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H*rmic effects ssn 410" i Indwation a*ohine are sn r*" 

kV mgt of d1i's1 eonpu sr usinip rob*d es rd tscbmiq, ►. 

£nmlitiosl as de a" dsv.loprd to a rtain the effect of skew over 

ourroni, pausr fctorp torque and air uadeeirsble fee tm s like 

dead paints, ormr3.ia, eoggi 	ato. t resultin1 fros wide variety 

of omits at se&1ne . in addition to the c mw. tiona2. spios 

baxonioe, Dsz*eai, ms' s rich Wer U lf► to produos spv a hr 

effects 	also consi4sred. 

Attention has also been peid to the Influence of a'puce 

hsx.onics on nois• two 

It is sheen here that, the WWWSZg 1*pravee the psrfors nes 

and reduces the noise to appreciably ira low degrwr. 
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INTRODUCTION 

Rar woUs have been known to be the son e of trouble 

In rl otriaal uaabioas for as r gent* 

Yo alt as lcrng as a 	inset's have been desthg tnduettaa 

uichimag they have attempted to suppress hsx*on3cs to ks it trouble 

free. The Interest has given rise to large mab.r of articles an 

the altrjret. most of the significant articles appearing before 

1947 are limited to phase belt he 	only. 

A review of the literatur, of the subject shower  the wihe  

aeo.ptazice of the yaw that slot ripples to the electrical asohizes 

are caused by the Interaction of rotor srasaoae honks with tea 
set up by noriisthusiodal aiatribution of otntor winding, non-uiferetty 

of air gap and slotted ot*,tsces of stator and rotor. It to shown for 

that very high slot rmiueno.t currents are u ad In rotor oiretatt but 

than! high fx eqi uoy eu ate are not the 	 blain as the as itudi 

of sash amts is not g .xelIy appreciable so thane can be overlooked 

esll r« The old ar ssoning of no".iniegrsl uv bee of slots being the 

court of higher harimimies was based on iaaowplote *xtdaatsndiYig and 

has been reed out by Carter, Irm(25), H+earv(16)9, falker(19)P  
supported by Mths" loal theory. 

Attempts have been eats by A145zS17►18)+ to stu the effects 

of principal hazu0sue of the air gap fwd neglecting u►turattan and 

saturation baro visa by sesas of equivalent circuit. Tbr heruonisa 

deteriorate the perfozisnes in respect of current, torq a, powr 

• footer, Not of such so but .u.tiues, it is Impossible to start the 
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motor do* to stand still looking (dead points). anti is the 

motor starts, it fails to Ons 10 •p*d dint to he wmic parsstb 

torgere and soon. gets heated up due to poor power factor and b4► 

etw snte • Therefore# the problea of reduction or e3.3ainatton of 

hUSOM ce ba gathered la ► attentions and„ ons of thee. stgssti 

In addition to others f rtquently advocated for squirrel cage rotor is 

slowingof rotor hers. The interest in the subject to being revived at 

present by the need for precision electric ee&hln.s tree from 	# a 

Joie, and start torgt* trouble eto. 

The 	 oasea of mics In 5phase Induction asebines 
can be bettor eretood by Block disgas eb~rtngo the relations of 
baxioaio dress and voltages . The block diagram (sere a&jaoant  

page) ohms considerable aiaildrity with induotioa aaohi a free 
fros haiwrnies when operat $ago, in the balanced steady stags. 
tiaras gins a d. 	Katie representation of gi*ntttative egt*tioa., 
who" the relationship between the gtantitie; such as flux sat, eurtsnt 
eto. f are treated as cause and effect sequence. Q**ntitiiee which 
x of back to rodi4 earlier q *ntitiee are treated as eases of 
pod 'look. 

The gezmraltty of the oouoepte used bare bag the #sporlant 

advantage that iqr a process of physisa3 reasoning1 it pxorUes a air 
of arriving quickly at a qialitativs ucderetaMiing of the mach 
barsoaie phanoimims, whish arises to predetermine the exact b.h vla . 
of the aach1 . Tb. machine is t *thsr seemed to work in carat *stsd 
region. 

The recent developments in computing techniques over 

• •oaputer barer wale preeible large scale computations pertaining to 



as t tnsi whiek otherwise would be out of the cjmition. Thef. t.o1s4eea 

a frontal assault an long stending probiess feasible) this work 

is a report of sash an inyest tioa. Tb. basis purpose of this work 

is to prswrnt Qualitative as well as quantitative approach to the 

b.hovihurisl compImIl7 of 1sa onlos, 

Porrarsasae auris for useful torques, psxssiti o torques 

duo to a nor of Mis niesr *uents, per factor and speed. Dour lira 
computed for full ss s of the skewed rotor shins. Bis ar 0*IOUI 
tions are also psrtozwed, neglecting the air of the rotor. The 

results so obtained draws stt~rntion to the iaprovp~nts rah the 
skewing eon introdme In starting as well as in miming canditt i*. 

xats•(0) In slectx a . meohtns~r !r also sgLay rstro~at~.ve 

•ftaats of space harsonics. AU the heronios produce air gap forces MA 

there bar contribute to noise and vibration. The author has atteapted to 

diot the noise lei el of the mach► lnspit of the voluw move ealnvlas 

tion involved. Noise spaotrus and soiztd tnt.nsitg otzvrs have been 

cosputsd. 

And lastly, the infltanas of further skiving of rotor bar 

over psrssittt torgws stertiug torgtr, st,O., is analytically tically studied wad 

tips criteria for mat proper skew angle in gyral and for tl 'test -

aadolt is suggested. 
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LIST 0. 	g' 

?of 4sgnstO aotiys 	force 

l• i Current. 

(A) imf. constant, 

b 8aø• angle 

ab,~ mmf sward, backward b*xaoni c (nth) 

a Order of 	space )*r=onio 

sip order of porneanc. b.IaonIC 

% Order of &lot baraanic 

w Radians / *so, 

t Tine. 

y Blot angle 

k number of phase 

,6t1g sir gap length 

Dq,b flux 	density 

R n tuber of rotor 	slots 

8 Number of stator slot* 

p P*ir of poles 

P Th ber of Polea 

Bo Stito 	pirawwwo, factor 

Pr Rotor poli factor 

'rr 

 

i' v2 Order of p•rmoonco wave. 

%ter Ratio of R.M43. to 	average values of stator and Rotor tip. 

K constant 

Flux linkage  

0 Integral number 



$ 	slip 

:p 	N r of stator tu2n per pbssi. 

art 	Prx winding ikotor 

k2 	8tcon6* r winding motor 

DI 	Diameter of stator 

Da 	Dwaping l ,otor for xth hs►zaonie (pr±aar currents) 

O ) 	TDss►A3ng tactor for *th barsonto (Rotor current) 

t1 , K2 	A"x*ge an pMr*sancf. 

k / 	Intsgrsl constant 

D ) v 	Number of tea 

rX 	..~mrtieing rwsst oo 
X 12 	8eoordary leakøe rrsotanes referred to Prim-27 
X I 	Prswsrr 10s rssotsn.. 
I, 	 Length of Butor Core 
7 Distance along y - axis 

)c-, ask Skew ,n1. 

■,~, .t2 8 	r of stator and rotor phases 

g Air Sap flvz lis 
Coll span 
Skew tactor 

,tC lrxssabilit 	factor 

L11, L22 du salt inctances 
t12, * 

 22 Mutual induutancs 
0,1 Ind ood 
♦, V Applied voltage 
YM Speed or ath Lrraonie 

K, Lig Zag leakage r.sstanoi 



Woiienolatur. 

Skin factor for mth hax orale resistance. 

J( 	Reactance, skin factor 

060  Qoeso 

n Order 	of rotor here►onice 

To Coil span angle 

r(e) Pzoarce 

r, , R,1 Stator ret ie tence per phase 

r2 ! P2 Rotor 	res 1r tanoe per phave 	(refer to 	primary) 

Xo Coil end leaks e 

ek;ew 	1eakae flux 

Blom angle 

h1,h2,h~ ,h4 Height of eeetions of clots. 

ae Width of slot 

xa Opening of slot 

a slot 	pitch oem. 

! C Constant defined by equation (4.26) 

Pd 2ovyer developed (ate watts) 

T(*) Torque developed of nth haxonio (Syn Watts). 

Xe Syuczonoue speed (Sy%. is p.n, ) 

Xa Speed of nth harmonic 

S`UP.o Pull out 	slip 	(for mth har onics ) 

VIn& Speed of nth 	harmonic 

-y pitch 

q Number of phase belts 

xi 



Yom nolatuur 	 sii 

P 

dl 

V 

w 

h 

D a 
w 

r.ffi.rs. pressure in t rnso boai 

Density of air 

Velocity of sound in air cim~/ara. 

watts/cmc 

Radial depth of the a tator core behind the slot is i cb.i 

Mean diameter of the stator core 

Load in lbs. 

kro 

r' tr 
a 

Id 

f 

P 

E 

r 

Corz•eotion factor 

Radial force lbs. 

Deflection in micro inch 

Bound Intensity (die) 

Pozos wave poles 

Modulas of Elastic it t 

Ike• number. 
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aime induotion actors Wets the first built, it has been ngtis•d 
that scall actors behave orr*tiasl17 sons do not go up to full, speed but 
' orw►1' at a lower speed or are not In certain regions and axe uselIss 
for all Dania* a3, application. This behaviour was attributed to the 
presence of l*r* iio in the air gap but the ocaclusions drawn fran those 
ai*lysis mars at vrisnos with the observed facts. The slot opraixa have 
also been suggested as a posithis cause of these irregularitisa. However, 
in the analysis of slot openings either one of the surfaces sae asamod 
to be Tooth as sa sia Is paid car on the oho in the ttmdenintai. 
flus due to the Meseno* of riots. 

Analysisto arrived at sows s ►psrioai relations for the selection 

of rotor and stator sloes Sam of wi icb wars theasttoslly supported 
at a latter stags. r using suh psrloal or osai*saparioai 'the tbs~r 
were saasonab3y soler from sipisas t surprise.. 

The pru.rg* chapter prssent. the sever of what has been sohiiwed 
till now in the field of treatment of hazwties of sea eellent electrical 
aaohin000 1'or, our papaso of +b isrrinivg the different typos of parasitle 
torques e.g., yyaoronoum, crawling torques, dead polnts,tibrwtiog tbross 
and oar dssixa►bls effects p?Oduoed by haracnics, we will consider all 
the possible bat+ooaios of 4 .irabls orders and gpitudos likely to effect 
the Y1orertl perforasno. of the eohin t0 an apprwaiabls degree. 

flgurss written in parenthesis denotes the serial number of references 
given at the end. 



2. 

the possible hsxsonics arsI 

/ . Spies iaonics produamt by the non'.inusiodaI distribution of 

the winding own as $m.s belt h rmnlos. 

2. Spsoe Rar once. dia to sloth of stator And rotor surfsoei. 

S. P.su sss• Na aaios introduced br the aon.sifora air gap of the 

ss shins. As these biraceics Ors , xriso.d In collusion of air gap v*sisao# 

bsxaceiss and higher order hs wsias of strto ► and actor, thsst i *rsani+as 

are also ftmotion of AUM*r of slots of both sus. Generallypsries* 

harsoniss are of Y527 los saptittas. 

4. And stly the ties bareonios e.sent in the supply as and whish 

oonssqusntl7 give rise to otter higher oar of spies end ties motes. 

Mt for our s rpose we will ssel*I the supply a sinusisdal sre. free sv 

ties haresnics. 

1 .1.1. Y 	o a~ilWl~  

It is shorn that ssoh distribution of winder OW be "solved Into 

space hszesaUsf bsdlaa with & teas sasntsl sfd the higher bamonlss. 

Pig. (1.1) represents the third and fifth har►ales In addition to fmda 

usnts2 of a winding In which mamber of slots per pole per phase q to 4. 

slot segs )'-  15• with, no ohvrdirq . 

Taktng 0 as rsisxes paint, the specs distribution of s hasianIa mist 

due to Current it in phase I irny be represented by 

fi a (A)co. (*G) 

whose 	i1 a Ia Cos (wt) 

.'. f1 	• (A)1 Oss(wt) Co. (af ) 
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Chap. 1 	 3• 

sixu 	
f2 

0  d1 	(no y  2 - ) coo (it + 	} k 

	

 A Oos 	) Cos (art - 2 

the r+aul t d$eWbution for nth ionto Is 

r=k 

"" , 	Cos so [.wt..(r.ii)(*.i)L  

+ Co 	ao + rpt (r.4 ) ( w'i) LZ 

Itmi% it up for 'k' ss.s 

Stn(*.1)" CQ*I*D$,t* 	i.il Wi ] 
sie(a+1)  

k 

+  	________ 0o 	(k 4)(a -1 } *  

a a order of •pss haracnto due to distributed wthd a", 

* • avabsr of pt*sei 

4 • sj*ct. +*1R 

Au  - 	anituar of at ►. hsrwnlo 

PIndicw the Baiting corAttlon. of the equation (i-t) 

Sin (*1)" 
0 

k 

If (3.'1) is sultiple of k 

	

sits (m+t) W 	Q 



Chap. I 	 4. 

It (sot) is watipl• of to 

1.1.2. Y.too ty and Dirootion of rotation of Dios. 

'Ui rt1at the angular tition of os.iz* tw of 

$qu tlon (ii) 

* 	yam- W 	f'.4 	W 	 (t-4) dt 

IL •+w 	I- * 	 (tom) 
4e 

Thsz.foz. 'th. flxst aoaihs tort of e atton (i. i) gives oal  

*aokward rotations *nd .round eosln. torn gives 'forward rotat ' h& 

iss R Tabulating the possible Dior thus prodused in •pas with 

k a 3 (nibsr of Oaso) with rrspeot:ilar. s *fir and direction of rotation. 

Order Speed a Orden of spy ed of D 	,. opw* 
HIO i,1" tt C c?o 

29 

31 + 

7 i' 35  

11 37 
+ 

13 + 41  

17 43 * 
19 + 41 . 

23 ~1 49 + 9 
25 + 53 ,• 25 53 



Chap. I 	 3. 

Ld 

10201.  r4jr_  
!brat it 3a as*%mea that loth the stator and rotor teeth ax, 

x, ved. The pea ean. of the rsm*lgini gap to lb (constant) and is 

represented an to by rad4 he3 bt« 

?*t the stator teeth be iniroducid. At certain place* the 

length of the gap is decreased and psrafaoae increased. This awe 

of peraeencs can be considered as It an *dditlonal peraeanoa Pa •onsist- 

theof : 	es had been introduced with the stator tooth. t!al ar], 

let now the stator hath be r3vsd nd as olving rotar teeth be introdue.d 

This is equivalent to introducing an additional 	.ving permeame Pe. 

If Dotty teeth are introduced, at those points along the ani► 

camafersuc. where no stator teeth ecfaq, POVManor du, to the rotor t sth 

to the saws as Pa but at those points ibm both the teeth ► exist the 

psza eama. would be ai*h different. Tb. not p. r afro is ;ice by the 

p 'odrnt of two p.rweN%e• t*mct ons, I►rtl*ng fu the Wr 1" as z(eI%) 

as It 3s fuaation Of Q and tine. ding iaeatursted conditions, the 

air Sap Flux density at the stator surface to 

b(01,0 	e , t) i (e,, ,c) 	—:°'i 	(1-6) 

That* 
Vol  , ez  , t) • glut density which is ration of rotor position 

02  0 Dater padition a,, and malas t. 
„ 	loom of the airgap which is a ftu1cttort of actor pori• 

tion and Stator porion. 

0 



CUP. I 	 i 

The pea  M* twtiOn (a tris chosen by t1 author to sysit 
wring tho longer tore iaaeip OO&I VAX gap length tmc%Ua' ) Is ~[atiaMd 
so 1/l (e 9 62 ) 

?ks ems* solution to the oqvatiaa (1-6) 1a ye eoapj 
t m:Lving tree vagi 1*8 *1 	P (81 1 X12) 
tion Itself consist of iiia *.rile terms , but the lvoaiion - can as 
slaptified tier introducing an ass *pt at0 ? triMption► l* that, there 
exists in the sir gap at any asohin. a asgnetie .uipoieatio2. surfsoe 
of ccilad ricsl felon« This aa.staptilo is well loaded in asMnsa 
with s+ *alossd slots, it wy not hold ,goad for salient mchums. 

If this to t* is p►, ted, all of the effects or 
stator slots my 	asasured with respect to tho equipotential. , nfsae 
without raferena. to actor and all of the ,orator •f'ue'l without rotor*► 
DOC is the stator. ThS it asl be written 

is (01 . e) a t0(o1 ) .1a,(e2 

when 
i tit 	• length or the Sir gap fir► .quipotentiai surface to 

the *'5ter and 4 funotion of 01 alone. 

l ie 	length of the air gap fros equIpr #tel surface * to 
the actor and a function of 02 alone as rested 
is ,is. (i). 

Bach of thea* teras Igo and 3.g, may be expended as infinite 
series. 	0 

- 1.. + Y l coax p Q + Sr,1p Ota p Q 

+ Ive Das We, + tsps' 

 

theses 



3 . span .Usotty sir gap length. 

lhr 1~~ ~ sp.' 1d.~ t, ►ie oosttthtents of air gap I* h. 
R A 8 	a nueb.r of rotor and stator slots reitpwatirn]y. 

jV mans of bi ir1 tI*o it oar be s a. that  
(.,,e2) 	' + p̀ + p (i.e)  

!Q • Sean effect"* pe 	*. 

P , • additional p»**esx* due to tstor slotting. 

?* • additional peswaa due to stator eloti . 

it P • pew. of the sir gap assu r g the *otOr moth and stator 
1 

slotted with $ slots. 

P$t • raeeno* of the air gap assining the stator - s Goth end rotor 

•2ottsl with a slat.. 

The two perms 	. rduitiono derived with the help of cantor 	 +al'~r►- 
tion (u. App iw 1) "fir► W"1- 

+a~t 
►~ •  	Cas (, 0) 	 (fu►) 

`  ,1_1  - 

T201 

Where# 

♦,~ a order of pemesms )*I*On&C with 90ar asaoth ar In 
brief stator pezilasnos bavaonte order. . 

♦,2 • Rotor po w o=6 bWOM110 order. 

art er • Ratio of La.. to 1 erad. values of stator and rotor 
r'osprott"110 



a. 

f(01, t) . I A 	Coo t,9 #̀ + wt) 

4it thth 4 now .*o. vsrl*blr angle In terms of nater of 
pair of pole* (P) as 

then t(e,t) a 	Qom► (a 	# 	) 	 (f.1i ) 

* r(a ,t) x 

Or 	• 	A~'t 	0or 	+ w ► 	 0o. (v 

wt) 

+. J kt * ,Cas (pad! * wC) Coir (v1 sis ) 

"' 	'" 	*fco.(_t.vo.co.(.o;vti15a )}  

. 	"" 	t000 	(~' 	* •)Pa ! wt '' ao. 	+ *;o 

~►' . sth phase It hs&nM when oonbtnsd with vIh pSt1 a b$ b*r*onIe 
give ris, to two mew op.C$ hsr*onloe w1 h as we .LU c1 as ' Purarssnaa 
tz*vsllinj .SYS' or the ord.r of 

+m) 	t*u.111Z* at the epsed of P 
+ w «..  

------- aM 	i.r.* One 1n fob dir otion 
.....,,a 	,. 3! 4* 
P 	 P 

and **Aor Sn bsckwsrd dirsa tic*. 



Chep. I 	 g. 

The ps 	oo tZ'$Y tliflg sages will lnfluaiic. the 	itu4s 

o f]wc density of ath belt hmrnl.e (be) with x+irspoet to wkleh they  

are st 4 still. 1. 'hiss are the stator -slot heznins . 0 scab; 

stator bsz*obic b ter 90nospond. a series of perwrsnss trsvw 

Uing waves. 

The order of the slot b*x Ms of otator is given by the r]stion  

and per as travelling agave sxdsr is 

ap •'(i) * t or ! V,~ 4)+1 

Oca 	ec *tioia (1.i',), t14) IS is soon that the per- 

a 	ss waves of first order `r,~ * 1) +are at stand still with 

respeot to out ar iss of first order (fit) and .iailtr3.y asoond 

ardor pwrrmo 	wave ox. stand still with 2nd order slot ears 

(0 1. 2). 

'its table (i) gives the order of stator pez aaas hnr-

Somss prod ied by air *p per ono. la "U nits (v1 1,2,..  , . «.. ). ver 

our puss we will lit ota~+sslv.s to vs m 1,,2 i... first and second 

sr t+~r air Cap pszazs sospossuts and than resultant stator perarsaes 

h 	ales are listed in Table (1.2). 
'GAOL _ ((i) 

ap 	spired of Ftp 1111 
91  

t 
25 	'1/25 
47 	-1/47 

49 	+1/49 
19 	+1/19 



10. 

%Us (t-2) Cont. 

