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a " Mognetii flux density 

*a we►$• *T%I ; force 

• . ' Magnetta. Potential taftotto* 

* Magnetic flux function 

r,ø Patau ceardinate 

ani, r2, 81 f iii 18 lural a r eoo apt inatar defined in Fig. 2.2. 

Iti a Radius of rota r surface 

'+~ Radius of stater bar* 

4 • Eccentricity of rotor 

X NOSimai Orap 

61 x Virtual air■gap 

P a Nuaba r of pole pairs 

P' ■ P.oasnce in the .oaantria air cap. 

a radius of rotor surface and stator bore in r plane# 

D • • Not airigap a. a. t. 

P1 IJ. M. P. * Uabs1 d*aa d Meson. t is Pull 

+fir * Ratio of rotor dafl.etSon caused by the U.M.P. to the 
displacement causing the unbal once d pull 

Xd Critical speed 

I 	Gravity dr tl.atioa to one, ca rs d under the stat ic 
inf1i. as. of rotor weight We 

a vo tibt •t the rot r La I i1agrown. 
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1NT1 DUCTION 

The knavled$e of a*gaitada of the tob*ianeed 

..ajnetic pull Occurring is rca•ntriwaxy p ,aped roux 

in synehro ►us and 4iyscMroaaia a *bLne ie ao laportant 

factor for the design of the electrical aaahinr because 

such forego can greatly iatt*aaae the critical running 

speed at the machine. ►a unbalanced pull nay be defined 

am the not side ways terse between the stator and the 

rotor of the •J►*atrical **Ohl* resulting troa a diff- 

erende in the 4i z* gap tii** densities o* the opposite 

aid*s of the nachiaa. This difference in tl ►a densities 

La generally caused by a ditt rronoo In the si*gaps of 

two aAd5. Many causes contribute to ouch +a condition. 

Frequently the eater aorta** of the rotor and the inner 

surface of the stator ars net perfectly cylindrical. 

Bvaa if they are pa# t otly cylindrical and concentric 

while the Trachine is soids & sos#a.abi. deviation any 

**our #ae to the differene, in testpl nature between the 

stator oaf the bedplata when the Uaabine is basted. 

it h a aaahlme of fiver asters d iaa• t+ ry for L t+an4e r a 

d ttterrraie of *O°C in 'th. average t*apo ratar.a of t`~a 

&ad fitdpi,at. would correspond to approxi*atfly one a*. 

diff remso Is length. 



CHAPTER 1 

to 	INTRODUCTION 

Li 	W!VIW OF BANK WOIUC  



INTNOUCflO1 

Th. knav'1s4gM of aigni'ttido of the U*hatan+ od 

magnet is pull occurria to .ss.ntrtc$ll y pieced rotor 

An synchronous and asy'nchro ous ns*binv 18 an Il ortant 

tooter for the design of the #141stsicei machine because 

such forces can greatly inflsenee the eriticel rnaning 

speed ot the m*ohino. ►s unbalanced putt may  be defined 

on the net *Ado gays fore. between the stator and the 

rotor Of the electrical anchtn~► resulting from a  ditto 

trends in the air. gap "tan densities on the opposite 

sides of the *nabinn*. This difference in this densities 

Ia. generally caae•d by a ddttsrenee in the +nirmgaps at 

two *Ado. Kuy Causes contribute to snob a Oondition. 

Frequently the Outer sirfaoe at the rotor Shad the 1nn3r 

*art&*M of ih4 stater are not perfectly cylindrical. 

At they are p•rtsetly ey,indrio$l and •O*Qent*iC  

whits the anabins is cold. * noticeable drvist;firn **7 

**our du to the - difference in to 	ra*'t►rs, between the 

states and the bs lato when the nashin. is heated. 

ifith a asehine of Live satire dtmanbar, for inrtande, a 

diftornire• +rt iQ°C in the average temperatures of fMae 
wad hdpl ate would correspo nd to s#p rrxi*st.J ► eM '1*4  

d if t. rorr . in length, 



w2" 

Another factor to the clearance between the 

shaft and bearings. While the machine Is at rest, the 

oil to squeesed out from underneath the shaft, and all 

the clearance Will be between the top part of the shaft 

and the upper bearing shell, in this position the Machin► 

is erreoted and centered. When the machine is running, 

the bearing in flooded with oil and clearance divides 

equally arraand the shaft. Very frequently Of course, im crfect 

arrection, a bending of the shaft or slight subsidence,  

of.ths foundations viih--conestquent distortion of the 

bedplsto say be the cause of a displacement of rotor 

and stator centres. 

R ;V1i.V O SAM1131t ioRK : 

Fishsr"Binnen{1,  in his Dynamo Design' published 

in 110w drives the foilo'rixtg formula 	:.. 

B2 A.  
pull in dynes 	 . x 	C 

p3u1 D 	I cC 

4he re 

3 * Phil density in the 41T-gap in lines per se.ower. 

A * Section of the pole face in se• ams. 

X 	lbtror d 1spl4CsTarr nt 

* Ai.•• gap clearance 

d may' Aatie of h. reluctance, of the total ragae$l* 

circuitte that of the normal air-Rap 

aleno* 

C * is a omlaui5ie d coefficient. Riven in 

ibi' following table. 



Value of - Number at 	R►m,arlcet 

2.0 4 D 	pl eao mo nt along the 
!toad magnots. 

2.8 4 Displacement along the 
nautr l line. 

6, 0 0 Ji.eplaoom: ut along the 
• axis of the magnet 	 / 

1 0,0 8 Displacement along 	/ 
neutral line. 

i3, Q 12 Displacement along 
• neutral line. 

20.0 to Diaplc~►aomant along 
• neutral line. 

13. A. 	b ad (2) to 1900p gives a mathematical 

discussion of the oaeo of a machine with very largo 

number of poles ,end dewrrivo$ the formula t' 

flux l 	~r 	*. ► K 
d i 	9 

3 • era 'r n 	 x Total all-gap area and 

shows that this is exactly one halt the value obtained 

by assuming that belt of the poles have a gap (r x ) 

ft n4 the other  half a gap ( g t x ), 

if we substitute for S' = L. x A x ePaloe, C3ahr®or 
2 

•xpros3ton becomes 



C_~ 

Pull * 	... A 	R p 
r $ 

s`sr $nov1toa(4 0, about the ssss time • derives an 

expression for a s&*blur with do tinste number of p*boo 

and obtain the 	uJ,a $- 

A 
Pall in lbs. 	 x 	..

L ??,134OO 	14 

'hs Vo 
8 * 1'orms't gap density in lines per sq.. inch 

* Area of the poi. taco Aix sq. such. 
X * Displacement 

Noiinsl at ► gsp 
Rat#o of the total retuotance of the *agnetto 
e i re u tt to that of the no ua►1 gar alone. 

C 	Coefficient • obtained by asil+solrpt n 

■ 2 #or 4 voles 
4.7 for 4 pots 
7 for d - pole* 

* 1.3 for 10 polo* 

Above l0 poles• C a jQ* a t poles, and then the 

forein,r •bOOks With that of flebesnd. KnoWltoa's e*pr.ts&oa 

is of 11* same tore as that of ?labor* minx* a, but the 

constants given by the two author. for 6 and 0 p+ l~►a 
differ oossidsresbl,y. Knowlton$ otorsovsr, states, that. 
it ask** little diftsre~nos wether the piaar or defliection 
is taken. tb .augh 4 pots •r between the tv poles. 



J. no Y(4 , is 1004# statse that bv► td'• 
and PIsheV- Hiai*a'o !arsulss sra not •,n,ist•at and 

soil out to d•riVs $ .tox figrasJa - s*peccial1y applicable 

to Iadustl+an **tore with sacentris i tor. i►y'a f reals 

1s 	s •~ 

Poli in 4i 	0 	( 0 f ) 	a C 

Ot!. 
s 	.1 8*v. 	for gins distribAtion sf 

8 	aflotor sur fao* a 

C 	a f(•) 
5 	iøcanitiejty, expressed as s traction in 

tern. of the s ingl a alar' gap a * / to 

for 

! 	al8 a 	0.08 0.1 0.18 0.2 0.30 0.3 	0.4 

C a 	0.151 0.310 0.40$ (.50* 0.050 1. 0d4 1.53 

4r an 	asr* rioit)' loss than 20 Oarair.n*,, this formula 

re duc.. to 

0 
a alt 	I S * 	APpxUatel r 

$ 

which to jd.ntisal with Rohrsn t "s f'b cauls, beOft sS with 

a *Sao distribution of flux, as in jndastlon actors, 

*6 the *Vera$* Yat u* of $ • vhsp 8 is 

density at &or point along the sir gap. 

J.9. Same* ($) derives r similar tor+UUs to that of 

8s►kroad and Ry, but by *ertsia irasa!fbscati+1* ze4*I*,S00 



we. 

it to the fora $ •• 

t 
Pul i in dynes a 

SW 	$ 
	

[tu_ (r)2 ] 
312 

This is the sane as flrhr.ud.t/ toswela except for 

the lest term which for an eccentricity- as Large &s 

2$ percent, is equal to 1.1 or differeno. of only 

to p*roeut. the eorreotion torn ditfere from unity 

by-only-on,    percent. 

Su►*ee's formula, as might be expected, gives the 

sues value as derived by Hey • It is to be noted that 

in most of the formulas derived aatbemft'loal y, the 

•treat or reluctance of the iron part of the magnetic 

circuit is n*gleoted. The assumption grade that the 

flux density is inversely proportional to the air-Cap 

and is therefore only true to unsaturated machines. 

In tOAS,, P ` o.ohiaski(0) olives as e*count 

of some tests *ado to cheek the formulas of ReY CLOA 
Stnta~e;. 'Very good agreement was obtained for smaller 
sir.'gapa and ,ion feebly saturated, *king the +ansa 

and Clue density at the top of the teeth but with 

increasing saturation, the calculated result (ire* 

reluctance, neglected) were higher thus experkneatsk 

ears. With lwr$.r values of aire,gep. however, the 

test values were throughout higher (upto 100 percent )• 



Th. latter result was aOcounte4 for by the fact that as 

the armature moves to one side the flux lines iraoos. 
eaaCentrated a►t the tooth tip of the side at the reduced 
gap and spread out on the side of toorsasst gap* 

In the ss r year (1005), Ni.thsaa.r47 by a 

transformation of Suaveis equation obtsSn, the to11ow 
Ing formula which pernits taking into account the 

rsluata►no* or the iron path by determining the flux don' 

city rron the saturation curve. This exp .scion is 

regarded b!C him as giving the most reliable results 

I 
Resultant Pull in Kg. 	 ( 	p • A 

2 L 3000 5000 

c. C4 ikpore. in 10119 gives a graphical 
method of studying the unbalanced Magnetic Full, by using 

awl '* formula and the given saturation aurvs. of t he 

ma0hiasp and sussing up the pull for varioci* arl4a es..a' 
halves of adjoining pole faces. He takes the $iIagap 

density for these halt ares as Corresponding to the 
average ai,r.gap lengths across these faces and to the 
given excitation. Upon plotting various field exalts- 

lions bs establishes that for low saturation til* pull 

iaor*ases with the equaitationj at a critical dsoslt~►j 
however# corresponding to about the knee of aagnetization 
curve# the unbalanced pull reaches a maximum for ell 
sscsutriciti.s y and for larger e;citstioa dooreases 

again. 'Therefore, a nachioe, which normally operates 
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at bib satura*ion, say be subJstited to a g ester aip*rsss 

while it is building up than under so real field excitation, 

Mild Walk* r(9)  Is his book on ' pec ificat io n 

and D rsign of Dynsa►"S1so1rie Machinery' (t911) „ points 

out that the aaaaunt of unbalanced pull for a given die 

p1aaen.nt Will dppsnd on the extent to which the Iron 

parts are saturated, and that the effect of ins r.ae+,d 

saturation is to reduce the pull for a given alr.$ap dlos' 

rance and *a ►st is Induction,  His f i rs b ,assumes that all 

the ampere turns are expended in the air-gap and by 

the usual asthod derives an e* cession for the unbalanced 

pull exactly si*il tr to that of B.hrsnd. Ho then 

shows bow the saturated sagastis circuit say by replaced 

by an squiv►alsat air g#Lp obtained by asaas of a graphical 

constvuctjon on the saturation ousv, at the machine, and 

then uses this .quivalsnt s*z.gap In the formula for 

the unbalanced Pull. 

ibsiobergC A I to Isis* investigates the occurra ►de 

and the effect of unbalas*sd pull in electrical machines 

and has derived sosc practical formulas for the use of 

she designer. He has studied the 1nfluanae of saturation 

on the unbalasoed pull -ter a given induction and found 

that in a given machine there is a "critical intototico" 

which gyres a higher unbalanced pail than any other 

smaller err larger induction. He gives a siapl. rule, tea 
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detamaining this critical induction and also investigate 

She pe rai s* ibl a d, fi.d t io is of the aao hife r parts in 

connection with the unbalanced puil0 and the influence 

or the isttlr on the critical speed. 

