STUDY OF INDUCTION MOTOR WITH
ASYMMETRIC ROTOR

A Dissertation
submitted in partial fulfilment
of the requirements for the Degree
of
MASTER OF ENGINEERING
in
ADVANCED ELECTRIGAL MACHINES

By
TAPAN KUMAR GHATTERJEE.

.DEPARTMENT OF ELECTRICAL ENGINEERING
' UNIVERSITY OF ROORKEE

ROORKEE'
July, 1968



Cortified that the dissortation ontitlod ?*STUDY OF IMDUCTION
MOTOR VTR ASWDICTRIC ROTOR' which 4o boing subnittod by
6ri T.8. Chattorjeo 4n partial fulfilpent for tho avard of the
dogreo of llaotor of Engincoring in Advanced Blootrical Hochines
of the Undversity of Roorkosy Roorltteoy is a rocord of studonts?
oyn work earricd out by him under ny suporvision amd guidancae,
Tho notter ombodiod in this dissertation has not boon submitted
for the award of ony other degree or diploma,

This &5 further to certify that hoe has worked for a poriod
of aoven months from Jamary 1968 to July 1968, for preparing this
disportation for lastor of Engineoring at this University,

Dated, July 3| 1063, Dp, P, Hukhopodhyay,

Profossor of Bleotrical Enggey
ﬂnivargity of Roorlkeo,

3 Jhe



Tho author viches to ompross his profound gratitudo to
Drs Pe tfulﬁzopadhyuy, Profossor of Elestrical Bnglneoring ot
Univorsity of Roorkeep, Roorkes for his .valuabla guidanco, and
continoous ingpiration without vhieh it would not have boon
poosible to conploto this work, |

Tho outhor 19 also indebtef to Prof, C.8. Chosh, Hoad,
Blootricol Engineoring Departrient, University of Roorlkeo,
Roorkoo for his keen intorest and for providing various
focilities for the completion of this work,

Tho anthor vill fail &n his duty if he doss not acki;wledga
the value suggostions and helps he hes maaiwed from time to
tino from othor young ataffemombors opoeially from Sri 5. Basuy
Locturer in the Bloetrical Engincoring Dopartment during the
omporinontal vorks,

Thanks oro also due to the ostaff of Eloctricsl Enginocering
Doparinont workehop for thedr coeoporation in fobrication of tho

notov.

Tho anthor alse vishoo to thank tho steff of Computer
Controy SeB.Relsy Roorkes for hoelpful ecoeoporation,

(7K. Chattorjec)



APSIRALT

In tho presont work an ottompt hao doon ande to otart
tho oinglo phooo induction motor vithout the starting winding,
by introdueing salloney in the rotop, This magnotio aoymanetey
in tho rotor circuit hos boon fnvostigated in detadl and on
onalyodo 4o nodo on the baolds of twoeazds thoory, Tho parae
rotoro of ioportance have boon dordved anf oxperimontelly
varifiod. Parthor ¢ho case of mechanical transionts has been
otedicd with o duoc consideration o nonelinoarity of torquee
opectl eurvo with tho holp of computer,

An influction motop with asynmetrical rotor has boen
dosigno@, fobrdcated and tested for the sbovo purposes
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Tho syabolo dofinod below hoeve boon uscd withoud
dofining thcas Shoy hovo tho poaniag bolovs

v, P Inotantonoous opplied voltego

o

o Iantoantanoous dessids voltono

&

o Inotontancous qeandc voltogos B

ot 5L

& Hoxdrun valuo of instantancous opndled voltagos

“'33. o Instontonoous denwdio oldp froquonay voltogoe
%p © Inotantanoons deaxdo (2es) froquoncy veltages
ng a Instnntoncous geanio ollp fm@mmeﬁy voltagoe

vga o Inotontonsous qeonds (Pes) froquoney voliasos

& 5 8lp &n pelte
p © %g oporators

N Sposd of tho rotor,

stator '
Vqy © Pluz Linkago dn tho denmis of tho/aireuit for olip
froquonoy voliosos

Voo © MRuz lnkogo dn tho deomls of the stator clreult for
{2e0) froquoncy volto(Ce

Vol o Mag Makogo in tho geando of tho otator edpcult fop
olip froguoney voltapo,

Ve © Fiuz 2inkogo in tho geanio of tho ptator edrondt fop
(%«3) frogquonoy voltonce

L, = Btosdyeconponont of oolg-inductanso of cgawgg g% ipendts
of statop
Ly © Doublo froquoney cecponont of colfeinfuctonso/elreuit

Ey, © Voltage cepood tho rotor cieemit 48 tho @eando ot oMp
£roguengys

Vgg o g%tngo aepooe tho votor clreudt 4n tho deanls ot (2«0)
4 PCRUONSY » :



Vqi © Voltago neross tho rotor eireuit in tho qeonis ot
q slip froquoncy.

v§2 1 Voltogo acroos the rotor ¢lireuit¢ in tho gqennfls of
(2+5) frequoney.

\ppogy @ Fluz linkego of tho rotor cireuit in tho deamds for
8lip froquoncy voltagos

Ypqo = Plux linkago of the rotor eirocult in the denxds for
(f=n) f'requmoy’ voltoge.

Vpgy © Flux linkago of the rotor cireu% in tho qe-amls fop
@ 511y frequenay voltag0,

Yege © mux»mm:aso of the rotor cipeult in tho qenxin fop
(2=8) froquoney voltago,

Lﬁa = Mutual induetance botwoon the stator and tho rotor in
thy deaxio, ‘

x‘m o Mutual inductanct botwvoon the stator and the rotor in
- the g=axis,

Lyg © Solfeinductanco of the reotor eclreuit in the deazis,
Lm o Salféind‘uatance of tho rotor oireuit in tho gearis.

Ly = Solfeinductanse of the deanis stator cireuit

Lq o Solfeinductonce of the ‘qmm:& giotor cirdoit,

Ly t(p,)w Cporational induetance of tho deaxic stotor aireu&t,;
nﬂ(p)u Oporational inductanse of tho qwaﬂs ptotor oircult,
Vg ® R.1e8. value of slip frequoncy valtnizm

Vs © R&lBe value of (2-0) froquoncy voltage.

Ra(p)e Oporational recotomec in the deaxio stotor eireuit,

Kq(p)w Oporationnl rocetoned in tho geanis stator cireuit,
r, © Resistanec of tho otator clreult,

3&1 2 Relle8o valuo of deaxio stotor eireudt at 0ldp froguoncys
I



Ig0 © RellsSo volue of deanis otator curront ot (2e5) froquoncy,
qu 8 Nolle8o valuo of qeaxdo otator curront ot olilp freoguoney,
x'qa 2 RoteSe volue of qeaxds ototor ecurront at (2e8) froguoncy,

Iq = RS, value of the qenxis ototor current
o RoMlo8e value Of the gennio stator curront,
I o R85, value of stator ourronts

v Ingtantanoous valuo of atator current,

am # Instantancous maxinum valuve of deaxls stator current af
slip froquency,

<

1, © Instantoneous maximum value of qeanis stator current at
slip frequencys

ama o Instantancous masioun valuo of deaxds utacw ourront of
(2e8) froguonsys

1@ o Instantoncous maxioum valuo of qennis of%ator current af
(2-8) frequeney.

rfc, o Blectro-magnotic doveloped torquo
Pu = Average potorestorquos

£ = Instantanaous velue of tOrquo,

::1' s Inakoge ronctonce of stater elroudt

Pog © Resistance of the mw ciroudt 4n the Goamis,

Bng © Lockage reactance of the rotor clreult tn the deardo,

r.. © Roslotence of the rotor oircult inthe gepsis,

rq
Bpq *© Loockege reactonco of tho rotop olreult in tho geauldo,






Hony=f0ld applications of single phato induetlon nmotoro in
doncatic and induntrinl f101ds havo drovn the attontion of soveral
authofsa But all of thom havo boen confrontef with the wollknown
diffionlty of single phase induction motor that it lacks inhorent
starting torque. This ig obvious frem tho fig.l.l vwhieh shows a normol
eape rotor oxcited by o single stotor winding, The current floving in
sach of eagc bay roacts vith the gep flux produeing n torguo. Tho not
torque averaged over the ontirsc poriphery 4s zoro. In othor words
the maéhine is symmotyic about the noutral exis RO's To start the |
motory, this symmatry should be distmrbed, This can bo dono by introduc
ing osynmetry elther in the olestris or in the magnotie cireuit of thﬁ
motor, The single phase 1nda¢tiaﬁ motors in use to tho method of
starting aro |

1) Split phase motors

11) Capneitor nmotor
111) shoded pole motors

In tho first two cases, the olectricnl asymmotry is introduced by
connecting an auxiliary vinding in the stator in tho stator beuﬁdesfﬁhé
main vinding. The two stator windingo are of different impodances ond
henco they cary eurrents of difforent msgnitudos and phases, The
auxiliory vinfing 4s normally placed in space guadrature to the main
vinding. The time and space phase differonces detweon the two vinding
n.n.£8, givo rise ¢o a resultant field having o rotating componont,
The squirrel cage rotor roseds with the rotating field to produce
gtarting Corauo.