V1 	a 
I 
	81*.t at ap 

43 +►1/43 
S 

17 -1/17 
7 

31 +1/31 
41 -1/41 
155 ~►i~l s 
13 +1/13 

11 

33 +1/33 
2 	11 

11 -1,/11 
13 

37' +1/37 

7 •1/r 
17 

41 •1/41 

1 	19 
43 +1/43 

1 +1 
1 	23 

#7 "1/47 

1.2.2« 

While ttnding the rotor psz*.sao* harmonica, more saeuz*te1y 

rotor psz*w*. travelling wove*# it is &Sfu sd that 02237 rotor murfsss 

is slatted and stator sut't*.. is r 0%14 then p.rm.xs. equation ice 
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t 
~ 	t~+ 	- a'* (: ` I* -. w2,# 	(11s) 

r2 

ihus 
E * aiab.r at color slots. 
n2 • Rad►fa. 
!2 = orderof psri*r aospoaaat. 

Pa if at the stator surfto. Is 

t(e ,t) • '' A ç Coo (pd1 + ws ) 

• 

+ 2 .AaAA 000 ( 	wt) Co. t "" f + • w2t13 
wa 

. .. i rp * X Ctoi (p * wt) Coit [ 	. (pe -. v2t ) 

#umutwt3st 
w.~..... w 

'2 w r-wl 

Slapli4i it 

O 	Coo 0 4- 	+ s} + wt 	T -(i-r)+, i 
L P 

+ A COS 	t3 =. 	.. ~ 	wt .~.r.,..(i-S)► t 
P 	 p 
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+• air of 7 ootor 41o1s. 

'2 • Radi*u/sse. 

♦ • 

 

ardor of porr*a=s ooa, nont. 

b* mf at t . stator surface to 

f (e *t) * 	AR 	Co.( I! + it) 

+ 	A 1 	Cos (i  
T 

.~s r 	I Cos (iO + rrt} Cor 	4 	ait) 

*ubstitutii. 

w_ • $ (slip) 

.. • -vI 

S pli4iag it 

ø,p•l 	Co. iO (L+*)w$ C 	(1-ar) ± I j 
.w, 

+ Cos  a) r+, art 	- 	+ t 	II, P 	 P 
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aivft the foUowint dies to squ t1 n (1.17) 

A ~r 66 	p . 2 v2 . i,2 

aztsr of stator belt hax*onle 

ThO equation (1-1?) shows that lator p.r.*ee hsx ie* 

are t aK ttom of rotor *lots and ardor of sir grip psrnoe. It 

&Jae shoes that each e e belt herwwnia will praduos a cerise  

or psr # bar"O lc.. Th. peranoe buwnlas are sometimeso 

called subbsraordcs too. ab11latini the useful rotor psra ncs 

Dios lihel7 to prods. an appreciable *ffect. Rotor psrusst*r 

la 	a3 At siren  

r ~ + 

or 	+ v ~ ' +* 	 (s.ie) 

Plus sib tar tazesrd rotat ax slam sign for heckeaxd 
retat , 

orMr of 
*uimaie 

 t pews 0 
~~eatson 

33 
t 

33 i/33 
69 1/69 

67 -01/67 
39 +1/39 

29 '.1/29 
41 +1/41 

1 
	

7 
2~ 
~r 

27 w11 
/ 

69 +1/69 
t 	35 	1 ..l 	Ceattd, .. 



Tsbl. (1-3) cont. 
M 4!4! of $ p..L a 

+1165 
1 	31 3 , 1 `3̀ 

6 .1/63 
1 	29 

103010 "MHUA 1.2k bier 

'fir .*tion (1«1) gives t aapituii. as 
p Sin (*iil) W 

bii. f1a*f i the a. h+ tu" Usit of the ° tin. 

! - 	1r 

Z p 

13. 

i P " 3 An 
	it 

Vht" 
• ?uxns p.r pftao. 
- 1 s• ourTeat of a►dsasn6a1 tlas 	Omar. 
- DimtributUa S.etor for 	U* 

©.4 	'M" "~ I
1 

(not per poll) .. (i .ig ) 
p  
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(1-19) gives tta atplitud* of ath harawaia in air dap. Par stator at 

1* !2st •1 

... ' 	• 0.9(, ,.. ,̀«~.... I' 

p 

Wbeft Jas a I1 a / Ii a deaping factor per sth bsaaon1c. 

s''~1~arly It f 0 1) a #i ce ( ping (iping factor for rotor currants) 

than '(a), - O.9( 	) ( 	 °a•'1 	(1.1) 

1.3.2 	ite. c~f_.1rrrcr~ir ~~ias 

1Qt#ior s (1.42) and (1.46) pies the amplitude of par - 

a * wa+ea ao 3/4 	.R. An SAd V4 	, .» A, for 2 

stator and rotor a re.Dvotive1. 

Aap].itu$a of perasanos hsriic s is fts tion of as sM Z, r-,9 
WWv1 ,Y2 

s~(s~ - 4 Z1 
1 

(Otator pez sot tic per poIt) 
... 	1 	) 

,pap(,.)  
1~ 

As ftflmd earlier 

is and or a  

Avg. 
flit . Of p!r imeana. haves • 

K A % 	a Avers *roan, pexatanes. 
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ft. above !'sates$ ON 	rte is 4s**il in 0)*ptOr 2. . 

1.3.5• 	 t 

	

JOr slot l mMs, the fIxMalNfltal mt of the staff 	sets 
With n n'4*eifDZ* psr*..eor p oduoed 'fir stag slottingt gb's. ris, to &let 

Mr Gnia is the sowar of fsntal. Th*zefazs a ! of slot hemi. 

Isis. cm be written 

 ( 	"''" . 	t 	....s*•4$$1. (1«24) 

11 
2►UN=s} 	(1-29) 

# 	~ S~ilr ..i 	
i 	~► 

$tr zi up the bsxea t 	a* we b~v* 
1 • lbas► Dolt hsZliDflis tabulated his T*ble 1-1 
2. Stator pe 	ai mise given V + k (I/s) 
3« lotor pera eno. moi• given + kt (R/p)4a 
4. $tstor slot hsz*oiiiiar given 'fir + k I (8/P)+1 
,► Ratios *lot hares ios given b 	t (2/'p) *I. 

"or our purpose we will consM*r all these. Tb. b.zaonice 

of iaportsnei of stator ,A rotor sr. listed balers 

 rr 

ISIA OA 	r2 4 	V +1 T
S 

-25 	3 	+29P 	--39 	+63 	-73 

+37 	T 	+41P 	« ' 	+75 	•61 
oaatd.. 
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Table (1-4 ) ©ontd.. 

80'40* 
$TAT0 	

p2'. 0 	+1 	8 '. "6t  

..f# 11 +23? •'45 +57 49 
+t3 13 +472 -21 e! 45 
-17 17 +17? -31 $1 5 
+19 19 +33? 45 67 -49 
-93 23 +11P 7 45 "91 
23 25 .59? '.9 93 -43 

• ► +? 3 39 -91 
+31 31 +63P •* 3 99 '.37 
-39 39 .1? 69 33 '0103 
+37 37 All +3 103 -31 
.4t 41 4? '.75 27 .409 
-43 45 +77 +9 111 w. 
«47 47 '.13? -31 21 «415 
+49 49 +63 +13 147 -19 

-53 53 .49? 7 15 x,121 
453 53 +fit 123 -►13 
-55 99 ? .43 9 '►127 

61 i +27 129 a* 7 

45? 65 ►31P 3 -133 

+67 67 +101 +33 135 '.1 
x»71 71 41? -'t 
+73 73 +107 +39 141 + 3 

-77 77 .43? .4 t 1 '.9 -149 
+79 79 +113 +45 147 11 
-83 83 -'49? -11? -15 -0131 
465 $5 +119 431 155 17 

a89 i9 -35? -123 "21 '.157 
+91 91 +113 13" 93 
"'93 1P 129 '47 -163 
+99 99 +131 #63 165 99 

P i aid. coJf 	/fie ov yobl7?O2a'n 	1 t.r„p~({1<, ~>%fax 

0 
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1. , A MDL ®! !PRQ$ awmç 

?hint sods SbVM In the 14 (1-4) is sss 	th. ZoUowt 
asrasp ims (4). 
1. *arse #moi$ bevlag dim a sis at airs of poles do a 

intarføI with saoh other# they aw be assisd to exist in different  

IndmWil actor atatwes. 

2. l eh soh so tor bee different entuel and leaba go *d $mmov 

&I" res tanosa ( * latunaer are different for each actor 
because of the akin sffee4 dus to the cis of different 

fr.gt*zto is.). yrs Is no ate lie b.tsen harswnkor. 

SIMS =u cwt in sttor prodi*iw 41 u 'Iai at flux.. IS 

represented on theImOel b7 cono.oti a group of stators or rotors  
In series The,. i*riea connected strituzwe have the +row n ber at 

mus or Paco a the fluxes produced b the errant. 

A aodol for the fins stator , ath stator and first, *lot 

haxson^io of at for and roto* stoup Of Vinic. Is rested is 

Ila* (1.4). Rotor sub hax*aalrs ,roar not iMMstsd. 

1.6.1. 	sxpla *d .arliar, One f 	, on ezasin a var i r of 

j&anntna In rotat g bins, that au3, have  is amt 
the fast that the air ,hep flux density csntt be expressed #s a slapte 

reiating rare faation, sizuasiodel In Nps. and tins but eontsizr 

In general a o feat ion of s' h rotating waves ha ioaW ►lets* 
in a ae. or In tiae. Attention ie directed #nitWly to the general 



m 4 

t 

(-Ft) iR ) 

I 

MODEL O THE STATUE-t aivv ROTC R -HARMO":'.GS  

FIGURE 1.4 

P di 
(p  

m 

FIGURE 1.5 

1' 

FIGURE 1.6 
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fid of the ti c dimity coapbnant, as loll 	a . 

It Is gas sd that the air  gap th* dsnsi ►' it *iforw in 

azsl direction and end effects are ignored. ktm f1 O I.itr b, 

can be written b , a #!e - ert (talo two retoromom wince 
as tiros eco). 

b .18th tads +bet • 0 
Tb. asthod of approach 2u► is that ixmtud of considering 

A ncn.'sj*mwiodal current is space, asok4xzs winding will be considered  

as a' k of the barnonia aoapcnsnt aseh iazying iin i .ly in ire. 

Talo . fl a periodic AmcIon of spec. angle 0, it can be 

xpand.4 In Fourier series - 

If i .i(t) 

t ail a '. i  

I this reepeet, therefore, the actual winding o.n be considered 

as e v1Rl*tt to Series Conasetten o f windth wind 	 having o i ter 	*' 

bution I1sto6s, 15 51n500 •tr. wti 

1~ a I 2 

1,6.2. !id 	!i. 

,Tb. alta a 	- 	when J Is the flu* l4iifr.. In 
d# 	 orb tom. 

a [' , 	1* do 
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2' 

I3 Sin 3 4.)2sin (abo +kwt+O) e. 

evalt*tion of this integral ahows that lL 	0 if j p u 

Therefore there is induced voltage only when ffith hraonic flux linka 

with nth hsraonic winding distributions 

tr 	~r~ . ,:,, 	 kw 	3 Bin (lost + 0 
at 

We roach to saw result by winding distribution approach. This 

approach this outline of which IS presented here will be further utilised 

in next Chapters for finding out general equivalent circuit and amnio 

torque phsn m ns of nom.alisnt pole electrical machine. 



GZUUL 1QUIYAX CIRCUIT iCR UID Rt UMT101 	f 
AND 	►MIRATIOJ OF CIRCUIT gLOTA 

There ewe We pno rSX fpr* of t c nU fields b sid s fl* 

festal aegaitlaizitg 10140 nsa.2y the pew buu0nu fields 

and f . harrnie fields. t1 qquivsl.nt omit OOD*lets Of the 

follàing series psrsUsZ connected 3 rds lru,-(1*r) 

1. Priesj as stator windiig resistance a,. 

Pz'iz*ry Les *gs ssotanc. ] I result Ing fros all the 1.Wg. 
fl*at that de ss not cross the , 	gap. 

2. Z 	1tadaesntR . 	ris 	resctszaos ocr ep 1 to the 

fuat4anental sir gap, flu* war of winding. 

3. X 	* BseOXi6 X7 leg* seta *. 

4 t Msgxsetia leg reactance  and eecod* tapedenc.corresponding to 

the stator psx ands hermatia fielder at 4*, * I) the here" is 
rgiemieep where n~ 

4.) 	$.Vatiaing reactance arid seo+*dr zy ispedance con'ssposidthg 
to to rotor ser as Maio fields at (112 1) t1* iaexseoi. 

3 A 	*tis 	resdtancs X5 (ab) resulting fros stator b hsv ou r 
a.' hmraon3c field at s r th haxaonlc frequency in parMilel 
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wits+. rotor 	► 	. coari.tifli of r.setsa... 

and resistance 	)18 (ab) whire $ (•b) rsprss.nta 

backmard h nio slip 

Iast1ath rssotenae Z ( ) , resuXtiz risultth dous 

stator forward mot hsrsonia t3i14 at at th hc30. 'rsgwne7 

In VM*116d witb rotor i.P. o* and rasiatae \ _ 

a(sr) is t rwai .Up. 

There Is stili. snot?*r type of )*rsobios sz4sr stator s.f 

Mxn24sp, which Ia pzoduosd da to the sat across slot 

o,.nini. and their are 	rn as slot hsxaon3.or: The steps 

in the mot' were due to the oorios.txwUon of the stater sat 

somas the slot Op ' s prOdi,e (suit) and ($*j) 	tonie 

fields a1sd. 

T 	And lastly tho+• those s e herwonies prod ad by the hijIer 

order of the bex.+r onios. This order of th.epsoss 	onios 

protmed tea Dios x l be dstersinst% by eoubu ational 

equattmag  but this •f sot b.iri toe sasder, therefor* sh  

Miiw*lcs are teat id n 

As snsl rs$j.4 in Ctepter I#  *AXV 4" nri us order cad fops 

of hexonics in sat wave of a soth rotsr nwhiz*, to establish 

equivalent o iroutt for tbsr st,r  it will be, us 	d fie each putt&- 

.ular eel of She harocioi exists in s Mpezito aaohini aM is as es 

sspw*ta sachiMa of the son tj ps ha'A " ► be interoennee tel as Vw" 

asp spate baxnanios to be oona*45re4, ut 'hem. mehlp rr#  thoo*h 
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id tjga1 In otr mture di br in foflowing respect. 

	

1. 	Iaob has a different wab.r of pairs of Voi~ra~. 

	

9. 	They are ooxin.ct.d through stther stator wIMIr or sotor 

windin e c R both. 

New* the proWla of space banmia* consists of the int ra-
oon oot#on of several eiuiisr machiAea aaW at . the sue *ped and 
having a different rnab.r at pairs or ports. 

The pbyeioal picture teentsd by Irp 4) as sbin In Pig.. (.i) 
four epics harsonios with 7, 0 P20 P3 v P4 paw of poles respectively 

are connected In eerlu on stator aids# and each with its own sellar 
virtue). rotor rotting at tkr sue speed? in the saw directiau. mass 
4*rftsd ''fir' said l t o lust for r" b cues fros Awsloai considerstima 
of fi.ta lInkage etc. AS the Pig (2i4) fndioatse0 the stator set it 
the *l 1 of the space bus* SNI connected In sense and for *&OIL 

.!soak flux link's to Its corresponding viii" rotor #nd ata hsr 

sonic motor set eatwia to circulate rotor bias eia a mount i.e 

I * t• 'r3 	'etc to balance the stator harsonic fl  is. 

When the rotor wtad a 2.11(b) we cont oted in series 

(Ploy 2.2) tern the 	tut. frsquez*Sa. In theist stator windings 

are different. This ease Is for sv baruOnicst indta«d book by rotor 

iia ou rreuta in stator, as nth rotor current Induced by nth 

stator bad ees back is stator ,beth order with different freqisney. 

The sisal concept presented by IOW has been uttlissd by 

the auther to lorwoUt►a the results so obtained. The same results have 

been tried with eouventfonal flux linkage thworrr for hareonica of 

air gap rt. Tb. ft&U effect of skewing of slots is also included 



e 

P, 	PZU 	P3 	p4  

(2 

FIGURE 2.1 

P2  

t 	e2 

P3  

t3 

P4 

e4 

FIGURE 2.2 

FIGURE 2.3 
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2.2. , ;1 LY!?A "?1RN PP OII 

Th. ,p ie p oup coil 's' si4 'A' of stator snd rotor 
r spfctivsiY can be considered •gital 	to b.r onle coil eonno.» 
,t44 in series . frit 10 . flux ,p dt~r*& tr,~r Ws e*f.. duo t► e~cS 
tt is it %% 	#ar + 04A 

'1$Js "M 

1'f •► 	+ 4b..bOXX) as (''" 0 ...rt 	~' Q ~ 	~` ...%,)  22 

s1* " +s: 0sa " 1 t`" 1 t 4!22422.) ... 	«~ 	• 

a Xli + 	4Z1, +*** 

ar 	 •1 	(2 2) 

equation (2-1) is based on to assumption that tbars is 
s. it Z oouplin between saws ardor of stator and rotor liar e 27 

2.3 MSIA11X  

The stator f eq *tion as , i ven b► sgi*iios (1.11) 

atstor ma! Is i 

rte ► 	.. 2 	 , 	are. (a ,, # wi) 	(2$) 
Rotor cat to 

r(o, t) 	F 'te z 	 v►2!) 	(2*) 
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Pros sq*tions (2"3) aM (2-4) tho not mat sot tenors 

the air pap lath. slgfbrio a ma of these two axwesurionr ( ©)1, neglecting 

satmn►tion bystuis and eddy ourrents putt ouj+srposition to be 

applied. The sfS.ot of vsrsll.l leakage petli. rcaissze only in toss 

of vol tags drops will be taken into 00001a t in this wr. 

mar (sir gap) * m! (stator) 	m (rotor) 

 (1 	(Zr rotor not 	r d) 

Ook • angle of show is defined as the diff rw a in total angular 

displacenent in olootrirtoi :sue between 02 *r*4 O1 at 

th. two ends of the rotor stack. The origin of the caordi- 

nates is taken at the centre of the s' r. 

*2 	*01 . 0.k 7 (t«r) rt. 	(u7) 

Air gap sat In terms of stator coordinates 
~r 

f (est) ~, , ... ,r." .~. ,» ., 	x 	coo f 	+ w I+(a .) 

(i.) j]  

1 1*1„ 	qtr all 
Cos { pwe, 	± et) 

Corr id.ring only slot harmonics goad bolt harmonias then 
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/2 
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FIGURE 2.4 
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7 L/Z 

0 
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62 

END OF STOCK 

FIGURE 2.5 
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1212 

• 

xIIt *1 

r W. 
k w1s Co* (p~ei t wt ) 	(2.e) 

The flit 11e)aga at s :3ngl. rotor 0011. tWU is abtatnsd by 

inte rstts the air gap density referred to the rotor car the  
by the rotor col turn. 

CJS 	♦W2 
tri -

ff(e,t).ie 	Cwg)r 

Where ,n 	- coil ap e 

$ *etitutln the foU owing in s1 p3 ring equ~►tion (2s9) 

•"P(s) kd(*) 

elk. 	P e 	(mote 	►) 	 (2-1o) 

Elk(s) _ aM. ~_.. 	(skew stator) 	 ('11) 

PAL 	112(ONI (MA4w s(a) 0+m wt 

PgO 11 I, 	 Co.' ort 	(2-12 ) 

Total flux 1$ king u. I. 

t {(r) • i(s) ' ~1 
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) k► () () r(*) 
Co. of 

• *-- 	NI 

s 	, 	1 1`1 	2 	Co. it 	($ : ) 

j 	 y 

$it~: 	a 	 .IgMLMK.rala« \ i urn) 

a~ 
4) 

(fir ss} 

Differontlit i 
A 
	

k (5)k,1(5)X2(5) £() w +din (it) 

two +  	, 	 tcA 	w $In (it) 	(2'44) 

$sails rIj when air pmf Is refwrred to rotor side us1ng the following 

coordinate triinstorsation 

d2 ,,*1 •4 L 
	

(2-15a 

and since rotor' *.r, to stator to rotatiuj at slip ..4. 

f2(0t) _IA*a ( aØ -s5wt ) 

whet $6 • slip harsonta 

• 1a(1-.) 	 (2-16) 

Is colporsting squitt n (9-13) and (2'46) in •q *tion (2.4) and 

( ) the •+lt•i• inia.a in the rotor circuit tiwus out 

1 R' 	()2 

40 SMA 1~ ~• x 	 ~rFYllwl~wMlrlrY I 	Ilrllrglr~ rr~ 

(2.17) 
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total golf ihdt x taitoo at satoa 	" 

?otat self indintsr a of rotor pbsse ' T 

and Y12 or ,1 	1S ' hs s Ctrl 'WUO 	e 

Ibsn 

1022(,x) 
to 

4—.111, 	( 	 (2.'19) 
s 

*12(a) 	 f ~`1 	 a» vy 

%1 (a) • F 	2 It a2 	'gun► 	 (2.21) 

(2-22 ) 

a4usti 	(2.48) through ( 2) In egi*tton ( 49) and (2.17) 

* v sin (wt) - me, (a) z2a ~..eafl(Wt )11 t l (a) (2-rV 

.1(r) • % $ A tw*l 	%2(a)'g* .. l 	 "1 	fa) (223b) 

2.4 AlATOGYWK. COUP C 

The well kr* wn coupled oirau :t egi*tiozr are, for the diff 

rontlsl oivation f►ru 

Qe 

Lg2_.1.. +x 	.•a 
dt 	at 
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As tar ass. Is4 stats torn 

jwL1111 ..' Jw1zs 0 11 	 (2.24) 

3w a 11 . j ► 	X2 r• 	 (2-25) 
Zgi*tioa. ( 	) and (2-23) dog not take Into anoint the roltaie 

trop due to 	s1atanos of stator and rotor. 