(ott) 
E bin*ia 	in Iii a• gives the forads for di. 

calculation of unbalanced pull whish taica* into asCOadt 

the 4**blued *treat* of saturation. parallels and primary 

r+eaatsnc.. He r praran$s the ne load saturation curve 

by a power equation of the tars $ •• 

is 	a a 1 	+ 0 	Ire 

• # Voltage in p. u• corresponding to pair* $ap flux. 

a Magnatisink` current for the sirdap at normal 

voltag•. 

Magnotj5jng ourrint for saturation at IGTSal 

voltago. 

j 	* Magnet tsing current at any voltage 

a 	• Saturation curve exponent difinnd by iu,m ea  xd  

Assuming a uanatant dap density over a r.a$itn 

of the machine and considering that a constant change 

in ride In the aire►:dap while the msgn.ticing current is 

kept constant, be finds the expressJoa for the resultant 

*Mango in the gap density due to the rotor aaaantrisity, 

which in given by i 



* J t 

ba 

K1 	 11 

Whore 

1 a Rise in cap fax density 

* Sin* &4r-6&V in inches 

~" ~► Single airap when the rotor is displaced 
by (VIA) inches. 

Amcrnnt of the rotor displaced from the 
center of the stator in inches. 

Carter coefficient for an air gap i 
K' a Carter coefficient for an air gap 6' 

Air gap flux density at normal voltage 
In Kilo-lined per square inch* 

It very small deflection to considered this equation 

has the following tai r t 

I 
Obsra K 

+ n+ w`1 
II 

Factor allowing for the .ffeot of sat 
ration on denai4y rise. 

The expression ter unbalanced magnetic poll in 

Indactl+on motor with a series or two parallel primary 

winding operating at any- speed and voltaic* ar given 



robins rs is aI to ,lows $ 

# . 4 	a« Q 13 Af 	0  0 A 

In aaotbsr #eras this may be writ e* $$ I 

J.M.P.  a constant 

Sowing for a aaxirua I 

r 

9 

rr~►1 is t per snit volt ig* at which Uaa#s►us 
pail ooar.. 

0. farther SAYss the .sproes!on for aabaianss4 

poll with acre Parallels to the primary winding .*prow 

sung it in the following form $ 

U. I. + 	* 3. $8 .2 	o IC 	+ (less) 	* t 

where a 	$`e*tor dspaa4iog open the nuabor of 
parallels. 

'a+ to r sl low .ag for * be effect at sate rsi 
tion and primary reaetasos on the 
density rc i* e. 

I 

11 X1 

Xx * Stator leakage Hssciaato. 
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P** this equations It is p tisali.y lapo 

•sibs• to solve analytically for the voltage at wki•k 

aaatau* pull WILL occur. However, a *log* approxiaa 

tion Is obtained„ if we use in this rox%ula the 

voltage at which the #ail is a aaxii*ua, considering 

saturation aloe. 

V1itk the constants that ar►o i5 ad in ad►.$ 

taduc$ le a as to re, the tooter L a , + (1's) K] to 

•pproxtaat.ly equal to 	divided by the nanber 

of parailiFla. Thsr.føre, the important tact Which 

was established by Ibbinson is that th unta1rnood 

pall, for an induction motor having tb.ro* or more 

pa lots An the primary winding may be obtained 

spy►z ztaate1y by calculating tba pull a ter a series 

winding and then d tvid ing by the nuabe r of p$ral  l al s• 

rwvr (12)  o  • to 1054,0  derives the following 

lb.'reutta for calculating the &VOVUX ► unbalanced pull 

as well as Its aagnitado at different angular pooitioip 

of the rotor. This expression to regarded by him as 

giving the soot reliable results far higher •oaoatric 

pay 	 d  ,a 'far 
72. 13. a 1OV 

*#he rlb 

	

S 	0  Eccentricity is inches 

	

wr( 	1. e of the •oo ont riS it y = angle hatr',,r 
axis and tb 
Centre t 
aari*t to 



D 	s* Diumoto r øt avva raga air gap An inches. 

v 	a Length of rotor atackinge. 

A 	a 'We r'a ga mechanical air gap. 

b 	Number of polus. 

FY 

cay  

and C 

a Maximum trap tlw.* density of motor with 
even air gap equal to 4  in linen per 
squar3 inch. 

* 	[ 
g'W  0 

* 1 f 
C ..'oColQ 

2 
re• p 

2 	2a 

p 	t 	i d Coo tbti + d ? "4d 

t- uCooa 

The factor C Is  a [unitise of alfoctivo 

rol tivo eccentricity 'Q' and the number *2 poles 

p. Curves of Cn,, as a function of a for various 

number of polo shows t hat the av r ra r putt PSW  

inpreasse with ino uoa in the number of polos 

and alternating component of pull, decreases with in's 

arcus* of p. 

The equations derived by Cóvo are applicable 

*o the motors running at *n load or very light loads. 

'`ho results are not valid for be vy load conditions 
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1.10 •  
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p_2 
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0.85 	
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+ -  
j.__.,. P=4 
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0.80 - 4-  
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ELECTRICAL DEGREES 	p 

FIG.1 2_RESULTANT MAGNETIC PULL AS FUNCTION 
OF ANGLE OF ECCENTRICITY 
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since the *tfeat* of rotor currents and rotor skew 

were not takes Into account in the oalouiat*on of air- 

pap flux distribution. 

He further analyses the pulsating character 

of those forces. It in shown in Fig. 1.3. that the 

alternating component of the res tant force has a 

first hartonju of the tor. P' Co. p aL . The space 

angle 	will usually vary w jt h tin.. He considers 

the two extreme Oanpro t 

I.  3x, ' IC gC .JXLj  IC1fl( i.e. v ,  the rotor and the shaft 

are concentric to each other but the bearings are 

eccentric Vith respect to the 'stator bore, the rotor 

will rotate ftrrund With its I nt 	'0" (fig. 1. 1). 

in such *ago angle c will be 1  ,kta►tlon$ry with respect 

to the stator but will vary at s\y .hrsnoue speed with 

respect to the rotating field prodled by the stator 

winding . 'ThemarforQ the angle a \Is given by&- 
k 

1 	 , 
+ark 	... 	31r f) $ 

p 
k 	 ' 

who" 	f '0 Line frequency 

t 	Ti.. in seconds. 

Therefore the first ha►r onio of the anpuotto pail, 

A will to • f the fore, 1' Co. 2 t "f,fit. 'Tho 

fagadanontal trdgoonc . of . ;( will be doable aline  

fretoteaey. 

l 



Li. DYNAMIC 1CC NTR1C1TY i.e the bearings are 

concentric with respect to stator but the rotor is 

eccentric with respect to the shaft. The angle a( 

will vary at slip trsquenoy. 

or cC = QS (2wt )t. 

The fundamental frequency of P'at wit). now be double 

slip frequency. 

Tb► r. fo rs the izpo rt$nt teat which Cove !ei tnb"` 

1 is he s * i9 that the change In the magnitude of the 

resul tant pull can be nt double line t r*qu.na y or 

double clip frequency according to the nature of 

econtricit7. 

Prim.. and J rda,, (i3 ~ in 1~42 have studied 

the pull occurring on an eccentrically placed rotor 

in synchronous and asynchronous nfa Maes. Its effect 

on critical running speed and the *treat of damping 

on its eaSnitud e are ale* considered. An analogy 

is asde between the pull and an electromagnetic 

spring having a negative coefficient to simulate  the 

redaction in critical running speed which occurs. 

!'ho derive the formula for critical speed 



W low 

C0  a 1sustsnma$n3ttee spring numb*! a F/{ 

'±  

`Yeight of rotor. 

` = Magnetic pull 

f" 	Deflootion of the rotor under the 
in flux nu e of its own 'pro ia'ht. 

and C, are expro33ed In Ki o ramp / *as. 



CALCULATION OF MAGN T1C PTLD IN TIJ AiR GAP OF A 

NON SAI3ST4` POLE MAGIIIN15  WITH CC (XRIC I)TOR 
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2, 1. 	In this Chapter• a method of saxeu3.stion in 
4sv.liped for the fistsrnination of *1* magnetic florid 
in the air■gap of on idealised esshins without salient 
POLO and with an eccentric rotor for various di rtribaa 
tines of the aupsre turns of the stator surfacer 

±! _i. PIQU* PITCH .3NCENTRVMD 41NDlNGr ; 

It 3s shown in equation ($) of the Appendix I 

that the n.e. t. distribution of u full pitch avncen~ 
t rate d winding  roferring to the origin 0' can be 

•*►reseed as i 
~r 	n 

n*o 	On t 1) P 

We shall now investigate the flux density di.- 

tributtou in the aIrvEs* of the concentric rotor with 

the fallowing sera rptlonss. 

I. Saliency is neglected owing to s9mssoivs mat snstical 

coo lexity. 

t. 19tterot of nognetis saturation is ignored. This is 

partly due to the lack of cath, 'tical relation 

between the eageetit intensity and the corresponding 

lwdwts t io» in the to rocs-asgns t ire materials end * err re 

•aposi*x1Y& to the grave difficulty in taking seceus' 
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of any such relation In the solution Of the field 

equation, 

3. The perrcesbu #iiiY o r the rotor and stater Materials 

are asoussd to be infinite*  

4. f tfeet of *lots and ventilating das*s are also 

omitted again Owing to the inathsnat ienl cu*ple*it3', 

5. The stator and the rotor are assumed to have smooth 

cylindrical iron surfaces and the length of the 

sore is assumed to be larger in ca►nparis ion with 

its diameter so that the problem can be treated 

as two dimensional ono. 

4. ivo oases may be distinguished aeco rding as the 

stator core is assumed to hsvo a finite or as u 

limited radial depth. 	wovor, as will become 

apparent In the later sections, only y the latter *on- 

dition is amenable to ea c Uatton when the rotor 

bsee ss *reentries, and •onsidsration will therefore 

be limited to this Case only. 

The Maxw•li5  equations for calculating the 

magnetic field to the air-gap with Cona*ntri a air-gap 

can be written as 8 

Curl II 	a 0 	 ... (2.2 

	

Oiy B .0 	 000(2.3 



Cho•ing th, aYlindrigsat polar a*ordinais 

systems of mars# as tniion noss (2.2) and t.2.3,1 can 

be Qxprrs3ed as t 
iIi 	+ 	a H_ 	n 0 	.. c . car 	v 	r 

~.~. 	+ 	a + 	 0  

r  C  r 

VhO re U1. m Radit4 component of the Magnetic !cold 
intone ity. 

a Tangoniini component .of the Magnetic field 
intone it 7. 

Bitte ox~ait~tit* equation No. ('.4) with r30paot to 0 
ate' 

i à'Ur  

a~ a~ 

Prom equation No, 2.3. we have 
ate, 	aI3r 	1 

a IA' 	 ±" 	+ ' r 	► _ 	.. • ~ . a► a0 	 O S 	F 

and 	► +~ i 	a 	9! 	+ 	c~ 	• .. (5 .8 ) 
v 

From i gaalions toy. (.0). (2.7) and (2.$) a we have 

jI r 	a F1 	i 	i 	d2H 

The above equation rapr)sorets the field of the 

Sir gap which Can be solved by the method of separationn 

of variables $ 

Assuming, as utsusi# the solution of equation. 