In the oplit phase typo, tho ocuxiliapy vinding is of finor vire
gougo and henaso a highor rosistanco thon the nnin vinding, Thie
rooults in o timo phaso difforonco bofiroen the curronts in tho two



vindingo. In the capacitor notory, a capocitor io comnocted in
gorion vith tbc outilinry vinfiinge The tine phaso gpliting 4s moroe
4n tho caso of aap&gitor notor than the split phaso ono and honeo tho
starting torque,

In the third ease, tho magnotic asymmotry i introduced by imparie
inp palicney in thé stater structuro. Around onsportion of onch pole
in veoppod a coppor otrip, forming a closed eireuit., This 'shoding
codl? doloays the flux possing through it, so that the flux lags in
phooo hohind that in the unshaded paprts This gives rise to a sywoope
ing action, magnotically, seross tho faco of the pols, regulting a
rovolving flnx dnﬁ thoreby the starting torguo, |

Ess&&eé tho above throo typosy oingle phase repulsion motors
aro also used, Tho repulsion motor has o rotor winding 1iko a G.0.
noehine ormature vinding ond i connoeted to o conmutator, Tho
gtator hos ¢ sinsle winding., Brushos are keopt shor¢ cireuitod and
tho brush axis 4o ot o spoco onglo o the stotor vinding axisy Vthen
tho stator vinding 18 emcitedy induecd curronts flov in the shore
circuitod rotor winding. Tho rotor winding m.m.fs 19 ot o space
onagle to tho gtator winding mem.fe The two winding n.n.f's roact
vith oceh othor to produce a torquo. |

A rodienlly difforont mothod of starting vas ougposted by Eauagﬁ

Ho bas stoted PA single phaso induction motor (Mge.l.2) may bo
givon otarting torque by véryins the rotor constants over tho pole
faco oithor by asymmetrieal iron structure or vinding®, Starting
torquo orives frem tho differonco in leskoge reactances of the rotor
bars on both oddes of the pole structuro, It causos a difforont
curront %o flov on ocach gido producing o resultant torquo. Tho
aifforonss in tho outunl ronetancos on two pidos of the polos nakos
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& phase differcnco botveocn tho eurronts flowing 4n both oidoss This
aloo attributes to thoe rosultant tﬁtqnaa

The nethods suggested by hin to got tho asymmetry aros

§) To ving more turms about one side of pole fneo thon about tho
othor side thus causing differcnce in tho pormoability of both the
rotor and gtator iron, | |

41) To suitably shape tho stator making tho airgap under sach polc
noneuniform, Hoither this mothod has boen takon edvantage of in
practice nor tho oxaet implications uniorlying this prineiplo seom to
have boon thoroughly studiod, ‘

The constant loss in the shadad ring has ottributed to the lower
officioney of shadodepole motor, The shortecireuited squirrel enge
winding on tho Totor itsolf has the offeet of shading, Considering
thoso points Dashpando and Desafahava suggented a type of single phaso
induction notor vith nsyamotrical rotor vhieh they name as 'a single
prase induction motor vith partially opon coge rotor', Fig.(1.3) shoub
a coge wvhore sons plots have beon left opon without cage bars. The
end-rings arc ecomploto., Fovy rofering €0 Fig.(1.1) it ¢an bo shovn
that the closkwise torquo due to bars 1-1' is boing eancelled by the
counterclocinrite torque duo to similarly situated bars 8-8' and so on,
producing o not zero torque, But in the case of Fig.(1.3) there arc
no barg ia tho slbts 6-6° and tho cloekuise torque duc to dbarks 2«2¢
is lef¢ uncompensated and the rotor will oxperionce a cloclaripe torgue
oevon vhon oxcitod by a single stator winding, The axis AAY of tho
opon plots vill try to align with the noutral axis W', The mognitudo
ond diroctlon of the torquo donend on the position of AAY, Howvover,
ag the rotor gtarts rotating under tho action of This forquoy the
torquo will also chango in nognitude and ddrection. Vhen tho axids AAY
turns past tho amis Y. 4& 40 obviona that tha Advantisn AP tha tanana



45 roversefls But the rotor in the meatime will dovolop opeed voltage
and will have o tendoney to maintain rotation, Also the rotor will
havo om angular homeatum and etore mechenical enorgy and henco it can
not bo brought to rest instantaneously by the reversing torque, If
tho point A is able to go past Pty it will got agaln an ascolerating

torque.

The absence of bars has introduced an asymmetry in the electrical
cireuit of tho rotor. It may hovever be noted that the magnitie
eirecuit of the pobor is absolutely syumotrical, ﬁ@éai hop suggestea
nany vays of e¢reating the asymmotry namely use of differont bap
matorials, use of different bar sections ot

Another asymmetrical rotor motor has been developed by subbaqnadg

Ho has suggoated a double eage rotor vith all the inner slots and
sone of the outereslots £1lled with suitable bars conneated to tho
sano cndering Rigvtls0d. This is evidontly & ceso of eloctrienl |
agyanetry of the rotor,

But in the present cose, an attamgt'haa boon mede to oxploit the
nagnotie property (reluctance) of tho material to croate %ha'asymmaﬁry
and thercby to start the single phaso induction motor with only one
stotor coil, The construction of the machine 49 simplest onos It
may soon paradoxical that the'manow‘ﬁhough the sinplest in structure
presente groat difficultios vhon annlysed quantitatively. This
reluctanco~gtart induetion motor is differont from reluctance motor,

It can be oxnlained from the Fig.(1.8)s Sinco the flux passing through
the inter-polar zone traverses logs iron path in the magnotie circuit
conparcd to tho airegnp path, The damping of flux duo to eddy currento
in tho iron is nloo less, Thorefore, the flux passing through tho
intorepolar portion loads the flux pasoing through the pole soetlon.

Ml Qo Suwrn Al P40 dha nacntEnalt Plase Ceas ths widn $n the nopeey



gapy and the motor follows the fiux movoment, In other words the
rotor-axis will always try to align to the minimum rolustance paths
The position of rotor with its polar-axis shifted from the stator
axis uillvalways produce some torque to align 1ts polar«axis with
tho stator axis, Henee it ean be started in any direction depending

upon its rotor positisn,






sheet steel with slots, The rotor is dumbolleshaped and hence a
salient polc type one, An air-gap scparates tho rotor from the
stator,

| The electrical cireuits of the machine can be differentiated
into two classest

1) the stator cireuits, and -
11) the rotor eircuits,

In the statory cach winding may be regarded as constituting
an electric eireuit, The rotor cireult consists of a nosof
copper bars arranged in the form of a squirrel cege with the ends
shorted by copper rings, This arrangement of conductors decomes
a network and the current distridution can be determined either
by the noda»pair method or pmoferably, by the eyclie=current
method,

The ratating machine analysis domands the selection of
some referencs frame, This referenca frame may be attached elther
to the stator or'to the rotor or a reference frome stationary for
stator, éna rotating for the rotor may be chosen, Beosides, it is
alsb possible to select reforence frames which rotate at an

. arbitrary speed not connoected with the rotor speed, In the
prosent case, the reforence frame is fixed on the rotor and 1s
moving at the rotor speed, - rad/sec. |

The machine can be represented by Fig.(2,1). With the
reference frame chosen, the machine analysis has been done with

the following idealised assumptions,
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1) The magnetic paths and all eleetric circults are synmete
rical about the pole and interpole axis,

11) Hysteresis saturation and other non~linecar offects are
neglected.

111) The effect of space harmonics in the flux wave is also

neglocted,

243, ABALYSIS:
The stator winding is splitted into two fietitious axis

namely dﬂuis and quaﬁs.
Vg = Vg 08 &

Yq

ReVy gin ®

whore @ = (1l=3) wt,
and \ 3 Yy 008 On-vq gin @
Assuming v, Vm 008 wt,

+*s Vg =V, I cos vty cos (1-s) wti

v
= -g'- fcos 8 wt + cos (2+3) wt |

Y
vhen vy s -5- cos s vt,
v
Va0l -55 cos (2=3) wt,

Similarly,

v, % e v,'! cos wt, sin (les) wt |

q
v
:—f- Y sin s wt « ain (203) wt |

. vql + 'qz
e - - Vu/2sinsvwt
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Vo2 * ° -;’3— sin (2=3) wt,
Now, using Park's equation for each frequ&my voltage, 1t can
be written, | |
TPVt vt Teln g
o sae (1)
VL 2PYqr " VVWar* Telq |

vhere p = Jsw, va {(1+8)w for tho motor running with a
eonstant slip g, 1,0, at stoady state,
and for (2«8)w rad/sce. froquency voltago=

Va2 * PYq4g “"an +r, ’-32 1
l aEe {2)
X
I

Va2 © PY¥qo =Vgp * ¥ L

whon p = §(2=8)v and M(les)w for steady state operation,
Now, 1t can be shown mat-

‘Pal”im“' ¢ ’é’*"m‘az

Ly

Va1 * 4qy (Lo = "é"" 1

ez * 132 (Lo = .?.)4-:.“1

In the same way, the Park's Equation for the rotor eireults.

