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A bs"t . j A C `t 

In the procont rork cn attempt h ' o boon rrado to 4s ovolop 
throo dinncional t~nalynic (taking fio16 to bo throo dimoncionol) 
of dry;-oup rotor machino* Ezproca Lono for combinca impoc *~nca 
of niraapa, rotor tnd central iron core in tern of primary or 

otator urinC both roctan a.lar and oylindrior l co-ordinato 
oyctcma hry..vo boon clorivod. Radially riroctod conponont of 

-notic vector potential or rotor curronto hac boon noGloctod. 

Effcct of *-ob 000tiono of rotor hive been neglected. A compari-
olon of roculto of two di.r onoional aralyaio both in rectangular 
and cylindricall co-ordinatoo and those of throe dinoncional 
r_nr~lynio in roctang lar co«-ordinatoo no well ao the ozporin::.ntal 
onon hra boon dono. It hao been oho n that for tho c oh_no 

tontcd tIvt curvature hao little offoot oxcopt at low valuoo of 
olipo. rvrtar the ccao of mochanical transionto has boon 
ntuc1io4 ;;ith nn eye to non-linoority of torque cpeod curve. 



M100o othoz ro cpoaifiod !'Z8 cqc c of unito hao 

Tho oyiitoio dofincd b ou b vo bccn uoed without 
doixiin thcm. Thoy havo tho r uning 4 `lncd bald,, moat 
oth9rt ico cpooit'icd. 

. t5cia vector potcatii 

= 	aaroa undor ow ;olo 
B f1aan dctrity vodor vtM 
13 

ta$r Sc? Sbnu d cui cV 
A cvorc o rotor dicbor 
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4 = 	air tjc 	ta1t~-3a 
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Alr ph 
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i.-MI OAUCx'IOT 

The actuator roquircnonto of a.c. sorvomochaniomo are moot 

satisfactorily mot by tcwo-phaoe induction motors. t"hon used as 

corvomotoro, ono of the phase windings in connected to a fixed 

a.c. voltage, the reference voltage, and the other winding suppled 

by a variable control voltage, in space quadrature with the fixed 

voltage. The direction of rotation to governed by the polarity of 

the control voltage. Torque developed is a function of the magni-

tudoe of both the voltages. 

ho two phase servomotor is a specially designed induction 

motor with a high ratio of rotor resistance to reactance co as to 

obtain a sloping torque speed characteristic. The two phase servo-

m6toro have the unique and moot important feature of high torquo 

to weight ratio and quick response. The requirement of high torque 

to inortia ratio is boot mot by drag-cup motors. 

Tho drag-cup motor probably is named after the tachometer 

devices normally used in automatic speed meters. The stator has a 

standard distributed winding to obtain nearly sinusoidal space 

distribution. The rotor of ouch motors consists of two parts; 

the central iron core#  which is stationary and the rotor conductor 

(drag-cup) which rotates. The drag•-cup fits into the air space 

botvioon tho otator winding and the stationary central iron core $  

the clearances being kept as small as possible. The revolving 

field is produced by the two-phase winding on the stator and the 

magnetic circuit is completed through tho central core which is 

independent of moving cyoten. Torque is produced by the interaction 

of oddy currents flowing in the cup and the flux. Such machines 

are used as corvomotoro, taehogonoratoro and accelerometers. 
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Iic r_n~1y io of ruch dovioco to cocip1±c.tol 	to ho 
p 	oo of tro cir to rnc3 the cc 1L. =i 	of 	cot c•rhich 
oo not to u oL,1cotcfl If the o, rp to ti ott an In hiJ;hcr x'tinn f, v- chinoc. 

''C3 tjr-` path of o& 2y curronto is not C:i 10 vni, of 

otrc it t eory approaoh to doubtful. i.n acour to cnrlyoi' r_wrwto 
thoro£or, to bnrod on c11'otro mcnotio fiold theory. 

V1iimoro ~ 905  c._. to a Ott!Qy ^f oddy cu- rent pctho in tho 
drc--oup ? nCiotioi ct for roto`?r. o Ilo aocurQ cup to be vory thin 
cndp thovos'oro4 nc ;1octcd rr~:in offoct. lb o obtakncC onnro'•oiemn 
for rotor rorir t nco rte!' avo'cro po•,.or dtcoipatoa £hi ► : c-r o 

hoz to t1~3CL.tcuo 0; thh^ 	in incror-icc (!r. i ?i . rw 
rt tin r chinoca ci.in offcot ringo cn icport mt rolo cnta ti'o'oforo. 
c^.nnot to nui;1co od. Ci1i1forc (22) (19G2) oo7cidorod chin ofLcc-L nndE 
obtcod a rc.c;ourouo :thcc tica1 ca n1ycio uoirr 'ho vector =,otont--
ir-i orrccp ;. :=o no lootcd the oiroucrorozntir11y airoctcd cor nci.ont 
of rjiiotto voo Lor potonWi^1 Cu the cr G thct it r soo no contri-
tutieii .to c orj flow no t ouc rcd by Pon.ti n ; vector. &.dial 
co :ncnont of vector potcntial han 1i ttlo cffcot on poor trcnofor 
o colt for trincin, offooto at ono and hao boon no ,lootc6. lbo 
oil ,^inncd o pr000iono for innuoo1 volto o in the o ^tor rtnainu end 
Vaic . c1ovolopo i torruo+ Cui1forf!° o enalyoto to for a cloovo-rotor 

r-o'= o rhiob to o Wino oir Cap r. chino. 

.,00 ! cn'` Concordia have analysed the colid rotor 1 achinos  

have otuclicti to offoot of ci rvaturo(3) (1059) ena :? 1woctc 
t v i h none-cotio ro 4oro the ro: alto cr be dovia :tnj frees 
the actual ono. ,CC n ul r co-orainctoo ,1vo fain. - coos ror' 3l Lo 

c:hcn ro -or uccd in cy.otic and ho a 1r_.rCo ra1iuo. ahoy h vo 



acrzr ,(Ccrc,O the f .site lamb offoot{ ) (1959) . ' boy 1_^v con c?o*'CO 
ol.~.o  a u tiro r1 : viic1 oo ancnto of vector por clitir1. 

im rm o:,00llont c:o^I; by tn~;;t( ) (1~G~) ;-oiir, rctor 	eiiinc 
hr n tx. c minlyrod by fiolti hio j. lie osr : •L 'ot,7 2'u Uy both tho 
o t3L?C ~i,' ;'. e1'C'nd tied corponcnt cf vector potent .. 1 () 1?co 

a co onu10 d C2Q offoct ft'_o nor of the r-,oLdno 

An the trneontiel ooxoncnto of rotor ctrronti; crc lone 
prouoii!u cop c cnto, thoy havo boon ~!Lcn Into c.,-count by uoch 
( i x'66) 6 Vo no ;looto both raAaa end oiroutforcntl.ci1 coponontc 
of 	C?cn^2tya I!o dorivoo oquivalont circuit r,► th trz~nofoT 
o1cito of the re..oup rohino. 

' o i` '>r_^. ; to 4 tic probloc in tho Cnr 1ya~. r 0<' (~ 	oup rotor 
r n von q by fiolti thoory in ttt the prorcaao of olf.ovo end cob 
cetIC-no of rotor rocult in fic' .c1 ccivatione t , -a lifiorcntiol 

oo-officIcm e can co-ori n too. 4.c effect of cub rz_ct'! of Me bcc. 
tcn into cocoiit by rovoral ^- tho 'n. It i^ o1R tr':;;n irto 
rcccnan4 by loci . c hno calved for both c:cotacnc cop:'rLto'ly 
c'1 ojn honi ccd to obtcin the rot-21t, A olcincioc.'l Carl of enlel-11C,t.. 
inc the ro ca•! c: ttnco of the dry-oup n po to cid then c n ho r l cuing 
thew by oiroui t thoory c ppronoh hnlo been 0210 by u1lor rend 
r oi~oy 7~ (1962) a 

in a coot rocont r:or1r by B1ciohfordE0) (1965) o aroc!: OnC 2a? 

rotor roo2.tmeo end rocatenooc otciior to rotor matucl .I uctnoon 
Irvo boon dorivcd for n dre ..c ap t ^ohino. Uoro a oompc•t°i:,•1Qn of 
d? otributoc C i ila d pc e. for ct uc tion,o bo been Gono in 
to obtetn the ro€ ulto. The oxuivelc.,t circuit roproccnt t=son 30 
cin4 lo. Igo co 	oro field to be to d1enoionr2 end rho Lie 
vector potenticl to bo o ielly dirontof2. Ho al co ccocanto for 
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rotor cEtt1 offooto uoinC tho ilor and Griot oy' o mothhod of 

c .1otla ~>tinz tho rociot^noo of the cup in t - o Porto* 

h11 tho abovo onto. onod c orrXv oncopt (5) by Vood and 
Conoort.io bao boon dono uoina roctanculor oo-ordinoto oyotom 
rather thcn the natural cylinuloriooi co-ordinate oyotom. Ac 
indicatod ocrilor tho rosulto may be dcviatin, j ihon non-inctio 
royoro vith cat .l radluo of ourvaturo are employed. :ith thin 

point in viev t khopadbyc (9) (196) pr000ntod on onalycic of 

draj"oup ncbino in oylindoricc l co-ordinate cyoton« Ho 
conoi(1oro Scold to be tro ditonc Tonal and noglecto and offoct. 
An o=ax000ion for combined ciiporo turn of the rotor„ air cci c 

o.,nC control core boo boon found * From, thin the combined oqui-
valcnt 2tipodenoo of cape, rotor and control core can be obtainod4 

11oc ty of the approach io that the equivalent circuit of tho 

caob.no bocoroo o ztroroly oimplo r kin the porforranoo oolculat-

ion oaoior. 
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41 _Al j: 
~.~f • i cl'.Ni Aj dAr1 C'i ~.i X. a v~ 4.1 a ~~`t,~ .~1J;'{~M~Jr#4J• db~a ~~ 

?j o2.1. cho,,7c tho Coorotz7 of t1 o chino with ira, - 
C1 	rotor. ri g r2f r3 an6 v4 aro radii at otator barns rotor 

cuter rrd inner curfaeoo cncl rotor core roo aootivoly. Y tmic 
~^ i ,irlono are ac iiiiioato© in 3t3. 

2010  o r ~1F" 	- 

idoaiicod r, ohino uho- ~i in fia. 2.1. to UCOA for tho 
'"r OCQ of t'nt31ej t ioo 'A ho fo11C1fl3 accunptiono aro mdo 8 

t `) o otutor iron cnd rotor core h vo Infinite porn---- °.~ -.1 '; t; 

(zip Iyotorocio end eaturzatlon cffcoto are no)' .00 cd. 

(iii) , tr for .jnd:AA, p ,o(l=coo only forrr 2 trevcllinC ficWQ. 

( v) 	cnl rotor core e be developed i%rto flat, 

.~~finito1 1 or. boy` io o. 
v (v) "nun''or°o 	t:?odt ) of roprocantin3 the otator virdinr• 

;y t"•.n zicUy almatc ( oia rent ohs°o to cdminot a oaeoth ' ator 

corCacc io uced. •-foot of clottinj is taken In account by 

(k ' uer' o co-Of "AalCi'~~t` e 

(vi) The ??old io to dicenoicznol ® i.e., =Lmotiv intcno2.t3r 
►floc i "c xt of ooaordinato r► c- d e.cctrc intrnoity bar 

ooL oi1ont o 1y in Z eirootion4 

t- zv c ..°c oqun'tIcne for o1oo4roz. ©ti© field for r►aoo 
n the d t 3 crcp In Facia.L,o Ulito# 

1I o 4 	 oe« 	(2.1) 
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div D , 0 (div H = 0) 	... 	(2.3) 

• • div i = 0 (div i = 0) 	8.* 	(2.4) 

In oquat_ion (2.1) the dicplrzcor ont currant donoity term 
io droppod for the induction m obino oinoo the n onotio onorey 
;•to co in the oir cap io covoral or. oro of  inituo ,arcctor 

t1 nn oicotric oioraCo. 

Tho criotio vector potontial A Jo defined by— 

curl A D 	 ... 	(2.5) 

In tho, oonduotintj rocion o ' o lav kiolc.o. 

E =/Ol 	 *00 	(2.6) 

Cc bins iG (2,1) end (2.5) g 

curl (curl A) a i 

irom the vector idontitp ► 
• curl (curl A) C V (0 .A) -► V2A, 

one obt ino- 

I,'a oinoo div A c 09 the above oquation oiriplifioo to.- 

(2.7) 

rruction (2.7) io Poicoon' o oquction oppliec to to 
rotor oonduotor, ror air Cupp oinoo tho conductivity a,o 00 

wo hwo the Laplcco ° c oquntion 
2/y 

V A T'~ 0 	 ... 	 (2 .0 ) 

l uatios" o olnilar to (2.7) end (2.0) hold for other 
quentitioo c.Icb Co B end E w, roll. 



,ildo aonbinc(t c t* .v^1cnt 	wQ `CJ; r lr'at.o3 of 
L 	CC t .fl'i~0 r..2 O1i 0 LIao boli``'V.CUV of C, .?o C^_chlnc cma  

o'oo bo ro ily nocz cc I froi or+u?Av.:.icnt c ra it Civ -n 
o2a2e 

¶;io o ivalonc a3.z'ou.it -proconta .cn t icaat;' . ont o n 7 
& ., .o In to Cc 	c2so El2 c i S, both a may cio of 

~)~ha ,t .~.1 ~_ .+.-.~~~~/rr, •'1'.rl ~+#i +_,j4 ) 	bQ1 l y _ a 	it L►t , {.lF a, .ti.~..: 	̀ • .. '.~?.+.__ j. 

I. ' :?''() ti ; 	~' tdJ~..sa_'_ UF.' ~,E+e'. L C9 	iT .:` 51~' gi'J tJD~ OD. 	h0f. 1.l" 	T31: 

L't 0v"'~ ?.1C. C Gra i: t`o uJ 0btC 

'o 	~J. f.2; 	 !T' ClCt" 	C C :'. 	'r+U 	' I or.' ii.'1^ 	rr L, 

10 0 

..4 rya 	+`' 	 39 {gO "h' ~4 (a   a7 *a0) 

i 	s j ° 	°' ~ ,®9 ~is '2)'  c~ ,~,~ C°( 	) 

oaf 	a 	rt  
ara2 , t►~ 	aq) 	atz~'~., 3 

f~ 0 ar Q C 0 c c i:. ua ©' alop a~ 	C? 
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2 01.4 • oundrl~ry anditionri- 

At tho boundary botraeon cocond air Cap and rotor iron II= 

vaniohoa. At tho boundcrioc botroen conductor and air Cap By and 
oro oontinuoua. Continuity in . ie destroyed cLt the stator 

curfaco whore III ie equal to curfaco curront density* 

At y = p85o H 	0 	 ... 	(2.9) 

At y=~ I = air 	rotor 

	

B~~ 	 ..a 	(2.10) 
y : ~:r 	y rotor 

At y a `~~" , 	air y 	rotor 
... 	(2.99) 

B7 rotor 

At rs _Q o 	0 Ia 	 ... 	(2.92) 
2.1.5. A nl n& 

R.i.I. . cyotcu of unito is uood. 
Lap? eoo' o equation. 