(a. $) o r the form 



`The independent variubioo era isVeratod ad equation 

Nor (2.0). is roptuvod by 2- 

2 d 	i.. 
p 

4R x` 
	+ 	'. (2 n+ i t p 	R a 0 

4V2 	dr 	-  

and r.P 	+ C 2 n + 1 P 61a t?  

*Vhrr 	~n 0 0 • 1!2,3,4 .M • . i 

Since the variation Of 0 is of the form 
A Cos (!Ln+1 P +Q 
n.; 	On+i p 

By means of the substitution A 	owx , who o •fir, 

o quest io n No. (2.11) is reduce©d to the form '.  
a 

+ 2 	+ 	t '. C2n+i P'2 	R 	a d *2 	dot 

' h is h has the solution 

il a 
	r

(2n+# )P' I 
n +D~r 

The 5oiution of 1quatiou (2.12) to 

,. its coo (2n+1) phi 	+ a Sirs (2n+1) P ) 

Hsno r the solution of t quatisn Na. C. 9 ) is given by 

a c, (2n+1 i+ 

<m Co. (2u+t) P'1 + Hx, Sin E2n+t 	... C 



1 o r 3 i . (2• 0 ). tto boyo 

... (n.v: ) 

L' D a quc o s 1!3 . [ n. 2 3) and (3. 84) cs Go L 

n 	 ~z 

1 ,,sin tan4a 	~ Coo (2n+ 	•:► 

... C C. O) 

.I 	o 	cro oo aott o 	o ani s « out r 	y lio 

ti hODCo tt73 + t73 	 nts.t1 O fl€t normal 

aoc por2ont of I3 oXOO f"sa s1 	.My a soLd 

also bo baton .c. 1Z31100 # EE as n t~anf 	vam9 hot~ 

Cwtos c~P Flo Q1 . y's 

a. 	o 	L 1 fl3 dSGOr 1bt3O±,or1 ct 	0 Otm30 csc r oco 

C 	Coo (2 13 
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R.torrins to Pis. (2. 1)r oon,jdor the el rontal path 

M D at the boundary sorfaoo bo tweon stator and the 

air-gap. The ®ido 	and A are small as oomparad 

to the side A13 and CD, no 8C a td ON 	dogs not 

requIro m.m. !. 

Also AS * i do 

.~. 	Total ampe 	tiaras  u* I ► % 40 

In Total our arnt onOlosed 

* d (!4T) 

• Cao +f 2 n+l 

4M or U~ 	"a"w"a. t - f) Sin (2n+1) p8  
1 r tiO r% 

From o quest 10 nee No. (2.13) and (2.10) , we have 

t2 n+i - i 	-0 ins n+t 	I 

Sin (2n1i )i 	BBCo* (2n+1) - ► 

d "~- 	t 

	

a om►~ ) Sin ( nst) ~` 	 lei ~, ~  

Sime thi, is independent of t r 	the aottiCi)nto 

of Conine and 3 nø 	terns can be compared on both 

sides of the above aqua't1* nR which 'ives 

Ha *0 
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It 

(2n#1 . 1 	'. C2nf 	" i 	414 
n 	n 

0 

..♦• (2♦ 17) 

£1. Sin*, th p, unb!1Lty art the rotor Is Infinity, 
~E~►nda nt isi cornpozssnt of tbo *t . oe t 1c f 1.14 Intensity 
at thi Totor surface vanishes$ 

r 
(2n+1)9- i ~» (2n+i 	1 

1.0. ° '„ R1 	 • OURS 	 - 0 

• 2(2n+1 ; 
Or Cn s 	on RA 	 ... C . iit ► 

From rcuat!ons No. (2.17) and (2.18) M as have 

Oa u (. j)n 	4 / 	
»0 (2.10) 

I 
.(2n+1) 2P 

Si
a 	RI 

 i) 	t2n+t 	(2z +1 

The equations 'No. (2. 13) and (2.14) are reduced to 

the to rs 

y G a 	Cci t,+1' 

• I (2n+1$"i 	' (2n+1Wi' 
Sin (2n+1 mil 

&yep 



2.1. *. 1 ?PPCT O' TOR CC Nt*IC 1TY 

The assumptions are same as with the concentric 

rater so ns ids rod above. 

A diffic ulty however. ariec in t?►e dotsrMinno- 

tiou of the constants iia and ~ by aid of conditions 

of aontiswity. The simplicity of calculating these 
constant in the concentric annutus is duo to the 
tact that the radius vector at any point on the boundary 
surf&** oro iso id oa with the normal at that point and 
consequently the normal Lnductioa is governed by the 
potential gradient in the dtri*tion of the radius 
vector, lana the analytical expression for the normal 
induction and lit o"Wise for the tangential intensity# 
at ultimately coincident points on either sld* of 
the boundary is immediately obtained as the app zepriate 
partial dorrlvst1vs of the potential tupettton sonamrmod• 

This simplicity of expression disappears When 

the annular strgap becomes eccentric. It the origin 
of the polar coordinates is talion in the axis of the 
stator car., the expression of & normal or or a 

tangential component of either asgnatie induction 

or Intensity at a point on the rotor surtseo *amus 

the town of combination of both radial and circus 

t*xeutisi components resolved along the tangent or 

wreal ni the point concerned. The expression of those 

resolutss involves the angle between the normal int th+ 

radius vee to r at any point and anal yt lent soaplo.ai( 



are thereby introduced. 

In order to overcome this difficulty the method 

of conformal transformation will be used to roomap the 

field in can **centric annulus on a concentric annulus 

to another plane. Thar potential function at any point 

in the asaentrte air'gap may then be deduand from 

the corresponding result with a Co nO ent ria gap. 

ON A ONCXTftlC fi NDMU3 

Si nos the permeability of the rotor and +atatar 

are $sumod to be inf suite# the field In the gar J=M- 
sdiately adjacent to all points on either the rotor or 
stator surface must be normal to these surfaces, 
which are$ therefore. •cruipotenbiai surfaces. Thus 
the magnetic field in the air gap is bounded by 
aquipotential surfaces, repr sontad on a two dimensions' 
al diagram by a pair of ooant ria a irulea 
and 92 in Fig. (2.2) and the lines of force crossing  
the gap ma %b woo* 131 and :fig 	no rraa~lt fir. 

Z$ any be shown by elementary geometry that 

there exists a family F of circles, represented by 

`3 • having their **ntroa on the radioal axis of 
31 and $land having the proportion o f $ 



PLANE 



s. 	Intersecting 31 *ad , 2 at rigb$ anal ass and (b) passing 

through the 1iaiting points A and 13 or the eos*iai system 

P' of circles containing Sl and `12 » This rasar F is 

also orthogonal to aLi other members of the system FPO 

so that F and F• tore an o artbogonat net in the speer 

between S1 &sd. $2 and therefore represent the positb# 

s yr teas of •qu►ipo t.nt is 1. Unss and linos of to r es respeo- 

tivlly. 

It is shown In AppoadAx '3' that 

.IL. ~ ~Q 	 on n S~ 
r3 

s 	(say)  
Also 

1 
	{ 	# fl1)+ Y2 

'test equation Na. 2.23 and 2.24 o have, 

a  

+1  
or 	( x • in - -~--- ,) + V* 	...(2.25) 

The above •*prtsslox is th oquat#.on of 31r 
when referred to axis On an& Air. 

Zx 
s 	 ...t2.20) 

4 s i 
# I 

KL-1 



It to shorn In Append i* (4) that 

2 	2 
and al ono 	 t 	Ri 

*2 ~s p 	 ... . 

4h,re 4 denotes the dietanco C1C3 in PAZ. (p.2) 1.a. 

the eccont ria it y. 
2 	2 

gyp' — n 	2 
Hones 	t a 	 ' 	• tI ... (2.30 ) 

The oquatjon of the circle 33 	ohrrtc U33—  

02 - aI 	a Constant on 93 

	

a I. (.ay) 	 •.i (2.31) 

The system of eoaxiet circles inclining 31 and S2 

may by a oo ntor*at t rrans fo rmatjaa be represented by a 
system of concentric circles to another plane. Thus 

the bilinear transformationS' 
a- b 

Converts a circle In th ► sa pi8r into a circle 
in the •it 4► plans. 

A circle passing throb the points a x ' a s 
s2 	b in the sm plane the ro tore becomes a circle 

passing through the corresponding points V1 0 ar 
~►1 a 0 in the v plane, i.e., a straight .tine tb' 
rough the origin. It now the points ~a1 0 s2 in the 



• 2* 

s plane are itazntifl*d ' 1th th. points A • 8 is 

Lig. 2.2 . the lines of force, typified by $3 0 

bacon* tranar forn d into 6 pencil of .ptrilgbt lines 

through the origin in the x -o pl(►n** Thus the origin 

a being at o in Fig. 2.L 

a as - a $ b a a 

and the rei St io n (2. J3) becosas 

won 

By this t rasps fo at io n the +. gluipo t* nt tit s. typified by 

Sl and 92 	in Fig. 2.2M are trans togeard. into a systoa 

in the w 4- plane[R(2.3 )J orthogonal to this ponail of 

straight lines$ i.g.. a system of concentric circles 

having their cosinon Csntrs at the origin. 

By virtue of equation No. (2.331 the points in 

the w► pians corrosponding to points p and q An Pig. 

2.20 i.o., the s 	plane , a ►'~a► 
*l 	al_* 

a 
P 	x1* Rl + a 

Xi +1¼#a 

'!'bear are both real quantities. It k Is real. 
and $ be ao rr~rspo nd .ing point aos t t hs re fo re lie on -

Us real axis to the w"' plane, Since the centre of 
the o irals on whieh the** point* lie is at the origin. 
it follows that the diaaotor of this aimlr is given 
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Pig (2. 2) to 't ber n 

#R 	'i - R1 X2 

R-1 

2 

' 	
x 	

[  +[  
•0« (23g) 

1/2 
+ 3 	...(2.40) 

The v&iu* of rZ v ►r#.a with art and hence with 

the eccentricity# trop equation No. (2.30). for .sø* 

eccentricity is is *&a Sl x shown that f,a 	, and 

with =s*ta * aaca.ntricit7. i.e. ovnPX*t* « pull over*. 

it io found that PZ 	R1 « 	so that the concentric 

a 	gap 	In the w plane 	shrInks to x circle of radius 

Thur It has ba n shown that t b. conformal 

tr*ns#oraatfnn rtpresentid by equation lb. (2.3$) S&Ps 

the eccentric snn*4us of iw►dU ti, jj ,, ( tip, ) R) 

In the s plane on a Oano.ntric annulus in the V«.plfns 

with centre at the origin and radii • RIL v ( ) R 

''here Kl ~ 

3. 1.4. COMP .Sx POT~NTlAL IN TH AI G. O' AN IDC ~L IZ W  
MAC RlN,& WITH COI 	RIC ROTOR 

for the purpose of *&king user of the trxnsfar*W 

tion discussed above. it is xadas*aryr $0 Consider the 

aanpisx potential function 	4) + Jfr 	and to v%preas 

this as a funtion of complex ysriabi. as Linea of 

equipatentix1 and lines of force Are ohar*aturI*.d by 

Constant value of (p and W rsep.atival.y. 
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From a quation No. (2,41) and (2.42) • the 

complex potential in the air saps/oonoontrie rotor 

to giVon by 
0+ v, 

	
(2n+1 , " 	r(2n+1 ' Co (2n+3 

3n+1 ' D 	
t2n+I P 31n (2n+i 

' 3 	~* 	to + 
	# o)~C~n+ 

`forre a * pCoaO+J:rSinG  

2. &. S. c1' r ►X ' ► "iat T`I l! IN T . A, IR: "i AP Q " AN I.t G%L Ih 3D 

,the eccentric air gap may be located in the 
a- plane and re-nappe A as a Oa noont ria gap in the 

plane by means of conformal transformation expressed 
In equation (2.3$) . The sompiex potential at any point 

in the co enbnio air gap is given b, eq*ablan (2.43) 
on replacing a bar ~r . 

i.•. +Jka_[C 	 - 
tea+1)p 	(sin+i 

The a xproc-iion this obtained also give* the eon" 

plan potential at any point n in the occentrSO 
„ if a is replaced to W by o quation (2.4$) 

The origin of a being ng at '0'  In P`ig• (2.2) and the 

A 
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The component o [ magnetic field intensit y to 

any direction is given by the negative pot.attal 

gradientt In t bot direction. 