Va1 % P Va1 * *ra Yray {
: T : . (3)
':1 2P Vgl * Trq irqa ] .

~vhero p » isu for steadyestate operation,



| 11
oy
"2 * P ‘Fraa * Tra 1rao

LA N (4)
oo °

TN SOV g

q"rqé * Ppq dpq2
when p = §(2«8)v for stoadye-state operation,

Again, the flux linkages for the rotor circuits can be calculated
as rollowss

Vet b

\‘U“[rql - L aq ' "ql. + qu izl .
Yo * Y Mo % Tea By
wfqg( ® Ly 1g2 * Lpq o

Putting the values of a3y yoay Yrgys q}.’;q“l, in (1) and (3)

Ly

Vyep el (1 e e Loy 11+ V1ag, (L= —5%) + %
e it |
i
1" P lgy @ %""" Loglas | = 1tgy (e '-%)* :
! K]
Lagtiy 1+ 7 1qs :
iy P 143y L * Beg 25y 1 ¢ 1eq 05y %
r
Va1 ® P Mgy by # Leg 3g3 1 ¢ g 1 I
‘ s e (5)

Vriting 1y @ (L, ¢ L,/2) end I, = (L, = Ly/2) and arrenging in
the matrix form, the following matrix (6) can be developed,



) - » ' ‘u'sw,'

vgl L(pha + 1) br,q i P ] Vg } 18,
8 T - i » ]
, | | | -

Va1 Plog (PLpg*Tre) a1
‘ ¥

a1 PLag | (Plyg rq’ 1
eeolB)

In the seme vay, wiung value of \tyay \pqg, Yare tqro
in (2) and (4),

vao ® pf 13, (L * -’%—)i Laatgol® Y 11gp(L, = -gg)r. 130l +T4lgo
= 0l gp (e '%3"' Lpglge! ="l1gy (bg* ‘L‘g)*%a*az Btgdg

& + L r
"33 = ?f’-aa Lag * Bp “'az I+ g f02

evs (6)
Now writing L, .z (L, + Lo/2) & Ly ® (Ly = Lo/2) the following
matrix(€) can be formeds

s | . - » 8

Vas (pLg + rg)! 'bf‘q : Phyg bl‘aq ' 1 a2
! ]

4 8

q2 - 3Ly (Plyrg) | =dyg | Plgg 100

s Plgg W (Plyy*7'pq) 7 132 4
r : | | i ‘ | | | b o | :

) ‘l_“;; \ﬂi'.\. 7:; - ':.(”PQ-“‘)'U’. - ("hwf;.:['“ ""'(6)

w ¥



v

Now taking the values of vﬁl = ';1 = '52 b vzg = 0 and reducing
the natrices (8) and (8) to the (2 x 2) matrix fors and representing
the impedance matrix 4in its operational form (vide Appendix I), the

natrices (5) and (6) can bo written as (7) and (8).

The matrix (5) reduces toe=

8
Va1

3
vql

vhere ps)sw, Va {1e8)w

In the same way the matrix (6) reduces tow=

—
Va2

B
ng

st

r, * Py (D) qu(p) 131
Mg ) | rgeply () 11

gLy | Slg® | | 1
= 14 (p) r5*P Lylp) 1q2

vhere p = J(2es8)w, 5& (1-s)w

Tlow, Lote
8
a1

»
. » ql

& v;a

2
. Vﬁa

Honce for tho steadyw=state oporation can be represented by=

= vm/a cos swt = Vy

=y /2
w V,/2

sin syt o - vy

co8 (2ws) wi = Vs |

w «V,/2 sin (2ws) wt = iy

V]_‘ r,+§0%, (Jsv) »(‘1~3)Xq§3w) 141
-3V |R(1e8)Xy (J8W) | mowisX (Jaw) In

es(T)

vee(8)

cee(D)
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| v‘gﬁ vaa-j(awa)xdlj(z-_-s)w{ (1*3)%!5{2«)“‘ * PPN
§Vs ,_(1.‘.5V)xd13»(2.5)wx‘ ;rs(aas)qu;_ xqe
- T T s4(10)
Now from (9)=
"T’""‘"‘"’““"’““‘“L R B - vea(11)

g+ (1-80)Xy (Sow)E (Jow) | #Jomy 1Ry (Jou)ex, (ga)¥

and
<30y I vy + $%a(daw) 1

Ia® ' ‘
Ie + (1-2a)xn(3sw) xq(aw)lﬂsrs XXy (Sew)+ xquswll

os(12)
]

Agaln- from m,

Vol 7y *+ 3%13(2-5)*19

I it isoton
6z ° w-(am;xdu(z.-s)wxx tie-si +3r, (28) X 13(2-8)vis

quj(e-s)wl | | 61?(13)

§Tp Py +i%413(2-e)v]
Igo ® 2 '
-(suea)xdls(2-3)&!qu3(2~8)% +3r’(2~s) xals(z-swb

xnu(z-»a)wi ) oo s(24)
Now, the currents I,y and Iql- alternate at a frequency sv rad/secs,
While the cirrents I, and xqa alternate at a frequency (2-8)w roed/sec

and Isﬁlé cos @ ~Iqain0
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Therefore, all ths quantities are now again transformed to thelr

instantaneous value. |
oo i, = 131 cos G + 1;2 eos @ - igl'sél?n @ 1;25111 e
»*e 143 008 6 = 4, cos (swt = y) cos (I=8 wt)
vhere O, dependents upon deaxis stator impedance.
a 151/2 ¥ eos(wt=o)+c0s (1~28 wt # o )}

similarly,

132%9 § =L, cos {28 wt =9, fcos ('i;i vt)

= 1,48 Yoos (335 vt «d)+ cos (Wt = oA3)]

..-;:iﬁ,n o= "1:12 sin(m ~d 2} sin (m vi)

5 1,5/2 Jeos (vt =0 y)ecos (;1‘»23 vt +%5)
.132 sin @ ® «4 , sin(Bes wt =% )sin (‘ﬁ»fs" wt)
# 4,4/2 Jeos (wb= oz)» cos (3+B8 wte o)X
ofodgm /2 aea(wt.v-o( P+ 42 evas(vt =%, )41,a/2 cosuwt=u, )+
1,472 conlutec,)[+]4, /2 con(T1-28 wt +o) =4 0/2 cosliDmue

+11,,5/2 cos (3+35 wt w(a) - .am/e 0os (325 wt ~ 0(4)1
»+a{16)
~ Obviously the oxpression (15) shows that the stator current
eontains not only the fundamental frequency componsant but also the
traces of the (1-28)w ond (3+28)w frequency componants,
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244, EXPRESSION FOR TORQUEs

In terms of the real currents and fluxelinkages, the electrical
torque 1s given by«

, ‘ L]

o= BRe ( Wy I2e Vo1Ig)
The mean motoring torque Fm will be aqual and opposite to this
torque F and is given by

F' = %Re (\I/q I; - \PdI;) e s0+(186)

Hence the éx;)ressian for tomggue with the two frequency components,

can be caleuvlated as followss

* - » . .
Fa =¥ Re T wigy Igy = ¥i¥yy Bqale Be X wiygs Tgp = ¥ ¥gp Igp X

sen e2s(17)
Now from (7);

Vp 008 8V = pyy,, + (Leg)w Yar * s ’*gl
) . ) N ~ 3
Vp 6ln vt = <(Qem)ulfyy * piYgy * T, 1oy

) z,(p)

v v

Considering the r.m.s, quantity, the vector equations are obtained by
replacing g a: jow and writing capital letters for the small letters .
and putting/over flux linkage terms,

ofo Yy " 33"(‘-’-.51 + (1-8) wq—’ql trylgy | |

| _ _ 'Gl(w)
~3Vy ® ~(1=8dw\gy + dsWypy + 7, 1oy }

vhere, "\Pdl o A ZEL) 9

"%1 » xq(,jw) Iu
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From (18) 1t can bo solved for wigy amd v oy
: | r,
) Vl """"xq"zg " *+ QV]_
Wq"u —— rg '
(1-28)+ "GLT -—h*-y
xa(aw)x (3s0) * 35!',1

_ | N T"‘é’T" s

(1‘2')* sw? Z (38W) +sr lzdﬁ ) dwa!
From (8)«
Vv
..g_ cﬁﬁ(ﬁ”ﬂ)’ﬂt = p\}lﬂz + {1‘8}?‘/&2 » 1"3 iga % .
' { ‘ ".(20)
I