If r1 • Itstos rosiotinar. 
►2 a 	R aontc sotor 001stacce * 

The rotor resistance r2* *131 waz ► as per hijhsr bamoWWs~, 
Okla effects prothinstss as oo=MWrad further In this chapter. 

It drops sz tak into aoaat , the ogvatio a for applied 
volts" I kooasr 

Vi ` a1(a) + s ator chop, 

♦ fr, 	+ 3511 1411(a) "` Jws 	, Is 12. (7-26) 

R 	■ 12, rte. " 	" 	.. r 	2(ji) "2(a) (247) 

+ 3*11, 	air a 

As the whole tet' of rotor is soma ed In allvulati 	current 12 (a) 
t rrforo % is rnro. 

0 „ .. 	••w 	12(s) 'WI K 	(2-20) ~ 	~ L ~z{~~ a{tel 	~ ~ {s) 

NOdIWth (2-26) and (247) WI* (2.4) .4 (2.4) 

~1 	r1 1 acs Z 31151'( ) 	(x — I (5) 	. (2 9) 

0 x2, 	t sw 	xIn Z l O + . 	0s 1)ua 	(o-so) 

agas#ssas (2.29) &t* (2"3a) jive. ti o► oonwnitionat general 
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e irouit (Sg. 24). 'Phis presents e pzt lent a ireuit for brr~ouM. 
Wtued in rotor by 	Zt*uiodwl,r i** distribution and due to 
the pros. of *.tots on eotor and stator suilenss. Thu doer not 
.oast the motor produced by rotor otreute which are t+amsd as 

töhsrYias' . 

i t 	R 

For ath hasoanio revolving 	 surd per suit .ynoronoua speed 

is 
a 1/A 

itotor per unit speed 

.. iia slip is h 

LIQ *1's 

1/a 
t*Mmd rotation ) 

• 1 + *(9.) (for backward rotation.) 

2.5.2. 	151 	of. R 

it lar e*5rpte, conalderin kth forward rotor Ufa deer to the 

rotor currittt induced by the nth baa 	stator hers gal t ti ldf the 

speed with respect to the stator int of this nth bmxmonic stator field 

is 	• 	1/a and its !peers with respect to the rotor is 

1/a - (1-r) *1/s  

The speed of the Ith forward rotor hsxxlo of this field with 

respect to the rotor is 

Xk 
	s 

and the speed of * tb haratonic with respect to the stator is 

JL [ as • (*+I) 	+ (1-r) w - : (x%.l) *~s) -'t 
	(2-3') 



V, 

FIGURE 2.6 

R2/5 	 X2 R2/sm jx2m R2tn/sm pm R2ms/sm A,X2fS R;cns/sm ax2ms 

jX2m 

OOCKWARD iX lrn iz 

XMm~t 	
R0r°R 

R, mh 
'-SUB HARMONIC 1-m(+1)(1-S) 

FORWARD 
ROTOR  m11 

R m la 
SUB HARMONIC  

R2 m 
5m 

jXMm 

(FORWARD) 

1 
i 

FIGURE 2.7 

. R2m 

Sm 

vvv - 

j X2m 	ig2o 
ix2o 

Rep 
Sm  5m 

~Xmm 	 ~XMp 

FORWARD 
	

BOCKWARD 

FIGURE 2.8 
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at s +• 1 	speed of field** * 	Sim 	oae O].ip 

This per unit speed appears as the deacairis = or of the stator 

resistaoao tori in the kth forward field airouit of the s* bakwprd 

stator boasoaio field in Pd. (2.7). 

(a) 	Care (i) has been considered for particular set Of hszaonios 

Taking r ON k as general order of any direction of rotation. then  
t 	+ 

2-6. 	i ctliT 031  	tench 

As &iooeasod r►asder bapsr Z effect of slot openings Is 
to Introduos persasno. traveling wove* of order 

i'1 J- + a 	is ease of stator 

~rg p♦a 	incus of Rotor 

As they are perodmed by stator wad rotor hsrszdo 3aludU% 
f a a ntal OUrtt1Lts s110h ecce flues have the saw fr.qiancy 

as the vat peoduoing thea when mrd from the stator a . R ., 
th. effect of the slot openings is to introduos a double trot of indistors  
in series with stator an rotor +.nduGber respectively as the case say be. 

*06.1 Rift Oaaoidorisr Rotor rr~ioa. ~!a es wnr 	fir.err.arwrnw~wowrrrwww.r.w.~~wrirr~rrirwnriw~ 	■ w r+err 

Alger puts theme, in equivalent fora lila Pig. (2-7) . 
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2.6.2. Equivalent Cixanit for Btator Jrzsaano. W&Tm 

It uoitij field is ire stator of nth order them *egwnaa7 

of Stator POMMnw travohioa waves would be sable as of ath hsz*ox *, 

They are is Luded i& circuit as shownbt mor(1 T)  (ii. 2.8) ebur. p 

stands for order of porsanw wave pr'odt*rsd by ath not wave p includes 

effect of both stator and rotor slot openings, for clarity Araks oni, 

gyral itucs tovvard and backward are sfl over the dime. 

2.7• 	mcx TION o 	t 

	

Comontieral1y 	lea ae#otsuos taken into anoi t of 

1. 	Priasxp *lot 1wak*g.. 

g • 	Coil sad leakage. 

3. 	Zig Zag and *ase  bolt leakage. 

4, 	skew leakage to 

The tai mg re star s Includes the wagnotising resotatces 

or all rhe. Sims •o of the sat haracaico are to be considered 

reperatily In the haraoaio 4irduit# the sagsatiaing r+ taaaoo of thies 

hazaoaioo would not be included in the prii 	(stator) 3►iakage. to 

facilitate oatoulatlon., the coil and leakage reactance will be aaetasi 

to contribute iqaUy to the p imi7 and secondary aides. 

total pn'iasx leakage reactance is 

	

+ ['iii 	'' 1 (A * 	+  

1.1 S Primary or stator laoicng• rwaetsncs. 

1111 +I !rI asz sig  sag leakage reactance. 
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Zua 	+• vasnottaSni sotarae of h*On#os. 

Zo 	a Coil and leakage rssotsnc. 

Xc( 	a $kMr rSaSt#1Oo. 

The D.00ndar leakage i" um* tow the f*a*daaxltal 10 

.X 	+ X42 + .,.°.r•  

where 

18 	s 8eoMsj slot leakag• rraotanos of seeondu7* 

Z 	* e.eozq Ilaruonie leakage rssaotanoe. 

M for nth ha wn1e 

X2(*) 	*1.2(a) + "i2(s) 	1c( (a) 	 (2 4b) 

Thr 16 no 	tiar*11 0011 S)6 ie*kaje reactance. Zr 

higher has rise. on31 a*g mi laskage reactance predoaixmtea. 

I.2 	X2112Mp I 

As well known 
'X4l - 4rwr 	 rM1r ■winr 	/ *' 

a z107 
,~Q~ 	2 

6.38 ~ i ( 	) MI 

1 e ! IO 

Whore x a amber of o datore In series per pie. 

$ r Labsz of stator elate. 

Is • prmwnot constant of slot. 

1r - Matin sir gap is gth. 

1► 	+ leas length In Inchso. 

*5T Of $umr per pbast. 

73 	* lore 41sastsr In Snchoa. 
tim N^f C41 /host`2-Y- 

(2 35) 

(2%) 
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34. 

other of £daM, ooxasUszw first tins *orrsot3y the air gap leakags  
i.s. b.znio flits as scums of leakage. Alger treats it as ► 
aspirate tug Barg and belt) lees. 	r OWSM& ►tion egos Ad~at'8t~'1) 

th.or its applicable to hmr* niar . More over this theory ds not 
consider sx duping by squirrel cage winding in th. rotor of stator 
fluxes, fur an no due aor*id,xrtion Is given for *lots» Tb. influat** 
of slat* to two told a s.ires4 d ursod In Cbaptsr to 

slot Opining. asyr elmalAorably decrease or inorfass the aapiituls of 
pisncs WaYea. 

Here the remits are r. ro4wed at the axs3►sii presented by 
LtWhits -Osrik. These results are dealt in +stall order Appendix U. 

	

r 	 a 
_____ 	 0a0 (--- 	')] - I 	Z11 	(2.40) 

skin stet tutor for Xie reactance of slots it to 

be considered. The slot leakage position Is considerably affected by 
high freqnsncies as sham by OUXYS (PIg. 11-2) of Affix IL. The  

skin *tf t fetor for ssea .i I. liven by 

,.68  
60 

for a - forward use nsgativ. *ice. 
a - backward use positive sign. 

Therefor, total leakage sstano. for ath ate r owe by 
•u*stitutint #-35 t 2-41 In (2-30) 

	

'(a) 	
.. ...) 	.~..,~~. 	,.. ; 

~._ 	) Ori° g _. 
z ~I 

..i] Z+-rj 
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$.7.2. pr 	and Islands 7 !! 	 SM .I of Blot *ni.i 

'!hs dtffrsntial 1oak;t ~tam* for slot Iisrnona. 34 

svbstitutlz in 240. 
s - a a (  

X) 	
I 

 i) p" , xxi 

a. 

Tb. other 1.k*s oamponetita would. be the use s dim► Its 

(2-42) 

2 07.5. 	 .*dsoon 	 ." +Romoto for  

On the sues, lima as + ►tion (240), a wat tja1 
torn for the dUf.z nt$al resatsns am be got for per ano.. 
fl.zaoniaa. Sine* as pointed out earlier too , .p rm amo bsrontc amfs 

of i+ezr low oar. do toil .lie rs*otarc. can be to cen with 
eltt +~alint wour& oq*&. to sig g rsaetanee, booauso as sq**tina  

2-40 Indicates, •lj sag r aotswo moria * with lowed order of 

bsziioniea. 
Writing  

• order of p*rirnoe barnonic. 

222 " (gyp) "` 	2 t(5,) """ .~J w,.M. coat 	.  

Ute 
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2.? 4. 

Pray ovation 'l'29,: 21 end ourr.nt trensfozast on 

kwt 
whn I • a.tsa 	r . of pr1 r ' 

As the winding distribution for slot bex*onis is the Jn r 

as of f' *u t*1 so factor ( 	doom not spec► tar slot 

Pros equation 14 1-10 it is uen that factor k+  

the 	..s out and sloe k 0 k2  are f tion of *lot o ad r MA 

Aur gap : 'h out opsninm have a t a # •fteet err jmresasss 

Sato Mar$ active force . It to dbsat]y reduced An portio , 

to 	tor K(ll) 

0 
w1 a 	Average po"W" r 

...:.(2-0) 

arrived on the asetaption that psreNnee it sinaslodal over the slot) 

2 
(2-49) 
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/5 , 	s ► e„ ~~.;~IIttI f„t MIAItm 	(2-50) ziaiai i*x iii ., 

If ezeiflng hated for a 	psis wave is ath 
pbss. bsz* nia wa r 

( i tot Visna►.) 

ct 2 x(a) 
(for stator pry. ) 

p 

3.e. 	 iTAI  

.8... r q or bar ?% Sa 	# t 

?hs rotor resi tamp is oc*posed 

Its 	% 	+ 112(l ng) (.rmottv.) 

WbM c 	a Apple bOUMm two Darr by whiab Dar cunsn#s are displse.d. 

  (*at. vam ). 
it 

*gUation (235) applied to 1nn wave. Conoid*rirg rth the ,kin 
•heat bss to b« taken Sato 4040mt in two 	. Jar acth Ih a .lo* 
angle b.00a.s t- 

* q. 
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kwis 
•• 

 
It 	• — 	as (ka) 

a 90( '74) 

For hi yhor order of CmnUst Iti resistsnos dots WS 

b raw apprseiabl. srt of r.slataEc. in cramp bion with bar 

3'Riiatines.. which inarsss `I.z fast die to skin effect at hI 
frequsnoiss at hills, Th.r.for  

r x(a) so skin flotor for nth 	dosit in detail in 
App 1X It. 

As in a,* of rpt bsxaoaioe, t w exalt 1n timid to fimds. 

swatal therefore skin factor Is at i*portsut to this and sI*, 

herecaie. w U *xpsrimno.ths as r►rsistsne. as of 	øasets1 i.,a* 

' 	t ~ 	.) 	(2 46) 

4 '1 (I, k Arta *nt 	 - Beth tins factor (AV) (247) 

t() 't %, a (a) 
Ther a is the t ►itln field forapth vows"=* field. Slat 

'l' for stator psrsesie we ss. 

AU the resi* .t$p dote 	d sadsr siotion 2.7 aM 2.$ brio 

good Only wkan the f damixital and hasiionio (.iii lathe are asap 

0 
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taettut.4, This sSAIMPUon 31 valid to a 'with.' e'tsnt sa the 

looked rotor p.rfo 	* Ourn of the w~wohias err toot (11s. 1.3) 

thdiestss. Pros this fig, we can safely orauu tb seohin. working 

in 'a*stuz*tsd region without s apawlaUe error es.opiig #n. 

2.9« 	! 	i 	P 	i . 	4 	Citi' 

I 	 aa 	Q! o to 'lE J tpC} 3fiA NT 

2.9.1. 	a : 

The ezpsnboontai ak d rotor 1nction c)t was put to 

*os. testa end a-- r i to 	s erg r.iaw.nt a 	n.a.510r7 

for fwth.r dais and e rUlitioz*. 

I. !!A!L i *t tThs foUiz*gfigures were ,oUsotsd after 

oaaeira 	oursnts Of U. 5 it , 3 H.P. I, 1500 	it rotor skwed 

Iw uctian asoh r.. 
ala of skei► 0 d* (Elect) 

Length of Rotor a 7.1 parr. 

Length of Rotor bar a 7.3 Carr. 
Dj,at at the sir gap • 17.0 eao. 

Length of axs.tura a 7.5 as.. 

2. 12v !ter of slats • .49 

lumber of ciao «+ 4 

Na. of tins per pbsss 0, 2%, 

OharMng a fallpitch aoi3*. 

Phos ► &M4 * dO' ( 4 slot.) 
speed.. a 1300 (+lqo 	►ts ) 

slat width • 5.5 et 
Blot pitch • 11.1 m. 

not dept in 21.0 era. 

slot opening • 2.5 en. 
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3. !1*V  go, of rlats 

fltrtj sits 

xs*n dia. of Rang 

Width of rotor slot 
Rotor slot opening  

Slot pitch 

2.9.2. h*' ' 

A*66 

0* 2.3 it 0.5 os.. 

0 15.e s. 

0.65 asps. 
* 1.5 sm. 

0.705 

'err cosysMtAoM 1 a.thad of variable voltage test and this 

dItex*iLUflg frIbUOU windag. 1,oss b' sxtrs plotatioziOOsdurs. 

Results is are potted is PAS* (2.4) g*ingr 1asgs frisuon loos (art) 

0 3 	watts. 

The segnetlslog re**U oe was dstez* hd at rsted voltage, 

umechin. r ing at qscronoa speed b ► a.ans at tez3 drive in 

oWdrsotion of rotation. 

1 . 2,20 Amp 	V • 440 Volts 	a 910 Writs* 

Z • 13000 t wr 	, t - 5*1 yrs # XI  'm 3.'5 Otws 

	

3.1 4hmss (ROW resist a rrt*rrsd to pr i*s ) I 	1.93 0s. 

(e) i1i ia 7o.ajs.t  

A atssy 10^4 loss owa o s nt lose (Pig. (2..Io) Is risen. 

Result* aro obtair*d rbas a reverse rotations test is psrfbra.sd Ovzr 
in*ut .on acs. 
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4t . 

2.1o» CAWULATION Of CIRCUIT COIBTAJITS OP OIERAIg EQUIVALENT CIRCUIT 

WITH AND 11Th0? $Z AUTA of THE EOTCft 

2» t o. t Qa~o tt~aic 	of 1qtaaI1_ PI*Qrs 

# fore : è$1 over 4o aot a1 ca1ou1 si a of c utt oonstasts, 
it is +rs*ntit to find out osz'tsin factors required in further a+1 *.. 

tions 

(a) 

k 4, ) (as eoils sx,f 	pi' lu) 

Sin j c 

6 Sin 

fir* a *no.ots1otsp.rpo1epsrisse *4 
or. a *oil sp*. we 0 60'  

Results axe tabulated in Table 2.1 

s 1 5 	11 13 17 19 93 25 Z9 51  

	

tai •955 .205 .157 .126 .1 ► »157 	«9+ .955 .955 #205 .157 x.126 .126 
fable 2.1 B. 

41 43 47 49 53 55 59 61 65 47 71 73 77 

eta •t57 0905 .955 .933 .205 .157 .12 .126 .157.20 .935 .955 .205 

 1 Y  

Pros Well kzaown relation  

31* we 	W14W r 	10 
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• O.$5 o 	,h1 . 16 #0 ~s, b2 * 2.0 rNq 	• g.t? aa 

h4 . i .0 1r #• 3 u1 % . 2. 6 Ia 

a 

Pia. (2.46 ehows the dip os ass In the fluor 4.zu►i*7 ours dw to the 
pflaiba* of riot 0 	w, 

- 	- 	
+ 	Coo (0 z)] 	......... 	(2159) 

	

2 i1/ 	. 

!r'Q Piou 1"9 Is K so 
K + - 	~*- Cos 8 0 4 	Cox 2 as 4 ...... 

	

vi 	 2 

Consiu'ir18 onlylot and 2iid order of perassmao wsv,. 
If 

t a perasfxs with a th suits*10 • 

P's •a Bffaotlwe perwauce with sffectiie air sop lesgth. 

?~ 0 K . account Asn.. 
P~ • k f *a8iituu. of let cert pe ono. weave - 

Y 

The aszimn v .uv which the stopped p. anc, can uk. is P1 
P 

... P 	* _ P + 
 

. 	k 	'1 	f«$ ' 	 i.R.. .. 	(240) 

'min sow a value 
P(OW) a PO(OW ) + P10oai a(km} t PJ2 . 0o0 2s0(_ ) 

	

r 	~ 
g{Q 

	

Pt 	. P •. 0.44 	 (2-61) 



FIGURE 2.16  A 

MAX. = (1tDb/1 2  

Hi  

SLOT 

FIGURE 2.168 

►f 	211 

FIGURE 2.16C 
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?ski n ps~~. 	 CJL o MYIF YIYYYYIII~~~iYY~YYII1i u 

~i~ 	 air sop length 
4. C.7i5J 

p • 	A- -- ø2.5A 	rt 0.04 on. 
i 

and Pfs (*s) - 	,'1 when 1'g • lffsotti, air gap with 
Carter 0009T oient. 

- 1.99 A« l' 	** .00 one 
. 0.91 

S.. Po • 1.135 

P - 1.135+ 0.91 Cos 84 + 0.455 Coo 95 0 

twos equation (fig)  

", 	O.89 	 (2.69) ) 

(Por stag) 

8i*ilsrly tlnding tsetor 1 	for Rotor taking ffeotiva air 

Cap length Y"9 a 0.424 ms. 

After r ing Ca ter'o ooetfieisnt for . rotor slots. 
the ,p.resanae sq *tion with rotor slotted and stator smor~ ^l 

becomes 

P2 - 2.0230.313 Coo R (• - 	Cor  

- 0.1% 	 (12.63) 

2.093 
Coaparing these results, with those  eoaputoca by Rob on in the fora 

of cures 

In our case 	width of *lot 8 . 0.5 on. (stator) 
• 0.n 0*. 

0.39 
1,9 - 0.04 oas. 

*At - .!/.04 a 12.5 
from Pig. (1-4) Keen f1w density. - 0.49 
Pzos lig.(L4) V •J 	ss 0.9 
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For Rotor slot width • 0.2 ca.. 

0.65 owes. 

.1; 	- 031 and e,fl • 5 00 

The ralusr of these f etoss l  and *112 

440 

t tw 	. i•3) '.J -0.2 
2 

ax's case iding too a fair 

degree. 

