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:pith tho thcrc. tzr uoc of tI c i tc, 1 
cCZ .iI3t1 	13ino in .rive 	o1cctric..1 A.::cir1cr1 : 
of cyr ",c .fir o r c to. it cormcoticn with tit: co'~ 'c - 

rus :':r cnr,inccz'c ham bccra divci tcC, to t1w p 'o4c 
of ascill&ticn car cccn cc in c stc s of p rallel 
ccrr_cctCd cynctu cncu izthiuco.The problc.. of btttt  

tn i;., Trot oe Mo; c in Gcx cratoLa thcn the c cin€. c avo 
cirivcn pry stc,-.. t . utincu or  toxizcc to In tic the 
driv1 :t; to quo rc .ns CcictLnt durin; a rcvoiuticn. 
It tLc ccsc of c orate o drivcr ii rceiproc, inj c ~  ._ 
:cO, (tcc.c s iGno or oil) tb turinr cocctt v rice 
pciicaic lly at a ftmc frc ,ncrcar Guri ; cny 'cvolu 
Lou. . tc c. ui c r jr-it -tc of this (cc a is cult of 
ttc lu-, .rtcti no riicrc tozriuc) dcpc!.nn upoz t .c total 
cc .:.c , t of itCrtic OX FOtcttrL C `tip »4 it X7 C 
iz i ct b ' cupplyiuc the p: QpO ' fl7V .CC +l. ii, LO 3 VCDD 

tLc ptrie1 of 1 c apjlcci ton is i& oqt l to © r_cu 

t .0 3 ttlui 1 fz'c4ucr'cp cf ooci1lct1 C '. Qf ftc L stcm,thcr 

tZ c rcciltic.. osci ll .Bono uccc.o G.rcitc;i' c C c e44cr; 
it Joul(I : ccwnc jn :initc1 jcat if no dc:mgiL 	cera 
p c ccut. Ir c ucL c cc c tI} . tzLz r t udc 0g t x  
to :;tic i cf no cc n c . 	.c:c 'tcocvcr 	' .0 c & . 

e 



3 
-cbi tcrAac cufftccr to p ctLucc ito1cnt oact11cttc c3¢ 
L cb ralccttcr4o arc rcatcct c t hca la .c. JI.oi 
Or oil cuutho drivcu gctcrctic cotL► cc o c tcct in  
tzrcl c 1, th curSc o the crt rc i cc cncnt o rc'i ' 

b ttz ct t~.::.c czchiric:4 c y _ ccczx: acric' z, unlc:ifi t1ic 

(fli t c cc p r cpc '].y + CoiGDcd to z-c 4ucc thi c an6ula 
31411 to c :.amu]l a. went ab fcciciblc. blc - Q Cc i 
tmtt haw& 3 lcrc nub :r ci poles arc roc llr-L;lo 
to L i 	. cable Li€', .cz cpcx'a.tcd in jmrllclD c tco, cv 

Svc Grcator nttbor of polc. 
In tho ccoa of syncbi cnouc .zcto z,) 

prOcatiz , loLd such ci an ,sir co~ypr w _ aor DC vauao 

periodic anu1az ø&c5 In Uic rcuird tcrquctihicL 

;y c SOO troublo with fibs z-otor. A1Lo, in ttic. cL.co 

of yncbrenoaa cotmrD drivi ; lc do hcvinja ti crzi 
rote t cnal torquc9 hunttn, u::y o ezporicrccd d o to 

period1c O3Cillatic1Q in t C state fro tcr1cy it ol1, 
thcr by rcciproccti7 pi tcvor or rcciq ccti r; 

lot., OL cthc, otc opc7,.::iLl thio .b lie u. 
aforccr ,r_ C .l cc. In uucI. cC3cc,, ► y 	crtQtOr 
tic tthicX ac bcczi otirS yro;c-rte cizy 	dctl; 	es t 
burin +ca ms to cc now lcc:ci crj the O Btu o f to Lz . 
rear rcc1prcctino; priocovcr bctn . cnrcct 	ttcia  
has the cu vcric;i ,c1ty ii it aactl.1a ic► :r .0 sc 

t c1 £rcqucz c of tui pL.rtic.Ll. .r nci rcnc  
I10 vcr, bcrc C3l7 c ccoc cf c &yccLL 

c..4GCexLtor fico j0d to ,:.': f C 'i 	ILC tc 'E' tic in 



irrcculcr, t413. be considcrcd* o roault G err ac 

oaoilr irtcrprotctl In tcrrc of a synebxcnoaa motor 

driving cn irrc ,tiler lc G. 