- %" sin (éms)w‘b = <(1e8)vygn 4P \qp * T Ig2

wriﬁi“g th ta!‘mﬁ‘_Of rom.s, quantity, the vector aq’uatiomx are=
V, 33(2es)w @62 +(1e8) Wq’qa +ry I{m

“iVy = «(L-8)V Ty + $(28)W Yyp ¢ 2100

vhere w\;da = Ru 13(2"3)” X Ida

C Viyg = %y Xe(2edv I Tog

From (20) also the values of w\l,, and “’V?;a can bo caleulatoed as
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r .
_ Vg ;‘;rg'r%:m:r'“ +§V5(3-28)]

w\//dza i oo -

b
\b(:ﬁnz o+ B - . +*3{Des ) m "
) :QM(ZWMI:QH(E*-W! i s”’lxd - x;ﬂv !EE l‘

_ %, xgﬁfg'l’éw)w!' * 37 (o-2el

pesywyti(2-s)r x"ﬁ%mx Sesyuil

) 'SR 000‘(21)
Now, taking the conjgate of the expressions (11), (12),(13)
ani (14) and using tho expression for torque in (17) we can got the

actual expression for torque,

This expression (16) for torque may be checked by direct
substitution as followss
Let the complex quantities be-

Ig sa+

Iq gu#:ﬂ‘

LA g} 4
w q sg+ .
o'e Fy = 4 (ag + bh ~ co + 4f)
On the other hamd, the real currents and flux linkagos which

alternate ot slip frequoncy are 13y = Re (a; + §by)e Jok

£ 8yc08 st = bysin st, etes
whon the instantaneous torque ise
£y o (“1 cos st = by siz; at)(xl cos st = hy sin st)
~(cl cos st d, sin st) (elces ste 1‘1 sin st)



20

= A48y cosZst + hlhl s&nast - (blgl-o- alhl}sin st.co3 ste

cleleoszst —dlflsingst + (dlaf elfl)sin st. cos st,
(elefdlt‘m)w(effdlfl)ms 28t 4 (dl°1 + elt’i)sin 2 st

In the 2nd case when the curronts and flux linksges all will vary as
93(2‘9)ﬁ’ ,p ~ 3(2«-&3)1’..

o*e 1p = Re (ay + Jog) o33Nt
- aam (Zwgit = b2 sin {2=8)t, otc,
When the instantancous torque in this frequeney,

o =l ageoﬁ(‘a»a)t - by sin(2«s)t I Iegy cos.(zus)tnhz sin(Ces)t=

Iezcos{zﬁs)tu azsinm-s)tllaz eastaaa)t«ni‘esintzw)ﬁ_

T8o80 awz(aws)t %ﬂaingteaa)t - (bzgz*aghz)sin(aus)taas(:3.'»3)t,.

caaaeosgfzua)t - &Qrzsing(zﬂs)t*{dzeg*cat‘aisin .(Bus)t cos(B«5)t,

=¥ (az‘é*bzha’ +(as85"bphy) cOB(4e28) t=(boliotashy)sin (4+20)t-

(02§2 Holn) = (0500-4515)e08 {4+28) t+ (dgta*eztz)sin' (4=28) ¢

+*s Instantancous resultant torgues
(clel-'dlfl) Jeoa onte) (cgeadgfz) *(azszwbghgb con (4«23) t+ |

“df}."lfi) -blzfalhﬂkm oxte] (baga*azhg)n(dzagmgfz)
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Thus an express&on for torque has been doveloped directly
in termc of the components of the compex number form of the dwaxis
and qeaxis quantities, But it 1s very difficult to get tho oxact
expression for the torque, Howevor, from the above expression (22)
one can got an idea about the torque-slip characteristic Zoj tho

motor.
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341, EQUIVALTIR CIRCULRs

411 tho rotating machinos bohovo in ascord vith immmtoblo
lovs of physies. In thon cloctriealdy mognetice, and nochandenl
enorgios coeoxiat and intoroet. Two mothofis havo boen folloucd
to analyso theso olgctromagnneic and mochanleal syotcms, Ono
nothod 1s to roprosont the syoton by differential oquations,corried
to tho roquired dogroe of exaetnoss and to got tho'numar£¢al
solution of these oquations, The socond mothod is to ropresont
the gystom op 1to difforential ogquations by an oquivalont oireuit,
consioting of stationary olectricecirenit olomonts, vhich ean bo
calculotod thooroatieally end verdfied omperinontally,

- In ordor to caleulato tho topquoespood eurve of tho
maching, it is onsior to wse tho oquivnlont eireults inﬁtamd’cé
the cxprossion (17)(Chaptor Iy pogo\T)y Tho mothod, similar to
thnt comnonly usod for induction motory; has boon applicd to tho
tvo fietitious exes eircuits, nomely deaxis ond geoxis eireuits,
Following tho oporationsl oqna,(7) and (8) (Choptor II,pagor3)
and reducing thom to the rP.m.0, quontitien of A,0. systems, the
folloving oquivaleont cireuits no shown in £ig.3.1 can bo developed.
Thus onch of tho component torques can bo dotorninod from tho
appropriste oquivalent Gireuit.

Froa the aquivalont circuits of Pige(3.1) the valuos of

Tays Zq1s Tgp ond Igp con bo :;ormod out 0o followos
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Using these values of 1d1¢ Iq].' 162 and ;Iqa the expression for
the torque can bo developed,

.2 Tra
Faac hay 5

“ By 2 Py ™ Tao

and Fq o Fql -+ an

#The net torque F = Fy + Fq-.

In an ordinary induction motor the airegap 4s unifornm, and
hence the magnetic circuit $s symmetric about any axis, But due to
soliency the magnetic circuit will have two axes of symmetry, The
presence of sauahey in the magnetic cirouit of an eloctrical
machine affeats the reluctance of the magnetic circuit by the so
called *fringing &Ff flux' affects, The flux lines are ratified
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i{n the interpolar rogion. The reluctance of tho alrepath is
incrocscd and thus some flux is lost. This offeel con bo cohsidereﬂ
as due to the slot-oponing in the turbd genorator rotor. Tho
inereased reluctence 15 attributed to an increase in the offective
air-gop undor polor and interepolar repion. A mothod with the help
of Fourler ceries representation of airegap flux is outlined, from
vhich gap co~afficients in 'the tvo ams are obhtainod.

Now, putting the velues from Figs( A, )y we can calenlate,
&d o 1,04
aﬂﬁ Gq a 1,80

So long we have considered only the saliency of the rotor, but
the slotting in ﬁmwr? will also attribute somothing in 'flux fringing
phonomenon, This ean be token into acecount as a further elongation of
the effective gapelangth in both polar and interepoler region, This
factor can be calculated by formula in Say's book,

L

R, 15 caloulated as 1410,
Calenlation of X, and Mag?

The formule given by Voinott to ealeulate the magnetising
reoactance has been used. Only the alregop 1ength» in the proper amis

has been token into consideration by multiplying tho gapelangth by
the eorresponiing gap co=efficient.

Formuls givon by Velnoett,

X,=2"7¢ (c%)gﬁ%wn«%nm“aomﬁ.
0

Honeo this hos boen modified ase A
Xoq 5278 (ox,)% Qefbly B 2 30™ oo
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and qu o2 f(m{u)a n -Qgﬂl i1 4 10"6 ohns,

B%Cq

vhoroy CK, = Effcetive gsories conductors,
£ © froquency in eyclos/soc,
p = no, of poles,

AB s Mregap nren (in)a

G, = Dquivalent airegap length (in).

Putting the values of the proper constants we have caleulatede
Rpg © 680 ohmo
%ﬂ o 204 ohns.