(2.13) 

,holds for air Qap reaiono. 

Divergence equation 

	

aB 	a~ .IB a " " + 	- - 	... 	(2.94) 
holdo ovory whore. 
'or rotor Foi000n'o equation- 

(2.15) Vt x2 	a y2 
holdo good. 
Solution of oquationa (2.13). (2.14) and (2.15) ors be 

affectedby the nothod of noparation of variabloc. 

In order to colvo (2.93) lot uc aacuL a 



o olu ti cm of tho form. 

Dr a PI (ns) P2(y) 

c-~horo, 
and P2(y) cro funotiono of x C y only roopoctivoly. 

ubotitutina thi o tn (2.13) ono obtains - 

ore 

rrhorc k = conotcnt. 
1 	2 

Dolution for F,~ and P'2 gill bo t'ritton no- 
r., r, c1 coo I  

• 2 m 02 LnP(by) + 03 	(-k3 
iinoo tho variation in r dirootion icy einuooidal and 

that in y dirootion is onponontial. Purthor g 

h 	T boinj tho polo pitch. 

Tho Qatploto volution of ~3n Ia civcn by- 

73 	coo 1 (A EXP ( y) + 1n EXP (ty)) 	(2.960) 

From (2.14)- 

•  B 	.. 	p ~ c oin Jr (n Epp(hyy)-A inp(-ky)) a 	n 	n 
• 4 i 	 (2. 16b) 

n in tho abovo oquati ones ropro cont tho nunbor of air Cap 

In rotor ooro flux doncity should not 
bocomo infinity at tho contro. Solution for rotor corn, 

thoroforo bocomeco 

coo 2ti Ecp(-X ) 	 ... 	(2.17a) 

D7 = -i Fin kz EEp(-1) 	 ... 	(2.17b) 



rnfl 	c 

Ii o c tox curfcoo, 

% (eir cc,) 	rant { 	 Al) 

If U roproo 	tho pov1 trc1uo of oo incd cinporo ti= 

of ar pay rower cn rotor Coro, vo bcvo» 

-o u Con I= 

Vc it ti.on of f1w donc .ty in Qcctton .r cinncoiO ., 

rro h• vo thoro2oro, 

D 	Do • oin I=9 Do botnrj tlao pc vcluc of c it Cc,p $1w2 

c2onwity, 

Prom thOCO cmo obtoino,. 

"~  

;jr Cop flue donoity D0 .o ro tcO to c4r ccp volt o 

by r fihe onprocoiona 

q ► 

• t:i±oro oytiboZo hcvo ucuni c^a 	. Imoa 

u ° 1i« a3 ° 	441  

Pot, Chao co bincO oquavc1cnt lm oacnoo of tho rote 

v C19a cz2 Coro In tnrma of pr LT ccn bo fc 2 ccc'- 

rata 
	.,i 

IS 	 , 



rhoro V1 io the otctor tort .nal volt o . 

Tbio oerbinod oquivalont icpcacnco In a function of 

• cnehino conotcnto end clip. lho bohnviour of the tohino can 
tho,'oforo be roa1ily aa00000t1 from oc uivc lcnt circuit , ivon in 

Thin oquivalont circuit Qopz000ntotlon though ortrocoly 
oinplo 10 not general oinoo R2 an X2 both aro funotiono of 
olip # 

2.2. 	V ~ 1J '.J j 3J~ 	f1J1 	A4I~ 	,R I wIJ, 	).~JS i~iV~7 RO.-A'~A~1, 	~k~ ' 	•4~lois! r 

1.= tshopao- m (9 y oarriod cut c cnalyao of i r.cup ro o 
mobino ucinr; c arlinclorical oo*oLinclo oyotor,. Aoounticno coo 

' no in rra3.,gcio in rootcn ulcr. Coa.ordiw'tcn. ho obtainod the 

follot:i c roocicn of oo binofl a soro turn of the ro tar¢ a1Z 

gcpo c 3 coo o_ 

^home 	2 g to°7 ) 

(a6ca7 +013) ''2 	(a6 n9 •a a10) 

3 w— (YP-1 (d *2' YF (off z'2) 

`  3 - Cj ` p_q(o(r2 - JP.O.1 Cot r~) 
a 

E3 -- W • ( 	11 ̀ ol z'2) " YPO-1 ((re)) 

o~ 	- 	?c,1 (?( 2) ¢ ` p~'1 (o( r2 
• a(s2P a? 	c 2'fio) 

02i t3 	a1) a4(x3 øe1 ) 

II- 

040 039 02 Cd Vcluoo Of CIOD re v % ani c7 rocpcotivolr 

r th r2 roplacod by r5. 



IL 

e ,~ 	._~,._ 	2P 
1 t +1 r4 

and  

prom thi© exprocoion for mere turn perforrnce 
calculation in done in tho manner indiorrted onrlier. 



3 
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L'ho proviouc chaptor docit cith n tr:o-dir onnioncl 
rnclyoio of the tchino. 'shin olr.p er + oalo c .th the three-
~'# :cncion: •.1 ,' ralynin or  the iahino. The olc otror ±Cnetio 
cpilrorch it bn--C1 on vector potontioi concept. rho reicl 
oot,oncnt of vector pototin1 or rotor current hao been 
i oClootcd. It ho boon : - hct that the eouivalont circuit 
repro--onantion is ocrlen cc it roqu iroc caar ~tion of a cericr= 
o2!t1 the rotor ro:^lr~tenco i 	rocctr' eo cro both functions of 
lip. 

:d e 9 ~2 	•~: ~~ 	,;`x' Ala 	I ' xJ-  

YG 4 .1 tho~ro th (,00 .try of the r_~ chino rollcd out 
'Zrt. .Io co' ordinn Vlo cyoton (a, # yo c) is aticciod to the 

:;'or 	12o co—orCtincto i7oton 	y c) in ct*t^oho ? to r_ovin 
Ic the thiclmoon of cu . o 

STATOR /ROW,(.~ =~ 

\YO1-OY Co77dUc-OY ,c4 =,uo 

fro To o 	// 

.rDEALISED DRAG -CUP MACH/NE 
F,c - 3 1 

, 
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a.c. •irtiono U) to (v) of cr .iole 2.1.2. aro cup3.dc°•.b1u 

(v:?) .1i^.dLr~1 ou-mor c t of rn. notto voc nor potonti 1 or 
rotor c. ontc 2 ;vo Loon no 1octc8. cLic rrould in turn rocn. 
rc_ lcotiiv' the fri '-inr offooto hich tt o p1roo r_t t'io entir:. 

. ~.° :•::via r=uo to currant oaioot at otator r tirf^oo r. otr. ter; 
et 	r n t~1tT vo?ooity . otion of rotor io Ci Qn bar_ 

.'..~~ +n E •- 	(1-pc) 	fit 

a ~ • u ul! rl c L- for •. inCilu3 i . i cplr.cod tj line .r c~. : sort 
? ot i: o1cutSoreati.1 c ircfl:; .c .. ` k .: 1i'.  

yr ri tici tic i o .rcura E. ti .1 i Vcot .cn rnc3 is of conctcnt 
ac,litv c '.n rte;?.i r ircoto i. A t.r the p +rvoco of cnmlyr io 
the a.rc r. y be c 	oral to report Itooif azi.al ly v7i th 
c1tc5 ':o roir.r .ti. 'c our•- cnt ohoot In ciinl c iroction 
c_ 7 thQI bo O: •o. ^ (i by Tourior ccrioc. to cinoc circu 
oc ti.,.1 cu ,.-:.mot avow to ri13o pb::~•cnt it riz:t ulco lrvo 

pc t-'i.o i :i rt=:2bution o ro eiblo by ..'c•~.trior soricc. chic 
ads be ' Qcn frog itiieii o f'r 	V .1 	0. t:I~c circun~'o*-cnii.-1 
current r.tJCt is i:olc1y conrircd to the c;id uurfrcon of" tho 
r- C1. i?U. a I"•5.2t 	L aTi: 	'M(;* ).2b chcw tht t:vo current ^.hcflte. 

,.i 	I."i"tie.e 	t: C: 	.l. s r:'1 ci1rv*cIly 



(3.3) 
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r 	 Y", 

4Y  

r/H 	7 

AX/AL CORREN7SNEET 	 TANGENTIAL CURRENT SHFc T 
FiC -3.2O 	 F16 3.2 b. 	

I_ 

I c~ 	(f 	&1) oar , j (tr9 4 ) 	..in ~~--• 

0O• 
 

(3.2) 

~''i1Q4°f?® ►,~ x r ?ll lhitlo 0c' oin~ico1C' i v -1 in- rA tr1bu Am 

1.cm dimr onto ro1:.tion V eln a 0g tCs1.r;onA 1 OurrOntt ''.'s'.,:_3 .: <p 

aI 

t7h0Ta 9 
a :unction of ze 

of G DtZT it ems, be  o-. n that CU(S) a 0, 
.~r►7 ~~st: ~-?~~ ~,..~,~– too c.,i o: n In er clo 2.1.3. , v °o h~wo <'or 
r m—, tho L p1npo' c. occu Lien– 	2 

a Q1.. 	~_̀;~~' .. + ~...Z 	0 (3.) 
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a y2  
A a 0 

 

04. 	(3,6) 

IA oolution to (3.4) con bo obtc.ncd by tho thod of 

'op t tion of voriabloo. Aocuminn 0 volution for A 

ACO(no y,, o, t) = out? ( j)t) x( c) Y(y) Z(c), 

rutting it in (3.4) a 

.. i (3.7) 

V ictic4n of A0 to poriolio in x irootie=xl and oinuooldal 

• in 4 c 1rco utrn o 

2 —  (3.©) 

(p9) 

:.;oatto2) to (3.0) c is (3.9) crc — 

vcol A. 	•• 

cnd 2 02 Oup (jnzy ) 

flora ('J•7), (3•e) MO (3.9), 
~ 

.F
2 

c~ 2 	+ a2 (3 n2 (Day) 

Ito oo ution ic- 

I0 03 ooahpn T+04 atnh/3n y 

Cotp oto solution or A 	is 

A 0 	O 	j (+4~t9 + 4) 0) 1Z-  

n=1Q3

I Ans000h~3 ny¢Ilnffininh~nyl 
GB 	

;[

.9 

ein - 	 I.. 
	 (.40) 

r~c q.AC 13 a n 
'9 
	 --~- 	4v h^vo 
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i7 

a 

oxp j(csz1 + wt) H (Anmoorh ny + 

B oinh p,ny ) Coo 	+ D (z) 	(3.11) 

the oonotant of intoeration D(3t) rodueing to zero bocauco 
of cyiimotrr. m (+1,2) in above oquaticno ropreoonte a number 
of airgap, 

301 t .o _ rotary Ac thorn in article 2.1.3. Poi000n' o 
and divoronco oquationo aro applicable for rotor. 

r8 	a2 	a 72 	a 62 	a t 

2A c~ 	+ a 	+ 	
cr a A 

'P r 	n2 	 2 	02 	d 	~ • 9 ~ ) 

c7 A 
 

•Ary 0  ...  (3.15) 

A solution to (3.12) u y be obtained by the method of 
ooparation of variobloo« Aoeu ,j a oolution of the form 

Ara tut y,z, t)= op ( jcJ4t) X(x) "t(y) U(S) 

Subotitutint; in (3.92), 

F 	j  ... 	 (3.16) 

Variatir, of A in ends dirootiono in oinucoicial 
and poriodi© roopootivoly. 

n 2 
0 0 0 Yr 	0 *0 a 	 OOP 	 (3097) 

••r (3.98) 



'olutit o to (3.17) and (3.18) arc- 

05 o1:p (jax ) 

Z e c6 ajn ~' 

'rofa (3.16). (3.17) and (3.18), 

fti w or- c +n2 + 	yn2 (cay) 

. *. Y = o7 000h ry + CO ainh y n! 
complete colntion for Are to. 

A 	ezp# j(nx +cat) l(C ooch Yny+D cmnh )'ny)z 
n I,3.. 

ein 	... 	(0.19) 

a 	dui, from (3,14) 

 '71 GZ2 j (ax + 4) ot) I (Oncooh y n7nammh'nY). 
n1,3.. 
coo 	... 	(3.20) 

ho conat .nto of intocrntion A,,(n =192), %M (m =1 9 2) 9 
Cn and Ian t not bo dotorriinod from boundaryconditions. 

Dous~c nx~v c3Qn 9 anns At the boundarioc bott cn conductor and 
air ,o Iii and 10 cro continuouc. At the rotor corn curfaco 
Il, vanichoc and at the otator curfcco dicicontinuity in III is 
ocual to otator ourf aoo currant dornity. 