~s ~► a 	s and H 	* • +  

Pro* a + exat io n No. (2.21) • we have 

___ 	r (2 ii t)P- I  

der 	
- 	C ► ► 	+ 0 r^ 	JCoa t2n+i ,iii 

- t2 n+t) ' «► 	C * r 	«~ Ute* r 	 ter s t2 s+I NO 

s*. (2.41) 

C 
S Wb.* ro C 4 i 

A 	(2n+i)P 	a 	(2a+1)P 

Since (P and ' air conagate tssna do n defining the 

fund ion t Cs) . From Couehy tiioeann squantions vo 

or  ae  G  a 

.: ..W.. ~d 	, - { ( +i P" i + 	' uts * 1 ►~t t~ Yt i aP 

t r +i 	+ I 	Sis(2m+1 i 
L 

... (2.42 ) 

C The integration constant is igaar*d niece the total 

potential Will be ditforonoiat.d to deter ins the 

magnetic field intensity). 
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Origin at M being at the Oantro of the rotor* 

The •ouplua po tant ial fusobto n at any point •a' 

in the sto.nt rie siri»tlap to given by 

r 	
_ 

(2rr+t)P 
o  a4*  a Oft 

The above axprare*ion can be resolved into real and 

imaginary parts by the aid of the folloVing identities 

a_an 	r 
a (.1a) Ices n(e,- e1 ) + sin 	ce2- 

1 

( 	) a (..L) Co.it 	81 r►3 Sin n ( 	) 

r 	(2n+l )P 	k • (2n+i 

:. 4) - ; 
1c (..i}) 	 -u'() 	(2+1)&L. 

	

~(2a+i )P . 
y {2n+i ii 	

Sin (2n+i )AL 
D 

a ! 
..(2.46) 

2. i. ►, HET. MU to SUN ter i' S CC4 DINATSS C 	ANY 
w._ P14T IN r'Ht a CC NTR1C CAP 

It ( * r it ) be the polar coordinate referred 

to polo C1(ito tri Centre of the rebior) and the Initial, 

line AOH of FIS. 2.2 a t $ point In the saa*ntrio aisgSp. 

Tb• n 



Sino. 	0 

Si tilariy H t tit. component of the intonstty in the 

direction a! dS2 r Is given by I- 

a~~ 
 

 dL 	 2 

2 
4L sins. .L1L I a 0 
4s2 

It is shown In Appondi% (9) toha~t 4 " and ds2 	dS 1 

Ora given by 

* 
did rp 

_ALL► 	. ~~,.. ... t2.52 , 
ds, K 2 

3snos the lardy of to curves represented by 1C * Constant 

end L 	a Constant is" orthogonal. Ken.. thi resultant 

sagno tI* intensity at any point in is he gap Is 

f a C 	i + 	fit/ 

~  2 

~ 
dK 

1/d 

* [t}aL d~ 



Jet 

~ ~~ 	
iid 

 

 +1'* 

It to shown In Ap9and int $ (a) tbet 

ter+x, +2 is +*j,? rCma# tr 

1i + 	+ 2 a1 	M ii?2+ (2a in$)2 I 

... (2.47) 

a n I. 	Tin 	2 ar3Ln
- 

 

v2 +2 x,4 Co. 

2.1.1. 	N+ TIC P1 D 1 W: 1TY' IN AN SCC N?RiC SIR 

Tb. coaponant of nagnatia field Lnt.nsIty in 

any dis otion is givan by the negative pn*nntia1 gram 

d#.at is that direction. Thus !*4 d3 and d" 2 denote 

.l.*.nttn of are of the eurves 9 a Constant and L a Coast 

para ing through any point In the gap,. Then H1 R the 

e'mpvnont of intensity In the dtorratLon of 431 L. given 

by 

H 
as 

H, : — 	d4 4K 
aid 4S1 

81. 	4S1 
... (2.4! ) 



Tho a21rrootIoo of 1I 	of coi 	oramal uo 

Cin oqu ©Co»4ial of vo tbrus3h Gbo point oonoidorod. 

T" airiat~aon of t,M-i nompoSaono 118 rpt any oInt !o 

Oanaon l of '0* tho ourvo L 0 Conc iontg pttt oina tbrouc;b 

ot* coins and 10 Choa'oforo oliray cam►rmal Co Cbo ourtaca 

of o1#ioF Cho rotor or tho otaCoW. .9inoo CTaaoo cavo 

noouaoc1 Co bo oqu1oCoutic4a0 V$ COMLO%fo iU 4 tb 

ro ouL t ant a lv- aap In'00 m £.0 7. rat alb 'bar Ito into r 

or autos► bo daryo 10 CirroD by oquattoo (2.00), 

. 1. 4. iF"+' C? Off t!1r4ZTY3 I O1 " + OE VU OQ ST TOR 

Ati *044od In 

 

trio as unp4Ionoa tho fo*orjoing 

tflC13rDj) baa boon ro rIc4oa to a oCatort of un1 ILod 

wadAml doptb. Tho roaoon for $hAD it Cbate G' ,4 ot" ;b bo 

oonfortal t ranofos'na$ Son (2.0) nape tubo 0000nCzrao Ask 

Cap In tho a - piano no a conoonCria anoniuo Int o 

v* P3anoa tho o0mo Cranofo aaUon ri po Chi ooncon0rio 

aanuiuo MPr onn3a,5 Ctao oCaaot' Cosa coo an 0000nCrio 

anuuZuo in tho I p poZ . Al oonoonarIo ota or ring in 

t'ho 'cam* pian would oorroopond to on c aoontrio ring Ia 

plan* boundod o3 Cornahl y by a ola*bo ooaniai 

tho 0110o S1 and 12 Anftc;. (2.2) 

IC n&jbC ap oor a-uj>a r `Ia IaL i p that  

C~SouiCy could be ovo notao by Cho doviao of uoint; a 

pa'P~;) Inf,3 fuCo C 10 n '0 1P (t' t1J o'era'Co L' db f fo k'ox.18 ' 'on that 

t twon by oquatlon (2. O) and oraoh that t30o ricttYoal 



riator ring is represented in the w - piano by r anal to 

conce ntric with that rep russntinj the eccentric nir~► 
gap, and the internal dlamot.)r of roonap!~rd stator 
is the sae as the external, diatootor of the rar+aapped 
air - gap, such o mapping fuaat io n for the *tats*' is 

©vidently 

as can be .open from Fig. (.2). 

werer, While equation (2,30) $Lv ►o o conformal 
transformation  o f the oirabgop and th* %!0v0 uu eat,d 

formula gives a conformal trot sfo ofion of the stators 
there to as t a Conformal tronotormi►tadon of the field, at 

the boundary between stator U64 the air-gap. This is 

duo to the fact thy# the direction o f the f ield of any 
point on the stator side of this boundary is determined 

by the diTootlou of the field in the air-gap adjacent 

in ago s►. u4! n ri h the law of 'na gno t to refraction'  

incorporating the boundary conditions on uiagaetia indu. 

otton and On magnetic intensity. Consequently MA 

arbitrary mapping function such as su est d above 

when applied to the stater ring In the s► plane will 
not * LI flOr1l, give the correct intensity and orton 

tdtion to the field in the stator at points on the 
bounlary. and therefore elsewhere, when the air-gap 
fluid Is raape4 by equation N+ 	(2.38) It is 

therefore evident that equation (2.38) aunt be cis*d 



Co (3 Ivo a coo. nfo ?nub t r 	fir resat ,to n of o nt ro f .ot 1 

from tho sue► Plano to 	Plana. 

ao. CALCULATION o' NAGN IC t! .EGD r "r SUR : C Q 

AN CC it 

Prom o q atAo n No. (2.30 ) and (23i) #) a i'o Suva 

2r  dth  
112 

7 

Aioo tires oquatlozi No. (. , 34) and i2. 4o ) vo hr vO 

° r 	(2t+  D t2 ~ n 
3 	C( 	0 	' 	 co r t 2 n+8 L 

n 0 
.. (2. 3s ) 

On a+ioo un + of oe nto at i t nano fo tat &one rto havo 

fl=  1 

and 	t& a ftI t o 

(.L,L ) aro calc+Uo tod feria a gaat ton ND. (2.47) and 

(2.40) , `3fta tho pr n. at aalcuLatoa rto o 14a tho 

ourfaco of tho z togo I Seo obtatn04 by putties 	fl j 

In o quat n (2.40) v ttuo alvints 

c'1 	0Sin0 Taa 	 •..  (2. 37 ) 

ItO oqual to KI at tho 	tO?^ ZiLU'facto and to 

of i in Appaacusx 3 (b I 



•30 

And fra►a Fie. (2.2) . we on o aIpa'313 the vit* of r2 as 
1/a 

r2 a 	tMAUD a )2 + c ~t • m~ - RICO$ 0) 
	

..(2.58) 

Prom 3quatio am (2. IC) 0 (2.20) i2.33) and (2.30) ,9 wo have 

to 	i 18 	1 	; .. 	 Co. (2 n+1 3 4. 
2 nnp 	(an+i )P 	K1 a (2n+I )? 

LcJ 	LJ 

The radial ea po no ni et be flux density is given by 

aA a 
	 .., (2.00) 

From equations (2.3?) s (2.58). (2.80) and (2.00), wo hav ► 

a► Sin 1 
Co. (Rn+! W Tari 1 

Dg ' ,x 40 	 f i* xI Coo 0 
u=4 	g 	 1t 

[(R13 in 0, + (xr a + fiCoe $ ) 

...(2.01) 

'Whe~are F Is given by 

1d m M Ao 	 i 

.•. (2,02) 
2.2.0 	irzUNAG PITCH CONC&i-Tai► J0 .MINDING 

it is e1 wn in Snuation (its) of Appendix 1 that 

the ampere turns distribution of the freetbna], pitch 



concentrated winding can be expressed ae 

n 	e 	
(apt? Coy tea+1 L Cos t ca+i 

Aeo 	 t2x+1) P 

...  (2.03 ) 

The radial component of the flux density In the ehoext ria 

sir gap can be calculated exactly in the salla* aannor 

as that or full, pitch Concentrated coil, which an 

slapiiliaation gives$- 

Cos (2n+1) Pt Co. (2a+i )P Tari i ....~* viii 

x 	(RAsin9 I +(xi"a+RAC**0 ,~ 

• .. (2.04 )  

to liven by Equation (2.02). 

2.3 3I PPiD ISIS fRLI3JXION 

The Vinding is distributed in the s1p;0s An the 

*curer indicated in the !ever part of 'i$. itC of Appendix 

1. It is i how n In 1qustion (1I)of Appendix 1, that 

the aauper.burns distribution of such an srrangeaact 

c n be expressed as i« 

spa [ (aitti  !1 Co. t . O 

Sao(s 1+1 pP'f 
q Sin 	 (24+1)P 

•.. (2.0$) 



The radial ooap.err ut of flux diene it y agorr.ap-

ending to this a•a.f. d1**ributSon is given by 
Sin L 	 Co ~~ M~ Mi~i111M`M/MY~~r 

j (2+i r. 

	

q S t` IL 	2 
%=P'x -r-* 

DUO 	(~ti3 ioil + (x1 a + 1~iCoso JP 

Co. (2s+i ,)PTsax 1 
	a Sin 0 

.;i+*.1Cos61 

... (a«GO) 

(11) The minding As d#siributsd In slots with th, outer 

coil of 1sss than full pitch (Ug. li.0 or Appendix 1). 

Unit; With all thn coils hsving the same number of turns. 