in th1a pc.per on cc,Qy cctbod of calc .t 

its tau: Sino of flyuteol r occoaary for t1c ouccca.zt.1 

pera.11cl operutir Of cijirc driven gcncrator is ;ivc 

The cc1culc.t cnc arc d rivcc directly from a 2xrocilct3c 

of the rozonarco frequcncioc 1rnolvcd. 

In ,cncral the di3ccrtattcn is o cthcrr- 

tical troatciont of the pbcnotonon r i ch occur in coi- 
noction i4 h huntIng of a 3 	rOnouu cathino oloetri,► 

cafly in rall l to an infinite buo and direct co -c-

eted to rctiprocctizc apparatus,* &pccific ooc plc h g 

bccn trocitcd uttcb ckc quitc clear not only the aat z 

and causes of buntinc, but also tho notboGD of ovcr-

co .i it. 
Mat icportctnt contribution in this cc s'. 

cticn, that can 1c cited, Is a paper by 1. L Dai-  y 

c .d ii. . r alt altn i o pipor p hoic'cr 2  dcclo c1y 

u tL t :c probl 3 o ' a nc1 oocnz rotor dti°oct eot-nCc-

tcd to u cczrcoccr ui operotiz• . ro .i cz Infinite buo 

cyatcz3. f o t j.fforcrt.i ul cp a i cn en ttcb the ^off 

tion dcpcci, has boon Given by Dry► k. J. Bcr 3 	• 

other t7ritcro of stcndord tcnt co.%G wwaicb del uiti  

ti:o prcblc: of Jritit . :ihco L► od bc.a P'XbliJacc: 

c other p per on Lhc Lf -l-C- aw?0;Scct tLic1.. dtl sith 



• 

5 

many of the pract1 cr proli1 ~s occur'.t'r. cc rect!cy 

_.v$ tr f !'r Rfl I crtIcr of 	ebrerous rotors to co re. 

no erd preserf.s s'orrt rn t eds €r:3 sets of cnrvs 

from 	ct t..V p correct size ref f'ywbee" ern ! r ebosen 

wf 't 'out 'yrich ecimtIcn. 	k  so nuy other works,  
papers due to ii. L. £Jaherty' end Late J. Bache-Tim 
- ,cn ° is worths oi tentiou in t i cG ACcticr. 

0. Ca Jajn4(rinAcr w2:c:sc aQlo uidcxce 

tIde dis rtaticn has occ'r dccc) h de1t h .&3 sub. 
jcct to quit© a , cc a ztnt, £bE picacnt wc.rL, to fun- 
- ici entc1ly bascd on his line.. hu tl;c fo11cwir6 
thory o a LinCic : athin . oper tiro ,, on an f rti.rsite 

bus tea. 4rivcr by a rociprocatir.  ,, nCirc I s rot co p1~ 
-tciy orteir i with r.c.. \ Hci'cvci , %,L . paint ci view 
usc jr. a cortainir t: , variousme== en CLllktin  

size cf £1yw.Jict:i bor sati ctory Furan l cperz.ticn 
Is £C W. 
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cBAT1a U 

Before  actually ting up the bbl r, it 
viii be vortbvile to stat. the assuapticas and their 
validity which have been used dura the dead of 
this  proble.. 
1. The ash. to cn.cted to a r.1sti,.3 ' I 

power ijatea i.e. only the cas. of a l nerator having 
irregular prt..aov.r torque operating in parallel 
with the grid has been dealt with. 
2. The effect of szentuz e, resistanc, is negligi~ 
bla. The truthness of this *ssuaptton i.e so veil 
know to electrical engineers that it needs no xp1a 
nation. 