(0) it y * u. c2 , Moir °0 	*.. 	(0*21) 

y a d' 	In c.r. M n rotor... 	(3,22a) 

	

~,u air ° Ao rotor... 	 (3.22b) 



1q 

(c) At e' = Q0 i1 r ffir ° bo or 	... 	(J.23a) 

rotor 	... 	(3.23b) 

(d) At Y  qo x air ° Ica  ...  (3.24) 

IIo from rolationchip- curl A Do c:~o havo 

I(curl &) , i.  ...  (3.25) 

Prom (3.21)0 (3925) cmd (3.10), 

f (f ǹ2 Oinh/n G2 "'D 2 rn^h/In 62) t30 
A 

	

(aay) 	00th InC2 	... 	(3.26) 

Fran (3.22a), (3.22b), (3.25), (3.10), (3.19) cn (a.26), 

c 	 a2 ainhy a + coshy d 
I~~rllr lrlp~ 1 p 'M  a3 (6cw) ° rinh yn8 + a2 Coch'ynd' 	(3.27) 

'' IlcrO 2 	3.28)   aq co 	 tl-of Q Q 	 .  

from 0.23a), (3.23b), (3.25)0 (3.90), (3.19) 0 (3,27), 

aa4 (oay), 	 33 	... 	 (3.29) 

Vrozi (3.24), (3.25),rnO (3.19) an (3.29), 

'In, ° ~r n ~.-- ( L.. 139 1)  

	

/4n 	 4 	9 	pn 
...  (3.30) 

FlI c' 340 D 1 

iiav1nj ovltatod all tho ocnotanto of into rrtione vcotor 
potcntia1 at otntor curfaco o^n bo riritton ac 

(A LA )yt tj 7 ° ►' 	Cni ¢c~1) 9 t g~ coc2i /6nC1+'n4 clrih ~,~ ) 

rAn 	.. 
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t Z. 	 j (o g +)t) 	( a B, I1) .c 5cjn  

from (3.29) tend (3.30) 

r~~.oro e~ ~ ... 
r~ CO ., Rrd.....9 ;~ ai.nh~3~ "~ ,.. 	(3.31) C. alnh/3 n Gl + coch pn 91 

and9 
(A) ~ 	1 	ozp j t 	+mot) , 	(f B111 ) . 

n=13.. 3.. 

r .loetrio force fiold icy Givon by, 

Z 

T aA 

• ̀° { GO)+C 	&ozP tr y :•wc)  
9 ns31 3.+ 	 ~n 

sin 

j(a~z1+w0)1 n rr ( 
nwlo3o0 

coo 

; aldng rocsl port of pariodic function in n,~ and 
4 

Din (o , +)ç. ~ t E 	 c « (2 B1I1 )oin C IDa9 
n1,3..  

__
j ) o0o ( 1+)t), n-- »(2 B I9 ) 

pn 

000 

s'ho ro(1 part of turnc ictribution por phcco iod from (3.2) and 
(3.3), 

~o Y L' coo cz, oin nla193. 
9 

fl°'CSI9300 
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'. f . M cn 	ho inducca voltn o In c oc 1uotor la tho 
intocral 1oni, tho oonfIIua' or lcnijth of tho total olcotric 
fiold. ";ho Conduotor voltcijoo aoourulr.tod ovor all tho•

conduotoro of the 7irdin1J, yiold. the -.nding induced voltao. 
Volt o induood In a Conductor y be r-Titton cry- 

v(o ond) `m J~ 	a E)3 	1 Tug EOul ) y+~ do 9 	 1 

tco induced in a phaco of the otator inclin, lo- 
.. 

Vi p f v (cond) an,~ 

It nil be obcorvod that n' = n boecuoo o{' the Loflo:rin-
identity 

	

on 	d 	 coc 	 ~- coo 	ft 
fol 

 hon n A n • 
12 CO! / 	B 	(l oin (c, + t)ooc(a t 

~ cs 	 JO 

	

n 7f g n 	 n 

a.. 	Coe (an,,% G)t) .cin (c1) 	{,"ai 

ici 
n 

	

n.~pn 	
-- ~ . 2 

	

 

n 03 	005 . 1 rein ) t 

Thic ic the clr, cp voitc o induced in one phaao stator 
rindinr,  , This io in qucdraturo to the r lndin, referred too 
Iir ap voltaGo inducod in the oc 14nd.Ln ic.. 

Vi 	 c Z 1 oin 
t7r21 p3• a 	!l  

..nuivc~1cnt icpcdr_nco of rotors airptap tmd oontral corn in 
tory= of ctctor to Liven by- 
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:V 
In t.J t 

Gw µAA ''2 ass ...~_._...... 	(3.34) 
n~ cj3 n 

nz5q3.. 

• Zqw^ ti cno (5 .33) and (3.34) my bo uocd to roprocont 
tho aciv .cnt oirouit of tho m-chino. _ 'auntion (3.34) (,l-vcs 
tho i .ccanco off' tho i .chino ai coon fron tcrninalc a (. b 
rc "or fic.3.3) . 

Z 9aa - Yo1-ar 

I) 	R "1 	X1 	d 	RZ(4) 	X2(4) 

GLUIVALENT CIRCUIT OF DRAG CUP MACHINE 

'Z'ho oquiva1ent circuit roprucontction no in_=icr.tcd 
by oauatio.i (3.33) is not ci No oinco Coro then one term 

of the corioc mot be ucod. 

Tho above ciy io tahoe into account t rigQnU a1co©ponont 
of vcotcr potontil. or rotor curronto. it r y be intorontinC 
to ct!~dy the offco t o noaloctine Chic conponont of vector 
potential. A do t rA lot1 otudy of t ir; ha bcc;+ done in Aprondi:L 
i. 



	

3.2.1. 	t,/. 1.~C ~Rr 	 ; 

Anc:1yrio of ocrlior cootion no(:loctcd tho effect of 

our+ turn by clovolopinC the otator ant rotor into flat infinite-

ly lone bot ioc. Lith non- .rnotio rotor having a call ra3iuo 

of curvnturo the offoot of ourvaturo spy be pronounood. thin 

cootion •eels vitb the offoot of ourvaturo by ocnaic1orinf; tho 

natural oylin lrio1 oo-ordinato cyotou. 

,P.2. G . :tee r.•tX Lt. L(;L44 : 

1i.3.4 chovo the goo=trj of the mchino, Tho rbolc 

V e=:ino EE!y bo oenoiderod to Ocncir t of throt: oylindorv, rcr:oly 

otator, novinC cup end rotor core. Tho co-ordinate eyotcm 

(r, 8,1p ,o) in attached to otator. The co-ordinate oyotom 

(r, 8, c) in attrchod to rovin ; oun. 

3.2.34  

411 cnruegtieno encopt (iv) of article 3.1.3. are 
appliocblo hero. 

	

3.2.4. 	I.,s 

202Ptivn :. _otL an: rIDf rave duo to current shoot at 

otIntor curfcco rotntoc f Etta on an u1ar volocity . Lotion 

of rotor in Civon by f (1-0) ' CLt. 

	

°. 	-. f(i.1.o) at 9 

	

0 e 	(9-s )W t 

	

- 	rA ,r s ho stator wind nG can bo replaced by 

t;:o current nhccto, cno in circuaforontir=1 ircotion end otlhr 

in=1.ci roct .o_i. taro z1 o'rrvnt rhoct ir. 

23 

m 
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Ias 2̀ n 4 (2 D9 I,) otp ( 3 (POI + at))cin IL':. 

1gontla1 ourront shoot io, from divoronco oauc $ ion 
D ~Io 00 

Jr 
a 	 , 

B111) o 	(, (I 1+ c t)) ooa ,j__P 

	

.+• 	(3.36) 
tho conatcnt of intoarution rotucin to cero boc uca of 

oyrmotry. 

:'►off 	ni . 	: Por cairgap r.or4ono vo have. 

2 	 ~n±j eA&I a2A&1 A 	~.......~. 

 

(r )+ ..~,.. 	..~.. ........... 	----M— 	0 

	

..* 	(3.3?) 2 	2 
v as 	r a r a r 	r2 -a 02 	-a a2 

9 
.0  

d 	

.(3.38) 
a 	aQ asJ O ~.. .(rA )+ 	. ,,. 	o 

	

... 	(3.39) 
and  

A oolution to (3.38) can be obtninod by tho aothod of 
oopnration of variabloo. Aacuming a colution for 

(,0, a, t)t o 	('t) L' (~) 1'2(r)r,(c)$ 
t horo P, P2# P. are puroly fwietiono of 0, r L a rocpoo Givoly, 

:.ubotitutine it in (3.38) 
~ pn 	 r r  

V3 	 r x'12 	r2 	1 
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Variation of Aas in poriodio in z diroction and 
cinuooidal in 0 direction. 

	

F" 	2tT2 I..'.  F - 2  ...  (3.41) 

 

3  ~  . 
ri 

(3-42) 
i 

olutionc to (3.41) and (3.42) are 

P3 t301 5jfl 

02 oxp (jP a , ) 

Prom (3.40), (3.41) and (3.42), 
'2 2 2  

r2p2 + r F2 + p2 ~.. 	p2) a 0 	(3.42) 

.Jc cation (3.43) in D0000l' o oquation crh000 solution may be 
v ritton ae 

F2 0 03 Ip( r) + 04 K1 (f3 r) 

rhoro 	- 

and, Tp and „ are noctifiod Boonol functions of purply 
im ;i.nary argucoato. 

Comploto solution for Aas in 

A 	z o cp (j (PQ, +cit)) . 1p( 	+p. K (,L?r) J. 

sin 	(3.44) 

prom (3.39)t 
R aQ 

ozp (j (Pa1+ rz t)) Anm I( pr)+BnIIl~p(j r)). 

cop 	(3.45) 
m in nhovo equations roprocont tho numbor of gap. 
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Jo. u:: nn 'eor rn~`ox: For rovin6 oonfuetor r o hero 

° rc 	ark 	r a ̀  r2 ~e2 	a o2 

aA 

	

... 	(x•46) 

a r2 	r  

(3.47) 

13 

O . . 

andA3?3? 00 

Sol ttioan to Polar on' o oquation (3.47) can bo obtcinocl by tho 
to -̀hed of conarntion off' vc ri hlov. irtn a n noluticn of 
tho form - 

A 3 (rd, 4, c, t) n czp (j cJot) V1() p2 

a 	pt  

!7horo 0 o( 2 0 j cJ o /u 6' 

Vortntiom in 0 dirootion to oinuooidnl and tb t in o diroo pion 
to Pori odic . 

a ~th •O e-i. r 	P2 	(3.50) 

ht9 	2 

)olu uiona to ( 3.50) end (3.51) nro 4 
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Pq in o5 Onp (jT-0) 

and 	p , oG cin D 

From (3049)1, (3*50) o (3.59)0 

2  2  ~ 

Thin io a D0000l t o equation rh000 solution cy 

be riritton-. 

P2,=o7 Jgcyr)+og yptyr) , 

r: horo 2 .. (0(2 +p 2) 

rnd Clip end Yp aro D0000l' n Sunotionn of firot r nd ocoond 
lint of order P nonpootivoly. 

Coriii:to oolution for 

Aar. c 7 oZ;,(j (ro + e )) f % J ( Yr) +Dj"( 'Yr )}. 
n=105.. 

cin  ...  (3.52) 

! rou (3.48) 9 

Ar0 r3 .~. 	~► 	dpi 

' 	- 

 

op (j (P0 + eJct)) e~ JpWr)¢D~ t 7 . 
~.1~3.. 	fire 

COG,! 
	

* . • 	 (3,53) 

ho oonotnnto of intojjrc►tion A., ( D m 190)1,  NU Cu a 1 9 2) 9 

On and Dn are to be Iotorninoc frog be nCary oonditiono. 

3r 	t 	i,pjtpi At the boon& rioo botvoon conductor 

and cir apo 11® and A era oontinuouo. At the rotor core 

curfaco II49 vanichoc and at tho stator LUr$coo F4 ic oqur1 to 

at nor Gurfeco currant clonolty, 

(a) 	At r m r4, U® ar 0 0 	o.. 	(5-54) 
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(b) 	At r = r39 11© air "2 H4 rotor 

As air ° Aa rotor *** 

(o) 	At r = r2 q H0 a3.r ' T10 rotor .. . 

A ai r 0 Aa rotor.   

(d) 	At r a r1, H0 air i I  

?r-xn curl rolationab.bp curl A m Dp 

Ile '3c(curl$ ) i-- I 	.. . 

c nd 	IIr ci~-(curlr A) - i ._ (1.. 
 

row (3.54)a (3.50), X3444) 

(3.55a) 

(3.55b) 

(3.56a) 

(3.5Gb) 

(3.57) 

(3.56) 

X) ((r4) 

Proc (3.55^)p (3055b), (3,50)0 (3.44)0 (Do52) rn. (3.6O); 

	

( r) ¢ 	( 3r ) 
j horn a2 c 	a 	 ~ 	„~ 	r 

y 9 P ~3 	g /3r3) 

Pros (3a56a)o (3.5Gb)„ (3.58), (3.44), (3.52) and (3.61)D 

ay (cz) 	a , 	r r) ~( r.) 	(.G2) ci 

n9 	 2[} 	~r2 
y 	a 	 ; (~ rte) 	(/r ) 

uhoro a4 a  
a3 	2  

Prom (3.57), (3.58)0 (3.44), (3.35) a  (3.G2)- 

ni c ° 	, -( 3" B1I) 0Q
5 	

(--' 9 ,~, 	} (.G3) 
' 

h.9ciG,-n9 
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All tho conotnnto of intocration havo noti boon 

ovaluotod. Voctor potontial at otator curfaco r,..ay be 

-iritton ac- 

(Ac) .B 1o, (j (PSI + )) 1a5 Ip(pr1 )+Kp( pr, )5o1n
r 

j1rr1 o 	(i (P 	+w t)) S a 	( 	)+ ( 	) • "~ 	l S~t P ~'9 	~ 1 
l 'b:l 

coo 	from (3.44) 	(3.45) 

Lot. 6 a3 lg (13r1) + 

and a a5 I , (p r,~) + 

ilootrio field in airjap io Givon by.- 
aA 

Tboroforo 
(D)t ...' cJ 211 o 	(j (P0,~ + t)t) 6 

rcr1 . 	 I3..- 

' 	and 	n TT r W 	 ~-  
(i 	) 2— -?-1-- in9 op (1 ('91 +&t) 06. coo 

.r=. r1 ' ~ j...  

Titintj real part of poriod c function in 81 and 

(E w3) 	?-n p 6 oi 	(oin (PP 1 	))  

coo ~. (coo (PO1+ 0t) ) 

Rool part of turn "diotribution por phaco from (3.35) and 
(r.36)fc 

boa PC uin 	a . 

Tea s p,D,i oin P01 coo 
r"s 

thoro B1 *~ n~ 
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Vol w^co in uccx in a conC►uctor in the intoCra1 
a1on,; tho conductor ianGtl of tho total oivotric fio16. 

'(conrir o 	CP)Vor. •a(TaI *I; I )r 

	

n•.. ,.~,~ I
I con rod `te 	*Q,6 Din .(P , + 	) . 

( J oin 	.. 	Din 	ass +  
o 

. a6 coo (PP, +wt) 

	

L O 	con 	as 

Llio into n10 fcin  M~. am do end f 'coc  • 

cop 	Cho reduce to Coro vhan n ,4 n'. Ibnoo n a n'. 