£'o■ •qu*t tone No. 21 of Appendix 1. we have* 

in r q is n+i )PY 
as 	L $ 	 r q1 

a 	....—  
('.1) 	..r.~,- I*%oa (aa+1 , '' •+ ---- Yl x 

ASO 	+~ Sia(zn+i Y 	 j 2  
2 

Cos (2A+1 W0 
(2n+1 jp 

and 	Sin [2*+tf   

(2 a+1)iPY Co. (2n+1 )P M 3 'Y 

u 	iRisI.n 0) + (xx- ■ + RiCs a )a 

Co. (as;+1)Pfan 1 a sin li 
cif *co .e 

.• (2. 01) 
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2,4. 	Tf P: ►GOI I ~L u13 riuOUT IL~x i - Pu .f. 01TCH `~YL313 

From equation (2() of .1►pondix 1, tht m.n►.t. 

distribution of this type of arran3anent can be ®xpreasod 

as 

i 	• 	4 Stn (2n+i )P4 
A 	..... 	(-1) 	 2 	Gyro (2n+I) PO 

'Tits n*0 	(2 n+i ,)2 P 

Sin (2n+1)  
(0n+i ► 	

coa (2n+i W" Tc►n 
a p x sgr (+o s8 

nm0 
(a1s in e)2 + (ad• ® + ~31Co s 61 

.., (2.70) 

(1A) 	TMPL OIDUL o1 ruIHUTIuN - 	MUN1L Pura TYPi; 

Bros t tuation (2$) of i,ppondix i M the m.ta. t. 

distribution of this arrangement of winding can be expr,sssod 

as 

s 	ao 	n Sin (3n+i Am Cos (2a+i (o 	) Cos (2n+1 
a a-- F (-1) mks na 

(2n+1 T 92 

••. (2.71) 

and the radial eomponsnt of the flux density to given by 
Sin(2n+1) 1 Cis (2n*l )P(e.4) 

/3 (2a+Fi )p 

(Rti`lin )2 + (slw s + a2Coa 61 

Cos (2n+i 	Tan i 
Rx+ xiGos 0 

....(2.72) 



13. 0. Th, t ppo ] tup 4 1i0L'1C)utgon Ao oS' i in fo 

wt 0i  M 

Tho Lttt coupomorO of Q'1u doL* ate to tr lvom 

b7 onmatfor (.0&D by puO lrj 	* 0 rate : oglc ola3 

I 	07 	a via flaw 

ra S lu Cook m 
D 	 3, riacco p 	... (3. t0) 4 

Clan in ► 	( -- m + Alcoa 0 

vitro 

Lzi 	Ho 
0. 

fl 

Rm Ia oaott n0 do allo4 o loaf atgon am 

d oviaa fJo 	lUoEvOto to a It c1 tlioouaao4 o 1Io'd ii 

0 11.1?. a 1300 Vol to 3 P oco 00 e/c o Co .ca. uct n motor 

) oolo*Ooc3 	fo1iovIii pt rama of o. 

rla~r.t,ot' o2 poto '9cAo °Pp 	a 

,pa 0 	300  

L° Q 	0.00 Cl f a 	0.0740 0 

° 	O.oOS o.goo 	ta 

D 	0,0000 	II + 	00 003 

Vic, 

 

a 040 viob/rP a 
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s pez turn* distribution at the agitator ur rfao3 Is 

% aumed to be of the foria M r j,G  

The constants C and 1) can be ,v%lu at3d by 

:q &atioa (2.10) and (2.20) by patting d = 0 and 

replacing 4M/  by M. 	trom equation 2. ISO  we have 

C = 0 

	

or 	C% 30.8 x 10 p 	 0 0 0 (20 ?3 ) 

a)iso tram q* tion (1.2t )f  , we have 

 ss[CR0 	+0t 

ov 4 ir  x iQ` l  IC * 0.75 + D ( 0.73) 3 	a O.44 

Siti.l ific itlon o t i3cuation (.13 ) and (2.70) ivon 

	

C 	24.8 7t iO3  
U a ' 0•'5 

,also 
MP .. 	.fib 	 ....."."` 

On putting the vertu s it cou3t nt C an1 0 . In th 

above oxpr: $4 tone we %it • 

P/ 

 

R. 	* 7000 	i.e. M 	:42 

Fron Equations 	. 	(3.28) • (.20)  a (2.30), 	(2.30) 

and (2.38) 	• we have 

*1  M 1.379 X2 	a 1.380 
a *1.37 *30.0 

1 3  a 3+a. 7 1' I 1. 11 x i O 
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Cots 

I m 1• ii t 	3 	 • t~'t~0 i., 70 _ 

0,018 ( 1.319 + 0.0745 Co3 11) 

The 	I*O* of Se have been determined •orroat to taros 

sianit'icant ti res and are given In Table 1. The values 

Of k" are platted ngninst 0 An i C. 2.4. The ourve 

evidently 	contains both even and odd harmonias. 

(In Dog. 

0 0.0422 
is 0.0370 
30 0,0238 
43 0.00344 
GO 0.0192 
95 +!t. ta354 
90 -0,044 

iof -U.041 
120 »0.0200 
135 •0.0033? 
150 (1.0224 
103 0. 040 
too 0.047 
395 0.040 
210 0.0224 
225 •O.00337 
240 -0.0203 
203 O. 0410 
270 -0.044 
283 -0.0300 
300 -0.0182 
313 0.00344 
330 0.0238 
34* 0.0370 
300 0.0422 
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FIG.2.4.RADIAL COMPONENT OF MAGNETIC INDUCTION AT THE 
SURFACE OF AN ECCENTRIC ROTOR 
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6=180 MINIMUM AIR GAP 



C 	A P T 9 R• 3 

CLCULATION OF UN1ML►NCL40 PULL DUE TO ECt»BWZRIC aCYNR 

AND ITS EV CT ON CRITICAL SPEED 

i 



3. 1. Ct L J T1UN OFF UWA .J C I) PLAU6 

An u tpalanoo4 pull nay bo + ofaod ao flea * 

o ldo rays go roo bo ttro oa Cho o t atm i and t bo 'oto' o ? an 

oloaozflou1 uacb ,no ooM1nj from a dif oron*a Aa t 

aA Qa elan 

 

do ct3O on tbo OppOt loo a .da o 4` 4 	maa lnow 

a QcianoG 10 pt U Lu N*"or/ Motor o gaar3 roo l nt1 

2VOp rIaZ70 ,n °o tOfl3ila Q€rro3ooO hbSob OOOI 	an t! 

tppor OUZftaCOO of OtaCor and oor Io ,Ivor by S~1r 

e?Com/ motors 

`eta o ►,roaof*n doLp vod 'aw th7 raldas are " 

or-art o' tho f1fa 4o 	ty An Chapos 3 by icJoto o 

not hod p mar r uood bao cc 4cuiato tho ac bales od UUaanoUllo 

pt 1 t GS I. P) aaporAOUQOd D7 a crLOaa12*t polo 

aaa.bino r Mb an 0000nriC ro#or tr tli trio fo Uot'1nt 

C3iD O~1t11O SO nO I 

I. ; a,qu son 10 uo(;loobod. 

t!. S U`ooto o aloto and vonD 3a ing duota A'ø aloo onlota4 

A* o* p tho a l C nq 

 

Of a noobluo ±0 0=014h Azsd unalo1aGod. 

3. Tho io rciocbtl y o ` oto7 awl r to,tot? no r a3, ages 

+ ootmod too bo in2Anfto. 

3 po oasaoo Am tho 0000nti ,o al aap (Fla. 3. t) 

ray Do t'ai oonOod by ttro oquatton of Otto o=s 
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Who 	Q = 0 • correspond to the Maximum air-gap 

a a IT • correspond to the iuimam air.gap 

Nog.tctlnø the harmonises the total air-gap 

mea. t, can be expres god in the loran t 

a 	=M' Coe We • iv#) 	 ... (*3.3) 

Multiplying oquiaon No. (3.2) and (3.3) r we 3et the 

net air gap field an $ 

13~ a ( 0 + P1 Co s 0) ' Cots (PS- wt )  

D~ a P no Cos We - wt) + 	Co, [(P+t)o i vt] 

+Coa[(I I, * wii 

The radial magna t is force alo n3 a single stator 

radius i* proportional to the square of the flux - density. 
2 2 

fit * 
as mom 1 2 	t + Co a 2 ( 	- wt ) J 

I 

+ - ----*-- Coe Ip+1 A - gwsL Co ell sCos Lftp~-  t i .vii}  
P,i'2 

[ +i 	wt] +oe2 [
(

Poo I ►_tI 
+ 2Cos [MV -2wt] + 2 Cos 20 

• 	Lh, resultant torso on tb,3 stator (or rotor) which 

is obtainod by inlet ting the prujoot ion of the radial 

force component along a fixed atis is given by S 

oi. 
f 	a2 	d 0 	... (3« d ) 

o 	jp 
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r ter patting the value of .}39 in 4he above 

expression an4 integrating it within the proper limits, 

we jet 

- 	PO iM '2 
	 .1(3.5) 

Tho value of the constants Po and i can be 

calculated with the halp of ecuatioao (2.73) and (3.1). 

Thus 

 

we have max 
Po + .{iii 	m 

'1'ha minimum and i5*im value of the flux 

density to o400latod 'b-i SQuation iO. (2.73) by 

putting W 	0 and 0 	Ir 	rasp otiva~ly. 

B is ~ (xti1 ) 

	

max 	1,tx " ai ) 

Jha reg 	, a 4 1~o s M P 	 I 

1(1 

... (.i. 8 ) 

and 	at 	= 	 .•. (3. o) 

Prom 4gi*at io n No. (3.0 ) and (3.7) , we et 
F 

—... 	........W" 	 ... (.IO) 
Ot t (xi—aa) (x 	Til ) 
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iMio 13 ao °o rao 	f3 motto v ° . Tt o rJ i~S Sar ao t! a 
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a r 	~aC d4ar-aIoT ttit1 Woctoo 0o ► 4 	0 in tho 

op o o M o• Dlaoo Atm t'caoo a so ~ 0 * . 	44 any t,o Int 

t 10 7a lao t 1 >CZ3 vb Ob l000riboa area 10 ( 	ith quo 

r jr,"t10 0 tv c13.amo too ~►o it,:) o to n^Y to t Igo a 9. ► Gap * a+n tx 

cao 	4 Co 0 A  r~.at 	an,;bcr~ 
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The flux omitted by one field pole r3turns tbr- 

©ugh the contiguos halved at the neighbouring pole. 

In a b .polar Machine the fl **x or each pole is same 

inspite of air gap differences, In multipolar 

machine the pole* of one halt of the zaabine Will carry 

a greater flux then those of the other half, ttnlofje 

the winding arrangement prevents it - (equal iaing  

connection). IpUrt from this the flux In oassh pole will 

be different from that of the othe i, da^iandeOtt upon the 

Local air.gap. pole* in the diameter at right angles 

to the symmetry diamoter wOttl carry the normal flux. 

for their neighbouring poles An the one halt (with tea 

duco d a is gap) Will toad to increase their flux just 

as such as those in the other halt (with increased acro 

gap) « The result  ' iso that in a malt ipe l ar► machine , each 

pole should he Considered as it it at44 create Its own 

flux and not be 4•pondnt upon adjaava4 pole** 

. of de 

 

aeuae that the machine be excited to 

give with mean ai ►gapr  a flux ieasity of 13 Web/meter 
of the pole face and also late 

l'lu* density correapondint to the reduced air' 
Cap  

3 	* Flax density co  corresponding to the increased 
air-gap S + 

Since 13 ) lad; • the flux density 13 gives 

the greater magnet is pull in one direction  than the 

flux density 13, • In the apposite direction and the 
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In gazrai, the abaissae of the lines UY'1 and 