3. The currents az's po 'ire, balanced sine 
waves ( in tin* ). They can be resolved, therefore, 
into two coaplesentary palypbase gent ►st s, • 
in which the current in each individual est reaches 
eaxisun at the Instant the axis of the fie Palo 
coincides with the uis of the gnetisati.on of the 
phase under consideration a, this is to ed the direct 
sosponent of th. gent and tether in Vic . the 
Current in the sass phase reach s aezisus one quarter 



7 
cycle Tatars  that 1s, in ties quadrature. This is 
tweed the quadrature coapcaent. 
4 	The s** a* has salient poles.Cylindrical 
rotor that becosss a. special case of salient poles in 
which the sjncbronOua reactance in the direct and 
quadrature axis bei equate 
5. 	The sec . has a .short circuited vtndinj in 
the quadrature axis, as w.fl as the main field vindi 
in the direct axis. The effect of on asortisseur wind- 
-in& say thus be taken into account. 
6 	Batu ra ion is negligible *. while the results 
apply strictly only to aachinea in which emetic 
saturation to negligible, n,1.rtheiess this doss not 
scan that practical lotions,, within practical 
accuracy, cannot be thus made when saturation Is p 

Scat. 	mad 	 * they are sad**  dust as any mer sial ► 

ar calculations are sad* , by exorcising the, constants 
of the machine with respect to the degree and dl+ . 
button of stiuratt . 
T. 	The aoD.'unUors torque of the pris 	e 
consists of#  in general, of a steady eoaiponent with 
superimposed alternating component s. iLthmattcal1y 
it can iUO st pressed as 1 u 	• • 

*0 ' ( 	Bin et, + 	oat) • 



is. the periodically varying  part of the t tqus ibith 
produces the bunting or the 	iris consists of a 
daunt al end harsaaics, those later harsonics having  

frequencies 2, a etc. tfses that of .fuzdsssntsl. In 
the present problea only the fund sntal will be taken. 
into con sid.rsttoa. h4ch Mronic asy be treated I"*. 
-pdsntiy and the effect can be sdded. me r, the 
mics of lower order must be vat ed carefully earn 

their aap3jtude is not high, becauso . t e o*ill 

ticr:i produced by them are in conparison larger to 

thos. produced by the higher hitpinics. ecaus., for 

an instant,#  as suns that tie fund 	ta]. has the saw 

a*plttude as the sect harnan.c. Then the sapittud. 

of variation of W for the fundaiuntal vUl be two  

tines as large as for the sect harnic, because the 

duzation of oscillation is two times as long as for 
the Utter* The mitt . of the oscillation of pol.0 

wheel will be four tines as large as for second ha. -

nic since, the variation of w to two times as large 
end the tine Is two tines as long. 



c1AiucmLu flC& OF $ CflRONOU NAC}I W 



Lr& III 

A fc'., C oractc ist1C3 and c cyto t,ifl 
bo rcvictroI in this ch to r7 .cc will be .f rthcr ucc 
.h oubccqucnt trc3t cr . 

it is a tic 1]. bnoin fcct thatwhenon 
alternator is io.ccc3 Ito fic1d otvuct c roc 
itb roforcnce to its tor. .nz4 volt ;c Or' c VOIt Lc 

or t• bus to tiktch It In ccnrcctcd. i .Iart 	tho 

rotor of c sync: 	000 rotor caovco baclwoxd uitb cfc. 
rcnco to its toz'. to l voltocc u cu tho s to to Iocdc•d 
ccchoniccfl.y. In cittcr cLac tl-c ola y tthtth tho 
rotor to dtoplaccd from the ter Taal volt-n c to co1lcu 
the u I it d& Gpicccccut a the c .r-c or the 1oLc3 

G,ic c Is dcnotctl hero b t the Cjcbo1 0. qiuticz. 
3.1, oco t :c v i .ticrt o f oicr uith lozid atj10 for 
a Givcn ccit&ttcz in the coOc of a z altcat V02C 3 ft 

circncuo L.•, :.cbi c, 

.., 	Gin 04 .,.. 	cAn20 
r  r 
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U t ~►C cutp :t off'cn c1toif for cocctc( 

tc c,. c r 1,stci&t pctcr tic i UaL; cri CVcraticL UM;CZ ccno- 

t,. , t u c:it . .an (cc 6ivct 44 CzIwAim .1), to p1ctt. 