.'. V(ren1) 	r" `i~" 9 À)  r~9 °C 	coo r 	(P 1 +t) + 

4= D1 n 1t r1 cJ Lni a~. 2 .cin P coc(PO~+ Ct) 
T ~ 

Vo .ta c inducccl in one rhaao of tho otntor v in ainc- 
A 

vi a D 	 '~(cond) ~ ,~ 

	

a 	
2

• g1 
2 

	

0 D 1 w DI % fl ~- ( 	 " . 	1 	nin ') t . 2P 

CubotitutinC the value of Dn1 from (3.63), 

v d 	*12_11 2 	( 	~, 2. 	4 S sin w t. 2 P 
na9,3.. 	 1 

Thio io the voltneo inducod in huadraturo to windirw under conoi-► 
rIorntion. I duood VoltaCo in the a ao vird inc, ia, therefore, 

	

9 x'13 ~- wJl r2 p2 	2 • mG Vi = 	~...------ ---4 ( 	+ P 	E'6 T o~.n w t , 21' 
n 1e3..m nP~ 	r9 

.. . 	(3.64) 



_ 	 3.1 

Equivalent combined it pedance of airgape, rotor and central 

core, in terms of prisary is, 

Vi rr.. rrrr.rr.a~r 

gap— rotor 	I einO t 

12 B2 	r -; 	4 , ZP (""p? +p2) (3.65) r1 

Rquatione (3.64) and (3.65) can be used to draw the equivalent , 

circuit. Zgap-,rotor is the impedance as seen froy4tersinals 

a and bof fig. 3.3• 

zgap—rotor " R2 + JX2# 

R2 being the rotor resistance in terms of primary and X2 being 

the rotor . ruotanoe inclusive of magnetiing reactance in terms 

of primary • 



-4 
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in thin ob~ptor onraroo icno for cpocd rico s nG cccolornticn 

of t corvoCotoz' hcvo been ?torivcd tck in into cun©V err.t10 ► tho 
ofif ct of non12.2orrity of thz torquoo cpoca ci': rotorintic. 

f: .4. o aria c ty ioal for uo cpot curvo of the r.. cb o 

I t In nonl ,nocr to tot o the oft ct of non1i rarity into account 

roc*!r o torn of rVooi vi 11 be oc nVorca+ `-orn'o cneo( cirvc► con 

bo cpprortirmtcd by 
	F, 4.1 

••0 

L. oro 	Qovolopcd torque 
k1cotr Uin. torquo 

tl=ic k p l3 me corntcntc to be {-'otor lna from the actual torque 

)Cad curvo. 

ritin r chhcn9 co oqw-ticn, 

x .itoro J o 2.Z. of rotating vtc 
I~~. vi'oouc friction of rotor cmQ. 1 oad, 

(4.1) 
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• ' ♦ W 	i/ 	
w+r.wrr~rf~'i rWWr}i111i~1.irs 

y + 15 	W 

I. 

:C' 	;, c~ 144 -ma y  

L111Z7V . U) 	 ccnait: cm w 0 ' : ► t m 0, cc 6W.-.-Inc 

	

~i. 	 Q4 	 fie: 

£ro: (4.3) C= (4,4) 

	

r'•- 	 ~y W 	 Aa. 	!. 

ll / z 	 t".=th 	
+ i.1 .G. WHO ~w.r ~ C.arrr ~ ~

3 

 

GGG ~~.ii  a 

r..  (405) 

9:lia 9 c U;.lo cmix noion for opocdrico ci l 1(r1y en c=rocr--. 
Ion co' ':'c2 £r.11 to bo obt :cfl by c i4nc the Initial 
co :1iticza 0 = 0 	nt t 0 0• 

1: 

 

'n.(4.9) my, bo appn e 1 to c otorr ano t o c pce( o prnro 
of a (3rvo t©r prova(?ce Ito tozquo tco+~I C1''.' r^otcri otio o&".c1 
t'D-- 	of .FI.c1c.'uh../arl * 

loc :.cc Q :-. ( In tip_) t1criv3£.vc of npcc6 a of rvo for 
r.fl 	bo ob 	o( c2Jcr biic~~ G 	r, ucc ic  L 
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Differentiating (4.5) the expression for epeed with respect 

to time there results an expression for acceleration- 

iLeoeleration  

-q 	2 	q*t 	q*  + k 
4 	sech 	"" 2F + ' loge  . 	k5  

3 	 - k5 



C ti i, 17 '. ~::3 .. 5 
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EXPLt tIiT: ttL LES3 C; i bL LI $ 

Tests oro porfornod on to notors which core built in 

dtfforont sizes h.p. and 3 h.p. the smaller motor rrac built 

vith trio rotors one with copper cup and the other having aluminium 

cup. The copper cupo of trio different thickness rero used. Design 

consideration and principal design data of those motors are given 

in Appendix 1XI. 

TOR+ Up. LPLkB CURVE: 

A for torque«-cpcod curves both under balanced and unbalanced 

applied voltages rrore obtained experimentally by moans of a d.c. 

motor coupled to tent motor. Theoretical curves tzoro obtained 

by (a) trio dimensional analyrio both in rectangular and cylindri--

ccl oo--ordinateo of Chap tor 2 and (b) three dironaionrl anrly^ir.. 

of Chapter 3. Use of a digital Computer ran mado to obtain the 

theoretical curves. The Computer procranoo are given in 

£tpponoix IV. Borrovor in ;hroo dimensional analysis the cric.1 

component of vector potential rao neglected. 

Some relations of Doccol functions for use in analysis of 

coctiono 2.2 t 3.2 are given in Appendin II. 

Figs. 5.1 4  5.2, 5.3 and 5.4 ahou the torque spocd curves 

both for balcnood and unbalanced applied voltagoo for various 

rotorot Figs. 5.1, 5.2, 5.5 and 5.4 refer to copper thin cup, 

copper thick cup, Aluminium cup and large rotor. The first thrc& 

figs. rofor to smaller machine; 

i.a..rCki1OICAL TR.'d1.,IEi3 $'J: 

A small taohogonorator Ivan coupled to toot motor `'or 

obtaining oncillogramo of cpood rico. The current trr r.cionto 

roro also rocor ed. i'igc. 5.5(- 3 r 	5•6(a), 5.6(b) and 



3' 

(curb) 
5.7, r rzi thcf'•t"" etirvci ror t* :'~ c.. ; rotor; . £ii. .5 	on& 

b) x•o:'crs to thiotz ooppar chap. _, ?L;ga. 5.6(c) 9 5.6U) ol cr 
to thin ooppor cut, anti £i;;.5.71ro.`•.'or;, to ?uninlun can rotor. 
It r r o obcorvccl th,.t tho ^1uDiniun cup rotor rivoc eh fa' tor  
rocponco thrn tho conmor cup a:' tho cc o oica+ rho alur. niut 
cup rotor nccn run at no load ricon to full pccr1 in 5 to 10 
oyolori of 50 c/a vo t:horoao tho clootr2.c'A1 trnnoicnto Clio out 
in about 3 oyoloc. A!or thin taco •:ho of . otrionl time conatrnt 
•? t, q$to oorpar:ib? c to zcchcnioal ono cn thoroforo it i .. not 
Su,-t^V 1iiblo to foC!cct It In tr CPor AinotioT~. ::io ooir-" 
c c okoc r, Lch coro to c:ttnin thoN7 11 'pccO. .hcr c "nrt::ci 
.`. ito 1OLU th 1:if 	...z.. a or opecci to i1n rlcc.~'•y v luc if" 

_~ c; 3L.0 r:ay bo c 'o t.:.s.n► 4.0-30 cyoloo of r 50 c/o .rvO. LW 
tt - rvox otor .- cl:: y~: cc 	c~ *ct to lot:d -h - i 1c otriol tico 

111 bo c 'fl i co 	Ku t i-o 	1 , ©r 3 c .::o 

ont' itt rid can ui~ Mo o, o, b. 	leLc:O .ii try...  
thu rotor. 
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A-2 0- c 'i'L/ND//CAL CO-ORD/N•4T1S 

6-2 D-REGTAN6ULAR Co-ORDINATES 

_ } 	— 	 C-3D - RECTAr.J LAIR Co-ORDINATES 
2.O ~ 	 CFUNDAMENTA L ONLY.) 

O- 3 D -RACTAMGLAR Co -ORDINATES 

T 	 WITH 3rd H4Rn?ON/C) 

X 	i,w+eP4c* pcts 

_ 

1.6 

1.2 	 X, 

1.0 

o.g 

o• 6 

• I 

4 TORQUE - SPEED CURVE (ALUM!NUuM  
CUPS 

WITH ,B14LANC D APPLIED VOLTAGES  

Vj=V2 = 110 VOLTS, 	 --+ 

0'0    	 1 -- 	- 
2.O 	1.8 	1.6 	1.4 	1.2 	1.O 	o.9 	o•6 	0. L1 	0.2 	, o 

SLIP IN P.U. 

Fi6. 53d 



B- V2 	9OV 
— -- C - V2 	5O V 

x X ~~~til~rive+nta) )&Y7  

~•a I 1 
.4 • ~ k ` ' 

a•6 

N 

k 
io 1. k~ 

2.0 1•8 	1.6 1 4 1.2 	to 	0.6 0.6 	o•4  
SLIP. IN 	P u. 
n 	E CAL UMINI UM CUp) TQRAUE -s-c c 	cum v 

W/7H UN t3ALANCED APPLIED Voc7AGES V. - 110V. 
F+G- 5•3b 



	

0.0 	 A-CYL!NDRY -AL Co-ORDIN4TES 
(V i  =V2=1 lOV) 

g- RECTANGULAR -ORDINATES' 

(vt =vz=LTov ) 
— — . 	C -  REcTANC UL AL CO-oRI O/NATES 

(V,=V2- 7OV) \ A X- EXPERIMENTAL POINTS 

	

i .0 	I 	 \

. 	 L. 
I 	 \ 

x 

--- 	 \\x 

\\ 

0 5 ,o 

20 	 15 	 10 05  SL/P IN P. U 
TORGUE -SPEED CURVE LARGE MOTOR 
w/TH BALANCED APPLIED VOLTAGES 

F/ G 5.4O 
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C0 	CLUu..Ui;~i 

.gin u pro~cnt r:orks It hao bocn chon th^t the ctarr u o 
charact xi t , off' the r_ :ohino hao littlo offoot on tornuo— 	~ cpoc4/ enco Z ut I0;: 

®aluco of clip. mho roculto of root€rnculcr co-ordinatoo cro 

in oloco a roocont pith th000 of cy'iindrioni once. ¶ho throo 
Git ncicnal unalycic Givoo bettor, roculto over two thoncional 
an alyoio in a rootrictod roCion of torquo cpood curve. Roes€+.ltd 
di`'for of ificantly at hiChor olipo. ::iffcot of hG:stonico is 
pronounced pnrticularly nhon -/tangerit~iPlMyted component of vector 
potential in taken into account. 

The co ocllod Z protor° the combined impodt nco of rotor 
r4.rCape and control ooro bode to opuivalont circuit rhioh is 
by no coana airipbo cc the rotor rooict:^.nco and rcactoncc .re 
both funotiono of clip and the ntmbor of hcrr. nioo of Pourior 
corioo. 

n 



M 

1. i . y LC,' Ob' I 	r:,C 	Aft;. t; i c 'LF OF VLCiOi kU.. i L s 
When t arigen.t al cciironont of vector potential or rotor current 

is neglected w:e have- 

Agxl 0 0 

Now from tho analysis of Chapter 3, motion 3.1.4 'from 
oxproacto-- for voltage induced in a conductor vie have- 

I;' 

v(cond) 	
Jr 

	Eg0)ygidz 

Voltage induced in a phase of ntator minding is- 
T 

yi a p f o vC vend) gut 
Substituting the values of P2 and Bgo in expression for 

v(cond) and carrying out the rec'uircd integrations one obtainc- 

Vi a g 	c T• ( -) 2 B2 a5 . T i Gin 4) t 
~n;c~ nn 

Dividing by Z, sin w t 
4_.~.... 	(1.-I)  Zgap-rotr r 	n2n 	* a5 	• . 

n 
1.2. AiiALY•,i:~ bjXBD 	 i!! ; Ctr_..Cth s 

At otator surface y = g,~ , ampere turn has sinusoidal 
variation in x 'iroction and periodic veriation in o direction. 
Thore tore, 

= 	11 Z sin 	n - - exp ( j (4 t+ - f) ) 
'h 1,3.. 

hero M is tho peak value of ampere turn, 

KP __ 	;. p , sin 	- o ;p( j(w$t }-? . ) ) 
~,3..
i 
	 ... 	(1.2) 
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4'1un c~onoity vrrir.tion :►..n , f irco 1.a on Ia r;Innro F:n . ran . noric&ic 
Aw ~• c tj tbc?t?ofOPQ - rito,  

ozp ( (4) t + 	-)X= n 	.-'--) 	•0S  (103) 

Prot (3.25) cmd (3.10) of chcctor 3, 

1, o 2 efl oz, (j (W j + 	A, cinh j131 +13nI each n , 

zi r  j - ----- op. (j (&+ 	)) (nl cc^h ~nc9+ nl'.2:th/ nc.) 

000 (1.5) 

:'or aquatic is (1,2), (i.t) c►.n1 (E.3) Q (1,5) to tic 
ir1oiitio . oats tact la vo' 

....~' ..r 	.. 

sOn tho C- 

44t: 	A 

2 

7T C5 

- fl : 	fora 9 Votc :s 	tt . 	t 

r h 

I O4?Eg 	2 	I ,7t D)if a2 as 

- 	 :1 oirco (~n 	Cs 	2 'N a 	t1 oorp'.i"i i n of ( 	e 	l.) 	.anc (i o ') 

t2mt 't- 	<'. C c.n.p?,"cr.r.~i N r iCor do 1 if ~~~Q ~• 
a 

C 	nc j.1 eo t:.nr* t ~~.nbenti Qi.r Cam; , i► of 	'ootc 	pOtcr, ' i*:1 -i11 lino 



cccurnto rosuultn only if Pn  of rr thrt rriR o tcrr  

nr:illo illc t°ould in turn i onn that , tiro r"chinc lonGth 

in o c iroction ruct be lrr c tor thic CCCUt ))ion to hold, So 
tangential the coYwitioration of / 	c zponort of voctor potential io 

nocoocmry if machine loni th ire not very lark. 

D 

6 1°8tj 
J!J1YL LIBRARY UNIVERSITY Of 
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APPEIIDIX II 

LOP ., thiIQi.1S OIL' BL: 1;LL 'UL1C IOD S 

Boonol function of lot kind and order n is given by-- 

r.horo z may be real or complex. 