Stator and Rotor loakage reactancoss

‘:fhe stator leakeso 48 calouloted follwing the approach of
Veﬂ.notti The total leakage of the stator winding is teken as the
sun of stalor slot leakage, half the pigeag, belt ani the end leakage,
Tho skow loakage is neglected since the machine fabricated is not
having the skew, The leakags reactance of the ¢eaxis and qeaxis
rofor windingd are coloulated following the epproach of falhm:
Only the formuloe in tholir final form arc prosonted hero, For dotadl
of dorivation tho original papers may be considerod. As far as
posalble, syubols used by the above guthors have been uged, To
keop the sequeneo a few Symbols used by Taloat has beon changeds
Both the ebove authors uped ineh as the unit of dimension and tho
same has baon retalned haro,

Stator Leakngos
Stator lenkage reactanco Xy o K, % (stator leakage conotant)
vhore T, © 2 T £(CK,)? x 10”8

Stator loaksgo conotang = stator slot «) (Boltegigsog <Bed).
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3.1 m KE] 0523 ’
8tator slot = '

81
Vhers, o nba of phases to bo talen 8s 2 for single~phase motor,
Kyy t Stator slot permeance (see rig.l'i;lo,p,aes Yeinott), |
Gy ® Corrector factor,
'L, ® Stator stack length {in).
8y ® No.of stator slot,

{Bolt' = 0,00118 m.mmxa
4

vhere K, # ﬁp‘kﬂ-

¢®n P

szrm % Saturation factor

Kp i3 belt laskage constant to be read from Fig.l7.12 of Veinott's

book,
1,088 mI.A
'Zigzagt = - Jgig

a8

vhere, o = stator tooth face (in)
tyo @ Rotor tooth face (in) )
/(1 n Stator tooth pitch (in) |

Ag ®= Rotor tooth piteh (in)
1+67m Dg (A('{T) |
8,
where D, = Diameter at the centre of stator slots
ACT = Average Coll throw,

'End{ =




for the exporimontal maéh;no
K ® 2,512
Stator slot=1,27
'Bolt! a; 1.28
'Zigzag' = 4.16
*End! = 2.82

+*e Stator loakage constant = 1,27 + $(1,256 + 4,16 + 2,82)

81,27 + 4,11 = 5,38

»"e Stator leakage reactance
X = Ke x {Stator loakage constant)

8 2,612 x 5,38 = 13,5 ohmy,
Dirsctwdxis Rotor winding lLesaltags Reactanced

The formula given by 'ralaataror this reactance is re-arranged
as follows:
2

xmuznr(cxv)gx =%

whore Y |

Ty = No, of bars per pole,

| 8in n, « A L ]
L l‘b——-?--—-la noy ! b = Angular piteh of rotor slot,

Apear the permeance constant es dofined by Talaat consists
of four components, '

A bea * ‘Fotor slot! + 'Tooth Top'+'Hormonics'+'End"
These components are calculated by the following expressione

‘Rotor slotts 3,19x Ksa when IC,Q is rotor slot permesnce constant
(Bee Pigs 17.10 & 17,11 of Veinott's book)
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'Tooth Top! = 319 x F, when R,y 15 to be road from Fig.2 of
Taldat's papor.
(Neglect this for olosed rotor slots)

T
Harmoniest = 3,190 x g
(\

vherey Ty, ¥ Rotor slot pitch {in)
Ty T
'End! = 3,19 x-—ggmntrr? x’—%ﬂ-‘w »

608 n, A . *K cos o, )

vhere T, ® Pole piteh at rotor surface (in)
Teing™ Pole piteh at average ring diameter (in)

Othei' symbols have been defined carlier.
Por the oxperimental machine, these valuas of constants are

caloulatad as followsst

‘Rotor slot! = 31.0 b, =15
Harmonies?! = 4,5 Kb w 0,208
‘End? s 3.4

s Appq ® 310 + 4.5 + 3.4 % 39,8

o Ry @M xlyx (cR)P x Bz Egé;gsﬂ- x10"8 onns,

= 25 ohms,
Quadrature Axis Rotor Winding Leakage Reactanced
The formula for this reactance gs given by Talaat is as

followst ‘
Zpy 2 2 T (CR) P Loz B x E.%‘ x 10°8 ohns,

where A, .. 4s the permeance constant for tho quadrature axis

beq
winding., Other symbols have boen already defined sarlier,

Like A pear '(boq consists of four components,
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’(beq a 'Rotor slot! ¢ 'Tooth Top! +'Harmonic! +'End!
For the experimental machine, these values of constants are

calculated as followss

Totor slot! = 41,8 m, = 15
'Harmondea! & 4,5 K, = 0,208
L L = 3.4

e Kbeq » 41.5 + 4,6 +34 = 404
+*u qu s 20,4 ohma,

Stator Emra Rotor Resistance Celeulationt

Stator Resistance ry. 3 The stator resistance can de
caleulated by knowing the longth of tho mean conductor. This will
depend to a certaln oxtent, on the method of mamufacture,

The formula given by Veinott 4s as followss

Y mm_ (*ni
®1

Length of the mean conductor = IMC = Ly +

vhere 7 Emperieal constant
‘= 1,30 for two pole design
= 1,50 for four pole design
= 1,70 for six or more pole design,
Other gymbols have already been defined earlier for the
experimental machine, -
LMC = 10,32 in

+"¢ Tho total length of the winding wire
= No,o0f conductors x LMC
= 2906 yards,

The wire size used is 22 5,W.G. and from the tadle given by the
nanufacturer, the resistance for this length st 26'C is 12.lohms,
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o' 3& 3211 ohns,

Direct Axis Rotor Winding Resistance, Poyt
The formula given by Talaat 15 as follows:

rmatcl!,)ax --% —E;%*—

Pped 18 resistance constant to bo evaluated, Talaat has
not given any formula for Tpad* Tt vould be equal to the rosistance
of a bar if the eniwring resistance can be neglectsd, This may
be case in a synchronous machine with a large no, of poles, But
tor the fractional motors with very small no, of poles, tho end=
ring rosistanco can not be negleated, TIn deRiving at the expresse
lon for ry .y the following assumptions as mede by Tolaat has been
mtaﬁmﬂ;» |

1) The space distridution of bar curvents are simmsoldal,

2) A sinusoidel pulsating flux density is assumed to be

entered on the directeaxis,

According to the assumptmns made, the current in bars
(1~1*) would be im sin -2-1 vhere 6, is the eleotriecal sproe
angle botween bare (1-1') and I,, is the current that would be
flowing in a bar situated at 00° (eloctrical) from the d-axis,

Bimilarly, the currents floving in bars (2+2), (3+3'),
vould be Iy, sin —%= , lfm #1n g™ ate,

If r), is the resistance of casch bar, tho fosses taking place
in bars in one pole pitch wonld be given by the following,

Lostes in bars (per pole pitch)

® 271, (I%d 88n® 2&- o sin® -E- eeee)

The terms in t;g (gggglfet have been smad wp by Talaat as

T
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o*e Total loss taking place in all the bars-

- P, xpx o, (LK) I
o bl ._:'g___“h M

Py
The losses in the end-rings can be caleulated as follows:
The em'rent flowing in sector n and (n«l) of the ende-ring

is Im sin -? )s The total losses in the ring can be found out
by finding out losses in the individual sections,

Lot the total losses in enderings be denoted by P ring?
vhen, Pﬂm " I%a X T
The total losses in the rotor are ‘Pbaw ), Bquating

tho total losses to expra_ssion (79) of Talaat's pa_per, vhich gives
the total losses in terms of r, ., wo got,

2 e K in
Prar * Pring ® ¥ Tooq Tpa B (1° Kp)po
from this, substituting the values of wa and P ring?

_ (@)

For the oxperimental machine the values has been calculated |
es r, = 1,23 x 10" ohms

-6
Paeotor = 0+21 X 10~ ohns,

Pona (@) ® 251 x 107 ohms,
+*s Pyeq = 1446 x 20 otms,
and Ty = 10,6 ohms.
Quadi-ature Axis Rotor Winding Resistances
The formula given by Telaat for this resistance 16w

o b
Poq * X)) ""i%"‘" Fb‘%
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Talaat hos not given expression for Thog? but 4% oan be found in
oxnctly the same fashion as the égipresaion for Phod®

_ Foml®
ko (oK
rcn'ﬁ(q) is found in the same mannor as E"enﬂ(ﬂ)a

[
o °?beqm9b#

Tor tho oxperimontal machine tho following values havo
beon computeds

Py & 1:23 2 10“4‘ ohm

r © 6,11 & 10™% ohms

sector

0% Popg(@)® 1,10 x 0™ ohas

,,‘ maaohmsg

Yoment of Inertias
The oomont of inertia of tho shaft and tho rotor enn bo oasily

caloulated following the well-knoun formula for Hollow cylindor,

Monent of inertia fag hollov aylindovs
a2 & po) :

vhere M = Hass of the cylindor
R = External radius
r o Intornal redius

For the solid oylindor fr? would bo zoro., Tho momont of

inortia of tho shaft of ths oxporimental machine was caloulated
a8 0.144 1& ©lb,
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Aftor making suitable corrections for the prasenco of
saliency and slots, end rings ete. tho momont of inertin of
tho rotor is found to bo 11,743 1n%- 1b. The total inertis
for the shoft and the rotor is thus fousnd to be 11,743 an%.1b,
vhieh i3 oquivelent to 35 z 10°4 Kg.mm®,
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4¢Lo STUDY. OF NLACTRO MPCHANICAL TRARSIFNS

The application of induotion motor im control systems hag
lod to the otudy of dynamic behaviour of induction motor in which
non-lincar oguations must be solved. It dinvolves the soparato
solution of tha equations for all the inputs of interest. Digital
computor 48 nowea~days goaining popularity, because it does all tho
nathomatical manipulation of mumoeriesl solution in a shorter tino.
But anolog couputer i alse o poverful tool, vhich helps simulating
tho aotual systen with olectrisal or cloctromechanical compononts,
Other nothods of investigating the dynamic behaviours are phesesplane
toehniques, deseribing functions, quasielinsarizations aﬁﬁ statigtical
mothods, These mothods are mainly eanéérnad vith tho consideration of
ptability in nonelinear systons., | |