{d) 8 	s 	 t 

Designers Arte loft a eogniaed that the se fw&ds e►tai air 

p►p flux varies with azisl posit*&m because of the skewing the rotor 

slot* with rospeot to stator slots, hero an q antitati,* data are p 

seated to danonstrats its eff.ot, chewing how .ate this flux reg 

It is Important that variation in flux is taken into sacoizit to know 

ills exact per 'ormam. of induction aaokiiws. As Fid. (2!m1 ) oil the 

skew flux path. 	it crosses sir gape  but it does not boas a* 

useful torque#  the skew flux siaply adds to the leakage (equ. 2.33). 

The skew flux is produced by tnequslity of stator and rotor sf 

browah'6 in kg skewing of xOtor' baa. 

Fig*  (2'4) shows the stator kms► aranrAwe,  and the rotor outside 

wrfaoe driwprd Into the plane of the paper. The fir shows the 

sister - rotor and resultant art's at the war of the stank. In the 

oratwo (ya 0 ) the resultant if it sero. Considering only ftrndsasatal. 

If o 	w Total. electrical skew angle (80! Pig. 2.17) = -G 
induced in skewed bar  

skew 1aetox 0 
bf induced in straight bar. 

B k 	 ( 5) 

?he .lsasnt of voltage induced in a shoe t  ) l.sagth of the 

ooadumtor at point * is 	E x ,where I is the total voltage  



STATO R 

ROTO R 

FIGURE 2.17 

STATOR mmf 
RESULTANT mn1{ 

ROTOR mm~ 

/\\ 

FIGURE 2.18 

0 

2E SIN• 6'/2 

dxLx-s/2] 
	

6 
6  -/ 

FIGURE 2.19 



1adueod in $ otraijht oonduabr. The net voltaja wmo the bar to the 

sus of the Froj so #icon of the o1a*mntszv Ye]ts.. im the aid point n1 

* 	- coo ( 	) dx 

eBitw/a 
• . .  a 

$ia31or7 for *th h.z* fl#o 

rcr 

22818 o/2 
.. 

8kew factor for 	d►3cs are tsbuLsted in Table 240 with o- w A s 
(zIoot) 

tole 	AB310N10 8WRA TM 

! 	 17 19 23 2b 29 31 

i (a) •99~► .9'7. . 	•946 .'925 .8TI o ' .7! .74 .0? .616 

at 	35 57 41 #3 !7 4! 53 55 59 61 

%(a) .527 .482 .391 •iii .2% .212 .129 .09 .017 .Ga 	0076 

sable (2.2) 1M AGnT18XG RA0TAXON 0? A8E 	H►1ULD110S 

a t 	4 7 4113 -t? 19 -23 25 	029 

Zt~t) 136.0 0.236 .077 .02 .0144 .0 132 .0176 .261 .221 	.0076 

s 31 	-35 37 .41 43 •47 -71 73 '95 	97' 

¼) .1304 	.000 .o .00! .0834 .os .004 .0250 .015 	.0146 
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Table 2.3 IAG T'I$TIG RIAQTIXE OP SLOT H*I)1IC3 WITS AND 

TIMOUT 8!J! 

-23 25 47 49 -fit 73 4m99 97 

) .26 	.ti l 	.0625 .OM . *74 .t 6 .0153 	.0147 (  

Tablr 2.4 *AGIZ" X i RIACTAMS OP PtWEAIO 	MOIIC$ W!21{ AND WIT Ol 
am 

'ireetion Or 	►tem. 

suitor 	 23 2.6? 	bue'd 
xx a I le 	f 	25 2*46  

cw. 	 47 1.30 	BraQ~- 
49 1.25 	riOr~a" 

(v A t a) 	 Devotion of flotation. 
p 

35 	.31 	rid 
Rotor 	33 	.326 

a 138 	 69 	.07 	Porward 
Ohm. 	67 	AS 	kokwsx'd 
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Table 2.5  LAS  TAMC} OT }A$K 1 I  SIC 

with sks without skew 

1 .990 493 138 2.46 .392 .21 3.1 2.44 .392 2.03 
3 .9d7 .160 .236 1.02 .71 .003 .083 .045 .01* .034 

7 .99 .36  -*W7 1.04 .565 .001 .044 •.026 4012 .038  
11 .941 4 .02 .184 .615 .001 .0 .012 .008 .02 

13 .9299 . •014 4823 .73 *001 .028 .0123 .009 .022  

17 .073 .21 .01332 .7 1,11 4003 .051 .016 .02 .035 
19 .845 .21 .0176 .003 1.34 .003 ..11 .031 .039 .07 
23 4775 .186 .261 .843 2.36 .058 3.25 .31 147 1.88 
23 .74 .186 .221 .93 3.72 .058 4.70 .51 1.97 2.48 
29 .657 .163 4007 1.1 1349 4002 .692 .02 *278 .998 
31 .616 .163 .004 1..17 40.5 .001 1.13 .012 . .43 
35 .0279  .149 .002 1.48 3350 .03 1.97 .071 1.89 1.087 
37 . .149 .0017 1.73 710 .032 125 .007 .248 .255 
$1 4591 .138 .002 2.46 236 .035 7.05 .01 .066 .0% 
43 .346 .130 .0034 3.13 246 11.5  .t l7 .096 .114 
47 .259 .129 .0625 	3.4 334 339.4 .352 1.27 1462 
49 .212 .129 .0579 	7.8 470 477.8 .352 1.13 1.3 

Tabl. 2.6 SSU? HART O IAA * R I CE WITH 	WITHOUT 
8R I►1OTOR 

93 1.36 4.60 
25 1.990 1.97 
47 1,36 1.32 
49 1.16 1.11 
71 13.5 13.2 
73 374 3.6 
95 3.40 3,20 
97 10.* 

'''"-"IIfll 	IpIG11111.r11 

10.1 
1 	iM-  
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!able 2.7 	1KEAEE *JIIc T AKAO1 UAC ?AE Ms AND 

W12HOar81r PACTO1 

a 	t~ ~a 	'► P ■ 	!l3  	12 
it 

Stator 	 23 	0.75 	1.30 

Ids' 139 	25 	0.537 	1.97 
.Nwtsl. 

47 	0.875 	1.27 

49 	.975 	1.14 

("I+: p* 
'1 p M 	 8 	2 {ap) 

35 	 0.99 	2.214 
Rotor 
gaote► 	138 	3:5 	 0.85 	2.65 
asatsl 

69 	0.194 	15.3 

67 	0.413 	9.20 

Table 2.6 ROTOR PHS18TANOR OP STIOT RARMO1XCS WITK AND 

#IThOUT 8 

a 	23 29 47 49 71 73 93 97 

1t2() 1.93 1.93 	1.93 	1,93 1.93 	1.93 1.93 	1.93 
os 

80! B IY 

ap with skew 	without sk IPS, 
Stator 23 1.93 1.91 24236 

25 1.93 1.91 25.24 
47 1.93 1.91 46"47s 
49 1.93 1.91 49x48 

2otor 33 0.012 0.072 34.33* 
35 0.33 0.33 33s34 
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Table 2.10 ROTOR U i8?A tCR 0? IME MMT RARUMC8 MIN ASD 

WIT$OUT ROM' * a IED- 

m 06 $!i itit~at. ~ i~► >~ 
' off' rr th wi tbn 

1 10.6 .717 1.3 *996 .1.93 1.91 M 
5 53 .0307 2.323 .981 ' .64 .60 6% 40 
7 74.2 .0169 2.523 .9 .474 .43 7e-6 • 

11 116.6 .0085 3.56 .945 .534 .515 12-118 
13 137.8 .0062 3.56 .iii 3 ..565 At 13s+-12 + 
17 181 o0064 4.35 .873 0.6 .72 1A-17. 
19 202 .00635 4.33 '.845 1.2 0,99 19.18 + 
23 244 .0085 3.05 , ... .7? 7.24 6.0 24-23. 
25 266 .0113 5.05 .74 7.60 5.8 25 -24 '• 
29 308 .0318 3,61 .637 2.04 1.0 3049* 
31 330 .tai J 3.61 4.606 1.6E 063 31x-30 + 
35 372 .56 6.15 0.327 1.87 0.64 36-390 
37 394 .071? 6.15 .482 1.89 0.30 379- 	► + 
41 416 .0278 6.63 .391 3..1 00-30 4-419 
43 457 .0109 6.65 .346 4.6 0.56 43-'42 + 
47 500 .0069 7.14 .236 31.0 2.0 48-47* 
49. $21 -0063 714 .212 37.4 2.0 49sm48 + 
53 364 *0064 7.33 .129 13.9 0.20 54.33. ~► 
53 583 .0012 7.53 0.09 15.25 0.13 35144 + 
.39 626 .0113 7.92 0.0169 21.. .018 601591 
61 648 .0178 7.92 .0164 21.? .020 610-60 + 
65 &O .0915 8.24 .076 20.0 .12 66-65* +- 
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OPTZAT1O1 OF ?]iC1Qt{1t71i PARASITIC TC Q1 Z OF INDUCTION MACNIfl MVS 

ROTOR BM WBD AND t i0DD 

Ts tern pasnsitia torques includes all those torques pedui4 
by sit wave except that of i"und 	til . As investigated (Chapter I) 
suveriapos*4. upon the huts duo to the tstdsssatal sine weave Sl~1d 
Of an i d4dfl8 saohins, there ax. q.11+sr° harnonic currants produosd 
by the griad of hsrnonic fialds. 

In the 3aduatton rotor, the rotor is not connected to the 
llns. the in watt wave (f tdssurn .) of the stator produces an 
sat waves It t e rotor which has the sur maber of poles as the 
stator wave and which is at s t still with respect to the stator 
wave at s spied of the rotor and so also the other *resaics. 
Pt*dsaantsl produce. the useful torque of the macho whereas the 

torque produced of this kind by barmonics is called Asyaorosous l situ 

torques. 

In addition to sa noronous torquer there sir other torques too, 

•.d. ByausWovn torques and stray toms whine will be discussed 

tsdsr s poste beads. 

As the harmonic fidl4S have acre poles, therefore waronous 
torques occur at Cu sjnorosou. speed. As the actor iooslsz*te. thz'ou 
00 syneroeaur speed of me of tee harmonic fields the harmonic torque 
rsvrrss onus ie a dip Sn the resultant torque -si.s•d curve •  Huss .ini-
atssi by good dsri~ t,, the consequent sayesronovs ezawllag amy seriously 
Impair the actor's starting ability. As discussed further An detail, 
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the skew rs4,., the eayncxonoua torque to some extent. 

As disausssd under Chapter II, the hurm nic fields are squi-

yaleat to low-power motors connsst.d to the *ams shaft and electrically 

connected in series (Fig. 2-15). The agrnoronoaa torques Increase the 

actor heating too mWh. Theoretical approach to the problsn is directed 

hers and then based Upon these convsntiox3al. results, extensive aalcula' 

tion has been undertaken to vori4 the results. 

3.1. FR0DUCTIO1 O ' &Y_NC QJOQ8_.TO CUE 

The stator net equation rVom (1-t 1) s 

	

f5(b,t) : p= 	cab (mpG + rt)  

ç(e,t) : 71 £'" Co. [[i+ (a a)(1•-s) wt + np9 	(3-2) 

Power developed in air gap is c 22 (by 1s3vi& s Xmw ) 

Pd 	t(e,t) _Sr (4 t) 
2w 	2R 

 
f iPce.  (mpd wt)PEQo0 (np = i + (n-s) 

 0 	0 (1.$) wt)  
L Ae e 	C 	~~,fx,sfumI  

P4 .. 0 	It a¢ n 

Pd . def initr value 	It a an 

	

Equation 	refleets that torque can be produosd by baisoulas 

of the some► order existing sepsrnts7,y in stator and rotor r speotivsly 

There is no torque possible between two harsorio. of usgt*l order. 
I 

diems 	a • rotor barsonic order. _+v2 ;  + m  
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aqu*tion 3-4 (determined der Chapter 1) givwd rise to 

two cases vies 

Case 1 : When v2 ..O 

then a. a i,o .v zl stator Zrrwnio induaos in rotor circuit the 
equal order at taz*ar4o rotating In the aene duction. The torque 
Bolused by locking of such two mics Is t ►d as Asrnorcnous 

torpt*a. 

Case 2 t When '2 a k2 (aiq integer ezolud: zero) 
than n * 	v2 .Z 	 { ,.3} 

p __1 

When 

Thus tis to torqu wbsn a is Sim tr (3.5) loafs with 

stator hsr*wnie *2 . The torque of this kind as ala i► stated I. 
.Crud as evaorabows torqus and uiU be dst3t with fully in next 

Chapter. 

l~alcing up as.. I Wbou It - * sustituting It in equation 3.1 
and 3.2, Favor developed is 

p6 oC ra !ja 0os2 ( .. at) 	 (3.6) 

Equation 3.6 o ►s# A Breus torque thus produced by first 
order stator and #3rrt order r2, -w •®) rotor mics it independent 
of *lip. It will be thne* at ever spied of the actor. !'h nsttn s of 
Harmonia Ar aronovs• 'tarquro 10 spjroziaats1Y the *ter as of fstd.aent$l 
for ue / sped e u %. 
The hnrwn3o (equation 2.31) on to I 



O1*p. III 	 53 

ebb► bumaie slip become sero 

I -r  
then slip. 1 11/a *  

I 

. •. 	I . ; sa( 1/a) 

I.e, baaraoaio slip is acro when toter atta n s► 1/a th of .more va twit 

torque produerd by hax anio 'a *MOM** sera and for speed gssster than 

1/a the torque reverse, its direction (600 Pig. i). 

3.2 . KA9MIrULQ OF HAR RN.1.0 	vrot 3 	t 

The general equivalent ai rvuit for the squirrel a.gs the rtiaa 

aaohins dealt usder Obapter II , in author's view will be the correct 

approach to the ditsisi ation of oo*pl+z phenossna of torque developed  

b7 hdiriae*l hSZOnIOS in eeytain speed range. A 	+doFk(h1) , 

sieptiflee the ,preanal sq i 	t oirouf t Ilk. Pig. (3u'2) 

Vt . i (It . Jri 4 V,♦ 	vin 	(.e) 

The torque of ath heraonie 
I~  '1* ) 

a) 	won 

When 
• a • Angular 'Malo+ tt ' of the ath biamon1c , 

J ( e •fix) 
♦1n • ! 	 (3.9) 

No assures I (current) to be oornstantt and then b fisting the bourn 

dlegras of the voltage, torquer at different speed is determined. In 

author's vise It is over .i&plifloatinn of the egw►tion (3.9) since eft 
I varies with rotor speed too much as clear from circle looter of the 
I 
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W r, b..roaio slip Oov..s sero 

1 + .(i...) a 0 I .~ 9 
than slip . 1 1/a * 	 • 

a 

... 	1 . ; re( ill) 

i.st haroonia slip is esro when rotor ai#aine 1/n th of synorcnoa ten 
torque produ ed b7 hsrwnio *a' b ores sezo and for speed mater then 
1/* the torque w r$e$ its dirtotion (8.. Pig. 31). 

3.2. WIC OF Mj*D110 	ON01 i 

?hs generel equivalent otxonit tOr the squirrel cage fadtv,tit 
machin, dealt rpd.r Chaptor It , In aurhor'e vim, will be the Marron# 
approach to the d.t.x*inetion of o+ae i.x phenonena of torque der siopad 
by iadividuel iia• In certain speed rarige. Asn Odok ) r 
eJaplifi s the @aural squivilent oirouit like Rig. (3 2) 

• (B1 + 4X1+ .'V+ 	'-`- 	T1~ 	(3.e) 

?hs torque Of Uth baroa4 
~ S s 

•an 

when 
~►ea a Angular Thloc i!j of the nth ternon#o . 

z (  e6 + J  ) 
„ ' ss 	 (3.9) 

c 	_, 3 

Rte rawest 11 (s r nt) to be Constant, and then 1► tinting the locus 

diairan of the Y.1tsge, torque at different speed 10 detsrsined. In 

autbar'r vies it is over si&plifioat 	of the equation (3.9) sire. i*wrsnt 
1~ varies With h rotor speed too RUSK as alb iron a Lvela locus of the 
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induction a♦rhins. Therefore the author takes the More coaplioatad but 
more dfponda►la may of finding the bio Aann..sanUX torqur~. The 

Method of attack Can be out lined ace 

1. Solution of the lenorai equivalent olxo'dt for different *lips. 

2. Then urs the currents so computed for different slips to got 

harsonlo torques. 
The torus of the Main wave Is x 

1' 
1  a  . 

• 

(lelerred to prtaaxy) T a 	I. ; watts 	(•io) 

The a aQuirr.l cage rotor do... not distinguish between the Gain 
wave and the hax onto• thez~rfore (', 10) must also appl to the ha rda 

torgw.i substituting h$rsaoS.0 valuss 

	

watts 	(.i1) 

where aU the waon~ery valuer subsoripted with dash and for per Oar. 

If  # 
I1* 	2&i Su r ent reThrr.d to seeondsz per bar, 

I1 a Dar current (secondary) 
Then from !'it. (3.5) 

► 
(a) 	tees # Y2(.) 	Z1a r ) ~ (s} 	it0 

it 	 Ja 

a 

But i ► • C 2*t =1 kb►1■ 	) 
1a  a g  1 

M 

(3.13) 
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and reduction factor for iapedaoce fro per bar to 'total r.00sd 

referred to ?r1a.i " value 

	

t'1 iar 	with r spsot to 	 rte► al x x.; 	 (ss4 ) 
$ubatitutsr (3-12) In .quatlmt (.ii), sir (s.13) 

(t} 	
(7x2sk)* 
	1 + • 	) 	) fi g wstto 	(5.1 ) 

3.3. ULTOUT LIPAE)PUI OTQiY l 

I, Is aoapliastsd iur*atton of bsronicj slip (*a) * but since 

the pwrssttia tos un occur * high 011pO and st b cUps prL axy 

current can he e ae.umeQ constant (s)  to a fir dagre. of saaur*v. In 

order to find asziu torque (pull out orq *) of nth ware,, diffaz nti 

ate oq tivn (3.15) taking I t  constant. Then 

os P.O. 	 {3.16 ) 

and as*-- snab.ronous torques 

T* 
	. 	I  I 	Watts per phase 	(3.17)  

a.► 
]Purl out slip dofinad in tmras o f nduata►tat asp is 

	

(a.1)(1+ 7'2a)ZM(a)4R2(a) 	{3.t8} 
op.o. (a) " 	a(1+ •T  ) %(.) 

tsgl.etiz1 %(a)  

opo(a) 	`.' 	{ 1  _, 1/a) 	 (3.19) 
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3.4. 	tsl 	o 4 i3 tSG ??. 