Boncol function of 2nd kind and order n is given by-- 

Y(n) = 2J(r) (loge 2 + Y) 
n+m 	II 

r=0 Ln n±37t 
r=1 	Y1 

	

n-1 	-►n+2n M ....W....._ 	... 	(2) 

where fa Euler' o constant. = 0. 377~IS-7 
..hon argument is purely imaginary it is convenient to 

use modified Boocol functions which are defined by— 

	

°c' 	n + 2m 

n 	 i 	nip m 
m =0 

Lc/L) 	 iY- + H:;E 
L_._. L!11 

Expressions (1) to (4) above are slowly convergent and 

are not suited for computation of functions of large arguments. 
Uoo is made of asymptotic cxpancionc when arguments are large. 
They are defined as undor.. 
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zeta) a 	
- 
	

(1)m 
{~~..,.~1R. 	

+ 

 ~t) 	~o 	(2X) 

	

+j(n+') 	.- 
(2 c )LI  in=O (2x)m 

r~here p (n, ffi) 	_(an2.-12).. (n.2.. ~Z ) 
22m Lm 

2z exp(-x) . 
E

+ 2̀  2 + 	2 12 stii2 21 + . 8x  L 2 (8x ) 

+..] li (8x) 	 ..Q 

J (z) ,J( 2 ) 	` r 1 	2̀  2 A.n2..32 ) 	+ 
n 	nr 	1 	.2(8z 

..(An?_,2) 	2) 2 52 ) ( .n2..72) _, . cosy _ 
L4 

 

(8z)  

Sin . 

_32 	+ n 	IT x 	2 (8z)2 

.I.TAn2...'.~..L.2.L.(..463~+" ) (4y 2-5j2) (4n .72) - r 
• • I Sin 0+ 

L4,(8z)4 	 J 

2- 2 4n2 .1 ] C dn2..32 ) L a 22 )
Co 

lv shore a z - (n+3 } 

and 	>>  
rc(t) _ L (LY+lCx)+T-1-100 

(J- 
1Y% ) 
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APPENDIX-III 

:10 r c i~_A off' cor7cr:o oro c corn from tL"t o" Dome,tt io i'tl 
t t3!': ° 'In rovol t i,o©tr. tic .c bco urx of rct"a rc=nt^ 

C.c 11cfl in control cyotcn nppl?octiorc. 	1:aco f-zrc ct i©! ro -'r)"vo< 
r i:? lity to opor to over c v;ido 	;o of :: ccO 1, l ncoxity e v` 

o~?c!uo 	ox ^ cctorictioo mn , r tor quo rt r tall,, ebili ty to 
• °..t~ ~: -~.. 	 o oo yin o• cl r cpp' icd rofo~or' c r..rl:::o vol 	c 
ito u to r 	.f) p r.'.cc r ►on error ci(pc1 ire coro. 

= n or er ';o cobiovo .c.. incrt:.c. • I ob: i 	eco~-r ry for 1o. 
oo!' ir-1 cuit fli$ U Lr i i -: t.r r ?.'©^oZ' is rrlojc1 '. i:ac t 

; :t: C.r o i 2 f 	a "o'". off' r:^ Plrcic U oc tic •. o f t .... • ;. 

r o. rnc e 	. w' t f 	.o 	 r'4.`4':'i3c 	 iii 	r 1v 4.: ...1.~ 

t o 1̀ cm 	b- . i. 1l. 	In r 'ltr In r. 	ioI z.,_ -c.~. e 
etor ti't C't i t o .^_.:"t to t1!" 	€ •i10 to 	rotor 	.' .,   

:': C:' L) 'Js ij the ©tz —li o 	5lo Lou::- • -n 	̀,":c  

.. a1•. , , : r'. t,1~` o cuan react be u.:c i . :.10?.: s :t t rii.; i io `.. ur thu 
e i olmr %` 1on tip conctmmtt 1 ut rot Ultc in r:n ci7:cc:::.ivo ilr a-st 
0V. ,::c;zt '-.high my not be cery to h^ i6lo rear(? rt the ceco t i r: 
ti l2.norrity of the torcnio rpooQ ehamoterietic in c-omenc6. 

a .n is b^cnt~ ,c of caa exco'- 1 oly l reo cir• nP cv oh in crc^tc© 
!y the th .e!i cup +.hich form c p^.rt of tho nir Bpi `.Who 1cn ;th 
c' the cart vip my be novorl ticen kiiior tLri 	t in onnvont- 
lr t•ni nc?ucticn mobir:co. Cno t:oro trc i'blc tt c~ j rriro 
. :u 1u of :.z!f' io c t y thick oast Ic t 't the to arc rilc.CL 
ey*..' ,Laricna rng treco d ocinj c.t 	c r? gip^ r nd thc:: Fey 
A;. t rs', the c bility *o„ica 	 be rotor. 1 n r, b 1c.wcoc'B 

i'e^ gi c 	c•, 	. ;;' c ~rc1t !t *.hcre. or,/nttct rcci bct'.cn t zo Wlic-.- 
R._U:x, o;'' c,"!;1, 	I_y,.  	O tr,"kt rfl r - 	 the 	wi` I o' 

W.~.rcuc 	 it 4..'f ra%. ~io.1. • 	c 	;YJ t:. ~.. ,f
.+1 	Yl:i3 « 	

y... 	~. 



in t ,o c1oLrcc of linearity that can be achiovod. The rtrciChtor 

the •,:orquo cpocd curve, the loro ctall torquo avcrllcblo, c. i.oh 

r ocno amllor Initial aceolor't tiono. In Loot of tho corvocotoro 

a cor,ror .00 in rho co that the mAmun torque ocouro botroon 
rlipo of 1.5 and 2 per unit. ¶Iiio givoo, roaconablo linearity 
and otallod torquo. 

It to oncontiol that ouch a rotor O000 not 'cinglo-ph000°. 

'&hat io, vhon the control field volta o to reduced to zero, it 
• ehould not clovolop a ponitivo torque at any opood. hio roq'ire-

rent to ret if the torque cpood cki:^'^rotoriotio pothc at • c nc,_nt1vo 
0 ood. It Iwo boon cbor•nt 2.0 th r't a rotor t*11l not tin lc- P 	~ P'T.cca 
provided thwt tho c000n ry ronintrnco le rr-].lor than the ;r•c: ? 
reactance. 

In order to keep the ozciti..7G current lot the clourr.noon 
botrroon tho roving cup and the ctationary parto nbc ld be 11 nitcd 
only by cc' rnioel oonoidor,tiono, atlo,bnoo boine c do for 
uneven boating end , yroccopio torquoo. 

ho touporaturo rico io teach pronounced In corvonotoro, 

¶hio icy bee€auco of the oontinuouo excitationof one phac- o end 
larto ouoitine current. This my be a problon in lerao motoro. 
tinliro ordinaxr rotary rachinoo the'tonporaturo cannot be lorerod 

by iroroncod anchinc dinencionc the cpooific ].odd is dotard no d 
by the titer constant condition no toll at the capacity. Concoquont-
ly thin problon root be colvod by boat ro $otant end inculatira 
catorialo and cooling oyotcc. 1or largo cep^citioo c coperatoly 
driven blo.:or r y be nacoccary to cool the c^chino. In otill 
bieCnr ciccr it to noco.7aary to an El a circuit rhich c-ill loror 
czci tc-.ticn voltn,o at the zero noeition to rootrnin the 
to ornturo rir.;o. 
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fAlbD doi 2. n of tcct cttor 	c rriod out ty tLc ecrvontr- 
iorvl cothod of inaction motor docil;n teob i1uo ccont for rotor. 
_ oc of tho poi me of rlior diccucr~ctl . oro t^Lcn into ccncidorct•- 

Ion to modify the convent .onal rotor doci a. '.'ho otator v.ir (inj 
r.ao docicncd to ctrry tho extra ozoitntioo curront roquircd by 
the lrz o olr ap. Ratio of lcn ;th to dirrz for r:t o kept liicb in 
orcor to tho rcduoo the rocnt of inortin of rotor. ' 

roc,i n of oup rotor vac Bono ooc fat arbitr,,xily. `"ormio 
--nood curve ;,r:o prcCot rrdncd rangy? a valuo of oaip thlokrioco 
col. ctca ro on to arot the rov,dror ont of roe ;oz' c trr.at r;~ 
i ' ?ity of torque "pcco- curve. 

L++..irtiF 	
. t
Lf

y 	 IA .!AP4  

llo. of oloto c 24  
broth pitch m 0.49" 
i'o10 hitch = 2.95" 

!vorcco,dic = 5*75" 

1 	 c kenos: lcn 4h = 3" 

rto 	'i41.a,t7i 

-lo. of coil = 24,, frorucucy = 50 a/o. 
coil pitch = 6, _ic.of polor. 4 

"-o.of turd por Coil 0 60 

iio.o2 turno in curioc por phcce = 552 

1 oh coil of 2 otrundo of 24 0..3 cupor cot c 11cd 
comcv tire. 

Double lyor tro phnoo ; - .nc1 n , 
t~ :tor r..1. 	co tit 20°C = 0.0 co o 

t~- weir r : tii r=t; 	:; cat 50°C = 10.3 oh: o 
Lt tor lcnkare rcnotenco 	7.5 cthr~±~ 



14 i it trmicforr. r iron chWot lur3nation:,. 

1. Copper X04 with 10, tin.Itocictivity of rotor 
rtorial rat 60°C a 4.5 n 10-B ohn rotor, 

2. Conr orcia2 alu©inium, Rocictivity at 600 Ca 
3,058 n 1O olh cotou's 
)ironcionn cro f ; por fie 1 e 

I31iI01AL ?? 	__ Nrirwww ~ r.wrr■u■ri rr+~.wrr~ ■ -~+.~,.~,i.a~' 

To. of Aotc 	a 36 	 ■ 
Tooth Pitch 	a .48" 
::C m clot opcnina .125" 
L 'crvec . i i.cotcr a 5.5" 

::tcojt lcnx;th 	Q 6.5° 

roe of coils 
Coil pitch 

sto. of poi.00 
Proquoncy 

f o. of turns por 
coil 

a36 

a 4r 5 round Co ao to obtainn mini mu 
of unb^l+anoo. 

50 0/0 

i' ch coil of 4 otr^.nec, 5 utrrrndo of 10 ..;t and I 
ntrr-M of 19 0"G cursor-onnrallod +copnor t~Sro. 
Doublo lnyor tro pht co rinf3inG. 
i o. of turno in ooriaa ppr p1 co a 162, 
ltr:tor ro ict^..nco •1t OOC a 10 ohrr) 
3tntor 1cr':r,.Go rc-ot'~noo = 1.5 cm i.  
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ALUMINIUM CUP 

0,28  

Fc~_Z L DRAG CUP 

r 
-V 

A. 6•c 

Fj 2(> CENTRAL COFE 

ROTOR OF LARGE MOTOR 
FIG .2. 

(ALL DIMENSIONS ARC IN CM.) 

SCALE- HALF FULL SIZE 



Rotor o....oa: 
18 mil transformer iron r;heet laminations. 

Rotor con s 

Cormorcial aluminium. 
Rociativity at 600C'= 3.58 x 1O ohm Hater 
Dimenoiona are no per fig,2. 
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APPI2IDIX IV 	 9" g 
PQOGRAM NO. 1 

LIST OF NOTATIONS 
QUANTITIES IN INPUT LIST 

AMU=PERMEABILITY OF FREE SPACE 
OMEGA=ANGULAR FREQUENCY 
C1,G2,G3=MACHINE DIMENSIONS IN y AXIS IN METERS 
DIA=DIAMETER IN INCHES AT STATOR BORE 
BO=AIRGAP FLUX DENSITY IN WEBERS PER METRE AT DESIGNED VOLTAGE 
1'r,LTS =DESIGN TERMINAL VOLTAGE 
TURNS =NO. OF TURNS PER PHASE 
SYN=SYNCHRONOUS SPEED 
F1.=STATOR RESISTANCE 
X1=STATOR LEAKAGE REACTANCE 
RHO=RESISTIVITY OF CUP MATERIAL IN OHM METERS 
II,I2,13,XY ARE QUANTITIES USED TO CONTROL THE VARIATION OF SLIP 
(1=REFERENCE PHASE VOLTAGE 
V2=CONTROL PHASE VOLTAGE 
1=NO. OF TIMES THE OPERATION IS REPEATED WITH DIFFERENT VALUES OF V1AND V2 
OUANTITIFS IN OUTPUT LIST 

ZFQ=FQUIVALENT IMPEDANCE OF ROTOR,ROTQR CORE AND AIRGAPS 
r'++JX2=?E0 
TnRQ=TO?QUE IN LB-FT 

r C TORQUE SPEED CURVEBY TWO DIMENSIONAL ANALYSIS IN RECT. CO-OR. Z 
DIMENSION SLIP(20)•R2(20),X2(20),ZEQ(20) 
PUNCH101 

"1l  FORMAT(5X5OHTORQUE SPEED CHARACTERISTIC 2D CASE RECT. COORD.) 
RFAD10,L 

30  FORMAT(I?) 
LL=1 

312 RFADSO,AMU,OMEGA,G1,G2,G3 
50  FORMAT(E20.5,4F10.0) 

RFAD20•DIA,BO,VOLTS,TURNS,POLES,SYN 
20  FORMAT(7F10.0) 

RFAD6n,RI,X1 
6n  FORMAT(2F10.0) 

RFAD40,RHO 
40  FORMAT(F20.5) 

RFAD102,I1,I2,13,XY 
102  FORMAT(3I2•F10,0) 

PUNCH300,RHO,G1,G2,G3 
?~+0 FORMAT(/4HRHO=E12.5.4X3HG1=F7.5,4X3HG2=F7.5,4X3HG3=F7.5) 

PYR3.14I59 
TA=PY*DIA*.0254/POLES 
BRB=180./PYS CCC=1./BSBS DDD=2.+7.04/1500. 
AK=PY/TAS TAK=AK+AKS A=EXPF(TAK+*G3)$ Al=-1./A 
B=EXPF(TAK*G2)$ G=FXPF(TAK*G1)$ X=AK*AK 
D01I=I1,I2,I3$ AI=I$  SLIP(I)=AI/XY $ S=SLIP(I) 
Y=*"OMEGA*AMU/RHOS RH= ( X*X+Y*Y ) **25 
FI=ATANF(Y/X)$ FIH=FI/2.S AMR=RH*COSF(FIH)S AMI=RH*SINF(FIH) 
AA=2.#G2*AMR$ BB=2.*G2*AMIS CC=EXPF(AA)S CR=CC*COSF(BB) 
CI=CC*SINF(BB)$ DD=2.*G1*AMRS EE=2.#G1*AMI$ GG=EXPF(DD) 
Dr GG*COSF(EE)5 DI=GG*SINF(EE)$ AB=A1*BS F=(1.-AB)/(l.+AB) 
E=F*AMRS H=F*AMIS 0E-AK$ P=(E+AK)*CR-CI*HS O=CI*(F+AK)+CR*H 
R=P*P+Q*Q$ AR2=(O*P+H*Q)/RS Al2=(H*P-0*Q)/RS T=AR2*DR-AI2*DI 
UttAR2*DI+AI2*DRS V=1.+T$ W=1.-T$ USQ=U*US Z=W*W+USQ 
PR=(V*W•-USQ)/Z$ PI=(V*U+U*W)/Z$ HH=AK*PR$ 00=AK*PI$ PP=AMR-HH 
QO AMI-OO$ RR=(AMR+HH)*G$ SS=(AMI+00)*G$ TT=RR*RR+SS*SS 