(: Lt LA ; C .C: ; oi lu..L, "nt;lc 0 0 t C VC tLCI13r  

~ I 

2 x 	x _ Zd 5~n9 + 2 	stn 29  
d 	 d q~ 

fi 
E 	 i 

. 	CC=J 

Xd= 1,0 
Xq-0,7 

I ~ 

0 	20 	40 	60 	80 	100 

Fl, 3.1. 

i C -.0 tc f. z, -- C t Y 	th.t 1u i:C: thc.io ci  

fXy 	C w C L, thc 	 tot cry a I --c rti .r , re 	r tL , cc 

• 



U 
tic o1ccr rtc i pc rcr ic; dl otu 'L cQ.. B cc ulth € 

itci c csc it 1oc d r1c the cc. chino aim sa p1 i core 

c i cct l cc.i po' cr cn if the pricccvIc i in ttt a v:i wZwf 

cciLct, tLci.:.ct fte Coto a br tttr.3 ccticn dIC to t 

pc oz output cn. t c ncrcaoo in load anio 

i c cc! cx . Thio fceu c t 1,,cuor lo c i. to tic .•cto 

ci c r r c of oicet rieu1 y c A 1i 1Cz:C 	Xt c:.:.. 

bc &o€. . i-rcr tic: crvo that If the rotor asciI1 teo 

aj at j . t o r:ecrz joit1cn, tic I 	tczcou pot c cc 

-CGs with tho chemo of rotor roottim it the output 

per c1ccrc 4i pla0cmcnt rc r s practicci1y couoLrit 

tau 1cz►- . -. tic ooci11atto.c ai c c 1 . 	k l o tactor , 

o tput per uit i1 1c cczx t o tLc i ..Jc Of cLtzro of 

o1cctrtci pc cr uit . Ioa4 LD31c iZ t!O:-fl au the o~ 

circ.zit;;Ln,g. GWC1 cud tho oo o ap=din: , torgtto to coi1- 

►cd tiro c `tchrcniaii tojuc. it ( ncbcnix i L potrQ) 

to dcr oti-d h7r3PS 	Thus ~ z ~. ~. • Thi DC uCr 

trice to Le p the 	c. i ~ic Lu ;etc d 'ti the G, ici,, 	it 

c ciid be notci tIict i~ 	is c iii.c cii t at dtffc cnt 

10 c13 c1x cc the ctu'vo czLxlOt c conai+icxed a it itjh 

r c ovcr the colo rcnco. LpG 010 Cif  CU UitL 

C tC.It"tIt1.Cf D to inJ. VO1ZOJC, 3GL,, rcc• ci owturt tcn c1 

otkic, .1actora. ? o cynchcii3inj pc or la difforwnt 

in atC .+ ;, &tcto rte;(: t•nalcnYt OpCrctjci3. 
0 
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Tho tc i "c tatr , vrc icr rcr ; ' .Lail. 
choo of etc load ,:I.c ccix o ObtUncd for t Cara- 

tc t czc1tz do by a rs 	 ttcz 3, 9 with 

rospcct to 0 0 

	

rip MJ 	 U2 
4E1 0 	s 	 - drk 0 

r 	a 	 0 '~ 	q} 

it Cry, "Pa 	Con 	92 	. _ Cos go ,.,..U.,~,,. 
Xd 

	

If Xda 	o C380 c f c III i 1 roto 

} yid 

O
M

PO 	y~ 	/i~w~FA1~IM~t Con 	 A4'~4f 4 	yCilC7il rffirl~ 

Ad 

1ujc 32 cnci 3.3 tcu tLo variation of 

oynthrcniiDC puce In tarbc -,a1tcrm tort cod t1tert  

polo cciiiro 'oapccttvcly. 