' As g z rl equivalent o l ra uit of Pig. (2.14) punt. (2'1) 
Is solved for different valiae of &Up in the rgigo of *lip sero to slip wo 
(*otorin eM bmkJAG zeg1 ). The oaloulatsd reeults with Jartiel 

oa,* oul*tior* are inolu, ad in Table (3.1) to Table, (3.2).  Calculated 
rarults +m plotted in I' 	(.5) cum 2 , P1. 3.4 et w 2. 
Curs ax ford tekix Into account  P.000tELt ttm skew, and another Set 
eora ds?tn8 rotor wed, 

3.$. 	10: 0: 	F W0 TIC 	 '( 

Caloulation for 713+ 1+ 	nice*  vb1ob are likely to 
affoti the re OXvAfl o. ormiderab are calculatedwith  the eq tions 
dealt 3.1. throih 3.19 . The oelcvlatood results so obtained are 
Plotted an gxajth and i*rtial. ciiet Ions carried out are tabulated. 
Cis of ally# speed, power hctor current developed torques 
arc given In Zi. 3.4 to Fij. 3.10 anti abulntinn at ' UNA (3.3) to 
Table (3.6) obows the reuulia of )*zwonic torque • Pull out torque 

l out sUp for *ra1as. 
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Tabi. 52 SOLtTA ION © p G £_$QtflVP.L CZICUWTWU2 SK1 ' 

Blip 	 Z ♦ Y 	 I 	 Co. 6 

0.03 39.65 
+ 3 17.111 3.8824 091 

0.10 23.27 + 3 10.24 9.98 091 

0.15 17.31 .30.9 13.04 .88 

0.2 14.28 +38.43 13.31 0.86 

0.25 12.43 +38.21 17.02 0.83 

0.5 11.22 +38.1 18.3 0.81 

0.33 10.35 +38.03 19.3 0.79 

0.4 9.69 +3 7.9 20*2 0.77 

0.43 9.18 +3 7.9 20.87 0.73 

0.5 8.78 t3 7,9 21.4 0.74 

0.55 8.45 +3 7.95 21.89 042 

0.6 8.17 +3 7.9 22.2 0.71 

0.65 7.9 .3 7.9 22.59 0.70 

0.7 7.74 +3 7.9 22.8 0.69 

0.75 7.57. + 37.9 23.29 0.68 

0.8 7.43 + 37.9 23.45 ,0.68 

0.85 7.29 + 3 7.9 23.45 .67 

0.9 7.18 +3 8.0 23.58 0.66 

0.95 7.08 + a 8.07 23.64 0.66 
1.0 7.0 +,38.0 23.7 0.65 Doi td.. 
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1+! s car s 

1.05 6.866 +3  8.1 23.09 .64 

1.1 6.13 +3 8.0 24.12 .64 

1.15 6.64 	+1 8.0 24.29 0.63 

1.25 6.46 +#804 24.6 .62 

1.3 6.36 +3 8.0 24.75 .62 

1.35 6.31 +3 8.0 24.9 .61 

1.4 6.25 + 3 7.9 25.0 .61 

1.45 6.19+ 3 7.9 25.2 .+51 

1.5 6.14+37.9 25.3 .Cf 

1.55 6.1 + 3 7.9 25.39 .61 
1.6 6.0 + 3 7..9 25.49 .6 

1.65 6.03 + 3 7.8 25.57 .60 
1.7 6.0 	+47.8 25.651 .6 

1.73 5.9+37.8  25.7 .6 
1.8 5.9 + ,f 7.85 25.78 •6 

1.85 5.9 + 3 7.8 25.84 .6 

1.9 5.9+37.0 21.89 .6 

1.95 5.8 + 3 7.8 25.94 .6 

2.0 5.8+3 7.3 25.99 .59 
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Table 3.3 HARMONIC A8fl. TORQUES (ROTOR SURD) 

Slip 5th 7th 11th 113th 17th 23r 1_25th 23rd 25th 
bolt bolt Blot plat 

0.0 - .17 r. w w - w. -.2 
0.1 --6.75 -2.42 -.2 - -•14 - - ♦.56 
0.2 -14.8 -5.5 -1.3 - ...3 .. -.9 -.4 
0.3 -22.2 -8.0 -1.4 -.44 - -1.3 -.53 
0.4 -30.5 -9.6 -2.0 -►.7 -.55 - a- • -1.8 - 
0.5 -38.5 -10.1 -1.7 - -6.1 -2.2 +- 
0.6 -43.6 -9.0 -1.6 -.7 -.10 .2 -.8 -3.1 -1.0 
0.7 -48.0 -6.5 1.4 - - -.3 -4.3 1.5 
0.8 -54.0 -1.0 -1.0 -.3 -.5 -3.75 1.75 -7.0 -2.4 
0.9 -51.5 -.5 .-.75 - - -5.1 -2.6 -11.3 -5.6 
1.0 -45.0 7.95 .3 .2 .1 -4.4 +2.5 +11.9 +611 
1.1 -28.4 10.5 *► - - 5.5 2.2 7.2 2.9 
1.2 0 13.4 -► .73 .3 5.5 1.4 4.9 1.8 
1.3 29.4 14.4 .53 .86 4.0 - 3.6 1.3 
1.4 48.5 15.0 1.0 - .65 - .8 3.2 1.0 
1.5 59.0 14.8 1.4 - w - 2.5 .9 
1.6 67.4 15.2 1.73 1.37 .9 - .6 2.1 .8 
1.7 61.5 14.6 2.1 - - - - 1.8 .6 
1.8 58.0 14.0 2.2 - .9 - .5 1.6 .6 
1.9 33.5 13.5 2.4 - - - 1.4 .5 
2.0 50.0 12.7 3.0 1.64 .85 .13 .35 1.3 .5 

r. 
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Tabl• 3.4. EAR)  £8T - TORQUX WITHOUT 8f~A► 

Lp P.. 5th 7th 11th 23r4 
belt 

25th 
belt 

23r4 
slot 

J25th 
slot 

Total 
torque 

Total X. 
ter** 

1 	1196.7 -4.23 -.84 -.17 -.13 0«0 0.0 0.0 1193.0 '4.7 

#eIe.6 -6.6 -2.47 -.49 -.4 -.2 -.2 0.0 1808 -10.6 
2164.2 -16.8 -6.0 -1.13 -►1.0 -.3. -.6 -.2 2143 -21.0 
2075.5 -26.0 .8.6 -1.3 '*1.7 -.8 -1.0 -.4 2030 .45,5 
1090.0 -34.2 -10.2 -1.78 -I.4 -1.1 -1.) -*5 1839 -61,00 

1702 -41.6 -10.6 ►1.84 -3.1 -1.5 '.1.8 ..1 1641 -61 *0 

1332 x48.5 •9.5 -•1.7 "'4.0 -+2.1 .2.3 -1.0 1464 48.0 
1305.4 -44.3 -6.9 -1.5 .2 -2.9 -3.1 -1.3 1510 -75.0 
1258.0 

-a.1 2.14 .7 .6 '4.4 1053 -94.0 1146 -.8 
104203 -44.5 6. ***4 4.6 3.8 -11.3 6.18 992 .5000 

90 -30.0 10.8 0 7*0 497 -13.0 300 972 1300 
933 080 13.7 0.3 9.3 3«5 -7.3 1.9 963 20.0 

094.5 +33.4 15.3 1.0 7.7 2.7 -4.3 1.4 947 63 
639.3 36.4 16.3 1.5 6.1 2.2 -3.7 1.1 923 $4 

797.1 67.5 16.5 2.0 5.1 1.8 -2.96 -.9 894 97 

757.9 70.2 16.3 2.4 4.4 1.6 «2.47 ..8 854 97 
721.7 66.6 15.8 2.7 3.7 1.4 -2.13 .7 016 93 
00 64.9 13.2 2.9 3.3 1.2 -1.9 .6 776 86 
656 60.7 14.6 3.1 3.0 1.0 -1.66 .3 738 62 
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TORQUE LIP CURVES WITH SKEW 

FIGURE 3.7  
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TORQJE SLtECURVES  
WITHOUT SKEW 

FIGURE 3.10 

F -- FUNDAMENTAL TORQUE SLIP CURVE 
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U "SAND WITHQ jtOTLM.8XJD  

4.1.baso 	r t rli T~ urs s 

4#1010 !opt $ina au rawl13m I 

certain squirrel sag. aotozn are known to have $ grid rririetios 

in starting torque and have a tendency to MM at ease speed way below 

that noxwa3. jr expected. This is sometimes osUed 'eub'e no nous' 

speed ar the mover is said to be OZ!$4ir2g. The one type of crawling celled 

ssynohronoue orawling due to Amita locking of stator and rotor has 

bo*nal"ady d*t cder Chapter III . The other case of oz*wling ay► 

be 's hraoue crawling' . Soastiaes the motor fails to start and 

In etrer cues the torque .aey be aatweliy negative at certain positions 

asking the rotor entirely useless. We J*tanosuzia of the motor i1lng  

to start is *.ali*i by aaa neass mach as 'dead poiritt' caging and 'look  

Ing' . An analysis of the causes cit such dead points behaviour will 

be presented in next article of this Chapter. 

concentrations for the Wes.nt over synobrono et toarque. 	 , 

Or green by equation 3.3,, both i.aoh1ns pszis art have the sews nuns 

of polo* fore valt'ora useful torque to be produced by the machin.. 

In thi 17n0hranoo! aechin., the stator a. well as the rotor are eoanec.► 

ted to 00man of currents, therefore uaiftm torque is possible only 

at a single aple.d of the rotor. A torque produced in this asaner is 

•alled a qnohraaosa torque. 
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The 	ia* poduc. agn ohronour as well as s3rnchronoue 
torques in the indwtion motoz'. A s nobronoue torque v4fl occur when 
stator baxawnio 'aa woduo.* a rotor hmrcrnic * which has the 

sass order as another stator hezoa.is 'ab' ),inked by the equation 

(3.4) 

and % 5b 

and which at a si a rotor speed is at stand still with respect to 
this second baraoaio 	a it the oovroo of excitation  of the rotor,  

~ can be produced 

It can be soon from amnio oft (Table j4-) that the 
roto* baa onics whi#h eorrsspaad to 13 • 0 .t.ø, WW first column 
of the rotor ha nUs, hey. the rias order as the senor mica 
protein them. ie pointed out earlier the torque j oduae4 by these 
first order barn nio is snchzozoue sine, the aped of the ath 
stator harrnic with respect to stator is 

It, Ivat 	ft 11 

oaf 

The speed of the 'as' rotor bsxao it with respect to the stator to 

•q *tion 3.2. 
I ~ ~ 	i+ (Aa 	~` 	(4.1) 

Where v, w 	idsisnt*l speed. 

I ► order that 11 as a Erna 	the sonditton is 

(n - a) (1-0) 	a 0 	 (4.2), 

and sine. % a % (first order barmonio )# equation 4.2 , is 
satisfied for all values of slips, t3 	sq►ushrosour torque to 
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prodi*.a at U. rps.4 . 

In order that z roaou* torque occur there Lw4 be 

	

as  w + % ' i.e. r►_ _ + 'tab 	 (4.3) 

roar rrlab ' V1/ ad 	 t4.4 

=gw►tion 4.3 chews the ! O possibilities 

Poseibthtt► ane $ than as  a + ab the condition is 'rr*  a 4111atbR 

i.e. !'has •gtrtion (4.1) 
1 .1+(na «are (1 ) 	 (4.5) 

or (n . aa ) (1.$) • 0 	 (4.6) 

!fit c 'v2 	0 .'. as 	,► Hence srnobzvnots torques 

wtU occur onlywhen se t . 

This Is a case of lockini torq a a4 we postpone the 4iscurrr-

ioa ever it for nszt rection. 

o.sibility t" i When tl •r » *b 	 ($.7) 

giving Irna 0  1aD 
equation 4.1 gives «t ? + (a 	a) (1..$) 	 (4.6) 

Zinc. as it as  qnehzvnov. torgcw can occur only when 

r 
	

(4.9) 

and 	with p psr al4p. 

U % «  

. 	Ti (ZYA) 
120 

$pcct a • 	f ♦ 
1 
	) tar apulxrel '04gi rotor) 	(4.10) 

T2 
( vZ  with proper sign) 
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T1o~rl, If there exists sgt*l number of poles field. in stater 
and rotor except those of first order# then s or000us torque at fie.* 
spot given ttV equation (4.10) Is produced. If the haracaic 'na' cor os- 
pond. to a negative v 	the .yaobronouec euep will eco w at positive 
spied (a ' 1) i it the haxactio 'aa' corresponds to a positive 

then eynohamonoue seep will occur at negative speed Co ) I ). 

4.1.2. $egnitu~ie of c'ap (d ohr000ue rauitiv Torquer) Sn the Tortw-
M 

'roe equation (3.6) (Chapter IIs) the torque is given by 

Pd (Ibeer darreloprd) ~G Zzal lab# 	
(qoironoue torque) 

Since in this ease, 'oo' is the axiter and produces fluor 
distribution which qtr with f of ab of stator,, therefore 

P4 	- Ina 	pub 
	 (4.11) 

$tot - Sam's .lar a3*0 gi m the for one siz gle ooM Motor as 

t, wt a85 x Io 8̀ 3 x L Sin a (lb.) 	(4.12) 
17 1O 1 3 I Is SIn 	1gw( ask*&) 

Considering %be for skewed, distribution of A, 3s direotV effected 

	

by rotor skewing (See equation 	) 
Fd c" 	9! 	1, 	 (4.13) 

Where d4b a deer conductor distribution of 1ezwi4a 'ab' 

Tota. Purer developed is given b,~► 
2 r 

(s) s7. °G (22) 	b 	A 	1a.b dl 	(4.14) 
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Tn where 
tin . Boa coN use + {i+ (' ") (1 e.) 	rr0 	(4.15) 

l(a)s z (Air sap 3sz%Mane+e ) 

'a 	lta~N ; 	,0,. z (2.50) Lines / sq. in. 	(4.16) 
1. 

is given by equation (1"2t ) substitutes It in (4.16) 

B 	• 0.45 	
( ' 19) t! :. w  .L.~.... f 	(4.17 ) 

(tsr► p 	1' 

Where G(,,) • 	p#xng faotor for rotor otU'sflt. 

c , ,~, 	amnio •qvi ont oirouit (8.t fig. 3.3). 
k ~ 

(a) 	S 	 (4.18) 
+ 	► (1 + 

* 	b 	given by (4.15) IN not general. enough for the ooh utatioa 
of prnoh"Aou~N torgts. The a~ltu** of the e~ahonou. torque depends 
upon the relative position of the stator and rotor l f'N in addition to 

other factors. $gt*tion 4.15 Is derived an the asutlption that at 4 • 0 
t : ferende. of stator (et j and rotor (e2) Go'='&$ i.o., e1 +11 
For prssftt sx*]y*j► , It should be dropped and equation 4.15 be 

general teed . By introducing new gstea of  coordinates • Lot at two 

Igiation 4.15 In new coord*na►tt s defined by 4.19 become 

bus . Ift Co. 	& -+.)►"a t t + T'2 --( 1.'.) wt L 
•••(4.2o) 
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Where 	in the equation of bna is nsaus 	it Dna 

is .tptwtsi4 in terse of the pacirr+J current 11 * r~ao~r 8na io 

proportional. to 12aa and 12_ lar P 	b7 the angle 

.1, 01 . s 	- 	jW& where 

tan 06M • 
(1+ 'T ) "(a.) Zlt(a) 

when current distribution super Imposed over the winding poupe Is 

integrated it vislds mat curve. Therefore 
e 

e 
0 

Where s . a aper. oondwtor distribution and funotion of space 

cls e 

(4.21) 

t(e 0, t) so 0.43. 	P~ 	Co, (retie + wt) 
U(P) 	'tri fib) 

.'..(mob) . + A(mb) sin (*be 	wt) 	(4.22) 

A 	P----- 	8 K 	K 	I 	(4.23 ) A( ab) .. 	(p T) 	'*1 1 rpt (mb) r (~ &) 	I 

P % a total irmaturs 1RUVua~ter no.. 

substituting 
2 + v2(p)(1--s) wt • (nn-gas) e2 + (G aa - S) (4.24) 

+' r2(- - )(I-.)wt # ( 	+ (Gla * e2 	(4.25) 
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0 	0•369 : 212.2 z 10' (P T )2 ~* 1~ 	Ab 	(4.26) 
4V2 

Thea equation (4.14) roduaer to 
a ' R~, R T .  d7 	o J.[  nsO + ----- (I-*) . I 	ria 

( ) 	 p  
0 

- (a& - ma) 012 + Int an (SW + W )d9 

2W 

. C 	sin 	( +n )e • 	do - C 	S i (na-mb )s 

45 	(4.2?) 

For .ynorozaw torques 
x* * -Ob 	 (4.7) 

T(nb) Sy - 2 ' C Bin d 	2 w 0 in [R2(p) o 	(4.28) 

Egtttion 4.28 indioatn that unoronol* torque varies with 

arotor position but rode ndsnt of tim. 

T(nb)GY(0m) g 2 "C 
	

(4.29) 

Therefore spnoronoua torque Is of eons tent sagnitudo for 

partioulsr order of hamonic 'ab' 000urtog at one slip given by 

8 r 1+ 	2...+..~. 
R-V► 

Symronoua torques on torque/speed are "presenteed by 

a straight tip (sea Fig. 4.1). 
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4.2.  ,h AD IIT$, IR.O Jsib► Cts 

4.2.1. 	As already tndieatsd undsr section 4.1 and 4.2, the dead 

points in torque speed curves are specifically the ons type of 

synoronous torques when parasitic torque (cusp) occur at stand still 

or in other words in acre clear teams, due to high looking torque 

motor doss not start. As can be 3u4sd, it is NOTO sewers problsa 

than any other. This metria war first named as 'Synaronous actor 

effect ' In induction zachins. r Djwrsj26)  and latter on 

xron(4), A1g•r(3)  also wuatd over it. 0rsha(22)  first tried to 

explain the causes of Dead joints In induction m aohine. 	Th olaseioal 

thsor3r doss not explain this behaviour as it purely arises due to 

non-sinustodal nature of the air gap field as discussed under section 

4.1 of this Chapter. 

4.2.2. Yarition offo 	ptøtsM Still 	r_Slot Pito  

The _phase violation between harmonics Is shown in Pig. (4.1) 

Dead point torque explained by C m(22)  with the help of tannic 

phase relation is 'bolded on the *ss%uption that nearly 180 Ogress 

between stator and rotor currents, when lacked, . The actoa1 angle 

dapsnds upon power factor of the secondary *ir-ouit and ratio between 

asjnstmsivg current and load currant. 

zrstaa t  performed tests over meter of aotors with different 

stator and rotor slot aanbinations. The variation of standard torque 

over a rotor slot pitch aas sera, here in l'ig. 4.4 and 4.5 . 

4.2.3. 	ittdo of mad 3b t forme r 

Zgsation 4.5 given that dead points occur if 

as • as and for the condition the torque is gig 
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by equation. (4.27) 

t (.T )d ( ) "' 2 " C Sin S1 	and maxims torque it 

Amy d ( ) 
	2 " C 

When C Ia given by the equation (4.26). 

4.3• !!'k1°! U? PARASITIC Tt1~R U 3 WI's: EMBs 

4.3.1. Aeyi hronous Parasitic TorgUS and Slots: 

As such number of *]Lots have no dirct bearing over the 

aajnohronoua torques of Phase belt harmonica, which are the aduat of 

non-einusiodwl wt :ding distribution. But as the equation 142, 1-149 1#18, 

shows , slot haraonico and per anvo waves are fu tion of slot n,zibers. 

err = vv (S/p) + t , ap = v1(B/P) ~ra : Up 0 v2 (R/p) I a 

But by properly selecting s and Rs low order of slot and perseana. 

waves which are more harmful can be avoided. By selecting (S/p) and 

(WF) on higher side, distortion in Torgv* - speed in the working 

region can be avoided. 

4.3.2. Elimination of Stand Stif Locking (Dead Points) 

Generalising the barnonioc produced in oombination with slot 

and rotor *lots we got the following .q*tios I 

STATOR 	 I1OTM 
1. a 	 1. 	n when n*a 
2. + v1(8/p) + 	 2. ± *2f /P) + 

3 • ~« r2 (R/P) ± v1(8/p) ♦ a 
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a is s rtituted with proper aj n. 
!br stand stili halting - (tram equation 4.5 ) 

sa► • Ub. 
'NS are avwbor of a+dabivatione all possible. 

Oat.(1) 	~„ Va (I/P) + ma w a 	(4.30) 

ThIs is no way proridu aV relation between 11 anti► S 

Case (jj) •r2(I/P)+- •+ VI(B/p)+ab 

(7211 - Yi •) ~► p (tab- as) 

All are integer 
.'. + ('2 -v12 ) 	VEN . or 	zee 	(4.31) 

zir,.T2 •tore 

taw (a) ± (It-s) * ten. 

(b) 2(Z-s) . ZYr or guo 

case (iii) 	ra( D) t wI (S/p) + 	.. ab 

	

s•0 (Tl+ TO ) • even or Zero 	(4.32) 

Oas. (ir) 	t 	v(/) + r,~ (8/p) + aas 	•. ± n, (s/p) +abl 

(a) r2 (1Vp) w (ab 	) sane an •quition 4.30 

(b) * •2 (I/p) + Y~ (s/r) 	r1 (s/p) 	ab 

= r21 +2r w p(ab. a.) 

+ 	 lv*n ore isx~o (r~R + 2 ret ) 	. 	 (4,53) 
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Squetiors 4.30, 4.31, 4.32, 4.33 provides sufficient conditions 

fbr eliminating stand still lookio. 

st-ab M 2fit.«q 

where q • nor of phase belts. 

To sun up 
(v2Rtv18) .2kq or 	 (4.34) 

(v2fl`2r10 )a 2Icq  

4.3.3- AMU.►ttan Of EM sOM orggsz 

br eynoronos torques the necessary condition given by equa« 

tion 4.7 Is 
na ..ab using this and all other relation from equa►t-

tion 4.33, the foUowtng now relations are eotabVchsd. 

(y It+vis) 	- 2(kq+1) 	 (4.36) 

. 2 (k9 ! 1) 	 (4.37) 

where k a Int ger including aero. 

4.4. 1A.-W- 't'X:~IO! 0p BThC BSOt 3 'AoQ 9 

Rtplo7itlg equations 4.29 and 4.26 Table T (1-4) Ti (2.1)A, 

'able (2.2 ), Table (2.3 ), Table (2.IB ), the wagnitude of egnoronous 

torques in general for ax pair of harmonica is given by 

T(rar) 	• 1.913 : 10~ 	°!~a) ►( b) ... 
	(4,3e) OM 	 na 

watts / phase. 

The computed results are tabulated in Table (4-1) and Table 

(4-2) for skewed rotor and Table (4.3) for non skewed rotor induction 

machine. Values are indicated over th* grate In pie. 3#8 and Pig. 3.10. 
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(i) At slip a 1.06 

total syoohrown* torque = 4874 watts 

(ii) At *lip • ©.97 	 Por slnrm►d rotor 
aohini. 

total symehroo~awr torque •130*0 watts. 

(iii) at slip • 1.06 	1 

7aohrcsoos torque 	a 929.9 watts. 

(iv) at slip • 0.97 	 - For rotor not 
aria. 

87aohroaGug torquer • 1043.5 watt*. 

