor is to run as a halanced threecephase machine when connected
for full speed operation. So the motor is to be desinned as a
nornal three~phase induction motor. To limit the numher of tarminals
of the motsr, it was supposed convenient that while the two windines
of the two phases are connected either at 60° or 120° the third
one should be split up into two perts in such a way that vhen the
tvo parts are connected to tha other windings give a resultant
antle of 60° or 120°, |

Fiz.7.1(a&b) represent such connactions for 60° and 120°
operat lons respectively. Referrins to Pim,.7.1(a), lot / 8281:2 = <S

L 1]
Also let DyBy = hMio = 8y Cie = x and fAge = my ngca = n
From A A2 A102 ’

(8 = X)/5in § = 0/31n(60 - &) = n/3in 120 (7.21)



{1iv)

From A é AECQ’

m/S1n(30 « § ) = n/%1n(60 + & ) = 2(a = x)/81n 50 (7.22)
From equntions (7.21) and (7,22)

(2 = x)/n = 54n § /51n 170 = Sin 6O/2 “in (B0 +8 )  (7.29)

The solution of equation (7.23) is § = 22,2° C (7.94)
Then from equations (7.21) and (7,22) 1t ean he shown that

x/(a - x) = 4113 (7.78)
mtn=1:1.6156 (7.98a)
n:m= 1:0.62 (7.26%)

hence the € windint should have two parts with a distrihution
of turns in the ratioc 4113,

The only available mechine for the purpose was one having the
cage rotor with fallowiﬁg apecifications:

Inner dianeter of the stator, D = &}

Axinl lensth of the statory, 1, = 44"

Humber of the stator slots, 3 s 48

Humber of the rotor slots, S, = 56

Width of the stator tooth, t = 5/32"

(the stator teoth were parallel =ided)

tator slot width at air map = 7/32"

Depth of the slot = 1*
tappings are to be rrovided in C phase winding for 4113 distribut ion
nn? in A phase winding at 1/J3., Specifications of the vindine to he
desisned

400 volts, star connected, 50 c,p.8, 4 poles.
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Dezizn of the Windings:
-8

As E = 4,44 Ky, £ Tpy $x 10 volts 17.27)

vhere X, = winding factor

£ = frequency in C.p.8

i

Tph = pumber of turns in series in one phage

c{:

hs E = 231 volts par phase,

i

flux in lines

f = 80 Cspe8
for full pitch coils and 4 slots per pole per phase, XK, = 0,958
the pole are, 11 = 4,326" )
Assuming the averaze flux density in the air gap (Bg) to be
26,000 lines per square inch,

$ = T oxlx B;

= 46.26 x 10 1ines,
Suhstituting the above in equation (7.27), Tph = 235
Number of conductors per slot = 235 x 2/16 = 20,5, gay 230
Number of conductors in one part of the C winding =(4/17)30 = 7
NMumber of conductors of the tapping In A windinz =(1/73)30
= 17,3, 8y 17

Hence it was decided to take 30 conductors par slot.
“hen the Tp, = 30 x 15/2 = 240
Tew value of B, = 235 x 26000/240 = 24500 lines per snuare inch
The maximum tooth density By, = ('HVE)B; %la/t 1,
wvhere M = slot piteh at the air gap

tooth width

124
i

1a = gross axisal lenzth of the stator core

1, = net iron length of the stator core.
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3ubst itutinz the values of the above quantities

B = 93,500 1lines per square inch,
The naximum value of tooth density is 110,0CC lines per square inch
for 80 ¢,p.s motors, so the above value 19 wgll within limits,

5lot piteh at the bottom of slots = T x 7.5/48 = 0,47 inch

Slot width at bottom 2 0,47 » 0,156 = 0,434 4inch
Glot width at top = (.218 inch
Area of the slot = (0,314 + 0,218) x 1 /2

= 0,266 square inch

Let the slot space factor ha = 507
Net area for winding = 0,268 x 0.8 = 0,133 gn,inct
Aroa per conduector m 0,133/30 = 0.00M4 8q,inch