AR3=(PP*RR+QQ*SS)/TT$ AI3=(QQ*RR-PP*SS)/TT$ UU=1.+AR3$ VV=1.-AR3 
XX=A13*AI3$ WW=VV*VV+XX$ YY=(UU*VV`XX)/WW$ ZZ=(UU*AI3+VV*AI3)/WW 
AAA=BO/(AMU*AK)$ ATR=YY*AAA$ ATI=ZZ*AAA 
ANGLE=ATANF(ATI/ATR)*BBB$ AT=SQRTF(ATR*ATR+ATI*ATI) 
ZEQ(I)=VOLTS*TURNS/AT$  ANG=(90.-ABSF(ANGLE))*CCC 
R2(I)=ZEQ(I)*COSF(ANG)$  X2(I)=ZEQ(I)*SINF(ANG) 

I  CONTINUE 
31  RFAD150,V1,V2 $  VF=(V1+V2)/2.$ VB=(V1-V2)/2. 
150 FORMAT(2F10.0) 

PUNCH250,V1,V2 
250 FORMAT(3HV1=F5.0,5X3HV2=F5.0) 

VFSQ=VF*VF$ VBSQ=VB*VB 
D02I=I1,I2,I3 $  CFSQ=VFSQ/(IR1+R2(I))**2+(X1+X2(I))**2) 
IF(VB)22,21,22 

21  CBSQ=0. $  GOT051 
27  CBSQ=VBSQ/((R1+R2(I2".I))**2+(X1+X2(12-I))#*2) 
51  TF=CFSQ*R2(I)$  TB=CBSQ*R2(I2-I)$  TORQ=(TF~TB)*DDD 
2  PUNCH200,SLIP(I),ZEQ(I),R2(I),X2(I),TORQ 
2'0  FORMAT(F4.1,4F17.3) 

LL=LL+1 
IF(LL-L)31,31,32 
STOP 
END 

SAMPLE DATA 

.12566E-05314. 
5.5  .36  220. 
1.  1.5 
3.58E-08 
120 1 10. 
110.  110. 

.00055  .00365  .00395 
162.  4. 

PROGRAM NO. 2 

QUANTITIES IN INPUT LIST 
NPH=NO. OF PHASES 
Y1=STATOR RESISTANCE 
Z1_  =STATOR LEAKAGE REACTANCE 
V1-STATOR TERMINAL VOLTAGE 
SPFED=SYNCHRONOUS SPEED IN RPM 
Ml,M2,M3,AAM ARE THE FACTORS TO CONTROL THE VARIATION OF SLIP 
R1,R2,R3,R4 ARE RADII AT STATOR BORE,ROTOR OUTER,ROTOR INNERAND ROTOR COREI 
TURNS=NO. OF TURNS IN SERIES PER PHASE 
VnLT=DESIGN TERMINAL VOLTAGE 
6U=AIRGAP FLUX DENSITY IN WB/METRE SQUAREAT DESIGNED VOLTAGE 

QUANTITIES IN OUTPUT LIST 
S=SLIP IN PER UNIT 
ANGLE=ANGLE OF AMPERE°TURN 
ZFQ=EQUIV. IMPENDANCE OF ROTOR,AIRGAPS,ROTOR CORE 
Y7+JZ2=ZEQ 

C C TORQUE SPEED CURVE BY TWO DIMENSIONAL ANALYSIS IN CYLIN. COORD. Z 
READ 150,NPH 

150 FORMAT (I1) 



READ 100,Y1,Z1,VI,SPEED 
100 FORMAT(4F10.0) 

READ 50,M1,M2,M3,AAM 
50 FORMAT (3I2,F10.0) 

READ 10,OMEGA,AMEW,RHO,RI,R2,R3,R4 
10 FORMAT(F600,E13.6,E11.4,4F10.0) 

RFAD20,TURNS,VOLT,BO 
20 FORMAT(3F10.0) 

RT=SQRTF(2.)$ TRT=2.#RT$ RTO=RT#OMEGAS RTSIX=RT*6.S RRR=R3 
TC,=1.1544325 PY=3.14159S AA=PY*RT$ DD=PY/12.$ EE=PY/2. 
AMEWA=0.125664E-05$ XA=R1**4S XB=R3**4$ XC=R2**4$ Al=-R4**4 
XD=XB-A1s XE=XB+A19 OJ=180./PY$ OHRBO#R1/(2.*AMEWA)$ ANPH=NPH 
OK=VOLT#TURNS$ B=OMEGA*AMEW/RHOS DDD=ANPH*7,04/SPEED 
DO lI=M1,M2,M3$ CONS=I$ S=CONS/AAM$ R3=RRR 

C  CALCULATION FOR A2,A4,A7,A9 BEGINS 
DO 2J=1,2$ GO TO (3,4),J 

4 R3=R2S GO TO 3 

3 AL=SQRTF(S*B)$ AO=AL/RTOS X=AL*R3/2.$ CC=2.*LOGF(X)$ GG=X**3 
XSQN=-X*X$ XX=XSONS YY=XXS SIGN=XSQN*X 
D1=1.S K=1$ SR1=X/RT$ SI1=SR1$ SR3="GG/RTSIX$ SI3=-SR3 

6 AK=K$ D1=D1*AK*(AK+1.)$ Q=1.+2.*AK$ U=Q#.7854$ T=SIGN/D1 
TR=T*COSF(U)$ TI=T*SINF(U,$ SR1=SR1+TRS SI1=SI1+TX$ K=K+1 
SIGN=SIGN*XSQN$ IF(ABSF(TR)-.000001)5,6,6 

5 IF(ABSF(TI)-.000001)7.6.6 
7 L=1S SIGN=XSQN*GG$ D3=6. 
9 ZL=L$ j1~. l * L* +mo 	 -Z 	 = 1GfWTD3 

WP=W*COSF(V)$ WI==W*SINF(V)$ SR3=SR3+WR$ SI3=S13+WlS L=L+1 
SIGN=SIGN*XSQN$ IF(ABSF(WR)-.000001)8,9,9 

8 IF(ABSF(WI)-.000001)11,9,9 
11 A2R=AO*(SR1+SR3_SI1-S13)$ A2I=AO*(5R1+SR3+SI1+SI3) 

A4R=AO*(SR3-SR1+5I3_SI1)$ A41=AO*(SR1-SR3-SI1+$13) 
C  CALCULATION FOR A3,A5,A8,A10 BEGINS 

AR=X/AA$ AI=ARS KK=1$ D11=1.5 DR=CC-1.+TGS DI=EE 
14 B K=KKS CK=BK*EE$ D11=D11*BK*(BK+1.)$ SA=0.O 

DO 12M=1,KKS AM=M 
12 SA=$A+1./AM$ AM1=AM+1.$ SR=SA+1./AM1S BB=XX/oll 

BR=BB*COSF(CK)$ BI=BB*SINF(CK)S CR=CC-SA--SB+TG$ CI=EE 
ER=BR*CR-BI*CIS FI=BR*CI+BI*CR$ DR=DR+ERS DI=DI+EI$ KK=KK+1 
XX=XX*XSQN 
IF(ABSF(ER)-.00000j)13,14,14 

13 IF(ABSF(EI)-.000001)15,14,14 
15 FR=1./(AA*X)$ FI=*'FRS GR=AR*DR-AI#DI$ GI=AR*DI+AI*DR 

YR1=GR-FRS YI1=GI-FI 
C  CALCULATION FOR 3RD ORDER BEGINS 

HR=-GG/AA$ HI=-HRS QR=(CC--1.83333+TG)/6.$ QI=DDS D33=6.s N=1 
19 CN=N$ DN=CN*EE$ D33=D33*CN*(CN+3.)$ SC=0.S SD=0.$ N3=N+3 

DO 16M=1,N1 BM=M 
16 SC=SC+1./BM$ D017M=1,N3$ CM=M 
17 SD=SD+1./CM$ O=YY/D33$ OR=O*COSF(DN)$ 0I=0*SINF(DN) 

PR=CC-SC-SD+TG$ PI=EE$ RR=OR*PR-OI*PI$ RIffiOR*PI+OI#PR 
YY=YY*XSQN 

QR=QR+RRS QI=QI+RIS N=N+1¢ IF(ABSF(RR)-.000001)18,19,19 
18 IF(ABSF(RI)-.000001)21,19,19 
21 PP=RT/GG$ QQ=1./(X*RT)$ ZZ=X/TRTs SR=(-PP+QQ+ZZ)/PY 

SI=(-PP-QQ+ZZ)/py$ ZR=HR*CSR-HI*QI$ ZI=HR*QI+HI*QR$ YR3=ZR-SR 
YI3=ZI-SIS A3R=AO*(YR1+YR3-YII-YI3)$ A3I=AO*(YR1+YR3+YIl+Y13) 
A5R=AO*(yR3-YR1+YI3-Y11)$ A5InAO*(YR1-'YR3_Y11+YI3)S GO TO(23,22),J 
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23 B2R=A2RS B2I=A2I$ B4R=A4R$ B4I=A4I$ B3R=A3R$ B5R=A5R$ B5I=A5I 
B3I=A3I$ GOT02 

22 A7R=A2R$ A7I=A2I$ A9R=A4R$ A9I=A4I$ A8R=A3R$ A8I=A3I$ AlOR=ASR 
A10I=A5I 

2 CONTINUE 
C  CALCULATON FOR A6,A11 BEGINS 

UR=B5R*XD-B3R*XE$ UI=B51*XD-631*XE$ DDR=B2R*XE-B4R*XD 
DDI=B2I*XE-B4I*XD$ XG=DDR*DDR+DDI*DDI$ A6R=(UR*DDR+UI*DDI)/XG 
A6I=(UI*DDR-UR*DDI)/XG$ XH=A6R*A7R-A6I*A7I+A8R 
XI=A6I*A7R+A6R*A7I+A8I$ XJ=A6R*A9R-A6I*A9I+AlOR 
XK=A6I*A9R+A6R*A9I+A10I$ XL=XH+XJ$ XM=XI+XK$ XN=XJ-XH$ XO=XK-XI 
XP=XN*XN+XO*XO$ XQ=XC*XP$ A11R=(XL*XN+XM*XO)/XQ 
A11I=(XM*XN-XL*XO)/XQS OA=A11R*XA$ OB=OA+1.$ OC=A11I*XA 
OD=OA-1.$ OE=OD*OD+OC*OCR OF=(OB*OD+O(*OC)/OE 
OG=(OC*OD-OB*OC)/OE$ ATR=OG*OH$ ATI=-OF*OH 
AT=SQRTF(ATR*ATR+ATI*ATI)$ OI=ATI/ATR$ ANGLE=ATANF(OI)*OJ 
ZEQ=OK/AT$ ANG=(90.-ABSF(ANGLE))/OJ$ Y2=ZEQ*COSF(ANG) 
Z2=ZEQ*SINF(ANG)$ C1=V1/((Y1+Y2)*(y1+Y2)+(Z1+Z2)*(z1+Z2)) 
C1R=C1*(Y1+Y2)$ C1I=-C1*(Z1+Z2)$ SDR=CIR*Yl--C1I#Z1 
SDI=C1I*Yl+C1R*Z1$ FOR=VI-SDR$ EOI=-SDI$ PIN=EOR*C1R+EOI*C1I 
TORQ=DDD*PIN 
PUNCH 200,S,ANGLE,ZEQ,Y2,Z2,TORQ 

200 FORMAT(F5.1,Fl1.2,4F14.3l 
STOP  $  END 

SAMPLE DATA 

1.  1.5  220.  1500. 
120 1 10. 