4,5. TINATIOX OP  
1~~1 Ir WO+M 

Applying the relations of sq* tion of 4.35 and 4.36, 

with 8 .68 

8 a 46 

Thrro is no dead point. So motor is free trot .tart1ng loekin& 

ion8efle7 
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?able 4.1 OAZQULATIOJ OF eTICaROJOim TORQUES WITH ROTO $lMWED 

H LK• ► Asa  	p~u~ 

+1 +35 0.933 .998 0.98 .126 .33 340 

4 +29 .203 .987 .445 .205 .637 83.5 

+7 +41 .157 .98 ' .043 .157 .391 1.97 

+11 +23 .126 .946 .012 .95 .775 10.4 

13 +47 .126 .923 .045 .955 .256 6.1 

-17 +17 .157 .873 0 .157 .873 0 

+19 +53 .205 .843 .0358 .205 .129 0.84 

-a3 +11 .955 .775 .0142 .126 .946 36.1 

+25 +59 .955 .74 .038 .126 .0169 0.34 

-29 +5 . 205 .652 .0038 .205 .987 9.25 

+31 +65 •157 .616 .0031 .157 .0T6 Negligible 

..35 ..1 .126 .11 27 2.Q 1O14 .955 .998 

+37 +71 .126 .482 1.4x10 .955 .147 " 

-41 -.7 .157 .391 .00036 .157 •98 tt 

-43 +77 .205 .30 .000298 .205 .193 :y 
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Table 4.2. CALOULATIOIT 07 8YN. '0RQUE8 (ROTOR SK PD) 

For 7 - -2 

um-ab k  a  I  x  Syn.- watt,/pbuso 

1 -67 .955 .95 .205 .102 .998 54 

-5 -73 *205 .383 0955 .165 .9137 38.0 

7 -61 .157 .128 .126 .0164 .98 •13 	• 

-11 -79 .126 .0455 .157 ►203 .946 Negligible 

13 -55 .126 .015 .157 .09 .925 " 

-17 -85 .357 .027 .126 .217 6873  

19 -49 .205 ) .007 .955 .212 .845 14.0 

-23 -91 .955 .047 .205 .21 .775 Negligible 

25 -43 .955 .0574 .205 .346 .74 23.5 

-29 -97 .205 .003 .955 *184. .657 Negligible 

31 -37 .151 .002 .126 .482 .616  

-35 -103 .126 2.0z10 5  .157 .144 .527 0 

37 -31 .126 1.410'4  .t57  .616 .482  

-41 -109 . 157 .00036 .126 .096 .392 	. " 

43 -25 .205 .000298 .955 .74 .346 " 

r. 
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sLMTRt i AGK BTIC NOISE AND 1:AGNE2IC  RADIAL FACES ©s SQUIRREL CAGE 

POLYPHASE IAD1tITION XPR 

The term 'noise is a very' vauge te2m defining nothing in 

particular of the source of noise. But to be more exact, it can be caid 

that there Is now a growing dew the motors should have good 'sonerce 

design', i.e. they should give out ,Sunt sufficient, steady pleasing hun,, 

just loud enough to show that they are performing their duties properly# 

but not loud enough to be notleod. 

5.1. QUALITATIVE.  A'. ALYCIS OP NOISE 

5.1.1. Defin tion of N'oiep t 

Before discussing noise aasurement as noise phenomena a 

neoessary preliminary is to define what we mean by nine. The old con-

ception was tht sounds which 000uj ► the attention of a person could 

broadly dlassified into music and noise. This classification was based 

solely on the characteristics of the etmluo i.e., on physical quanti-

ties such as the eslatione between the component frequencies. For ou 

purpose we define noise as undesired or irksome sound. Sufficient work 

has bean done by R.L. Wage, Cb1LrCh(36)  in pulse science of Noise to 

which we are not much concerned at present. 

In attempting, therefore to formulate a ba tis for noie 

measurement which would be acceptable for Engineering purposes„ Church 

first considered the laws of response of the ht aring item of the 

average individual 'to sounds to diff rent obtrroteristiosp and then the 

choice of a practical method of noise measurement in accordance with 

those lame. The investigation of the lags in brief falls in three sections 
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vii., the determination of the threshold of hearing which provides a 

datua from which intensitj levels say be seohnoned, the determination 

of the relation between the msgaitudw of stimuli of different freqwn-

o iss which prodvae . equal loudnacs sensations * and finally the relation 

between stimulus and sensation. 

5.1.2. us*mnat?eta] i'oise e 

While the problem of analysing a complex noise into its consti. 

tusnt tones and stating their magnitude& and Cr ncies presents some 

difficulties,, yet the work involved is essentially in th realm of 

physios and the results are susceptible of Incontrovertible statement in 

absolute units. Even when the Intensity values are sxpv*s*ed ifl teras 

of the dsoibles above some generally accepted moues of the threshold 

intensities at the respective frequencies, the results are still unasaail-

able. 

The methods of determining th. total loudness of a noise can 

be roughly divided Into two olasseo, subjective and objective, the former 

involving the 3udgs sent of the hu n ear end. the latter the interpreta-

tion of inetru~ental measurements in the light of the available data 

relating to the proportion of the eat. The two classes can be further 

subdivided in the following way. 

5.1.3. 	tiv4_ Method.: 

In the 'equality' or 'balance' method a reference tors which 

can be specified in frequency and Intensity is adjusted so. that it is 

Judged by a representative person to sound as loud as the noise in 

question. The reference tone may be produced in free space but is 

more usually generated is either one or two telephone ear pieces sparred 

off the head, or in one teleploon, plseed over one ear while the other 
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listens to the noise being measured. 

5.1.4. Obieotl s Msthodjt 

*der the total noise is to be assessed by calculation from 

analysis, the eevsr*l components of a noise are date iii ed by analysis 

and their intensities weighed according to their frequencies and the 

sensitivity of the sir at those frequencies. the weighed components 

would than be summed ar►thenatieally in a way to correspond to the action 

of the oar. Io method of summation of general validity has yet been 

put forward. 

The method* briefly indioatsd above were considered in detail 

with a view to detes*inIng which Is the most t*urtworty for gwwtita-

tiv+w a.sureaents under probless lid over of measuring noise produced 

jr electrical a*chi eel is the sub3ootivo and objectivve olaesee of 

asnsea*nt, ah11e we have in the former a direct reference to the fb*l 

ji4g., the human ear,, we intros to the personnel factor into the obser a. 

tions, whereas in the latter the a difficulty of stimulating iastru tatV 

an sathrsatioally the reeponee of the ea.' is offset by the much 

greater consistency of inetrfs ental rreadings. The relative importance 

of theme points suet be considered along with the other features, such 

as cost, oonvenh ace and speed of oikiig. 

Sven supposing a method of summation by Calculation were available 

the calculations would nooeesari y be e:trenelp laborious owing to the 

complexity of the characteristic of the ear. *oreowr, fairly slaborste 

analysing equipment is required to obtain the initial data. Calculation 
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so. 

frog analysis is therefore never likely to become a wathod generally 

applicable to engineering problens. 8ptoiSi *l1y the aatbov atlaai analysis 

of soisf geasratsd by rotating elsotrioal squipoent is of vsz► ooylst 

nature, but still the author ban ohosen objective analysis sinus they 

are of mdoubtsd3y of value for research purposes. 

• 5.2. UTILITY O? 1 OIS WA8URIN T t 

5.2.I. r, 	1, 2o es* Q Linea$ 

One point of interest Is the position assigned to oomaon noise 

on the decibel and ioudflSU scales. This is illustrated In Table 5.1 

below. ao] iari$ (2) and (3) have, the most practical interest but it to 

instrtnttve to not* how they are related to col 	(4) and (5) . The 

prorsvaca values given in ool 	(4) are those 800-oyole field pares 

which would prodwe the same loudness sl pions as the complex noise 

on an observer fan i g the source . Col zm (S) gives the sound onerg 

flow per o 2 in an squally loud 8OO cycle field. The raises in oolca~ 
(5) are derived tro, those In colt (4) by the relation (S2 

2 
w - 2 a107 

dr 

Whsrs C «. rats Of flow of energy 3n watts per awl 

p 	r.a... pressure In Ones feat 
t • Intensity of air 
Y • velocity of sound in air eme/see. 

Vs.iblsa above threshold are given in teres of the pressure by the 
expression 20 10110 (Alpo) wheen po Is t e threshold field pressure 
via. 0.OD0215 a ri.s e*2.  

i 
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Table 5.1 THE *&GNITUDES of COMM 9als2 ON YAEIOU3 OQAI*8. 

1. 	 Loudns 
•sa 

1. Two circular  sewn 	160 
2. Loud motor horn 

at 100 ft. 	100 

3. In suburban 
stoma 	 50 

Equivalent 800-cycle sssgniti~dts 

	

Db i 	Yield prsssur 	ar r flow 

__,_J__A. 	5 	- 

110 	73 	13 : 10 

	

100 	23 	i 3z1 O' 

	

8i4 	3.6 	3 z I Q 9 

i. Conversation (aft) 20 	69 	0.65 1 z 10 

5. Quiet Elect. ,actor (2 it) 5 	49 	0,063 	1 z 10111 

5.2.2. NOW of lits t of Pbu ss 
1YU1 	~.MIIMY #1YIwr r71YII11rY 	~ ~~ 

The total effect of a number of sources operating siautta2aous]y 

?sue often to be considered in practice. It has been sited that 

since two similar souses salt twice as aucsh sound energy as one and 

since the number of deolbiss diffornoo is given by 10 log  

where w and wo are the energy 3."]a is the two oases, an Iaozsase of 

3 db 3s caused whatever the Initial level. This simple rule cannot apply 

to the equivalent 800'oycl• tons outside that frrqusno7 rsngsl The 

Lieu' In further complicated In the oaas of a noise containing a bersonto 

range of frquenaIas •.g.# as electrical rotating squipaant. 

5.2.3• Efftc of iDii.$ 

In considering the offset of distance !ros the source on the 

sensation of loudness expsrienoed, it should b. born. In mind that the 
effect is simple only in the ease of a point source saitting a pure mono, 
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of a frequency between $00 to 4000 cycles per reo, in free spice with 

sero background noise. under point source free space conditions the 

a000vetieal pressure varies Inversely is the distance from the source. 

With cosplsa sounds the conditions will be again modified. 

5.2.4. Ifteet of ~c oowreos 

It is not n.censaw to emphasise the fact that, in the asee of 

a source placed In a building, the noise audible to a person outside 

may be totally different, both in composition and In amplitudes, from 

that heard !aside. Tho attenuation of sound through the walls of a 

building depends upon the ease per unit area of thy.. walls. A disc ure-

ion of the design of enclosures ia begond the scope of this volume. 

5.2.5. M .ot Io ft % 	ondI 

A subject which is of vital importance in racing noire 

measurement on aao finery and in considering how much noise it is per-

missible for a machine, to mks In a given situation 0 is the background 

of noise present. The sound sensations from a given source perceived 

by a listener may be gzut2.y modified if, another source is Introduced, 

One sound can 'drown' other. almost a motor would be izwbjeotionablo, 

if not inaudible# In surroundings of loudness 85 db. 

5.2.6. ihcob se of da&s So ' 

'he problem of windage noise is of great importance partiot 

larly only in largo - high speed machines. It becomes the one and 

only noise, but In medium aimed machin, m.gnctio noise is the biggest 

problem, So sindigs noise can early be overlooked In this context. It 
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is sufficient !ros the d*aignor'a point of view to b'ow the oaursa, in 

teras of dimensions and other Pbyeical constants of the generation 

of magnetic noise. This would enable his to avoid o*rtain oonotrw-

tions Which right aynity as radiate electromagnetic noise. 

5.3. 8ourcss of Salem in Moto„, 

the ptp►s tcal factors that ks an induction motor a machine 

for converting electric energy into seahanical energy also make it 

a machine for oonverting this anergy Into accousttaai energy. The 

problem of ronamo design 3~ is to reduce the &acoustical efficiency 

of these nacho so that they will produce lose noise. Induction 

motors noise way be classified in throe *a►in group*$ 

1. mi gnotic Notes. 

2. Mechanical noise. 

3. Aerodynamlo noise. 

Any one or Hogue may be predominant data arty rotor, but bore we will 

devote our studies to first type only to see the 'effects of Harmonics 

on Zeiss' and then Subsequentlyds*cnstrate,, the effect of rotor skewing. 

The noise producing parts can vibrato In several gyre. A tor" 

stonal vibration of the stator and rotor as a whole results from pa*iodic 

torque pulsations, such a vibrati ii car be pLrtioularl.y objectionable 

as it is transmitted directly through the actor it to the suportthg  

structure. boot of the vibrations are forced vibration i.*., their 

frequency is not near to critical frequency. The method of determining 

the noise tendency of a rotor is to tabulate quantitatively all the 

possible harmonic fields and tronas for each two fields differing In 

number of poles. 
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5.3.1. zleetroMsgcet to Poise in aleotrioal Rotating schines s 

Thi. in types of noise occur in electrical rotating aaohises. 

'these are (1) sgn.tic noise originating in the air gap flux density 

distribution on no load. This distribution re~rathe substantially 

uobariged on load (2) load noise originating in the saf wars of the 

stator winding. (S) Windage noise due to the rotation, Of these 

trWs of noise, the first is the one recruiz1ng cost thought, since not 

only is it difficult to predlatf but even nore difficult to supress, as 

reduce when the machine is cospleted. The cause and cure of noise in 

electrical rotating aachines is of perrmi,ai interest to both asnufactur-' 

ere and users. 

Walker and Zmecbitg~ 	recently gave a solution to the problea 

of detereining the noise in, ayaorono a as well as induction machines. 

The author has also atteapted to find the noise level of the maachine, 

under test by exhaustive calculation carried over 	1620 ooaputer. 
In order to predict the noise level of a electrical sachines the author 

describes the Magnetic forces that cause the magnetic noise of Polypha o 

Induction rohios, and the corresponding modes of notion of the notor 

cares and fzues. Approximate equations are used for the decibel sound 

levels that actors of normal design way be erpeotid to produce, and 

variations due 'to core and face resonwoe are discussed. The prinoi *l 

types of aagnetio noise, due to the radial forces of the i * dasantal 

barno o air gap fields are considered. 

5.3.2. 1Øl 3eha~riour of Yotorz 

`ly research In the ssVnstio noise of induction actors 

Was elo..1ry linked with investigations of other effects of higher 
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harmonics jnatiO flux deity X34)  waves in the air pap. Iven antill 

rpently the isooiendation for low megnetio noise level induction 

aotore was initiaatsly related to slot combinations. Haondl $ Hildebrand 

and ibruil have discussed in great detail the question of slot 

conations and the calculations of the coda, fraqu noy and the me 

nitudo of the radial force waves, responsible for the vibration and 

noise of inaction motors. 

Alger(55)f  who was the first to provide a simplified, 

comprehensive treatment embracing all phases of the problem, was also 

the arigluxtor of the concept of I sonin a design'. According to him,, the 

induction motor as regards its mechanical vibrations can be represented 

as a simple in extensional ring, and he anal r$ d the motor's xtural 

behaviour an this basis. i`o analyse its encaustic behaviour Alger chose 

to represent the motor by infinitely long vibrating cylinder. Its provide, 

the designer with formulas end curves of round intensities of the ndiws 

radiatdd from the induction motor siaaultaneously# Jordon in Germs r 

provided a simplified solution. His assumptions regarding the vibrational 

aspect of the motor is approximated by a radiating sphere, and Gausses 

theorems used to determine the sound power level at a distance from 

'stiffening of hat',, which is quite, Justified from medium sued motors. 

The esgnrtio field in the air gap of in induction motor 

creates rotating force saws with frequencies of 2 to 40 or more tunes 

the line frequency. These frequencies cause elliptical or nodal deformia-

tiona of the motor laminations and fes, (Sae Pig. 5-1) thereby produa-

tug high frequency vibrations and noise• This analysis provides an 

illustration of the work that aonance design.ra are being called on to 
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do in the broad ,proms for the reduction of the industrial noise 

that is presently under way. There are threw distinct 1 pss of 

rotor aignatic noise. Pint, tbara in the double line frequency 

noise (tranaforaer Bus) caused by the rotating force wave of the fond- 

aa*ntal 	tic field. Second there it a slot frequency noise caused 

by the slot ripples sup nosed on the Am6awntal air gap field. Third, 

thers is the torque noise f caused by pulsations in the actor torque 

that occur as investigated due to presence of ha onic fields 

mathematical aias3ynis for all those is presented nted here. 

The conductors themselves  theaselves can usually be nogi.otsd as a 

noise source as the forces on thea, being situated in the relatively 

weak leakage field are sash likewise we can neglect whatever internal 

stress* as exist in themagnetic parts as the rigid parts are not 

deforerd appreciably. 

ASphitud. of force 	t31) 1 .....,,.,. 
4 

3'B' B' B~tonia2 

•(5.1) 

55.6) Bp Br, 	lbe/in'2 

i.3.3. 	luena, of s 	r 

Skewing has two different effects on the flux distribution 

and consequently on the force waves. The force eaves created by 

t . interaction of flus distribution waves caused by fuadsser*tal 

currents are not reduced by skewing. The farms Rave itself appears 

twitted to the left and to the Tight along the rotor area, as shown in 

til. 5.3 i.e., the force distribution which has been unifore along 

a gena trix of the rotor will vary for skewed bar rotor.. The effect 

of skewing can be analysed by resolving the force wavey into two 
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component waves . The force waves caused by higher harmonic rotor 

Currents may be considerab],,p reduced by skiving,, because of the 

increased differential leakage reactance of the squirrel cage Induction 

aachiae. 

5.3.4. uble I. 	S 	t 	is H ) 

In normal operation, with $0 cycle power guppy, the 4 

pole sagnitic field rotates at 1500 rpo, so that the flux density at 

each point in the air gap varies sinua14ell'. But when stool is 

asgnstised,N it expands slightly the axle of netisation. Henn, the 

oor* are increases and decreases with flux density, causing tiny vari-

ationsa in peripheral and radialy axis. Sino. the flux distribution 

system revolter, so total peripheral length remains cert. 

As shown in Fig. (3.4) the developed air gap of an induction 

motor, with two poles of the revolving flux wave. The n*gnetic flux 

marts a radil pull across the air dap, proportional at each point 

to the square of the flux density. The force wave bei square of 

flux wave is fully displaced sins wave of double frequency as shown 

in Pig. 3.4, The average force intensity is halt the peak values 

and is ua►ifora axouad the psripheary. The radial pull exerted in a 2 

Ibis motor by one of its 4 poly force wave (cross hatched ares in 5.4) 

is equal to 

W • * (peaj force Intensity) z 	(.0 rs o the fa ro. 
pole). 

The full treatment of this is Given under Kathe~atilcal analysis section 

of this chapter.- 
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5.4. IAMMATICAL ANALYSIS of MAGUUTIC 1OISN IN I'OLUHASB I DWTXM 

5.4.1. ii~r 	„App , bt 

The parasitic radial roroc Is given by, equation (5.1) 

tr a 1.39 b2 z 10-8 lb .. 1n2 

where b • flus dan.itg in the air gap b linea / sq. in. 

also rr -10 	b2 Newton / *2 (b in w.b.r/*2) wrii 

flux density in terms of stator and rotor harmonics. 

A ( 	" b(0 1 t)  * •a)  L at 	AS(1%) 	0O. {Ytd ♦ W. 

a.1 

t rt.2~ 

.' • rr 	1.39 a 10~[A,(5 cO* *e, + 1r ) 

2 
+ A.(* 	Coir (DO' + wat 

2 
. C L [A$()Co.(uiG'+ w) 1 

ht 
2 

♦ 2 A. (a) Ar(n) 	Co. (2d, + wad Co. (no, wat ) 

2 
+2A () 	00.2 (*'O w) 	 2 	.. At .~ 2Ar(n) 	r°or2 (uog ; w"t .) 

Wh." 
ht • 	a a n 	(5.4) 

La 
344-2 Lr 
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The .q *tion 5.3 can best be studied in five groups am Marked 

#s rang of each group is indicated over the sat ion sign 
r+a bi 4b2 . b3 " 	C2 	h (Tom 	tipl+, t,x+.) 

Each group can tvrthor be bif►roatsd into simpler ter we. 

coo ( a. n) !I' - (aa - w)tJ+ Coo (A-&) 0' - (w t m) t 

(5.7) 

Z *tion 5.7 ohms that ths radial totes Modmod e ► ,meq► 

two harwonic flumes, eonsiste of two travelling force wave*, with the 

following velooitiam and ,pair of poles (New* forth to be called 

'Pores wave poles' ) e 
p,1 . p (f-a) with r.loelt ► (ern » W.) 	(5.8) 

p2 m p to +a) with voloo11j (w. + w~) 	(5.9) 

5.4.2. B, r1,t.. $ta or bWXL io Zeros !ayest 

A single travelling flux wave of the stator produces a foxes 
same, this Ii obtained from egaatian 5.3 (Group z) 
no. of fore. pills Val "/ 'e P' 

p~ ae 2a 9 11qu.n07 •2f 	(s.io) 

*quation 5.10 oho ► that stator flux hormuio aloes produce tomo 

*avea of double tin. tz~►g1 	. The.. fozc* waves can *oldos. 
disturb1ag with respect to Oaetto noise. 
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5.4.3. 	nRrotor a 	nic 19120 *Sws$ 

Zquatton (3.3) (Group II) also gives the sim31 	results 

for rotor hax &onics aisog produo Ug double line frequency force waves 
p2 .2n  ,, frequency .2f. 