The nearest S.W.%. No. to tﬁls aren i3 "18",
Assuming the value of specific electric loading to he 400
amper conductors per inch,
The current per conductor s {400 x 7 x 5.5)/(30 x 48)
= 8,15 amps, say 5,0 amps,
Assuming the current density to be 1500 amps per square inch
Area of each conductor = 5/1600 = 0,0033 sq.inch
The nearest S5.W.5. No. to this area 1s "16", whose area is
0.003217 sq.inch. But the S.W.%. M0.16 wire was not available in
the store, two wires in parallel of 5,".%.7,19 can be used instead,
The S;W.G.ﬁo.lg wire has the followinz particulars:

Bare dia. = 0.04 inch, Dia. over insulation = 0.048 inch
(supper enamelled)

[ )
Aren = 0,0012669 eq.1nch, Resistsnce at 25°C = 8,51 ohms/1000
Hence the new current density = 5/(2 x 0,001°569) = 1985 amps/Sn,.1n



(vit)

The pitch of the winding in terns of slots = 48/4 = 12,
3o the windiinz throw will be from first slot to thirteenth slot,
As the pitch 15 an even number so the single'laver full pitch cotls
cannot be used. For the full pitch winding the double layers will
have ;o be used, As the number of conductors per slot is 30, =so the
number of conductors per layer will be only 15 and the tappinzs will
become difficult as far as the asccuracy 1s concerned, But the mumber
of conductors per layer will be increased to 30 as there rmre two
conductors in parallel. So tha windinzs can be completed takineg 30
cohﬁuctors per laver and the final connections to hrine tha twe eanils
in parallel can be made while connacting the eals of the rospective
coils of a phase aroup.
S5lot Details (see Fine7.2)

Slot lining, 10 mils + 5 mils = 0,015

Separators, 4 x 5 mlils = 0.@2"

Tooth thickness = 0,0625

Wedge (fibre) = 0,0625

Gross slot area = (0,218 + 0,314) x 0,9375/2

= Q.25 3q,inch

Insulation areas

Slot lining 2 0,015(0,9375 + 00,9775 + 0,74
= (,0328 2q.inch

Top wedge = 0,0625 x 0.21R = 00,0138 Sq,1n
Separators = 0,006 (,218+,242+,266+,29)
= 0,00R08 Sq,inch
Net slot winding area (S"A) = 0,1985 8q.inch
Diameter of the wire with - = 0,045 inch

insulstion
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Space required by one wire, treating the

conductor as if it were a squere =2 0,02025 S5q.1inch
jpace required hy 6C wires a 0,12158 Sq.inch
Slot fullness = 0,1215/0.28

= 48,77

nence the windinz enn he accormodnted in glots well.
stance of the Vindinz

The axial length of the stator core = 4.25",usine
>nd shape coils, ‘the lanzth of tha active coil nides can he
n as 5.25 with 3" projocted outside the slots on each side.

As the coils are full pltch coils the coil throw will he nearly
1 to the pole pitch or 4.3 , say 4.6 . Also let the total lengt!
he over hang on one side of the coil bhe 8 . The axlal length of
>ver hang will be about 2" which 1s sufficient for insulation
*an be well accommodated in the end plates of the frame, The
nsiong of the ¢coil will he as shown in Filgz,7.3.

The mean length per turn = 22.5 inch

Total lenzth of the wire per phase = 228.8 x 240 = 5400 ine)
= 450 feet

Hence the resistance at 25°C = (450 x 6.51)/(1000 x ¢

i

1.485 ohms per phnse
Resistance at 30°C = 1,65 ohms per phase

Resist~nce at 40°C | = 1,52 ohms per phase

*ee
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71 CONNECTIONS OF THE STATOR WINDINGS TO UTILIZE ALL 1
WINDING SPACE FOR (A)68,(E)l20 OPERATION.
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