- Yhon a nechias is vioved from tho atandpolnt'afldynanic cireuit
thoory,; o sot of intopro-differontial equations of greater or loss
complonity deponding on the maéhina predict the vhole transiont
porfornance of the machino, Tho solution of these nén»linaar oquate
ions arc froquently o formfdable task. A very convoniont mothod for
-studying gimiletanoous ordinary introgro-difforontial oguations (both
linonr and nonelinear) is the cleetronic anelogue computer. The
annlopue eorputer eonsists of compononts of various types that can be
intoreonneeted %o simulate the oporation of the system in timo

domain,

Considering the Fig.(2,1) aud vith tho help of dynanmic circuit
theory the folloving oquations can be dovolopad,
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s . 817 ait
Tola * Iy —ﬁi— * byg 75 ® Valt)

aty asl
LogE— * Led T * Frad * Ve (pglg * Leglq) = ©

Telyt I T * Lag T % ™
ai® as’f

| r »
Laq@E — Toq Tt~ * Prq 1q “ Yr (pala *Lgg $)=0
. B .F 8.0 o

a*q
av
ERL okl

if T, =20 end O =48°

' ‘The analogue set-up given in Fig.(4.2) can be developed.

writton in torms of flux~llinkege also,
| dy,
gl * i'i'g' =V, sia (vt + 2)
_ | ay
" .t§ + -5-5-56 &0
4V .
r 'Y rq
*ralq * ___“g =0
T J d% T
u J - +
| D dt§ L
Tho fluxelinkages can be written as
‘ r r
\Ps L I@'ia + LM ops 8 1& L‘q sin @ ’uq |

\}aﬁﬂhﬁcmOia*erim

Following the Fig.(4.1), the voltage equations can be

39

ees(l)

taa(e)
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r
, » ,
q sin © 5'8 L?q 1‘1 .
Howy the olectro-dynamic developed torquew

T, 8 —fio Tps01d

and tho enorgy stored in the eloctromagnotic fielde

W § 1%+ 3 LgiZ o 4 1 1T + 5 goon 0 4.4F -
proda PV Lglg * ¥ Lpglg + b Ipgly + Dpgo0s 8 1.l

Yeq * = Iy

r
I‘aq siné 1_5 "q

. r e a 4l
. -i‘nﬂﬂvhadiaiannﬁﬂﬁmisl cos @

. J Ay ay,
Now, substituting the valuos for ﬁ'g’- ? 4 ~5-€m and vriting

%%- =, & E% = p.the expression (2) can bo constrained to a set of

firsteorder non‘-linéa?:*. differential oquations in the form.

Ly Liq cos @ | » I‘aq sin @ pig
Lygeos @ | Lye 0 ps.g |
“Loqoin @ | 0O Ly, | pﬂ.: |

W . o ¥ . a7
Vsin(vtep) "'”a’*aﬂ'aaid"ram o 4»I.aq1qw!, ¢os ©

P

1% ‘
'frd"d + I‘mﬁ 15, Vo pin @

EN % + Laq -"e“’r ¢cos ©

| r ‘ WL
Y, = § (Ty, *aggd 4y 8in 6 + Laqia-’“q cos 9)

peé = Yy
These non=linear differentisl equotions are solved in dipgital
computer by Runge~Kutta=Gill method, The computareprogram has been
incorporated in Appanfix Il o5 |0| }g‘"\\“\'\i‘w, N

—eSCT H—an

7 4ENIRAL LIBRARY UNVERSITT 07 EW,'“'\:\“T )
FSCHARES, \*]2>






The method of experimentally determining the machine eonstants
of 3wphase induction motor is quite well knovn. 1In case of single
phase induction motors, the problem of determining the motor
constants is not so simple, It may be noted that for & single

phase motor under no-load conditions, the rotor slip with respect

to the forward field is nearly zero, but is noarly double with
respect to the backward field. Hence there are substantial rotor
coprdoss even at no loads It may be also noted that ia the usual
revolving field oquivaiant,circuit, half of the magnetising roactance
is nearly short cireuited at the time of no-load test, Velnott

has given a test method which tokes care of the above polints and

his books may be referred for the detsils of this method,

The separation of stator and rotor leakege reactaace for
squirrel cage induction mntoﬁ‘is quite a aifficult prodblem, No
simple mothod is available for this separation, Hence the comparison
between the theory and the experiment is also very difficult, It
is well ¥nown that the ranning performance calculation is of less
- importance for the normal motor, The starting performance is the
prime important factor, In our machine also starting performance 1s
vory interesting. The starting torgue arises due to different
impedances of the two rotor eircuits, The difference between winding
impedances must be known asg accurately as possible,

For the present machine, it is considered desirable that some
nethod may be approximate one, shall de used to determine tha:
leakage separately, The stator loakage reactance is measured
separately by a tost called the ‘rotor dut' test, Besidos this
test, the !'synchronous reactance' of the machine was mensured by
'maxinum reluctance' test. Magnetising reactances for doth the
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axis wvas dotorminod by substracting leskage roactance from tho

faynehronous renctancest,

The rotor impedance is ealeulated from the lecked rotor tost.
The rotor impedance 1s different in the two axls, Honce the lockode
rotor test is done twieo, once vith the d-pxis of tho rotor nlipgned
with the stator wiuﬂing axis ond the othor is with ge-axis of the
rotor alignod uiith the stator vinding oporational 1mpedaané is
oalculated from frequency response mothod, The moment of inortia

1s measurcd by 'decccleration tostt,

'Rotor Out! Test:

In this method, the rotor with shaft 4s removed from the motor.
End shiclds are kapt fitted, The reactance of the stator winding
1o nmoasured under this condition, This rogctonce 1s the sum of tho
stator loakngo and the magnetising renctance, The magnotising
reactance 1s duo to the smoll emount of mutual flux goimg through
the very large airwgap resulting frem tho romoval of the rotor, It
is nocessary to find the roactance due to this flux. This can bo.
caleulated from Velnott's formula for the magnetising reactance with
tho nodification as 'gte the alrezap length as the ratio of the
sthbop bore and no. of poles, Tho modified formula becomos«

Jgn(rotor oug) = an'f(cnwya 06468 —i-,-;?- 210°8 ohms o
vherey £ » frequensy in o/s,
L = Length of the stator in inch.
OK,, = Effoctive conduators in serles.

P = no,of poles.

The rosistance and reactance are caleulated from tho readings
toltons Tho value of X (rotor out) is subtracted from the meagurcd
total reactance £0 get tho loakage resctanco .
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Test Roadingss

Voltage 1 37 velks
Current 3 s b
Pover @ 30 wells
x‘l‘otal s 208 cho
5.06 6&&

xm( rotor out) :

o Xy u Xy = Ky (rotor out) 157

The ¢.¢., stator resistance is found, The a.c. resistance raasured

. S

4n this test inocludes a amall iron loss component. After allod ng
for this loss also the resistance is found to be greater than d.¢.
value vhich ean be accounted for the skin effeot.

Maximum Relustance Tests |

| The presént machine vhen driven at aynéhrnnoua speead fepresents
the reluetance motor. The load is gradually increased and at tha -
break point from synchronous to infuction run, the power input, ﬁhe |

current and the voltage are noted,
For maximum pover condition-

i

and I = #Ianﬁf’—_%

Substituting xd/xq = Ky there are,

?ﬁ = (‘Ex“ﬁ {1 ‘%“) | L ces(l)
I = (V/\ﬁ qu) (mﬁ | : sen ¢..(2)

From (1) & (2),
L /2 Pu/VT ma
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(102

e Ko

that value of K vhich 1s greater than ono is retnined and xq 49

saleulated from oither (1) or (2).
Then Xy is celculated, agy Xq KXQ
Test Rosultses

Pover input in watts = 33
- Voltagoe in volts g A4S
Curront in Amperes g 070

K 1s ealeulated & o \- 39

and Xq 49 caleulatod as 319 ohms,

oo %y BEKK = 514 ohes

Loockod Rotor Tests:

Tho loeked rotor tests arc dono twlce once with de-axis of
rotor aligned vith stator axis and the othor with geaxis of rotor
aligned with stator axis, Keeping the rotor in locked positien,

' : R YO VO] P3N
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the rotor is turnod gradually to get the maximum deflestion showing

tho alignment of qeaxis with stator axds ond ninimum for desnis

respectivoly.