5.4.4. ,raj .o 	s,tor f rmouio Bore Havas, 

The ssjor dist~tLbing amgnstio noise in induction motors is 

produced t ccsblnattons of stator and rotor mics . Pro= 

mother egmtiou 5.39 we get the following, 

p1 3s 12 r► i~ 	 !'i! ( ]~l "r 1 ) ~'—s )f 

p2 :114 	f2 - (2 +(n.a) (#-s) }f 

5inae. 
wn 	 + ( ) (i_s)J 2K f, 

and n 	+ v2 (2/p) + a 

•'• 	p1 	n - a 	f1 v2s, (alp) (1-s) f 	(s.ii) 

p2 = U+ as 	:2 	[2 +v2$  (gyp) (1-0 1 9 	(5.t2) 

It is seen from the equations 5.11 and 5.12 that the frequency 
of the vibration produced by a stator flow harmonic in combIns 

tion with rotor flus harmonic does not depend upon tbs order of the 

stator harmonic • It depends upon slip and V2a (Rotor $srsssnes 

factor) 
for v2 (s} • 0 we get the same equation as (5.10) 

5.4,5. Force Waves of Stator Harmonias only t 

Group 1Y of squattion 5.3 deals with otor harmonics 
only giving 



Chap. V 
	

91. 

w • W • 0 *2w  f 
n 	s 

and p1 • a - m 	f, *0 	 (5.13) 

p2 -n+a 	t2 * 2f 	(5.14) 

Eaustion (543) indicates that etaad1fl force a raves are also 

produced. 

5.4.6. 	: 	- 

Group V of equation 5.3 deals with rotor harnios only 

giving$ 

n • nn An(1 	n .. nb 
when na : ± v2g(iVp) +mea and rib a ++ '2b('VP) + mb 

P1 •.na 	Velocity was ` "ab 	(5.15) 

P2 

'chore 

ana~ D 
	 Velocity wria + W 	 (5.16) 

was - 	[ ama ) - (n.e, - uz (1-a)f : 2 It 

na w - wnb 	[2 + f(na-m) + (tib - mb)} (1-e) 2 w f 

Simpli4in8 

t1 (v2e, 	v b)'V,/P (1-S) S (5.17) 

r2 ~` 12 + 	(72a + v2b) B/p (1-s) 1 f (3.18) 

5.47 Slot Frsc uers y Farce 7avee 

(a) For the squirrel cage rotor; 2 +~ : I yields the largest 

amplitude for the rotor flux harmonic . For this rotor, from equation 

5.17 add 5.18 with v2a • + 1 and v2b • + 1 
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(i) Wb.e r2 02b w - 1 ort 1 (both) 

t1 a0 	 (5.19) 

f 	. D + (RIP) (is..)] 2f 	 (5.20) 

(ii) When v2a and r2b are of different signor. 

1'1 0 (Rip) (1..$) 2f 	 (5.21) " 

f2 a 2! 

$gvtion 9.19 through 5.22 gives slot ti.qusnc lee variable 

with slip (speed of the motor). 

(b) slot ...,JS. i + fl1r* 
Pro* figure (5.1) 1, It is clear that force wave poles should 

bo as lsiga as possible, to avold lis effect or p i 1, (one pair of 

p01.) should be sivo dsd. gore conditions ' uadsr 5.4.4. will be diso%iI 

seed as this is produced in aosbinstion of stator and rotor slot 

baisonlas« Only 2- 'ale force wave conditions are disausssd{' ) 

For 	p61 «. p2 at + I , the following equations susL be 

satisfied. 
p,1 -ria *n4 p2 - p ' M 

If n - • v2b( p) + 1 

and 	ab * 	v2a, ($/p) + 1 	(plot I era snip ) 

then P1 # +" v2bWP) + via(8/P) . 1 

p2 • 2p ± v2a(8/p) ; 1~2b(R/p) " 1 

or 	f ~r2b(~t) + f2aS a p 1 	 (5.23) 
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2p t ~Ir'2a(8) t 	R w 1 	 (5.24) 

torr' -V 2b 	2a  w + 1 

It, 	• + f 
should be avoided 	(5.25) 

F+b+~ - + I 

5.3. b'agnitudes of Ports waves: 

from equation 5.1 	+ "/2 

	

a 1.39 z. 10 8̀ s 2 L 	box boob 6 0 	(5.26 )  

J'/2 

Pig. 5.5. shows the resultant distribution as simalodsl,, the integrand yie, 

1.39 xf08 
pr 	DZ ) 2 na 	 (5.27) 

F 

4.23 s 104 ML Bob B1 xga (sue) 

Where F' . order of force waw poles . 

71ux densities can be fomd fran equation (4.17). 

5.6. DE 	IO*1LALAND 52UND IITEWSITJES 

5.6.1. 	.* oriri it 	s 

It we deem lop the stator laai,nntion ring into a atr tght 

line, mad conAIdsr it as a beau$ we can a well Mown equations to 

calculate the deflection produced. This continuous beam *111 bend 

into a shape siailar to the sifut~iodal wave of applied force, with 

nods at saeh sero point of the force wave. Zach of the nodes 557 

be treated as free support. iIa deflection of such a freely supported 

bean Misr a Blau tfodall distributed load is t 
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z 106 
* 	 (fro IWO) 

4sM3 h3 L 
(5.28) 

whore 4 a deflection. 
W • load to lbs. 

D a mean diameter of -the stator core inches. 

Dg + 2 (slot depth) +h 

h a radial depth of the stator core behin4 the slot in inobes. 

a w one half the number of nodes or core .t]wuge. 

2 * nodulus of Elasticity. 

-* the number of Poles of the fbroe waver. 

Taking equation in C.G.$. ayste,, the equation 5.2E gives def'too- 

tlon in Cars. 

DqU tion is a apprXisate equation derived frog beam tbb ar. 

The true equtiona for the deflection of a thin iing under a 

sin *todsl radially applied force are 

IDd3 1o6 for a -2 	4 	 (5.29) 
6 1 h3 L 

for ■ *3 	d 	9 YD 3 106 	 (5.30) 
a56Bh~z 

for rt 	4 4 a 	 (3.31) 
75Eh3 L 

The natural frequency of a thin steel r trig, vibrating in 

2 a nodes, tel 

_ a 	369 7.00a (a2 —t )h 	CPB 	(5.2) 

• 1 

5.6.2. 'da 	Ins PL41'AW 

The sound intensity is defined by the equation 
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Id . 1O 1a1 (j ) dbe 	 (9.33) 

where I • aottorl sound Intensity in Watts / aa2 in the direction 
of propagation. 

xo +r Reference sound 1ntonril~' a 10716 watts / Qa2 

This reference sound intensity corresponds to a sl uasiodal double 

amplitude displacement of the air at noreal pressure +end tsaperatwre 

equal 1n 2.20 /f = 10-6 cia.  

This glome for the Squad intensity of plane ware 

1 •1.3 s 10716 (2 df)2 Watts / on2 

thus frog 3.33 

Id am 7 + 20 log 10 (df) dbs  

5.6.3. 0gulgJA s aa, tors 

To fixed the plane wave at found that in equivalent to the 

wave pradtned by the motor rasa, we can sake ua of the work of 

Morse and others as shown in Pig. 56., and Fig. 5.7 . The ou rreo 

of PIg. 5.6 	give the niaber of d.oibles that runt be added to the 

sound 	intensity computed fran equation 5.34, to obtain the intensity 

of sound modvoed by an indefinitely long cylinder vibrating with 

the ss r surface amplitude. ibr oroaeotion depends upon the mbar 

	

of nodes (2 a) and the Value of 	9 whish lathe ratio of the 

cylinders periphtz to the wave length of sound in air at the trequa y 

eon, tared. 

(2R ro ) 
kr * 	Q/f 
• 0.00559 &0 	(5.35) 
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Where C a v.loc 1t7 of sound In *ix. 

rwo * C71*vd,r rod .ue in feet. 

(b)  D lmo o rzo  io is 

'.s arts at wish the sound Intensity tails off with 

distance Allo depends upon On the ratio kro (equation 5.35) as 

shown in Pig •  5.7. When the cylinder Is sash, as the frequency 

in low# the intensity f+allo off very x*pidly as the distance fron 

the alluder ar high frequency it SMile of In accordance with the 

ueusl inverse square law. 
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:LE= - J 

6.1.  

%s tis not a Is praduoed by aec enical vibration of the motor 

fr** or $ae o %ta, where the vtbacoaotiw force is supplied by the 

is.rti+s fields of the aotor. The noise pMdw*d by the slob har nice 

is generally the most obj.otlarab e,  egnst1a noire,, since this has 

a relative high frsq *no7. it is cataod by 1 Isl notions of the stator 

in nodal patch of lour, six#  or sora nodes (see Jig . + ). IV  owthg 

the freglne1 a and number at poles of these forces and the vibratory 

charactorfstior of the stator and frame, it is gsnaraly .possible to 

a"id the aoinsiMns. of a fOrc1xg Sesquaw r and on objectioz*ble 

sconces+. the  frequencies and pale atrLnttwea of the most bothersome 

force waves 3a large motors can be calculated from the followtAg eq*tisane; 

Yr.quaaay of force waves. 	Number of sodas In force waver. 

(2R-26I .4P) 

[(is)] f 

tt) + 2t ! 	 (2 R 28 + 4 P) 

The sutbar Sivas a ,+encs. Mmeaur for cal tlng in daoibloa 

the *tat iegwss7 end other 1 t sdn f'regwk r cawed pressure loci 

i,dused the rakes under test operates at air Mrbitaw sped ami load. 

to to this , it Is aeoowaary, fia°at 0 to oalleulate the freqiansias, pole 

ni*bors and megnituds of the important sir gap magnetic fialdal aaeondq  to 
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calculate trim thee. the bequenoiea and ' ig tt * of tbose sir pip f0m 

waves With re].ativ. jr liwr *eige two* are most likely to produce noire; 

third# to es2autats t stiffness and resonant fzsqauoies of the tsar 

rtr'ature for b biwt34no of low niabers Of nodes; fburthy froaa all t t# 

to calculate the Asthal dohs.:,3oxu of the stator sorer and frame that 

are due to tbe s i niticant slot frequency force gases; std SCh, to 

calculate the decibel level of sound pressi at air point in specs that 

is caused by the calculated deflection of the Boma, 'C der this Chapter 

the author 	esants the nuaericcayt results of carried over on [ 1620 

Computer. The author posses with Ida the other results but only shift 

cant results are prewrented bcao. 

6,2. Vi4AM~ix iois. 

All the possible combinations as deem under $eotion 5.4 of 
Chapter • are considered for calculation Hakes int petty, and the 
computed result. are tabulated from Table 6*1 to 6.7. 

For this purposes 
Dl~rlrter or motor at sir gap (10 o. 17.0 one 
length of armature +" 7.5 car,. 

s 	as 3 a ?Q7 (for etesi) 

h 	a3.5 cmi. 
slat depth a 2.01 

Do * 24*7 o-. 

5 • 256 tins the results are plotted in Bit. 6.1 to 
6t.6 ♦ 2 

g .o 	W1aa Dab IIas W1 ab 'I 
(6-1) 

$a kraa 	mb 
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Where, 
Dab • { 1 - 0ab Gor fid) + (Qab Bin ! 

sib X (db) { 1+ 9 ) j + [Pab 	tab )--2 (mb ) 

ab 	 2 

R21 	['S b 	(mtr) { 4 + T 2t b} 

R2 (mh ) 
Tan 0 ...OW.0-  

so 	(nb) tf + T) 

D 	= 1 	{ge&.ec Smog B2(* a) 

j** In for )4ghaz harmcmice# any if ertiol Ie&ae resotance 

pre+aainatem 

t2 h ab 
2 Dab tom-  	...... (6.2) 

Where a 
p 
M~r4 

a 

. • . 	H2 g 	 (#tea► Chapter U) 

r 

r .. 1 ..U2 g 	) R2 (K.) 	.. «. * 
S 

Fgvat on 6.3. div eptly giver the effect of sluing of rotor bare. 

wing reduvee the radial force, and submoqu r 	the sots d emitted 

by amietla fields 
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: 	D' *106 

As dtfloctt n • d is 0.75 	 Micro Inch. 
fir 	P'S 2 bei 

*Ad $ois * Int nsit r (Id) a 7 + 20 leg (d z !o) dbs 

6.3. WPM 	cr t r 

The naturaltrogt*nay orths fz ae, cons idaring It as 

s I*pl. ring 

36,700p' 
(p,21) 

 1 ) o 

	

The minim p" 	4 - (without cag.) 

... 	•7560 CPS 

The z*tur*1 fr.qunc7 being Urex r hIgh, thea. is t0 

possibility of Moban aai resonate. 



0 

S 

8 

d 
I 

0 

0 

A M 

o. ► 1 	i 

i 

.  I- 	
Is 	 S 

a 0  d 

0 0 0 0 $ 0 0 

0 p 0 0 

M 

♦" Qac ~r 



~n S o 0 
©► ; a 0 

W 

13 W% dA 0' 	0 
0 • w • MO 
S+ r tit w* 

p 	p Q 

• • r 

0 

91 q t~"► ~+ I 
N CS [~ 

x N •M- 

S 

S. 
• • 
Cq U 

iI c 

~ 1 

• 40 



CV  
MIS 

b 

0 
O  m  

a 

-I 

• 

. 



- 

o 
+ 

u. t 
tr  

oo 
en 

"d 
*1 
•̀ 
N 

N 
0 
 ' a b 

i~ 

1 
N 
tt ~► 
OOt ~1 

M 

O~ 
a 

CiW 

rt 

'4 © i►. Ci O G Q +. f, 

0 
N 

a 

8 X141 a- r- •" «F - a 

•
M
A

A 

• - 

a a ~r 

10 

0 
I- 

• 1 

a 

oc 

Ch 

N in 

M 

4n 

law 
"'" 
~ 

+ ; p+ Vi11 I 

t_L ,j yi 

I R ~f 1D ~! k Q~ tit 11 	*Ø 



chap. TI 

TABLE 6.3 TOTAL 4 1OLH GOWD IUTRSITY LiVEL  

OP TOOT L'ACH227E. 

Slip 	t 	IP 	' 	2, 

ROTOR NOT  S86 ED 

.01 100 3.5 0157 31 
.1 100 47.7 2.13 97 
.2 100 104.7 4.67 64.0 

.5 100 230.7 10.7 70.0 
1.0 100 236.3 10.6 70.0 
2.0 100 323.9 14.5 78.0 

ROflOR 

01 :10O 2.0 .09 23 
.1 100 31.4 1,41 29 
.2 100 71.5 3.22 50. 
.5 100 18.2 6.2 63 

1.0 100 178.0 8.0 65 
2.0 100 205,0 9.2 68 
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Table 6.4. TOTAL RADIAL W.F L)!!IC MOO WAVE %7ITfi0t# 8CRIi !► 

p1  a. 0.01 a* 0.1 a 	0.2 $-0.3 a. 1.0 o* 24 

2 3.5 47.7 104.7 238.7 236.3 323.9 
4 11.6 163.3 363.7 756.2 863.4 1031.6 

6 17.0 140.8 342.2 792.7 1775.9 993,1 
a 0 2.8 5.0 14.3 21.7 17.7 

10 0 5.7 10.0 28.2 32.9 32.1 
12 0.0 4.1 10.3 23.4 29.1 27.2 
14 0.0 209 8.1 13.4 15.0 14.1 
16 1 *5 15.8 46.6 73.6 80.1 83.3 
18 1.9 30.5 118.1E 221.7 249.3 271.9 
20 1.0 16.6 38.2 79.9 89*0 99.3 
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Table 6 .3 	AL RADIAXi RAWNIC FDi CE IAV18 
WITH 8EV • 

p' 1.=0.01; aa0.1I .-0.2) .04.51 a•1.0)..2.a 

• 4 2.0 31.4 71.5 138.2 178.0 205.0 

8 13.7 205.1 388.1 913.1 1015 1170.0 

12 15.+ 90.1 291.1 675 10 3 850 

16 0.0 1,.7 3.1 9.3 11.6 13.7 

20 0,0 3.0 7.2 21.1 29#0 27.6 

24 0.0 3.2 7.3 1911 21.1 23.22  

P&gtwes indican .. 

0 



4 
• 

`s'ablo 6.6 111c1 	t . ,C7 COMM G T"-IATL D 17 	01 210 1 & 'F 3 

{ro vscam) 

rnio 3ourn1 Intono icy► (dbo) 
 

u:!107 3 ~ 17 i 	is 23r4 	23th .ot 	s 	lso 

?330 = - 	13.7 - 7.0 
050 - 10.4 	57.4 - - I" 
9~0 - - _ - 92.0 

1250 0 .. 	- - - 16.0 
1360 0 36.5 	36.6 - «. 
1430 0 - 	- 7.0 ► •• 
1460 .. .. 	.. . 44.,0 44.0 
1550 22.0 30.6 	,• - •• 
16100 0 •• 	- -• - 60.0 
1703 0 37.0 	53.2 - t.0 
1000 0 w 	7.0 24.0 ,• 

2b10 6.7 IIIOR 	t Q rt:CT $0'f 	4 . 	r-IM eft' 'IAWT- TIO Pln 
(Ro ioR USt =) 

730 0 •• "' 11.7 7.0 
030 0 40.0 57.0 77.0 
950 - .. - ,. 52.0 

1260 0 10 21.1 - 16.0 

1360 0 40.0 30.6 w ,w ,. 

1430 0 w w, 7.0 - 11.0 
1450 •• •• do •• 44.0 
1530 0 33,0 30.8 w► w •r 

1600 0 60.0 
1630 - a• 4 - 32.0 
iia 0 49. 62.5 .. M ,. 
1003 0 •• - 27.0 14.6 30.0 
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6.4. R31*TIQI OF PARAXIV C 2OMU8 MD 90I39 OP I 	TIO1 MACHINE WITS 

ING 

situp" ifyizig to *Zp *ioUs for pduttia toxqum mm noise, w. 
• 

*&A arrive at stapler f'zetIon in tsr of skew factor aDd ea "Dain 

other constants of tha ch 1n The f 't 13s thus obtlizad, can give the 

vengr of variations in nituøas of the az*sitio torques and note. 

for a ooryrrpondb obi In r ew1n of rotor 

Dsfiiing !greet ,*hiss* 	 of mth ba oi* g?►o ti 1 with ___ 
Unit 'a tyle Of (ath 1*rsonio) . 

m1up of ~rtth 	aft + 	tIty witwut 
skew. 

6.4.1. *Mt PABAZITIO tOQ 

As, our r'io'm stu q reveals, for the first swbine 5th, 1 

and 25th haimalos are are precdQsfn*m • Soy affeet of skswng for these 

baronios wt1l be considered prJmrU . From equation (3, 16 ) 

T*( *) 	 (6.4) 

Unit ias. Torque .•1 * fZ (x)o 	 (6.5) 

Result. are tabulated and plotted in Pig. 6.9*, 
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6.4.2• yi 	ota~ Thoat 

From equat 	(.29) 

T (mo) a 2 It 0 	Amb a 

$ £ 

* 	(j )2 
+ o (1+ /2(a) K 

substituting for 3. equation. (4.9) 

K 

than H(* » 

( 	"vim  

and t t aronota torcw • ,,..~. JE `.' (2SRJ` 	) 

Wb.r, 	O0 + :Ratio of s.00nary leakage x.sctanø. to 	t .lng 	- 
t&»a•,, with rotor area. 

ft. "sulu ax. tabulated aM plotted In Fig. 6.9 3. 

6.4.3• 191i1*J. 

alto* as *tion (5.27) ana (6.2) 2 	2 
tiG~} ]E5() 

3a1 Naxos !r 

5( )J7 ~ ► 

!it 	.tom 	ØtF ins ds$iusd 4s 



rrr 

'It 	7 + loj (a : f) 

Bin ap*/12 	
6.8 TT 

. 
Coiisidsrirg o&7 100 earls hu sd rtdUA fora. wbv of 4 pole. 

'd 	6i (d s f") 

As d ~- , 

•. . 	it c, lag (P s f ) 

	

lod ("
, 
*f) 	 f 

•~ this 	0 a►g ( -~ ) 

	

us (Pry, a t) 	Pro 
6.9 

$gs*ttutizg 6.7 An 6.8 
2 2 	 x g 

T1t 190 a log C 
	

6.10 

1 

r ays !. • 	v (Wi') ♦ . - 

equation 6.9 sig' the following ola1r. 

U) ?or d or it sffect is noise, trill v*lwra ax, negsttve. 