0Y2 (Fid. 3,2) witl bear to the abolas& of 00 for 

the s a mi fl tax density very nearly the ratio of the 

displacement 4 to nominal air-sap . Bt if the 

displacement to very greake compar3d with the average 

eir.gap and It the asahino had open slots, the ,p po 

dionality will be d teris*rbod de a to the ar vd ing of the 

flux lines in the air- gap near the tooth. For 

e10aIl dtsplaoeiaeab € !"i  and (Y2  can always be drawn 

symmetrical with reference to th-a ordinate and the 

m•4. f. for the given induction U Is approximat3ly 

-4 13 / w►a  • wbero digp3aeoi: nt is neesured in i otors• 

In Five 3. d,, the part M IN iii o t Fig. 3.2. to 

drawn on the greater scale and also the chord U.M2whiob 

outs the ordinate  o ! point t41 in a . The chord 4 as cm-

ribes with the horizontal an angle d 

P1p2  a Pta + Pin 'P  (M1P1+ Pd  ) Tan d 

M1P1 and 12P2  are the abG*eeoe of the 4 character a 

$100 for indentions Bland % roep3otivaly,, and are 

therefore equal to 4E .131  l oa  and 4 D / /ia  

Zerefore we have $ 

(H +1# )4 ?and( 

go  

• . PTOm 0 quest la ,a iia. (3. 12) and (3.13), we have , 
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10 4 	.a z 	o?? .rjsraoo v Uti o cum ( 	;+ Da) 

roan aoae ratoty bo v0pZuaod by 9 13 s and taxa ansto 

ab ,cab 	1r4 2'or o with {3 	2 s, oa cg ar u bo mph. 

and by tibo anpjlo ito na2. bV tbo Uanpr~#a at ttra 

po A ne SLI 1 Stc r 	o ut AL . ' "an + 	to e h u O 1ta 

1&r o f *ho czc rro a. 	point 1t az d aura bo of U 

O ao d tea a d $ ? fo row S0S cpao O lout d dU 

:• eco wnbt1oaoo d 	 uAl i In h VO+ tel' uat~o s 

thoiztoo 

r3 	48 

413 	
•.. (.t3) 

It' 4 bio l a o ol I". 4 l a 	 o b" 

~xaa o 71w4 l tlo ro ra o t z rj1 4440 ('713. 3.45) , tbo 

aum % + 1% 	1ouI4 o1sal i1 y bo awoc 4or thantTtn DO . o 

va3Baa of I + 132 / 9 Ao atto-au dood as Pla, 3.4,E 1 

hovovor, ha oh0r0etoriria to otromcty cui►od (I .i3. 3.3 ),r 
13+D tr9l1 10 olSaht1y on►a Ulor than 2 13 . For 	o4 

put,l 	 on 4 rG0cb3o 14Aa f3 	toots poaslbl 

valuo Q tho oa.tnratAon in that oaoo vAll bo. blah or.auab 

that tka aus?r3( ro at' tho o aarmator~3ott lac ;a i0rod. 

It la tubo t t'o ra co rti a.in. t Toast t ho Zo rain u (3) tic, ora 

it Alva too low vat. mo o for t t o nt rno caoe. 
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3.2 • 2. ► ' T OF a XC ITr ION ON 03 DALM04D PU1 

The first part of almost ovary magnetisation 

Curve is a straight !Ana going through the origin of 

the coordinates. 	For every straight line chir artorisew 

tie# the gre dient 	dBf 4H to oonstantr the U. 	P. 

Will grow therefore With the square of the Induction 13. 

But no soon an the saturation of the iron part is m ti-

ceablow the quotient 413/411 will constantly diminish. 

The problem new is to find the induotion 13 for which 

the p ro dos t bt  = is a mast imam. This, in faa t • can eft 

be caloulrat3d by grahiaat moth d explained in Pig. 3.0. 

Ia►r 

 

a point M of the Saturation curve I . the 

ordinate 13 a ltd is drawn and a line DIP pitrganiti' 

auior to the direction of the curve in point MI. The 

sng -0 Pte' is identical with the aoglo d formed between 

the curve in point M and the horizontal. We haves 

Tab a( - S and NP 

• . Area of the triangle ISP 

= N1`Land ta 1#'innd 

r'.n,► 'hn d(a $ dH 
It such triangles are drawn for 4tttorout points of the 

curve, the triangle area will bs proportional to 

for the various points. 

In order to obtain a carve representing the 

magnetic pull for every excitation, it is now only necessary 

to replace all the triangles NPM by others which have 	a 
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rt I3 be the induction at the and of the 

straight line oharactór*atis which giv m the same  

aagn.tio pull a* to actually obtained by the crfticai 

induction (at which U.M.P. is *iuum) In reality 

Ø. will be slightly loss than the critical  ix duction, 

but with smelt inaccuracy ccuracy wo can assume % .eu a ritieal 

induction. For the straight titter part of the Oh&rec'. 

teeristtm going through the origin& we can replace 

4dB., ... ~..  ..by d 	or .E 
dl 	00 H 	Tu 

tvha re T,( represents the ampere turns required to 

produce in an airgnu► A any flux density with the 

unsaturated rasion and Te ravrosouts the ampere 

turns per poles required to produce the magnetic ci t 

cult of She macbins with the correct air"gas for the 

sew flux density. 

The equation (3.10) takes the ®i le form t 

'0  ~a 

or 	 PAR2 
vs 	14 o 

h ► 	~+ 	virtual aire►ga r whish would tales for 
an inductionn within the straight line c$er& 

Sterletic as many ampere turns us the reel aiv"ga and 

the iron path of the magnetic half circuit . together. 



For asobines with asailor air'gap , as is 

Inductlen astorp the virtual aifr-gap is eppretia ►ly 

higher than the veal slr-$api say 30 percent higher 

or sores while is generators*  *specialty turboirsa 

tore @ the virtual air-tip is nearly equal to the actual, 

airs . 

la$*04d of total Veto tic. area 2 PA. ire 

can ,ubstut s the cylindrical  field surface C 'V OL 

where C represents the polo factor (Pole arc/Polo pitchl)w 

I 	CV1LB2 4  
t 	JAs  

3.2.3. TIPOLA R S" 38" POI44 C}II 

in a suitipel4.r nachinas the flux leaving 

the field at a place where the a1r gap is rd*c.d by 

the o00.ntrieit rr *1pro returns into that field where . 

the air-gap is reduced. The sus► of all the fluxes 

teen.* ever om► half of the machine will, therefore be 

greater than the tux of all the fluxes taken over the 

other r halt o f the sues h ice , 

(a) DISPiACMiNT OF TOR AT RIG IW ANGLE TO TM 

The sea possibility exists is a two polo 

aaohiso. It the esmoetris displacement is at right 

angles to the field axis as show* in Pig. (3.1). 



2 

Al 

37 .IFLAEMENT OF R 70P AT  kI(HT ANLE TO THE FELL 

I A er, 
11 a 

FIG 38. 5FL/-CEMET r 	 flt LIJFCTR\ .F FIEL[ 
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by an amwuut 4f in the direction of the field axis (`is. 
3.1) . Although the air gap in the l. ft halt is sxaZl.r 

than is the right halt# the total flux aurat be equal 

to both halves. it no flux can "turn through the 

ssutrai eons. The flux passes in series through the 

smaller and the larger a,iregaps. The only effect of 

•+ csatrioity will be different distribution of the 

flux over the polo faces. 

Lot vie accuse for simplicity rate that the 

rotor is a Central position, the airu gnp induction 

over the whole pole face would be •tuai. Than At is 

evident f a Fig. (3. B), the Flux done it y Will he 

min iaua is the oe nt re A of the right pole, where ke 

six gap Is saxisuu, while, it will increase gradually 

to the corner I and 2 of the right pole. In the left 

paler however, the flux density will be naxiaua in 

the pole aentzs AS and will grade down towards the 
eo me r 3 and 4 w Tbr rM fi re, an unbalanced pull will 

sot a irse tsd towards l o lt. 

Within the portion 5- +' a shown An Fig. 3. 8, 

the flux density will be greater, and in the corners 

3 and 4 smaller than the aver&#*. In the opposite 

per rt io n 7b 4e,  5, the flux density will be anal ie r 

sad In the ego me rs parts I and 2 greater than *he 

average. The portion* nest So ss d w ill contribute as 

**bslaaosd pull directed to the .loft, the corners 

parts a snallo r soaponent directed to the, right. It 
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ads clear that total J.M.P. to sasllor than in t'i. 3.?. 

_t two ,polo rotating fiold, thoratoro• oz orienoo on 

J.M.P. 	changes twice during a rvolut ion froom a 

sa*imuL .3 %"At_tf um value. 

a s$1iont po13 of two Polo machine 

covers about 1200. In the naso Co rro spo nding to Pig. 3. 7, 

the limits o f 0 from 1 to i1 are */0 to 1T12 . An 

element of the surface cove ring an inf initsl y small 

angle d i1 has an area 1/2 DX4 component of 

1 .1L P. In a horizontal dir3atIon contributed by the 

element is 

= 	DL. 4 	...► 	r Coo b► 2. 	140 	dli 
i 

The integration must be made, from + 30o to + 900 

	

and from .300 to  900 	or IhO Integration made from 

30 to 90° must be doubled. 

	

D~. 492 	d(3 	ir(f 2 Cost 

	

a 	 orf6 

= 	1. 22 8 	IL.w..... 	,..~..,..r 

	

o 	bs 
a2 

F m 0,3O T DL 	Newtons 	...(3.20) 

The polo factor is 0.30 itistoad of accustomed 

vat w at 2/3 comparing a quest to no No. (3. 19) and (3,20) 

we 000 that the unbalanced pull in case of two polo 

salient polo machine with 1220 polo angle is only $94 

of that of multipolar machine of some dimensions and 

total polo arms• provided that the critical induction 

and virtual air-gap are same In both the cases. 
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3.3, INCASi OF SCCLKL'RICITY UU1 TO UNBAL ED P&4i. 

A dimp&as.ornt or Bator free its true central, 

position causes a o1► cillo+ eaSmotis pull. A oste sided 

a~as tic pull. on the other  hand & causes a further die' 

plareaoarat. There to a for** wo xicLu$ on the stator and 

the rotor pull in tho.R towards •sob other in the 

direction where the o it $ani .a a mia Lam• This will *auso 

not only an alastio d.floation of rotor shaft but 

also of the *$star traces of the bed plate and of the 

p•dost*1s. It the sacshints is not oecu•dce all its 

par*: •a •rImaa'i a certain deflection duo to the 

wa1g6'ts. The •iritic d•flettionu of al . yoarts will 

ohmnge if a one sided aa1~nrtie pull occurs. whatever 

s direction stay be . A cagnatis Pull directed upward 

will reduce the apparent wu iiht of the rotor and lna roar* 

the apparent proltint of st&tor. The transfer at this 

weight f** the rotor ►oariuc to the fast of the 

stator trap. will also Chang* the elastic dot.lotlrrn 

of the h dplat.. The absolute value of the difference 

will be solos Whether the amba1aaoo4 pull en the rotor 

to directed  upward* 0? 4ov'uu'a o. 

`ea equation iia►. (.3,i) 0 *ho U.U.P. 3o 

p repo ft nal to the d 100I &Ce*e at 4 . The *t&6,014 de fl o+~ 

tines of all the Coehino parts sauced under the totl- 

as"*• of 	"i' 	are proportional to this terse, tbovetor+r. 

ala proportional to the initial dieplaoeasat 4 . The 
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sun of these d.f1rotiona eonstitsti the 't*x'st m*7.nent • 

of the originall diap1ace*ent, This inossoent is dis-* 

plasanani will s+ s• an ia*reesni in one sided nagneiie 

pull Whish bears the saws rails to the osi*inil pull 

as the incranant in d..placrnent bears to the apisi*wt 

dispZaasrant. The intresant in pull WOsld esus. a 

**ac ad iss sswest is d iaplapttnrmt, the swdo nd in*r 0*32t 

to pull. would * &us* s third ise r+.ne st is d ispl as ecad. 

As long as the proportionality between d isp l am.ne st 

and pull exisisr every following isorsssat will b*v' 

the sane ratio to its #rnndie*, predecessor 45  this 

to its own predecessor . 'Zb. initial 41spl$4sasa$ 

and its 	rs,esis are represented by a gramsturic 

series *  vhish a*a he s»xpyrssso4 in the fire_* 

4  4 + i 2"( f q3 	♦ .•.. r• 

The Bei s= of tb is series is f.nits value, it + # is 

easliar then 4 i.e., 4 1* fir. than unity. 

:. Fisal at&$i* disp1awea.n1 is given by '  
1 f 
... (3.21). 

On ssbst itst Ing 4 ' instead of 4 in 4 he p roe in t** 

!b rMyla,F, 

 

the Final static force of the unbalanced 

pull is known. 