The test rosults for the experimental mochine are given below:

&) Test results with ninimum defloction
Pover in watto = 62
letugd in voltp= 85
Curront in Ampge= 'S

B) Toot rosults vith manimun deflection.
Powor in wattc o 102
VYoltago in voltsn %.
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Fron tho locked rotor toato (rated curront) the valuos of
Ppa® Bpad Tpq? Fpq OO obtained, Thooo are obtained by ealeculating
tho totnl lockef rotor inpedances and subtracting tho stator
inpednnce value from them, The offeet of magnatioing reactanco is
neglocted,

Fron the d-axis test,
3 = Y
R ® g
o Xy VR - R
The s‘tator" lopedanco from the *rotoreout® tost
| @ pg ¢ §xy |

2% ?ﬁﬁ Rﬁ ag
Tg® Xg12 = Ty

Sinilarly, the values R pq and Xpg io calcula@gd/ h

in ¢orm of sperational impedances, 8o the caleulation of torqueeslip

charactoristic donands the dotormination of operational impodances,
Tho nothod presonted hore 1s o slight nodification of that clroady
prooonted by SBon & Aakan;)so I¢ tho input impofonco at o froquoncy
su rpgd/ooc. vith rotor ofanfotdll 49 2%, for dircet oxis ia 1ino with
tho otator mo.m.f» ands (position doing deotermined by indlcation of
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ninirun dofloction in tho ammotor), then,

Bg S ¥y T oxg {jov)

e jov Té
vhore Xy 4oy © R T T50 T&Q

8imdlarlys tho oporationa), impodanco %gq(Jov) 15 obtainsd
froa tho following,

Zg© Py ¢ 00 J{,l (3o

vhere Zq_ is tho input inpedanse at a froquency sv rod/soc,
vith rotor standstill for quodrature axis in lino with the n.n.f.
axds (position boing dotorminzd by the moximun doflection of
ammotor)
L
1 jov Téﬁ

xq' 'Nm:r) 8 x‘

Tho gonnoctions are shown in Fig.(5.1), Tho frequoncy 45 varicd
Lron vory 1ot valuo to eated value, and the input impedances ara
nonsured, Tho nagnitudo and phase differernco botweon the voltoge
and tho curront is meaﬁux?aa with tho help of o 9ix element
Cambridgo Duddol Ogeillographs Variablo froquency supply 1o
obtained froa o soparatoly drivon three phase commutator machines,
A typicol ogedllogram of eurrent and voltego 48 given in Fig.(5.2).
Tho coplitudos of X, (fov) and Xq(dov) oro plotted agatnst )
1ogy0(6) Fig.(5.3) & (8.4)s Tho inverse of cornor froguonclss
obtainecd froli their otrajght lian approxination will yicld tho
four ¢imo conotants Téo'g Tég ‘i‘é“, ﬁ.’éq rospectivoly,
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tDaceoleoration Test'é

The moment of inortic has boon neasurcd by tho dectolera
tion test, Tho rotor is nlloved to slow down fyom no-load to
lovorespecds due to frietion, Kndwiﬁg the friction torque, the
momant of inertia can bo found out, This can not be very accurate

but has deen used as o chock on the thooretically calemlated value,
‘The\thaoretical value can be saleulated nceuratoly for the rotor
and shaft. |

Bxperimantally the valuc hos been found out as
3:1 2 10‘:3 Kgq‘%%

8¢4e LOAD
The dynamometor required for the test machine is not available,

Honee tho load test has been carrded out by the 'pulleysbeltt

nethod, The belt-onds are oconneetod tothe two spring balnnées and

the notor is looded by tho usunl method, The tost resulis are

5.8

shown in a tabular form bolow, From the results, curves shown in
figay (5;5)3 (5¢6) ) & (5;7) aroe &i‘aﬂﬂp
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Vin Volts' I in / pazinwﬁatta'm”np.m.' 1 Ty
a) 220 1.0 108 2020 0 0
b} 220 1.1 136 2010 0 1
&) 220 1.2 180 2890 O 1,6
4) 220 1.8 220 2850 0 2
e) 220 1.886 316 27080 0 3
) 20 2,1 364 20 O 3.5
g) £20 - 3.0 620 2610 0 4.0
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HALLR PRATURES OF SHE MOTOR DIVRILOPEDI

The principlo of using noyumotsy of tho rotor for starting
a singlosphaso induetion motor is dovolopod and hoo boen found to

be suceonsfule

The nothod of conotruetion s oaslor and eliminatos tho uso
of auniliory vindings and shoaded ringa,

Tho officionsy of tho nachino i quito good, coaparod %o

convontional oingle phaso motors.

The notor ean bo run ia oithor direcetion doponfiing upon
the 4nitial position of tho rotor vith respeet ¢o the stator
winding. |

Fron tho above Giseusoion ono can suggest Soae ficlds of
applieation, Tho motor will Do pertieularly cuifoble in the
froational and subefroctionnl ronpo, for applications involving
light ctarting dutyg

Doforo the motor can bo & eommoreinlly cuccosaful one, tho
nain tuwo droveboeks should bo ovorecomas

i) The motor can start only for somo particulor peoltions of
the rotor vith respoet to stator vinﬁﬁinaa This domonds for the
positioning dovice to oot tho rotor in position, The auther
belloveo that it is aloo possible o conntpuet such positioning
dovico vithout much 4iffienltys, Porhapog the nothod sugposted by
Doood 22 noy bo odopted, |

11) Tho notor has a poor otarting ani accolerating torquo,

It nay be noted that the forgoing rosults apo for tho
orporinental machine bullt from avallablo noterials and vithout



exporionec on tho dooign of thias type of nachine, e author
belioven £t will be poosible to dmprove the performonce of the
naching vhich nsede n mmbor of nachineo ¢o bo dosignod ond studiod,
Also the oxporinontel nachine uged o stamping whiech 4s nornally
noant for o fourepolo focign., Tho core was hoavily soturated becouso
of this and tho noelond eurront is highor,

Song othor problons vhfeh nocd furthop study are tho offects
of hornonies and theip oupproosions Tho stator curront contains
(1+20) and (3-28) froguoney components in nddition to the fundamental,
Attompt may be made $o roduce thoso hormontes, Purther vith the =
holp of the digital eooputery tho various transients can be studied, |
and tho naching parametors con olso be optinised,
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The work involved by the routine caloulation in elimination
of arrays of & matrix can bs avoided and the reduced array cén'be

vritten from the full array only by inspection of the following
rules are applied: -

1) The denominator of the fraction for ecach element consists
of the determinant of those rows and columns which sre to be eliminate
el vhich are also common to both,

2) The mumerator of the fraction for each element consists of
the detorminant formed by the rows and coiumns to be eliminated which
are common to the element being considered, together with the rows and

columns of the dinominator,

This rule becomes very simple when only one row and columng
are eliminated et a time, especially when scverel elemeats in the

array are zero,

If tho last row and eolumn are required tc be eliminated fronm.

e ] e | e
i 822 823 o4
831 | %32 7 833 ) "a:
841 842 843 44

The rosult ise
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‘24 ¥ agz ﬂ; 2 n&4g ' _ | a!4 * 7343
RS (M e, |8 T e,
325 » &gl o 29 olgg ‘ lgg . agé
821" 80 |1227 7 ag, 823" T ag,
. i : ! it . ool ity '
8y » 8 . 840 Bas » 8
84y %&l .3_ ....%......& 853 ..%.::3?..
ST , -

Applying the above inspection rule the matrix (1-5) can be reduced
first to a4 3 2 3 matrixz and then to a 2 2 2 matrix,
Thus the result ise |

By last stage of reduction

— .8

P L o

8 ) " ‘ 8
Yay| |Pla*Ts | Lg " 3% - Phyg | [laa

M ’ o - - S

V=] - (oL +7.) = — -1 |48
ql 1y Plg'Ty’* 3 q ﬂ'l'd ad 42

* S N R S ‘ : r
Var| [ - Phaal PlogTral |42

i 0 ki e

and by 2nd stage of "reduetﬁ.an«-

o 12
p L
) ST s
“a1 ‘P"a"’ )"(T"“L‘) ’*q Plog + Foq | |2
- % ,,5{5“ .
vy | | =Ly ¢ — (px. r,)- T—-‘ﬂ 1

Now



Now putting (L, + Lm) # Ly & (L + I’aq) B Lq

Bnd(lo "'Lad)sllrd&(l*n)alqu
2 12
P ng
(ly + ¥g) = Tig + 1)

P12y
=Tg P (Iy ¢ bgy) < mﬁrl*ad * Tpa
phz

s 2l ol g

Pllyy * Lyg) * By
L, L
I pLyJ % =k p(L .+~ By
ar*M, I?IHLL*E&

1 3 ~;§E~ p(hrl + L)1
1+ T&_p
¥ T

a 7, + ply(p)

_ vhere, - 1

ar«&lu

Tho * £ (g * Tyg)
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| I
(Ly + 1,00 § 14 e p (L, + pimslle)
1T e R T T

4 - 1 { L .
tae vt (g + T

leqt
ey

= L,(p)
..vhere,

, Ly L,
148 e (y ¢ gt

*rq 1 Taq

T ® Tra (Lyy + Lyg)

64






Co 63

¢ T » OAP_CO= BNT3

In ealculation of gap co-officients the following sssumptions
are made?