(ii) Increasing sure decreasing eMot not only dept ujn skewing but tke 

r a►i r of (a) also elfish is sin tWctton of Ram► olota end order of 

curves are ppott in fig. 6.8. fbr following psirs of kaxsonio 	,during 

4 polo& 100 Vols noise. 

I. 5th =a7th 
2. 19th and 17th 

3. 25th and 23rd. 
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4sble 6.8. oxo ax a&oTa . 

17 19 23 25 29 53 33 59 
il~er . 

5 .999 •993 .993 .91 .895 .84 .813 .75 .32 .63 .214 
10 #996 +97 •95 «614 .6 .43 .378 .227 0215 .029 «176 
15 •995 .93 .875 .356 .246 .043 .04 .186 .088 .224 *128 

20 .994 •88 .775 .06 .05 •.19 .215 .186 .018 .028 .074 
30 .99 .74 -33 .218 .195 .043 .076 .127 .07 0028 .017 
40 .99 .56 . «06 «05 .123 .073 .06 0018 .028 #047 
so .97 .416 •079 *123 •11 #057 •091 .005 .009 i028 .022  
60 .955 019 «137 . ♦05 .04 .038 -033 0010 .027 .016 
70 !94 .(5 .24 .08 +OT •07 .02 . •025 .027 .027 
Xo R90 •18 .13 .043 .047 .039 •036 ► .034 .026 .013 

file 6.9 	OALCvL&TION 0? $? 10R Dt?JRI rT MIN ,SL* 

Angle 	1 	3 	19 	25 

0 0 0016 33.8 101.0 

5 .002 .17 42.5 134.0 
10 .01 .23 93.5 713+0 
15 0013 .34 574.0 6.4z104 
20 0013 .50 1926x104 22.20 
30 .02 1.11 916.0 1,74z104 
40 •04 2.63 1.32 a~'104 1.89x104 
50 .065 5.70 2880 1.22z104 
*0 .1 30.8 1.39s104 7.12104 
70 .13 159 .71z104 35.22104 

90 .23 35.8 1.331104 7.9~r104 



it 10 6.10 VAnxAT10 02? iAXXri AG2ZI. 	C'U 0I? 
S!]!' 	C3 UIH1 8It  

7+ T2 

I 	¶1. 	
25 

.1.0 1.0 1.0 1.0 

.993 .993 00 .66  

.` •945 .35 .14 

.33 6s .03 00016 

• 35 177 2. J 	i ©'3 . 

. 	3 .x55 3.Q10 .003  

,.~ .32 
.03 

2.63z10  .0034 
.94 .1? 1.21z1 •.o 

.91 .0% 2.5119 .0014 

.8? .00? 4i 	10 3 .0003 

.019 *03 2.3i0  .0013 

ibio 6.11 fl410IUC DLJ . 2OiQUES U1fl DIP. 87 W GZ 

VVV 

1 5 19 25 

100 1.0 1.0 1.0 
.65 .753 .174 
. .22a .13 .067 

•22 •v? va 	ICS Val• 
.023 .16 Vol v.1 

•02 .0 Vol VOL 

.026 *036 Vol v.1 
,►C?O .0W Vol. v.1 
. .C5 Vol Vol 

.025 i0Q2 vii '. . Vol 
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Table 6.12. VARIATION OFA HARMONIC SOUND INTENSITY 

WITH  

tel!  5th Harmonic 19th has onia 25th Aax,r onia 
(5) -0.965 (19 )=o.55 (25) 	-.32 

na =7 naz*17 na W 23 

0 0.0 0.0 0.0 
5 .06 ,..t2 -.23 

10 .25 -.17 ".46 

20 + .44 -.62 ,x1.34 
20 +.66 -1.22 -.49 
30 .85 -.61 -.83 
40 1.3 •1.22 -1.3 

50 1.66 -.83 -.78 
60 .55 -1.3 -1.42 

70 .31 -1.15 -1.92 
90 .53 --1.4 -1.49 

1 (ase►)  
db 

logia 
[is. 1s 

(za) 	] 

Considering only 4 pol.,, 100 c% hm. 
ma ns 

1  • ..5 with +7 
2. 19 with 17 
3. 25 with 23 
A 
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In addition to the tests an airy ady specified under section 

2.9, **se tests over the test asohins* with rotor bar skewed (60 Bloot) 

are condnortad to check the vaUdit7 of the calculated porfoxnar~os oiayss 

equations and equivalent circuit obtain.d in previous Chapter. 

The specification of the motor ass 

440 To 5 Asps, 1440 r.p..a., 3 H.P., 50 a/s• 

3 Massy, skewed bar induction motor. 

Though calculations for mad rotor* induction motor are also dons 

but due to 	Zttoal difficulties, mod motor could not be made 

available so observations for skewed motor on y are presented. 

7.1. Ksasur. nt,,.91 R,jiatanc1 

7.1.t. KursrsDt of /sir Reistarntsrs 

The prirsr' slat s is measured using Kelvin's Double bridge. 

$mase resistance is f%Lotion of teap►ratuaey the measurements are 

carried out while the aeakins Is hot and thee+ hot values are used in 

calculation of meahii* obar cteriatios. 

sI . 5.1 oho. 

7.1.2. di+conl1r L.e.taMp t 
The effective (refired to primery) rotor resistance is fbuid 

by ureal shor4'Sireiit test sad using the value computed of RI . 

2 ("fo road to Pr 	) a 1.93 ob•. 
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7.2. TO/R 	- akQUI1Y8 

By simple loading, the full range sped- torque curve can 

not 	be determined, 	since slotor cam t develop more than the maximi 

torque and after that rotor enters the unstable region. 	F r this Ward 

Leonard speed control is adopted. In this the test irohins is rim 

by sspsrately excited d.ø. machine, the speed of which is Controlled by 

another ssperats2y excited d.o. machin, coupled to constant speed 

(sn0ronota motor) motor - This my speed from sero to qncronous is 

obtained. Por accuracy sake, speed to recorded by ssbatroscope. 

Sings machine drawi asr r high *urrent at low speed and 

inverse rotation and cannot withstand it for longer time so proper 

arrangement for extra cooling are mad.. 

7.3 • RICOBDIIG OP Cilt]tR~f'i" C IA~t O I IRT ,.,, 

The current slip characteristic Is recorded over the C.E.O. 

using the circuit shown in Pig. 7.4. For speed signal, a tachogenerator 

generating voltage proportional to speed is used and current being altotmating 

is fed through a rectifier bridge to the y - Plate of the osaillasoops 

bear.. the induotaoos it speed signal sad current signal circuits are 

meant for filtering any itdssirabls alterations oaussd due to vibration 

etc. lbr the clangs in speed corresponding change to current is recorded. 

(see Photograph Fig. 7.5). 

The evidence of fairy • good agreement between sxpsrinsntal and 

theoritical results of current, power factors torque of skewed rotor 

Induction machine Justifies the belief that not only is the droner of 

harmonias and show within . its Inherent limitations basically hound 
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but also that the asthots, un! for 1wasurmwat of aaohine Zaraastarn 

are fairly &os t*. 

ThediaornpwW between the c laulatSd and axplr ntsl our es 

be due to the following reasons. 

1 • 	In calculating, it h. been assusd that all the parameters 

are constant, but aotasl2y sass psresters are dependent on the 

operating conditions (n.g.#  leakage reaot.nos on current nto) 

2 s 	Ths Iron loom oc urlAg in the motor could not be properly 

tat otmtsd. 

3: 	Throughout, the frictional losses of d•c. naahino bj been 

neglooted and that of induction schine sssa,d constant 

Irrespective of spstd. 

4. 	Xn.t►r ent axors and armors in recording sight have intodua.d 

gone deviation in the oaleulat.d and observed results. 
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The perforaaac• of a Inductionn Machine is oonsiderakV 

affected by the skewing of rotor bars. The fact is revealed tr the 
comparison of the figures 3.4 to 3.10. 

The skewing affect. +ate the constants of the m~aohine are v+ 

Important as detailed out in thsoritival consideration of ChRptsr XI. 

Bxroapt for certain portion of leakage (*lot leakage) all the other 
(baxecnie diffsz.atial 1esIag.) rotor oirouit constants arse inversely 

proportional to the aquas of skew factor. 

The a equivalent circuit of Pig. 2.14, 2.15 provides an acCurata 
picture of the bar.onio fields phrnoaooa and of skewingg effect in a 

squirrel oag motor. Coapartson of oaloulattd and toot results confirm 

the teff aasr of this circuit in th.oritical prediction. 

The two sets of calculations carried out with and without skew 
angle of the rotor bar shows, tk*t spiralling or skewing, of rotor 

Aar of an indurtion aotor increases the reactance and affects the 

z*rfOrssflCe e.g. reduotion in starting current; red ction to dips, 

poab of torque - speed curve; reduction in caps, laprovemant in paver 

lator; reduction in aiximm torque; increase in starting torgar,, 

decrease in efficiency and increase in stray load looses; besides "du' 

tag the aegnetic not.. and vibretionr. 116thods for clearly viae sltstag 

and calculating its effects bays been provided which should be 1 +diate]y 

ful in mnohine design. 
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It is shown that some motors, with good relation of number 

of slots can as well be adopted without skew as in case of test 

msohine or WW harmful harsonic oau bo skewed out by providing a 

Proper skew (Big. 6.:? A, B). 

As discussed in Obapter VI, the parasitic torques end 

noise can be further reduced by skewing more the rotor bare. After 

a certain limit the performance ceases to mke arpr eubstQ,ntial 

Progress but, greases the cost of production quite oomparatively. 

The test machinefs found to be $Quiet' in worms sono(high 

speed) and 'Noisy' at low speeds, producing high frequency noise._ The 

noise being the complex function of magnetic fields and Circuit cons.. 

tents the exact behaviour of particular harmonic for vi-triable skew 

cannot be predicted. However when noise level of 19th and 25th 

harmonic decreases with skew, the noise level of 5th harmonic in 

creases oonsiderabl.y. 80 a oomptiroidsive value of sir to to be 

selected in such cases. 

it La shown (Pig. 6.0, & 6.9) that skewing of 5 0  to 200  

(E1eat.) is most proper range. 

..w 



AMSDIX I 

Iw1 AIR GAP F?MFABQR EQUATIONS PROM CON ORMAL l%MF MR 'IATION THEORY 
. 

Hquationz derived from conformal-transformation theory have been 

used by E.M. 7!"reeman(9) to calculate the ,shape and hence the harmonic 

content of tooth tipple flux -density wave from large values for any 

value of e/g and 0 ` e/\ \ 0.8 with the help of electronic 

co&puter. 

The confarasl - transformation holds good z4 k" the foflo-wing 

aeetptions 

a. Curvatures of the surfaces of air gap is neglected. 

b. Depth of the slot h" so little Influence on the results that it oen 

be considered infinite: this assumption Is reasonable if d> 1.65 

See Fig. (1-3). 

Fig. (1-2) indicates values of Z - plan*. The value 'a' is 

arbitarU.y fixed but 'b' is not independent of a. 

After going through the conformal tranefoition from one plane 

to another the flux density distribution in a plane in given by the 

following equation (See Gibb'e book) 

1 -. w) max 
H ~ 

where w is the independent variable a = 1/b and b Is determined by 

the equation 

The distance along the pole fade i6 given in the fore 
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Appendix I  

Z • 	log, j 
	

log 	I - r t.x 

which is sodifted to 	 • 

x ..•[ lom.   ;-  +lo 	
?1b 
	5 

bw 
where p2  * -' 

The flux density ou vee tsking 3 	ue ity have been caloulated for 

different value of w beginnirg from -1 to smsi .er valuee. The 

v a.ue s of 13 and s taus coaputed are then used in a haaaoaio as1fn1s 

su 'matinstocsl ulste the seen value of the flux dsnait)► and 

the aap]itudee of 	n.ies. The equation of flux density wave freemay► 

be written from section 1-1 and 9-2 am 

B . 	(1 + •. tr  Coe wR (x wt) ) 
r-1 

when I a average seen flux density. 

The extensive results oh alnd by freeman are reproduced here. 



Ate,._ II 
(TO CBAPTIm ILIO) 

1I-1 )WMoNZC L  AKAGB BBACThNCB OF $QUXB}ZDL CAGB WIBn11G WITH RU$I'rT TO 

TRL AlWEA2~t 
rr.rrr~,w ~ 'i r 

Pro= equation (1-19) the ►] ttude of nth mmf was is 

B(a) • 0.9 f('' k } 

If a' • asp 	and B (m' ) 

The corresponding flux Is 

* .45 milli ('"-) 	Yf g 

It links with B1 k4im turns so flus loge in 

(M) B1 

But harmonic 1e&v. reaotanc. is 
N 

r„ .. X11(1.) •. 2 t 	.,. y 	m. c 10 	Ohm / PMae. 
A 1# 

After elmpli ring it 

! 	_ 	 m .2 	! N 	z 2.54 xlO 	...,. 
F ]L~ 	 t~ 	) 

9 



Appendix II 	 12% 

Slailarly for Rotor winding *2  	4, 1 12 -1 r 	-1 

P 1' 	 T► ! 	2 

	

,2iO 	(-p-+1 ) 

	

t 	per bar. 

.Ain the eonsI4srstion of the gnst2o ener 1r in the gap yields a 

simple ezprrsssion Zr the sum, as foveid by Li*schit* - Osj'ik 

and 
2 	(5q +i) - ' ~{ 4}+ 	tit)/q 

	

+ (*.q)2 - 	 [(.s,q)2/q]} 

'Taro a 	chording angle Of 0011 w • aail span 	• Palo pitch 

 Zttuber of slots per polo Yager pita,. 
2 

and also lso 	 i...,..- 	_1.w .......,. 	.. # 

[ 'ç
a 	~ +a) 	_ H2Ei 

 

a 

R 

.•. Z• 	: O.8CRf .r. 	12 	z 2.54 * 1Q 	(U 

Cost .....i.! 	-  

Referring it to prirsry •id* 
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Ir a p~ 

Lit 

125 

af 12 1 ¼ 
i 

Consideringhe bazar obart (T (1--3) ) , the nth stator 

harwonio for example a a 3 	prods es z of rotor baxaanios a a 5,29* 

39* $3r 73 —'- for Y2 . O, * 1, 	'2 	etc. 	It will be shorn In Chapter 
IT that 	sr gr harwonio a prodmss with corresponding harsonle no when y2*Q 
a torque o astsrr.tio of the saw shape as wain wave., With respect 

to it all harmonic pairs all produesd for diffI snt value of ~r2 
constitute the manic leskag.. Therefore dir.otly the baraoblo leafs 
reactance for peras®rar wave can be written as 

r r (ap)p " 	(asp) p "J2 
XL I 	

~ 
dap a 	1 	ap 	fix+ 

11-2 BETS E? ECT IN BATS OP SQUIRRZI. CAM RO OI'B * 

The *1* is to jive an tical solution for the skin*s!!*Ot 
to the most ua. squirrel cage baa. This interests more to us, as oue 
problem is dt otly linked with calculation of P ►rasitic torques. For 
this p *rpoa. the author Is reproducing s+a of the recent work dons 
by Ltoo,ohits(13) over etraijt simple hars of squirrel cam onohics. 

?or zesistsnce# 
a.c. reieistancs 	t ~ 

d.Q• resistance 	r 	(A) 
who" JIA 	

-
A Sinh2A tdin2A 

Con h 2A - Cos 2 A 
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Appendix II 

and 

(A) • a.0. inductance 
1 	 de. thdtrt.nc. 

When (A) 	. ..tJthk-2A..,:. ~. 	.... 
2ACoeh2A .Coo2A 
/b 	= 

When A-0.316h f 	be 

126 

of bar. 

(u-4 ) 

(Ii-6) 

where 

bb a width of bar 

be • width of slot 

fi •• line tr quInO7 
h • Heist of t*r 

• Blip of the rotor of mth warms. 

P 

	

	- Ner resietivit7 Asa oleo per iadh. putting the following 

values • 

bb a0.2 o. 

bit a 0.2 ems (approx.)  

fl • 5O ope 

h 	a 2.0 ems. 

S • Lnityy (for Natal) 

Values are tabulated in Table (11-1) 
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APE1IDIX III 

cwt ' 	► ►, . lt~i~.i' 	r: 1.t0:...k l !~ 	.Zi ~~ °i.'4 i1► 	:ivg`. _1 

III - I fQIUTXON o CL OUT 

cc 0io 

DXKIZZION a(3a), o(3n$, $(3o), T(3a) 

DO 37 J "1,5 	$ a2 a5*a 	$51 .a2-2 

37 	READ 38, (x( ),4( ): K)) K . 51,52 ) 

38 	IORKAT ( 3 (X 7.3, p7.3, P7.3) ) 
READ 39,Y 

39 	►T (r 7.3) 
a •o.05 $ 

200 	T(1) r 8 	$ T(2) • 6.•5'ts 	$T(3) •7.*a-6. 

T(4) a 12. - 1i.** 	$ T(5) • 15.''* - 12 $ T(6) «  
- i9.:► = 1-m: $ ?(8) -24."23.s $ T(9) -1 25.*s -24. 

T(10) +w► 24,-23,** $ T(11) n 25.s '24. $ T(12) 48.-47.*s 
T(13 «►49.*a-48. 

11 -5.0 

ti •►3.9 
DO 41 x a 1, 13 	$ A •R(!)/(!) $a .a(I)+R(I) 

0 aA*'A+$*B $ X *A*01*OJA 

I • (A*A*a(x)) +a(x)'a(x)*D/a 
Y1.21*X $ T1 - Ti+y 	$ 

41 	D a aQETI (xi *x,*YI*Y1) 
• E a9/D $ ? a 21/D 

PWln 40, 8, XI , Ti , 3, P. 
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Lpp n4 z III 

60 	PO! 1&&T (P4.2, 4 9 10.4) 
8 sS+0.195 3 I (&2.0)200,200,201 

201  

1.930 	141.250 2.830 	.600 	0.260 	0.054 	0.460 	0.077 	0.0  

0.520 0.020 	0.020 	0.520 	0.014 	0.020 	0.0750 	0.013 	0.035 

1.0 	0.018 	0.070 	0.0 	0.261 	i.8B4 	6.0 	0.221 	2,480 

1.930 	0.261 	01.380 	1 *930 	0.221 	1.980 	1.930 	0.062 	1.360 

t.930 	0.0 	1.160 

Y *254 

III -2 8IN. 012CUIS WI! 1012 WtKI 

Do 	0.P.GAIIO •-8Th. 0flQUE3. t .0. X37 
DvI-SCIOU R{2o, 0(20, 8(20, z(25) 0 i' (25) x(2O, r(2o, E(2o) 
1)0 37' J a 1,5 4 J2 a 3 ~*J $ Jt •J2'2  

37 	ICAD 38, (n(1 o,o(444 8(K)#X a J'1, 12) 

38 	ar c ( (i  .o)) 

39 	MAID 36, (L(I) I . i,.i5) 

36  (151 3) 

1)049 3 *1,2 $12 w 1i*s $11 a J2- t0 

49 	IL AD 48 , (Z(X ), I •J1,32)  

48 	T ' AT (7 (2P 4.0) ) 
8 • 1.06 
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App dla III 

102 ''(1) .6 6?(2) a6.°4,*1 	• !(3)•7..s.6. 
!(,j) + 15~. -1i.s 	$ ,( 5) • 13.' 1-12. 	i ?(6) •ie...i;.'6 

T 	• 19.*3.1B. $ T(e) me 24•.'23.*$ 	$ T(9) a 

TOO) • 30.'49.'8 4 '1* (11) • 310*030. 	4 'x' (12)  

- 37,*8.36. $ x'(14) 	$ e(is) w4303-0- 
DD 40,Ia1#15 + $K aIt(1) $ A .K $ AaR(1)/r(I) 

B wG(i) *H(i) $0 aA'A+Ws $DaG(x)/bCM(C) 

40 	8(1) a 1.91 z103 • 6(t) *Z(S)*D /AZ 

8(16) a 0.0 

7# $0 	31,2 $42 .8*3 $31 •J2*? 

60 	1 n 6t, so ((z) 0 9 M lit 32) 

61 	'A.? (i 4.29 8 r.2) 

I ► (s - 0.97) too,to0,ioc 
101 8.0.9? 

40 TO 102 

100 ? 

D. 

8(X) 0(X) ,{x) 

1,930 141.250 2,830 0.600 0.2610 0.054 0.460 0.017 0.038 

0.520 0.1120 0.020 0.520 0.014 0.020 0.750 0.013 0.035 

1.0 00018 00070 LO 	0.261 1.880 	6.0 	0.221 2.410 

1.330 0.008 	0.290 	01.020 0.004 0.430 	0.900 0.002 1.887 

0.900 0.002 	0.235 	1.210 0.002 0.100 	1.580 0.004 	0.114 
6(I) 

0.953 .205 	.137 	.126 	.126 .137 	.953 
.933 ,203 .37 .126 .196 .157 	.2-5 .930 
.205 .126 .137 .955 .205 

L(x) 
012 	010 	014 008 016 00 017 004 018 002 019 001 020 003 
021 
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