314.  0.125664E-05 0.3580E-07.06985  .0693  .0662  .0659 .162.  220.  .36 

THE ABOVE PROGRAM I ONLY FOR A MACHINE HAVING 4 POLES. FOR A MACHI 
t'AVING A DIFFERENT NO. OF POLESA SIMILAR PROGRAM CAN BE WRITTEN USING THE 
PROPER ORDER BESSEL FUNCTIONS OR A GENERAL PROGRAM CAN BE WRITTEN ON THE LIN 
OF PROGRAM NO. 4 



Si 
prOGRAM NO. 3 

C C TORQUE SPEED CURVE BY THRFF DIMFNSIONAL ANALYSIS IN RECT. COOR. Z 
DIMENSION G(31),GSQ(31),S(40),BC(20),BD(20),R2(31),X2(31) ,X(31) 
RFAD100,B,RL,P,TPH,WDFS READ101, R,G1,D,G2 
READl02,I1,I2,13•N1,N2,N3,N4,AII  S READ103,R1,X1,SYN,Vl 

3'0 FCRMAT(7F10.0) 
101 FORMAT(F20.5,5F10.0) 
102 FQRMAT(712,5F10.0) 
113  FORMAT(7F 10.0) 
C  SFNSF SWITCH 1 ON WILL PUNCH THE VALUES OF R2(N) AND X2(N) FOR VARIOU~ 
C  VALUES OF N 

W=314. 
U=.12566E-05 
PY=3.141592655 B=  *'.0254$ RL=RL#.0254$ DD=2.*7.04*V1*V1/SYN 
C=U#W1/R$ B1BAR=TPH*WDF/B$ A=P/B$ ASQ=A*A$ E=PY*PY/(RL*RL) 
CC=6.*P*RL*W*U*BIBAR*B1BAR*P /(PY*ASQ*A) 

500  Dn1N=N1,N2,N3$ SON=N*NS GS0(N)=ASQ+SQN*E'$ G(N)=SQRTF(GSQ(N)) 
GN=G(N)S F=EXPF(GN*G2)S, H=1./F$ Ala(F+H)/(F-H)$ O=EXPF(GN*D) 
0=1./OS T=(0-Q)*.5' V=(Q+0)#.5$ X(N)=GN*(-A1*T+V)/(A1*V-T) 

501  BA=EXPF(GN*G1)$ BB=1./BAY BC(N)=.5*(BA-BB)S BD(N)=.5*(BA+BB) 
CONTINUE 
Df02I=I1,12,I3$ Al=IS S(I)=A1/AII$ Y=C*S(I) 
nnlN=N1,N2,N3$ GSON=GSQCN)$ GN=G(N)$ S:ON=N*N $ Z=X(N) 

°12 	CALL SO?RT(GSON,Y,ZR,ZI1$ CALL DIV(Z,O.,ZR,ZI,A21,A22) 
CALL SICO(7_R*D,ZI*D,AA,AR,AC,AD)S CALL MUL(A21,A22,AA,AB,AF,AF) 
CALL MUL(A21,A22,AC,A!),AG,AH) 
CALL DIV(AE+AC,AF+AD,AA+AM,AB+AH,A31,A32) 
CALL DIV(GN*A31,GN*A32,ZR,ZI,A41,A42)$ BCN=BC(N)$ BDN=BD(N) 

503  CALL DIV(A41*BDN+BCN,A42*BDN,A41*BCN+BDN,A42*BCN,A51,A52) 
DA=CC*GN/SQN$ DB=DA*A51$ DC=DA*A52$ CALL MUL(0e,1.,DB,DC,DE,DF) 
R2(N)=DE$ X2(N)=DF 

3  CONTINUE 
IF(SFNSE SWITCHl)11,12 

11  PUNCH200,S(I),(N,R2(N),X2(N),N=N1,N2,N4) 
12  RR=O.S XX=0.$ D04N=N1,N2,N3S RR=RR+R2(N) 
b  XX=XX+X?(N)$ TORQ=DD*RR/((R1+RR)**2+(Xl+XX)**2) 
2 	PUN(H201,$(I ),TORQ,RR,XX 
?On FORMAT(2H5=F4.1,?X,(?HN=I2,2F7.1,2HN=I2,2F7.1,2HN=I2r2F7.1,2HN=T2, 

12F7.1)) 
201  FORMAT(2HS=F4.1,5X7HTORQUE=F7.3,5X3HR2=F7.2,5X3HX2=F7.2)$ STOP 

END 

SUBROUTINE SQRT(A,B,C,D)$  E=(A*A+B#8)*x.25$ TH=ATANF(B/A)#.5 
C=E*COSF(TH)$ DUE*SINF(TH)$ RETURN $ END 

SUBROUTINF DIV(A,B,C,D,E,F)$ H=C*C+D*DS E=(A*C+B*D)/H 
F=(B*Ca-A*D)/H$  RETURN $ END 

SUBROUTINE MUL(A,B,C,D,E,F)$ E=A*C-B*D$ F=A*D+B*C$ RETURN $ END 

SUBROUTINE SICO(A,B,C,D,CC,DD)S E=EXPF(A)$ F=1./E 
G=(E+F)*.5$ H==(E-F)#.5$ P=SINF(B)$ Q=COSF(B) 
C=Q*H$ D=P*GS CC=Q*G$ DD=P*H$  RETURN$  END 
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SAMPLE DATA 

3.7  3.5  4.  552.  .9 

 

4.50000E-08.00027  .00175  .0019 
120 1 1 7 2 2 10. 	4. 
10.3  7.5  1500.  110. 

PROGRr~r~ IN0.4 
LI 3T OF i O':i 1011 

QULIITITI, S It I1LkUr LIST 
RHO . ,: _ : ~.S l Vt xY O' RO:O} T. aT RIAL Ill OHM L,~ 1& 3 
RL 	iMJI1.i11E L A4GTl III TIhUiL 2 
R1, R2 R3, R ARE RADII LT STATOR BORE$ ROTOR OU' •R, CCU101 I.4x.] & 

1111D RO.OE CORD hLa C'IYEI,Y. 
STATUR R& I..►~ M CL 
S'TATOI LIMAS GL A AC. iNCL 

iUltt b = 11i.. Oi? 1-Mb ill 	P& F!iAL•, 
aK 	LI1,DI,IG D 	1 UUIOE FACTOR 
1W 	110. ©i POLE PAIRa 
Ii, 12, I3, All ARE .Ili: 	1u CG i'.1OL ' iii: VA`.1ki1ul CF 
11 ,2, 93~ M 	l 

	

4 ARL 	L., .e`acRj l O 	.~.O CO:TIMUL VARIhCIO..; Or' I;o. OF 
fdatIUCS ij~-TO VJLLCh CALCiiLi.i1Uy.1 I& DE:.IR7. 

DIh = AVERAGE ROTOR DIàI ETER LIIL 11MMS. 

Qt,... 3 Ti ILb III (;UTTU'. LIt T 
XA 	R0'~ G RL,U S L IJCE (AD 1 :. I C CO,, ,.L<.LD} 
XB = R0.OR R.`.AC^idICE (I-! 1: ~R +:O.:IC CO., ZJIDD, :tD) 
J.OK(1J) a ~1~oi ui, .1i.. Lb.l' i. 1.Z R LU Ili R x.ICi' CiOl~ i _1l 	• 



PROGRAM NO. 4 

C C TORQUE SPEED CURVE BY THREE DIMENSIONAL IN CYLIN. CO-OR. Z 
COMMON PY,ACC 

DIMENSION 8(31) ,C(31) ,D(31) 'E(31) ,F(31 ) G(31) ,H(31) tO(31) ,P(31) 
DIMENSION Q(31),RR(311,XR(31),PD(31),XA(31),XB(31),RC(31),RD(31),T 
1OR(31) 
READ100,RHO,RL,R1,R2,R3,R4 

100 	FORMAT(E10.2,6F10.0) 
READ10 ]RS gXS,TURNS,WK•NP 

101 	FORMAT(5F10.0,12) 
READ102,I1,I2,13,N1,N2,N3,N4,ATI,DIA,SYN ,ACC 

)n2 FnRMAT(7T?.5F10.0) 
NA=NP+1 
NB=NP--1 
PY=3.14159265 
W=314. 
R1SQ=R1*R1  
PYSQ=PY*PY 
PN=NP 
U. 12566E-05 
A=W*U/RHO 
B18AR=TURNS*WK/DIA 
B15Q=B1BAR*f31BAR 
PA=12.*B1SQ*U*W/PY*2.*P 
PB=PYSQ*R1SQ/(PN*RL) 
PC=PN*RL 
DDD=2.*7.04+V1*V 1 /SYN 

501 DO1N=N1,N2,N3 
AN=N 
B(N)=AN*PY/RL 
BN=B(N) 
BR3=BN*R3 
BR4=BN*R4 
CALL KNX(NA,BR4,AA) 
CALL KNX(NB,6R4,AB) 
CALL INX(NA,BR4,AC) 
CALL INX(NB,BR4,AD) 

5)2 A1a(AA+AB)/(AC+AD) 
CALL INX(NA,BR3,AE) 
CALL INX(NB,BR3,AF) 
CALL KNX(NA,BR3,AG) 
CALL KNX(NB,BR3,AH) 
CALL INX(NP,BR3,AP) 
CALL KNX(NP,BR3,AQ) 
C(N)=B( N )*( A1*(AE+AF).- AG-.AH)/(2.*(A1*AP+AQI ) 

503 BR2-BN*R2 
BR1=BN*R1. 
CALL KNX(NP,BR2,DA) 
CALL KNX(NA,8R2,DB) 
CALL KNX(NB,BR2,DC) 
CALL TNX(NA,RP9,DF) 
CALL INX(NB,BR2,DF) 
CALL INX(NP,BR2,DG) 
D(N)=DA 
E(N)=-(DB+DC)*.5 
F(N)=(DE+DF1*.5 
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534  G(N)=DG 
CALL INX(NP,BR1,FA) 
CALL KNX(NP,BRI,EB) 
CALL INX(NA,BR1,EC) 
CALL INX(NB,BRI,ED) 
CALL KNX(NA,BRI,EE) 
CALL KNX(NB,BR1,FF) 

505  H(N)=EA 
0(N)=EB 
P(N) .5*(EC+ED) 
0(N)c—.g*(FF+FF) 
PD(N)=PA*(PC/AN+PB*AN)/(BN*AN) 

1  CONTINUE 
IF(SENSE SWITCH 1)10,11 

10  PUNCH201,(PD(N),N=N1,N2,N3) 
201 FQRMAT(5E16.8) 
11 	D02I=11,I2,I3 

AI=I 
S=AI/AII 
CX=A*S 
RAs O. 
RB=0. 

506  D03N=N1,N2,N3 
BN=B(N) 
AN=N  
BNSQ=BN*BN 
CALL SQRT(—BNSQ,—CX,G1,G2) 
B1=R3*G1 
B2=R3*G2 
CALL JNZ(NP,B1,B2,BA,BB) 
CALL YNZ(NA,B1,B2,BC,BD) 
CALL YNZ(NB,B1,B2,BE,BF) 
CALL JNZ(NA,B1,B2,8G,BH) 
CALL JNZ(NB,B1,B2,BI,BJ) 

507  CALL YNZ(NP,B1,B2,BK,BL) 
CN=C(N) 
CALL DIV(CN,0.,G1,G2,A21,A22) 
CALL MUL(A21,A22,BA,BB,BM,BQ) 
CALL MUL(A21,A22,BK,BL,B0,BP) 
CALL DIV(BO—.5*(BE—BC),BP—e5*(BF—BD),.5*(BI—BG)—BM,.5*(BJ—BH)—B0,A 

131.A32) 
C1=R2*G1 
C2=R2*G2 
CALL JNZ(NA,C1,C2,CA,CB) 
CALL JNZ(NB,C1,C2,CC,CD) 
CALL YNZ(NA,C1,C2,CE,CF) 

508  CALL YNZ(NB,CI,C2,CG,CH) 
CALL JNZ(NP,C1,C2,CI,CJ) 
CALL YNZ(NP,C1,C2,CK,CL) 
CALL MUL(A31,A32,.5*(CC—CA),.5*(C0—CB),C0sCP) 
CALL MUL(A31,A32,CI,CJ,CO3CR) 
CALL MUL(G1/BN,G2/BN,C0+.5*(CG—CE),CP+.5*(CH—CF),CS,CT) 
CALL DIV(CS,CT,CQ+CK,CR+CL,A41,A42) 
FA=A41*D(N)—F(N) 
FB=A42*D(N) 
FC=F(N)-~A41*G(N) 
FD=-•A42*G (N ) 
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509 CALL LIV(IM PD FC,!D A51,A521) 
J 61=A51*H IT +0I1) 
A62.A52H11 A72=A52*P +Q(U) 

  fl 
CALL DIV(A61,A71,A72,QA,QB 
•CJLL L.JL(0.,1.,QA,QB,QC,QD~ 
RR(.0 =PD(i1)*Q0 
XR 11 tPD(U)*QD 
XA 11 =QC 
XB I1) sQD 
RA=RA+RR I 
RB RB+RRR U 
Rc(I31RA 
RD (Ii) aRB 
T~yOR(A)=DDD*RAf((RS+RA)0*2+(xs+RB)*#2)  

3 	CQiJ 1jjiIU1S  

II?(bts S..1 CH2)1220 
12 	PU 4CH202 (XA(H),XB($,Th U D2 I14) 
202 FORL" (21 (6E13.6)) 	4 
20 	P0.H2O0t jS,RR(.H),XR(N) U dI1,U29 tJ4) 200 r0 	(P4.1, 6X, 1 OF7.3 ) 
2 	PU,ICH24 A (I1,TOR(I1) ,Id=I11,112,114) 
203 	;;0--'1.~;i(2x,MI5,F8.3:I59 P0.3, ,5, I8.3, i5,IP8.3,35,'8.3,4'5,P8.3)) 

sloe 
UD 

WJJR©u Ml INX(I3,x R) 
COQ LOi1 PYQ ACC 
A1J U 

ASQ=A*A 
FACT=1 
DO 120 1, IT 	 ~. 
A1r+1 

9 	P.c;CTQPACT*A 
R=B/FACT 
t0 

91 	L't+1 

B=B*ASQ 
PACT=FACY *AtI* (AT1+Ati ) 
TBR /FACT 
R=R+iRL1 
IF( TBiit?..ACC)10,10, 91 

10 RTC 
MID 

SUBIOUi'Ifl IC x(I7 	R) 
COLzOtu PY, ACC 

IP(11)31,32,31 
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32  IF(X-7.)33,33,34 
31  IF(X-10.)33,33,34 
34  FNSQ=N*N*4 

W=FNSQ-1. 
U=W* (FNSQ-9. ) 
VRU*(FNSO-25.) 
EX=8.*X 
EXS=EX*EX 
EXC=EXS*EX 
RaS©RTF(P Y/( X+X))'EXPF(-X)*(1.+W/EX+U/(EXS+EXS)+V/(6.*EXC)) 
GOT023 

33  GAMA=.5772157 
AN=N 
N2=N+1 
AN1=N1 
A=.5*X 
ASQ=A*A 
B 1=A**N 
B2=1./B1 
C=LOGF(A)+GAMA 
RaO. 
M=0 
SIGN1=1. 
SIGN2=(-1.)**N2 
FACTN=1. 
FACT1=1. 
FACN1=1. 
D01I=1,N 
AI=I 

1  FACTN=FACTN*A1 
FACT3=FACTN 
IF(N1)21,22,21 

21  D021=1sN1 
AI=Y 

2  FACNI=FACN1*AI 
22  FACT2=FACN1 

F=0. 
Dp3I=1.N 
AI=I 

3 
G=0. 

24  AM=M 
ANM=N+M 
IF(M)17,18,17 

17  
F=F+1./ANM 
B1=B1*AS© 
FACT 1= FACT 1*AM 
FACT3=FACT3*(AN+AM) 
FACT2=1. 
NMI=N]—M 
IF(NM1)9,1O.7 

7  D04I=1,NM1 
Ajal 

4  FACT2=FACT2*AI 
10  B2=B2*ASQ 
18  P=SIGN1*B2*FACT2/FACT1 



GOT019 
9 P=0. 
i9 D=C-.5*(G+F) 
iq0 Q=B1*D/(FACT1*FACT3) 

M=M+1 
SIGN1=--SIGN1 
R=R+.5*P+SIGN2*Q 
IF(ABSF(Q)-ACC)23,23,24 

23 RETURN 
END 

SUBROUTINE JNZ(N,X,Y•S1,S2) 
COMMON PY•ACC 
AN=N 
D=X*X+Y*Y 
Z=SQRTF(D) 
ASQ=D*.25 
A=.5*Z 
TH=ATANF(Y/X) 
IF(N-2)21,21,22 