1) The alregap gt under the saliet ~pole is assumed to be
uniforn,

2} The airegap 'goj'\ under tho interepole is also assumed to
be unifornm,

3) with uniform airegap the spatial flux distribution in
the airegap is taken to be sinusotdal,

4) The flux enters the rotor radially even over tho portions
occupied by the interspoley but the magnitude 18 reduced in

proportion,

With the assumptions made the flux density wave in tho alregap

portion can be ropresented ‘as in Fig.l.

B(6) = B, sin @ 0 Lo {«
=Bystne . 4Le {2
vhere,
M LA

The fundamontal component of the wave ean be anolysed by Fourier

Serles analysis,
R/L

by & A= [ )B(9) sin eqo..]
- -%- U Jja,_smgo ae + 2%32 sin® 0 g0 |
X [f-%; s1:% a0 + f—% stn’ a0

. & %
= -%- /Yan x Q-L-é-t- J° {1=cos 20)40 + %—- S‘\ (2=cos 20)60]



F AT

o
ﬁir’?__‘_\{
1o fa.lu'n1 9r

v

S
]

T}

66



| 67
a2 fu [—-}‘o (o «f sin 24 & =2 [(V2 <)o§ s4n 2« f]

+*s The peak fluxedensity at any point on the salient

podlar region

By = & Attt b stn 20e 2 H(72 <) ¢ otn 2]

+*e To ealculate Cqt
g
moot .
Ca ® %T Tect eﬁa 'f'%i% » 'ﬂ:—' " _:'3_

R
Now, B, = - L"n(o) ein B do

R
t -—%- Jz/%~% #1&_23 de

0
R
s m-z-ﬁr/roulg < ¥ Lz(lﬁ-eoseﬁ) ae

s frg W

&
.‘Gaﬂnn'u A_

.2;[1 (A otn 20)+ = 1 7/2- )+ stn 3@

To ealculate eqz

The peak fluxadensity ah any point. on the interspolar regiont
By # =3 L anai 049 + J slsaneao]

5o
¥ JJ m‘%aw-l-f sine 4o
oM g )

» -%-/‘foﬂ <} [-:-: 5 (1«»30@ 20)de+ J‘ f(lvcoa 20)&0]

« B fu [ (V2 ~)epatnn -2 PPN 2|

€y
N oth ro 1 # BI
¥+ Cq ®* “Guadrature 'ﬁs flux Bq 5

q
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L A ‘
’O.CQ‘ w——— . nn-B ' ‘. ——— »
&[-d- (< 4 stn 299 + 3 U7 /2 )b stn 2]
- ,

Now, putting the values from fig.(4,)y ve con

calouletes
Waw 24 = 4a's
Cd L lQM * : .
3 = 00l Wk
and ¢ = .1.90 ' %° e O:3\2 W

q






¢ C BOLN OP DIFF BQN FOR TRANS COND TK CHATTERJEE EED UOR

DINEWSION 2(8), PD(6),Q(6),F(5,5)
DINENSION AX(4), CX(4),H(8)y BX(4)

PURCH 10

10 FORMAT (SHTHETA,12X,2HWR,10X,2811,10X,3H102,0K,3H1Q2, 9X,4HTIME)

PINE2,0/740

W #2,09P1%50,0
T1=0

TR0,

V1= 230,0*1.414
PUN3,5¢(10,##(~3))
Rl=12,1

RD2%10,5
RQ2=8,0

AL11v1,38
ALDZw1,42
ALQ2m1,41
HMD#520,0/M
AMQ370.0/V
READL, THETA

1 FORMET(P10,2)

DO 2 I=146
2(I)»0,0

PD(1)=0,0

Q(I)=0,0

2 CONTINUE
X(1)»THETRAPY/180,0
T=0,0

75%0,0005



BD{6)=1.0

AN=l,

HWT=1,0¢Z(1)

F(1,1)=AL11

F{242)wALD2

P(3,3)=A1Q2

6 7(1,2)aHMD*COSF(HMT)
P(2,1)u8(1,2)
F(1,3)=HHNQ*SINF(EMT)
F(3,1)=Fr(1,3)

(2,3)=0,0

F(3,2)=0,0
PraVIeSINF(WeT)+P(1,3) #2(2) #2(4)
F(1,4)8PPeP(1,2) 92(2) #2(8) «R1*2(3)
F(24)=F(1,3)#2(2) #2(3) ~RD2¥2(4)
(3,4)aP(1,2) #2(2) #2(3) *RQ2+2(85)
CALL SOLEQN(F)(34))

DO 3 I=1,3

3 PD(1+2)=P(I44)

PD(1)=2(2)

TEwZ(3)*2(4) *F(1,3)+2(3) *2(8) oF(1,2)
PD(2)TE/PY

AX{1)20,6
AX(2)#1,0~5QRT?{0.5)

AX(3) =) ,O#8QRTF(0,8)

Ax(4) al.dla.o

BX(1)=2,0

BX(2)»1.0

BX(3)=1.0

70



BX(4)=2,0

CX(1)=0,5

CX(2) =X (2)

¢X(3)=Ax(3)

CX(4)%08

OB 4 Isl,6

DO 4 J=1,4

R(1)=TsePD(1)
ReAX(3) #H{I) ~BX(3) #Q(1))
2(1)az(1)*R
Q(T)=Q(T)+3,09R-CX(T) ¥u(T)
4 CONTINUE

PURCHG) (2(X) y121,6)

€ PORMAT(GEL2,6)

GOTOB

sT0P

END

i1






 DESION CONSIDERATIONS

'The problem of design of any rotating machine can be
considerad in two parts. The first part to caleulate the performe
ance of the machine from the knowledge of the machine geometry amd
winding deteils. This 13 normally done by celeulsting cértnin
basic machine constants and then applying the methods of machine
analysis to ealculate the performance. The second part of the
dasign problem is to determine the machine geometry and vwinding
details from the performance specifications, This has to de
more or iess alvays tackled by trial and orror method, Since a
large number of solutions are possible in this case, a certain
amount of experience is necessary to arrive at a satisfactory

solution without spending excesa&ve amount of time,

It may be added that this machine has not been commercially
manufactured uptil nov and hence large amount of experimental data
1s not available to verify the moethods presented here, This study
is presented here simply as a begining and many assumptions,
formilae ote. can be modified later in the light of oxperimental
results, In fact, the exporimental method of detormining machine
constants itself can be improved,

The following procedure a8 followed by the author may be
suggested tentativoly, but will be modified in 1ight of further
experience, Familiapity with design of normal types of single
phase motors is assumed,

1) The frame sige and main dimensions can be kept same as
far a split-phase machine,

2) The stator stamping can be sclectedas for a normal motor,
Since no auxiliary winding 4s needad, it would be
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dosiroble to onit slots normally used for auxiliary winding
and £111 tho slot spaces,

3) Tho stator winding can be dosipgned as for normal motors %o

sacure o good m.n.fe Wave shapo.

~4) Tho aire-gap should bo kopt os lapge as pogsibls to reduce
undosireble offects of harmonics,

8) The rotor stamping can bo golectod as for normal notors,
Tho ond ring soction con be aélaeted to givo about 10 to 16
porcent of rotor rosistance., Closod slots are desirable in
reducing troudlos due to pormeancs harmonics, although it
will contribute to higher leckage.

6) Skewing is o considered sbsolutoly essontial,

7) The amount of rotor dissymmotry shall be Xept ag lovw as
JO percont or so0,
The design can be comploted following the usunl trial and orroz

moﬁhad, to achiove tho dosired porformance.

Principal Dosign datas Lodp , 230¥, simgle Irheme sos
Stator framos |
Fo. of slots © 24
Tooth piteh = % in
Pole piteh o 6%%* in
Outside dia o6 4in,
Boro dia = 3%% in,
Slack longth = 3 in,
Materiol = Spocia) Lohys(0,0209 ¢hiclk)steol manufaetured
by 1//s. Sankoy Rleetricol Stampings Ltd.
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S¢totor Windings
Fo. of colls o84
frequency = 60 e/8e

Coil piteh o 0
I'o.0f polas = 2

Ho.0f turns por coil » 22
No.of turns in soriesm 528

Each coll of 2 strands of 22 3.W.G ¢ supor enamellod
coppor wire,

Double layer resistance at 28°¢ © 12,1 ohms,
Stator leakage roactanco o 18,4 ohns,

Rotor Stampings

Out dia = 8 45 in. (unfinished)
Adregop 1 0,016 in,
Boro din 2 1 4n

No.of slots (unshaped) = 33

Ro.of slots (Aftor shaping) = 30

Stack longth = 2 -% in,

Matorial e Speeial Lohy's (0,020% thiek) otood
manufacturod by 1/s. Sankey Electrieal
Stanpings Ltd,
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