It the archins is suddenly sseitsd, as it AS 

generally the ease With an induction sotoss the shaft 
I 



tram* and other parts of the naehi*e will not only dsflso$ 
so am to Increase the initial, displa sment 4 to final 
displsa.aeat 4' e but all parts or the mashlad being 
elastic will overrsMorot the position of new static eq*ii 
l ibrIna like a spring or a chord.  ' "ate U e $anc♦ travelled 

by the parts of the machine from old position to the 
new As 4 ' • A and they will overrsboot this aoaitton 
by approximately the sane anount. The n matsry d#spy" 
t+~wsseat therefore will be 

" 	a 14 +2 i •f 1 .., 	1 2 • * *..{ 

Therefor, the original mechanical displasaearat nest be 

multiplied by 1 a to obtain the 41splaeeaeat osaurring 
I + q, 

at the moment of switching in. 

We can new formulate the requiresenfka that a 

maobtne* say induction machines should be tre from 

'pulling over' , even it the initial displacement of 

the rotor is equal to one half of the as & & a i rr gap. In 

other words the displae+nsat at the *omost of switching 

In* should be loe i than twice the initial disple4*nent. 

i...Ø --+-5. . a 

or 	4 	< 1/3 

The smaller the 4# the safer As the anoSine against pulling 

s ve r. 



. d. 1NVLUSNCE 0? UND L . NCJ D PW 4. ON CRITICAl4 3Pl &D 

It the centre of s*vity of rotor loss s►t esii*" 

o Ue with the axi. of ratat #rear but has a ditanse 44 

brae the •aa*, a centrifugal force will be developed 

wh s K Is p roe po rt io nal to the d LspZ tcs*e nt 14 and to the 

staars of the number o t ravo1ation per ■inuty. At 

certain speed the ceatrif+sgai foray will be sa grant that 

At would cause (in the absence of friction etc., ) o dei' 

laation of the shaft equal to tba original die ►1acen*nt. 

The 	p &O*vw i t bolus doubZad„ the centrifugal force  

will be doubled o au r ta$ a double lac rs*. nt In da tl spa t le n 

eta." A t this spied so called 'critical speed" an 

original dispiaac.*.nt, it z t intinitrslnalo  would cause 

an 1ntinitw final dirplaeaout, it there wove no res is 

Lane* to the covenants. Apttha►ugh in reality, the r.si' 

tame will keep the displacement love to the finite values. 

The great in.r.e.e or vibration at the orifioni speed In 

highly obJsatioaabl• and there is always careful saicnla 

tion in the design of high speed aao aims. to cake sure 

that the running speed is well above or well below the 

aritisal speed 

Lot A 	displacement to one r 

0 	* eight or rotor In Kilogram* 
t 	Gravity 4•fleotion In *mM, caused QxkAer ttw 

static intlusnsb of rotor weight  w., 

Then the centrifugal force 
t  N p 	 2 

p .si too 	p *4 	300 	...(3.23) 



of qp  the ratio of the rotor +*telethon taaund by the 

unbalanced pull to the d1pPlaoement *&using tb* *anba-

lanced pull. Then the te rse of unbalanced pall caused 

by dalleotloa f is 

F, a qr  w 	 ...(3.24) 

sat if til, stationary parts of the laebine are assumed 

to be infinitely # q i # ti then qv  * q and lb. V.M. P. 

for a Eiop .uo*aent 4 is given by 

4 W 	 ...(3.23) 

:. 

 

The aura of the e.ntrifal !ovee, and unbalanced pull is 

'ba elastic sravily d*f *ction. caused by the 

weigh` W is # so %be *190*10 deflection caused by oaa 

Kilogram La f l W d Tb. elastic ddlcslen caused by 

the fors* P is given by nultiplyiug aswat.ioa 1W. (i.26) 

by t / W r Which gives 

[u w ( 0 ? + i q t1 a . t 	+ q 

For the grit load, speed this deflection should be 

equal, to *ha original displaoenent ( • The asrrars1*n 

in the bracket ib. ro tea► ra Will be unity for critical 

spSOd N 

30o 
,.. 	300 



Pbr unwxaitid saabine. + • 0 0 and the aritioai speed is 

given by t.. 

300 
N

S  
TO 

f 

The critical speed 3s reducal, It the aacbins becomes 

s=hod and wL U be lowest for that, o itetjaet which given 

the highest v uLu5 of ubba aU04d pial». 

35•  1USTRATiV ;i 't%MPLl 

3.5.1. CALCULATION O  U. M. P. 	RUMUS b# 4`fl 713 

Lot us eoneid•r an ledget,iou rotor of 3 H.P.. 

400 volt ' Co nnV at.6 0 15001 r. p,*. 

rA* ve,'1 pus calculn►t ld pt  or at tbo rirtahlt 

in question is given bstoir I 

P 	2 

0.15* 

a ! 

coa 1 	©.8i 
i 

I 	Prinery eurr.nt  

161 	*3 

14 	O.0g , 

ICb 	0.us3 

R 'O.$3 

........M...., a 4. $ 	p. 
3*400x0.83*0.14 

Priaary r. a * to in sup* re, tuurn*/p is , is given by 

Al 	ae «.... r 	
j1 ' `1 m1 NPY .I 	N 	IY 

• - 	t i. !SS x 9 as !Q► 	- 347 

Ni load current j is 3. $ "more. 



Net air-$ap &.pore tu~rni/ pole " Io til 

~►3.5a247 *006 

:. Total Not x.topr ^spore torus 0 K' 'a 4 a its '■ $400 

U.M.P. 	s dpi.... 	pp P1M't lr 

r 
O 3M' ( x1 ' a. ) ( * . 	) 

1' 	' 
2 ML ( 	as 	( 	M+ 

The veluex at 9 s U . * 	• m brie bu,n a ilaaXrpt•d in 

SootLan 3,0 At robaptor 	3 Zor tiaw *on* motor. On 

putting the v*lira An t above oxo r don we cot o 

F0 	1.73 * 1O 	r Al 	0. 625 it 

.070 0 x. ,OV z .62 % 1.13 * Z0 x (3460 ) 
P a 

2 x 417 x i0 

m itpo Newton. 

U.M.P. 	1100 / 9.t31 	113 Kti.ogtom►.. 

3.6.2. CALCUI.A.fl)N OF U. M. P. BY OflAPRICAL MTW L) T; 1NG 
-INTO &CCOU,NT T: . E "fCT OF STUflON .m # 'l"a _'L ` 2. 

Lot ues oe~ns1d*r an al'trirartorr with number of poles a 40 
'oio race ,roe a .06i 4 a 

Radial aip.#Sap m .0031 w 
Critletal Indost3on " 0.03 yrb/1N1, 4 as .001 aotor. 



The Magnetic cbra►racterrist of the whin. is 

shown in Fig. =  .O. The Curve II of Fig. (3.) shows 
t bat t be maximum U Mi P. to 100000 Newte se / se to t"t 
and it can be verified for en y .p+rrti,Cs1$r ix*d.uatton on 

the straight part of the magnetisation oharact*rri.etios. 
The straight part of the line goes through a pq ►t w i$h 
an ordinate B a 0.43 w•b/*~ and H M 2000 

4)3 	0,434 
.. The 	at to 	........ 	.i.rr. W 	*ae 

*172 4 

4 	4B 

	

i~ 	1 e 	4H 
2 2 	 112 X ,, QQ1 

4q'a 10 't 

t0000 Neiita n / 2 

'bo otbod off' natcul*.tion gives the r3sult $A higber tba* 
that of graphical aetha4s Which i.e entirely satisfaetory. 

U.M.P. of the wbols maebin. *an be calculated by 
quest io 4 (a. t Q ) 

	

02 	1 PA 	.. .. 	~.... 	70, 000 Neto as. 

	

a 	+ 411 

It we had used forack,s (3. 1$) • instead of (3.16) s we 
should have obtained at first from straight line 
OlAr4oter riot a virtual air gap 
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N O I SS IN ROTATING MACH 1 S 

to 1. 	An a*#ru.ly scall asp1itud• of vibration of a 

rater fr►no, of the order of halt a aleron at usual slot 

troquonaLos arround 1000 cycles per seconds, will produoo 

objectionable uoioo. To avoid this, it to necessary to 

0  balance out" the nataot to forces accurately, to Mabe 

the iaaidat ions. •hart and the traa+r adequately est iff# 

and to prevent any natural (resonant) frequencies of the ao-

ebaniaal parts from coinciding with fregnenaie. of the 

. apsessod na0nOtfo farroea. The actual sound observable 

rows distance away will d.pond very markedly on the area 

and the vibration pattern of the surface. To calculate 

the round level at any point, therefore• it to necessary 

first to sotcmaino tbs aaplituda and nods of vibration of 

the Surface that give rise to nots**  **nand, to caloulali 

the resultant found intensity at the surface, and then to 

calculate the round intensity at the (distant) point of 

.Iaouroment as determinedby the radiation pattern to r the 

Pa*$laular conditions, and finally, to find the sound 

level by asking allowance to r the audibility versus ti's 
e±qy Cu rter of hearing (Fig. 4. 1). 

4.2. S34N F lLIM V1UHaTiON 

Mush at the noise present in rotating nadhiais is 

due to the poor anaufastur * Carole** or inaccurate 
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manufacturing  methods often show up in some sooner as ung 

even air-gape. loos* bearings, loose rotor bars etc., the 

radial forces due to the air-gap tiolds, therefore, are► the 

largest so *rces or magnetic vibration and notes in Ii*ctrioal 
Machines. It the flux were sinuro idaii y distributed, 

and t hs re were no flax pulsations. the magnetic fo arc a wave 

around. the periphery would be a simple Sint P 0 Curve - 

that is• a fully displaced sinusoid with twice as many 

polos or force as there ass magnetic poles. The field 

existing in an air-c p may be roughly deified as toiloWsr, 

I. Fundamental for which the actor to designed. 

2. Stoto r a. a. t. farce harmonics. 

J. Stator meet, force sub•hwrs ni©s. 

4. Rotor ro =. r. to rQ NM harmonics. 

S. No to r n. m. to fore. sub harmonics. 

i•  Scent s id ""' cap pirmean4o variation. 

T. Stator slot perrmeanoo variations. 

S. Rotor slot porraoance variation 

Q. Po swan*• variation due to saturation. 

When triose fields are, superposed on the tun4&mr ntat 

fl1 	wave* they give res, to high frequency pulsations 

in the radial magnetic forces. Uses may be resolved into 

a 

 

caries .t sinusoidal force waves with different number 

of poise, revolving at  different speeds#  each t'bras wave 

having twi,• as many poles as the nagnstin field that 

p re duet.• it • 



Under these radial forces, the stator tress and the 

sex. are not into vibration* in the same stoner that a troop 

of steel* or a cylindrical bell• gespunds when struck. ]t 

the fors• - pmduoin eaknotic yield has two poles.. thss. 

will, be two sppesite ,centres of sasiaus pull at the poles, 

and two intermediate points of mete frorce. The stator "UI. 

therefore, be pulled into &a ell ipttoat shape, the she st axis 

of tbs ellipse se iso id ins with the pole exist and rovolriog 

synchronously with it. This will give a four wade vibration 

(I"ik. 4.2), In addition to this, four golf distribution 

(or any otter number) will tend to distort the stator at 

tour ( or sore ) pocn$• (Fig. 4.3). That is a 3 P. Pole nag" 

nstio field will produce a vibration with 4 P nods. 

It to assumed that the noise" pxoducink foree 

curve for a 2P - polo field is • syssstrical 4P" pale torso 

wave, with a peak value in each direction equal to one halt 

the actual noxious pull at the centre of a sapne t it pole. 

The resultant displacement a urvs will have a point of inflo• 

et*on at each nods• o that there will be sero bending 

moment at those points. The deflection of the stator eat, 

therefore, be a proaisatod by formulas ter the deflection 

of a bees freely supported at each end, and •arrying a 

sinussidatly distributed load. 