21  IF(Z-10.)23.24,24 
22  IF(Z-15.)23924+24 
24  FNSQ=4*N*N 

DA=FNSQ-1. 
DB=DA* (FNSQ--9. ) 
S=D8*(FNSQ-25.) 
T=S*(FNSQ-49.) 
EZ=8.*Z 
EZS=EZ*EZ 
EZC=EZS*EZ 
TTH=TH+TH 
THT H=T IH+TH 
FTH=THTH+TH 
SIR=X-(AN+.5)*PY*.5 
SII=Y 
CA=EXPF(SI1) 
CB=1./CA 
COSH=(CA+CB)*.5 
SINH=(CA-CB)*.5 
COS=COSF(SIR) 
SIN=STNF(SIR) 
COSR=COS*COSH 
COSI=-SIN*SINH 
SINR=SIN*COSH 
SINI=COS*SINH 
W=SQRTF(2./(PY*Z)) 
AC=.5*TH 
CR=W*COSF(AC) 
CI=-W*SINF(AC) 
U=DB/(2.*EZS) 
V=T/(24.*EZC*EZ) 
AA=DA/EZ 
AR =S/(6.*EZC) 
PR=1.-U*COSF(TTH)+V*COSF(FTH) 
PI=U*SINF(TTH) V*ST NF(FTH) 
QR=AA*COSF(TH)-AB*COSF(THTH) 
Q!=-AA*SINF(TH)+AB*SINF(THTH) 
Bit=PP*COSR-P I *COS I -QR*S I NR+Q I *SIN I 

m 



BI=PI*COSR+PR*COSI—QR*SINI—QI*SINK 
S1=CR*BR—CI*BI 
S2=CI*BR+C.R*ELI 
GOT012 

23 B=A**N 
PHI=TH*AN 
TTH=TH+TH 
T1=D. 
T2=0. 
Sl=4. 
S20. 
SIGN=1. 
M=O 
FACT 1=1. 
FACT2=1. 
DQ1I=1,N 
AI=I 

1 FACT2=FACT2*AI 
11 C=SIGN*B/(FACT1*FACT2) 

T1=C*COSF(PHI) 
T2=C*SINF(PHI) 
M=M+1 
AM=M 
SIGN=—SIGN 
B=B*ASQ 
PHI=PHI+TTH 
FACT1=FACT1*AM 
FACT2=FACT2*(AN+AM) 
S1=S1+T1 
S2=S2+T2 
IF(AB$F(T2)—ACC)10,10,11 

10 IF(ABSF(T1)—ACC)12,12,11 
12 RETURN 

END 

SUBROUTINE YNZ(N,X,Y,S1,52) 
COMMON PY,ACC 
AN=N 
N1=N--1 
GAMA=.5772157 
ASO=.25*(X*X+Y*Y) 
A-SQRTF(ASQ) 
Z=A+A 
TH=ATANF(Y/X) 
IF( N-1)51+51,52 

51 IF(Z-9.) 23,24,24 
52 IF(Z-12.)23,24,24 
24 FNSQ=4*N*N 

DA*FNSQ-1. 
DB==DA*(FNSQ-9.) 
S=DB*(FNSQ-25.) 
TcS*(FNSQ-49.) 
EZ=8.*Z 
EZS=EZ*EZ 
EZC=EZS*EZ 
TTH=TH+TH 

501 THTH=TTH+TH 
FTH=THTH+TH 

59 



SIR=X_(AN+.5)*PY*.5 
SII=Y 
CA=EXPF(SII) 
CR=1./CA 
COSH =(CA+CB)*.5 
SINH=(CA-CB)*.5 
COS=COSF(SIR) 
SIN=SINF(SIR) 

502  COSR=COS*COSH 
COSI=-SIN*STNH 
SINR=SIN*COSH 
SINI=COS*SINH 
W=SQRTF(2./(PY*Z)) 
•AC=.5*TH 
CR=W*COSF(AC) 
CI=-W*SINF(AC) 
U=DB/(2.*EZS) 
V=T/(24.*EZC*EZ) 

503  AA=DA/EZ 
AFB=S/ (6.*EZC ) 
PR=1.-U*COSF(TTH)+V*COSF(FTH) 
PI=U*SINF(TTH)-V*SINF(FTH) 
QR=AA*COSF(TH)-AB*COSF(THTH) 
QI=_AA*SINF(TH)+AB*SINF(THTH) 
BR=PR*SINR_PI*SINI+QR*COSR-Q1*C0S1 
BI=PI*SINR+PR*SINI+QR*COSI+QI*COSR 
S1=CR*BR-CI*BI 
S2=CI*BR+CR*BI 
GQT0120 

23  B=A**M 
R=i./B 
PHI==TH*AN 
ALPHA=-PHI 
TTH=TH+TH 
F1=0. 
F2=0. 
SE1=0. 
SE220• 
T10. 
T2=0, 
S1=0. 
S2=0. 
SIGN=1• 
M=O 
FACT 1=1. 
FACN1=1. 
FACTN=1. 
DOlI=1*N 
AI=I 
FACTN=FACTN*AI 
FACT2=FACTN 
C=.5*LOGF(ASQ)+GAMA 
Q1=C+C 
02=TTH 

60 



FRO. 
G=O. 
D02I='1,N 
AI=I 

2 F=F+1./Ai 
IF(N1)21,22a21 

21 D03I=1,N1 
AI=I 

3 FACNI=FACN1#AI 
22 FACT3=FACN1 
15 COS=COSF(PHI) 

SIN=SINF(PHI) 
E=SIGN*B/(FACT1*FACT2) 
FTI=E*COS 
FT2 ='E*SI  
P=E*(F+G) 
ST1-P*C0S 
ST2=P*SIN 
IF(N1—M)43,42,42 

42 Q=R*FACT3/FACT1 
TT1=Q*COSF(ALPHA) 
TT2=0*SINF(ALPHA) 
GOT044 

43 TT1=0. 
TT2=0. 

44 F1=F1+FT1 
F2=F2+FT2 
SE1=SE1+ST1 
SF2=SE2+ST2 
T1=T1+TT1 
T2=T2+TT2 
IF(A65F(FT1)-•ACC) 10,10,11 

10 IF(ABSF(ST1)—ACC)13,13,11 
13 IF(ABSF(FT2)—ACC)14,14,11 
14 IF(ABSFtST2)—ACC)16,16.11 
16 IF(ABSF(TT1)—ACC)17,17,11 
17 IF(ABSF(TT2)—ACC)12,12,11 
11 M=M+1 

AM=M 
NM1=N—M-1 
SIGN=•-SIGN 
B=B*ASO 
R=R*AS0 
FACTI=FACT1*AM 
FACT2=FACT2*(AN+AM) 
FACT3=1. 
IFCNI—M)34,34,33 

33 D04I=1,NM1 
AInI 

4 FACT3=FACT3*AI 
34 PHI=PHI+TTH 

ALPHA=ALPHA+TTH 
G=G+1./AM 
ANM=N+M 
F•=F+1. /ANM 
GOT015 



12  S1=(F1*Q1--F2*02-SE1—T1)/PY 
S2=(F1*Q2+F2*Q1—SE1—T2)/PY 

120 RETURN 
5 	 END 

SUBROUTINE SQRT(A,B,C•D)$  F=(.A*A+P*B)*#.25$ TH=ATANF(B/A)*.5 
C=E*COSF(TH)$ D=E*SINF(TH)$ RETURN $ END 

SUBROUTINE DIV(AaB,C,D:E,F)$ H=C*C+D*D$ E=(A*C+B*D)/H 
F=(B*C-A*D)/HS  RETURN $ END 

SUBROUTINE MUL(A,B,C,D,E,F)$ E=A*C—B*D$ F22A*D+B*C$ RETURN $ END 

SAMPLE DATA 
3.58E-08.115  .0476  .04733  .0445  .04435 

110.  10.3  7.3  .36  552. 
 

220.  .9  2 
12010 1 3 2 210.  .0952  1500.  .00001 



PROGRAM NO. 5 

LIST OF NOTATIONS 
QUANTITIES IN INPUT LIST 

N=NO. OF T,S 
T(I)=VARIOUS VALUES OF TIME IN SECONDS 
C1=K1,C2=K2,C3=K3,C_4=K4 
CJ=MOMENT OF INERTIA 

QUANTITIES IN OUTPUT LIST 
T(J)=TIME TN SECONDS 
OMEGA(J)=SPEED 

C C SPEED TRANSIENT Z 
DIMENSION T(50)>OMEGA(50) 
READ100,N 

100  FORMAT(I2) 
RFAD103,(T(I ),I =1,N) 

103  FORMAT(7F10.0) 
104 READ101,C1•C2,C3*C44CJ 
101  FORMAT(F10.0,4E10.4) 
102  FORMAT(E20.5) 

PUNCH300,C1,C2,C3,C4,CJ 
300  FORMAT(3HK1=F6.3,4H K2=E11.4,4H K3=F11.4,4H K4=E11.4,3H J=E11.4) 
11  C5 =C2-  c4$ Q==4.*C1*C3-05*C5 

O=SQRTF(-O)$ P=O/(2.#CJ)$ S=2.*C3$ R=C5/S3 tJ=0/S 
V=LOGF((O+C5)/(O-C5))/2.$ DO1NN=1,N$ TH=-P*T(NN)+V 
IF(TM)12,13,12 

13  X=1.$ GOT014 
12  X=EXPF(TH) 
14  Y=1./X$ TANH=(X-Y)/(X+Y)$ OMEGA(NN)=U*TANH-R $ L=L+1 
1  CONTINUE 

PUNCH2000,(T(J),OMEGA(J),J=1,L) 
2000 FORMAT(F6.3,F8.O,F7.3,F8.O,F6.3•F8.O,F7.3,FR.O,F6.3,F8.0 ) 

16 GO TO 104 
END 

SAMPLE DATA 
19 
• 01 .02 .03 .04 .05  .06  .07 
.)8 .09 .1 .12 .15  .17  .2 
.3 .5 .7 .8 1. 
1.48 -.146F-3 -.1E--8 .6E-4 .4F-5 

C3 



M1 

R; , 3_c L , 

1. Pillnore, R.L.. "Calculation of Uddy Current Pathe in Drag-
cup Induction otor Rotors". 
=nano. A.I.E.E. Pt. III, Vol.75, pp•922~-926, 
Oct. 1956. 

2. Guilford, E•C.m "Theory of Induction Eaohine with Conducting 
Sleeve Rotor" 
rano. A.I.E.E. Pt.III, Vo3 .80, pp.1129--1136, 

Feb. 1962. 
3. 'ood, A.J. : Concordia, Co- "Analy: is of Solid -rotor Mgachines" 

Pt.II.. The Effect of Cu:'vaturo" 
rana. A.I.E. . Pt. III, 19609 pp.1666-1673. 

4. ood, A.J. : Concordia, C.- "Army •i of ol. Rotor ! ohine:a 
Pt.III- Finite Length ;f c ct" 
2rcnc. A.I.E.E. Pt. III, 1960, pp.21-26. 

5. ' n •r;t, G.- "Polyphase Inducticn I'otor with `solid Rotor, 
Effects of saturation and Finite Lcnt:h" 
I`rano. A.I.L.L. Pt.11I, Feb.1962, pp.902-10. 

6. Koch, .fl.- " .quivalent Circuits with r:?nrforrer '.lewente 
for Eddy Current !otor Induction uotorc derived 
from the iiold Lrju+" tiers, II- Drag-cu otore" 
I.E.E. E.'. rrnne. on Pox. er hppn.rntu end '-,yatems, 
Vo2.83, Pp•576-583, June 1964. 

7. Puller, .L., and Triokey- "Lc uiv lent Dr-cup Rani ^tcnco" 
~rane,.•I.14L.Vol.81, Pt.iIi, pp.285-291, 
Aucuot 1962. 

8. Blackford, C..-. "Induction Cup Parnrctero Thor. _•Iectromnenetic 
Piold heory and Lxperimontal Anelyoic" 
I.J.L. Ir^:nc. on Por-or Apparatus and yatoma, 
Vo1.84, Lo .•1965• 

9. I ukhopadhyayi P... "On :drag Cup Rotor ohino" 
Roeocrch Journal, University of foorkee, 
Roorkoo, tndit., Vo2.ViII, 1965, 

10. Oaunderc, R..-. "Lii ctrom~.chLnical _nor L7 ConvorLion in 
Double Cylindricc1 btruoturca" 
•~•i•L• '..rC no. on T o or ippcx.tun cnd cycto, 

Voi.82, py.631-633, Oct. 1963. 
11. Ruccoll, 	..orc°:.orthy, !X... "Eddy Cu i rento and Ya11 

Lore: In '.°crcenod itotor Induction. 1'otorr" 
Frce. i.. 	1 t56, .'tit,, pp.163-175 • 

12. Robincon, =1.C.- "Crlcui tion of C_rn Loo 	 I~ oc-o in Crnnod otorrt" 
rrn:" • r'1.T . • :'• Pt.l ' I, Jcnut'ry-1957. 

1 



195 

13. ":oet, J.C. and Hoemondhalgh, D. • .- "Analysis of Thick jya11 
Cylinrier Induction Liotor" 
Proc. I.E.E. Pt.0, Nov. 1961, pp.173-181. 

14. Tudbury- "Electric Conditions inoido an Induction Heated 
-7orkpicce" 
Trans. n.I. .i,. Pt.IT , PP-79, May.- 1959. 

15. Frasier- "Analycie of a Drz -cup A.C. Tachometer" 
Trans. A.I.E.E. Vol. 709 pp.1894, 1951,. 

16. Koopmen- "Operatin~ Charaotorio vice of Two-phase t3orvo L otors" 
irrns. .I.E.E. Pt. It 1949, pp•319.28. 

17. fopkin. "Transient Re poneo of Small Two Phase ervonotorr " Trans. A.I.E.E. Vol. 70, pp.881--886, 1951. 
18. ilukhopdhyay, P.- "Airgnp Pernonnco of r. foth.tin F" eh1ne" 

Journal of `iechnoloey, India, Vo1.VIIl, 11?o.1, 
1963. 

19. ••atson- "A 1'rcatiao on 3easel i unctions"(book)  
2.0. 	 9r,-,,at,~•. c t-, ► 	~$4 c~^^d-- i 	-ntcrr c 

T 	A SCE. )* 3 Oct 5S fro So9—eI5 

1 


	ECD64084.pdf
	Title
	Abstract
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5
	Conclusions
	Appendix
	References