8b r s iapl s it fir. the stater 'been' s t x. npt b is 

&ssussd rase as that of a solid steel bean with the ease 

•rossestion as the stator Yoko* the stiffening do• to 
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stator teeth and frame being nssl.00twd. Tb♦ formula for 

the doflootloa of a uniform boom freely supported at bath 

cads and weighted s yase t ric al l y With a s i*ii*o id al l y 

distributed load its $ 

	

W Idd 	 0.54 b1L3a 

	

4- 	s 

	

sr3 19 1 	 x 

Va.,. L = Diss tance bay tWoon beam suppi sts. 

a Total load in lbs. 

a Modulue of 1lartieity a 3 x I0 for Stool. 

I a moment of Inertia of tbo been section about 

its centre ]Lino, all In Inch units. 

1b adopt the above torwula for owoeis• studios, 

mean peripheral distano, between nodes is substituted for 

X. and I is expressed In terms of stator co" depth. Let s  

h " radial depth of stator core behind the slots, In 
inch *• 

js = Mean diameter of the stator core in inches 

a 0 + 2 (slat depth) + 2k 
a One half the number of nodes of pore (lemma. 

2P a Number of poles of the force producing 
magnetic fields. 

s' 

	

to, 	4P 

ad 
I * i~ per r inch of core stacking ..(4.3) 



w- so- 
PXois equations (d. i )• (4.2) and (4.3) • the radial dolled. 

tion is $ 
0.25 4 U~ x 101 T 	1'~y 

The above fo vwmiLa is derived from familiar beam 

theory to give a clear und.rstanding of the problem. The 

$ue formula. for deflection of a Carved ring under 0 

s inuso idall y applied to rse are $ 

For 4 no doe • a a 2 r 
...(4.3) 

For o nodes . it = 3 
LV 

d a 
pia S Id 

Fors nodes. a _ 4 

is S 

...(4.6) 

.i„ (4.9 ) 

It is observed from oquatiorss (4. d)• (4. 5), (4.8) 

and (4.7) that as a ;LaCrosse** equation (4.4) approaches 

the correct value $ the ratios for 4.4• d nodes being 0.30. 

0.79 and 0.88 . Thus equation 4.4 is true o nl. y when a to 

l a rgo. 

Since we are interested only in magnetic forces, 

We can obtain a direct formula by irub* t itdt ind for 4 Its 

value An town of peak air-gap *lux density. Th. value of 

4 is halt the peak magnetic pull intensity in %be. • per 

square tnch• multiplied by 2/'r and by the ©ols area. 

G47C1 



This gives $ 

a91 	 . ,,,~ 	1 i13. R') i 2 	t VB A 2   

a 0,341 B2 its " U 1P) lbs. per Inch of core stac*tn* 

... (4. 1 ) 

Equationn No. (4.4) then b.aoaos $ 

too* B2 D D *1O' ■ ,..,,.,.,........,......... l,...........,... 	inch  
p4h3 

In accordance with equations (4. 9), (4.d) and (4.?), 

the eoeftiaient 101 should be replaced by 1,93 for P 1, 

by 1.31 for P = 2 and by 123 foe P * 3 a 	uat lon (4„ i ) 

give* the sinpi• amplitude of (son revenant) raditLiradial vib' 

ration of the stator surface du* to the force wave of 

2P pole magnetic field. 	lith given value of B i is and 

0, the vibration amplitude varies inversely as the fourth 

power of the number of poles. Hence in w given machine„ 

only the fields with fewest poles are factors in noise 

production, in the absence of rasonanco. 

4.3. iUNQ - R i T1Qt  

The theory of radiation of sound Oman circular 

ayiinder has been develsptd by Morse (Q0). Tiers* derives a 

foraaln for calculating the sound intensity (S. I. ) in 

decibels at a radius •r • which to given by the 

express tan) 
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THE ORDINATE IS 20 LOGf" Cn (k r'o) 
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alxwn in Figs itA and 13 . Tbay aro tba concentrated wLudinga 

of full pitch and fractional pitch. 
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Which is the amplitude of the nth harmonic of tho fractional 

pitch trapezoidal distribution 

•• Comploto equation for the fractional pitch trmpizoidal 
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APP ENDD( 2 

SOME 	DLFINATIORS 

t. qjQGONAL C I RCL !:S 

Two circles are said to intersect orthogonally 

when the tangents of their points of intersection are at 

right angles, 

Cbfl 

The locus of the points from which tho tangents 

drawn to two circles are equal is called the 1ADICA.L AXIS 

of the two circles. 

It can be shown that the radical axis is perpendi 

culax' to the line Joining the centres of the circle. 

A system of circles era said to be coaxial# when 

they havo a common radical axis, i.e. • when the radical 

axis of each pair of circles of the system is the same, 

4, INTS 3~CTING COAXIAL CII i dS 

If any circle of a coaxial system cuts the radical 

axis at C and t) say0 all the circles must pas j through C and 

D, for the tanont to the ono circle from C (or D) is of 

zero length, and t ho r3fo re the tangent from C (or D) to 

each circle of the system must be of zero length. 

In the same way, if any two circles o.f the system 

intersect at C and D • all the circles must pass through 

C and D, and CD is the it common radical axis. 



S. MN IDtr&HSr:C'T1NQ COAXIAL C111CL "S 

Vlo Trill now conod,dor a aonotructlion for a system 

of Coaxal aircloo for tho earn in which no circle of the 

oyoton outs tho radical anio ( and no two c ircloe of the 

oyoten out one another) . 

Suppo oo wo have a radical axis and one c irc to at 

the nyotom. From No draw a tanaont NQ to the circle. 

With contra N and radius NQ doecribo a circle. Drat BR 

a tangent to this circle from any cuitablo point in AN  

(or that lino producod) . Then the circle with B are 

contra and BR ae radius trill be a circle of the ayatom. 

For AN - AQ2  NOS  a Nits 	BN2 	BR2  

8. 	i rçpjG P4 II- 

It in obvious fTOM the method of constructing 

non - intorsectincc conal circles ( and also from the 

relation AN2- A( 2  = BN. Bad ) 	that B cannot be within 

the Oonntruction circle, but may be anyzvhora else along 

the l jno through A and N . 

The circlon of the system rrhoso eontroe are at 

ti y► points L and L' whore the conetructlon circle outs 

the line AN have zero radius, i.v., are point circles. 

L and L' are called the limiting points of the system. 

A ayston of intorsocting coaxal circioo has no 

real lunitin[i points. 
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JI ITH EVE LW SYSTSM O.F COACAL. CI RCL iS THE fl IS AS soCIATZD 

AN0THi [I 3YS1' "' OF COAXAL. Ci ILS , AND EACI1 CIRCI4B 

OF EITHSR SY;TZ d CUL EVLHIY C IT LS OF 'T. OIkI B 

S Y S T E b' f S O RT t$ 3 O O N A L, L Y. 

Since the tangents to a system of coaxalcircles (A) 

from any point P on their radical axis are squal to One sn - 

thor. it follows that the circle (B) with centre P and any 

one of thosa tang3nts + an radices will. out all the circles 

of the system (A) o rthogonail y. 

Again* since there is an infinite number of poo i-

t to ns of P on the radical axle • f there is an infinite number 

of circles(B) each of which cuts all the circles of the system 

(A) orthogonally. 

We huvo still to show that these cutting cirales(B) 

form another coaxal system. 

Consider any one circle of the systom(A)i the tangents 

from Its centre to the orthogonal circles are each a radius 

of the (A) cisolo♦ and therefore equal to one another$ similarly 

for any other  circle of t ho system (A). 

.. The orth gonal circles (8) are coaxal, their radical 

axis being tho\lino of centres of the system (A). 

ri 
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JAPIINDIX 4 

Referring to Fig. 44A 9 it can be shown that the tangents 

drawn from any point on the radical axis to the coaxial 

circles is of equal length. 
2 	2 

i.e PC's =PR 

2 	2 	2 	2 
Or (PC2) 	(Do ) 	(PC39 -• (Ri.;! 

• 2 	2 	2 	2 • . (PC2 ) - (PC1 ) = (Ro ) - (Rl ) 

2 2 2 
OR (0C2)* (Oct.) = o • R1 

But OC2 = 0C1 + u( 

From equations (1) and (2) • we have 

.. (0C1+( )2 	* (OC 12 

	

R2 M ; 	A2 0 	R  

2 	2 

	

I 	Ro w R1 	~+( 
or Oct 	2 	•( 

R02 - Ra 

.. OC2 	2 	+ 

.•.(3) 

•, . (4 ) 

Also 	(PB )2 = (PR2 ) 

I. 
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• • 	OB + OFA 	~` PCl 	Bi 

© 3 = OC; - R B  
2 	a 	2 

• 2 	1 	- R3   m 

2 	2 Oct +Q «. g2 
i 
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2 xrSin@ 
. 	'( 	 M 	

lV ) 

Ri +r +2 x1rCoo 0 

R2 .+ r +2x r Co. 0 
.. Coag L 

	

	 1/2 
{Ri+ r2+ 2x1r Como) .(2xrStn8 )2 

From equation No. (3) and (6) , we have 

(x+ r CosO )2- m2 + r Sin20 
K  

Co. L (x, + r Co. 9? + a2+ 2a ( xg +rCos0) + r2Sin29 

( x + sc1 )2 + 2 ( m + x1 ) r Cos 0 + rg 
K 

l
(Ri-+ r2+ 2xlr Co. 9 )2 + (2mrSin0 )~ 

b) At the rotor ,surface r = Ri 

.. 	m Sin 0 
.', L = Tan 	 •  

Ri + x1Co s 0 

Punt r 	Ri in equation No. (7) 	 1 
1/2 

Rr = 2 Fti (Ri+ x,1Co.0 )2 + (a Sin 0 ) 

^~ 1/2

2 Ri R1 + 2 xy RiCO s0 + 	Cos 26i + a2 S in20 i 
-1 

1/2 
2R 	i +2 x1RICOa0 + * Sin20 •* xi Cost$ - RiSin20 
i 

1/2 
12 	2 = 2 Ri Ri Cos 0 + 2 xlR jCos a + xi 

0 2 Ri ( xi + R1Cos 0 ) 



Nr 	+ xi + 2 a x1 + 2 m Rico s6 + 2 xi RiCo sbl + Ri 

= 2 ( xi  + m ) ( xi + Rico s $ ) 

2 ( xi+ a ) ( xi+ RiCos a ) 

lat 	 M  r 1 	2 R ( x+ R Cos 0)  r  

1aCS act 	= 	2  + Ri 

2  1/ 2 
K 	+ 	& [+(:  ) 	K1 at r = Ri 
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2 	3 Also +(492) 	(dra )2+(r%2d ? 	dr s + tr1d~l1 ) 

-theme 4S2 	t459 F. oto. 

d~l2 	tdS2 S dry / rig 
.. 	/ ra 

Aionae dS~ 	( r2dr • r d ► 	) / r - r2 	• • • • • t 

From s3quuti4, a (I) p ( ) and (8) , we of 
482 	_ g. 

4. 

dL 
b) DOM. I NA x1014 tib' 	_ 

Fig. 6.13 is lettered to Sao rrepond to pig, .2 

02 do iil = L 

d6 + d01 	dL 
V1 	r1 + d z - 
rg 	r2 +d r2 

1.0. rid rl = r14 r2 	 .... (10) 

.1,D bo fo rre 
dr1Coa t • dr2Coa 02 = rlf"n h11 "1 	r23'n 612d~1►2 

= •• r1 S in ill dL 

Al.o ( t) Sin 9, 	tSin t. 
r2 
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hence 

(rig+ rr+ a2 ) dr1/$ar1" (r• r2a e2 ) dr 2/ ar2  

= » ( 	--) Sin L 4L 	 0.. (11 ) a 

From a e~uat i .gin a (10) and (ii). e bavo 

d 	.► ( r2/ &2 j S irs L dL 

tt ]*$ = •. (pr/ ti.$) in dL 	 ...(12) 

Again Since riBin &i = rOSin 02 

d 	C►s 612 
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si.gain m inao t = 62  .► 01  ! At In evident 

than L2  ' LI 	. N ucor► with positive dir3ctlu . of 

d I  as shown, i.e. In the 	gitiVo di ctioot 

It Follows that 	dl.. 
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