Tho 	oniit;,j pcic in ctictii ct 0 n 0° 

end 4ocroaoci with incr z&o In Lot 	(13O. 

• 



xd  Gose-1-U.2  xdX V  GOS29 

cos 2O 

E=1 
u=r 
Xd= 1,0 
act= O;  7 

13 

O 	45 	90 	135 

EU  cos0 
xd 

FICA . 3.2 > 3.3. 
7 	' 

rs 

Kos*lr:L, lips I tLc syr3chrcr izirt; torque 

whichis dciIccd a tic ci-c-.x 	in the tore per de w 

ctiangc in the displaccz cnt Of the 0 rotor, ccn ►e cc1-

tulated since the - *pee d is practiciIi cctstiit. thus 

975 	M 	 In a-Er'. 
If bps  i s In EI. 

d *18  is the syut ircnOu speed in No-Poll. 
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1 n+ .er lycLVI 37r chro! cn^ rotors r .0 

crP?4 r c r! vrn crcratcr t ve c ct i cctz irthc c 

c tr '1 cc' In t1 c pole fr-cc c. GflC of tLC c 1n 
puicio c1 npor ut .nt . to to Dro;idc Foot Vx 

-ac ocquc cc ditit inch rcoitt f 03 tL:c toq gtic 

cvasc 1 by the tntoracti+ : of t1 • c dc:.rper currcn s (u is :a 

arc induced hcncvor the rotor tco to cpccd up + r 

310J ion) uith the po&1 ttvo -p&aoo soqucncc 1. c. forua 
rotating magnetic iicid in L,*bø ctr- cp. x c runt of  

positive- pt aao ocga nco io grO t l3r inreaocd b rcl~ac- 
ftiC tho rocs stt r :c of the dccr x-Avd1t o. 	L: + l 
-un a sumptio!r pro adc in dortvatiot of the circ 

onion for d irg poor -► 

(1) 

	

	The armature circuit 	ietricc of  o t1 

s chrono r mac :ire is rc 1iC,iblc& 
(11) 	` ho field trt :dIVU thith Is p 	lod 

ozily in direct c.i o bee r cciictb =all 

it , in tt c +hoot ci to 

ti) 	0=11 vcIuce of oligo co cc oido, c4. 

C iv) 	 »4u. pot ' ic cauc d Only b r ,yL c 

dct por t.. t .ir on the rotor,* iso o c 

€il-yo :` - c .rc Ltc iic .,& p th-, arc Cc &2.dCrcd2 i ' x c Ci rri- 
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In or er to derive expre c s for the d p' 

jt poww,  ., quiv ik r t cirecit di.;.:grL..n: c :ytctr 	$ 

zuuthtro in asyncbroncuG run are drciwn 	cwn in fig- 

ures 34, sr 3.5 

if the applicU voltage or 6bo volts c at tCr- 

. als of thechine be U then the voItcz.e +cati; f 

f1ci bf cu.,rE t t in the dares , 	qurat 2rC axes 04 

cncl 	0q 	arc rospc ti ciely 	U $n 0 itC 0 (.os e. 

(a) 3 	p ,n 	rtn direct azist t 

The e plan cf attack is that knOwin4 

the Cox p C:rtt of volt &c in the G.ircct is an the 

cxivticnt circuit of a syrchronOuG chine in direct 

xat 
 

re~5 	Ret 

FIG.3.4..EQU!VALENT C IRCUrT oFA SYCHRONOUS 
MACHINE IN DIRECT AXIS UNDER 
ASYNCHRONOUS RUN 

axis at a sPip s, the c . xL:Lt i1 owiL in the d : aper 



u1fl(E In the d€1E'cct rho la cc lcu1citcti, 2t 

Gccip1t ; pcc ,.3 c 314iA1tcc. too 4 al t ,ccc 1t tc t!:c 

thco7 of t o cocIczo c' im o 

C t C tcrviuc4i& In dt 'cct cZio $0 

'Iw 

d 

1'Ddl *x03) - r c> 

zo3. c 'o' 1O1 %3.) 

~'t 	i. 1 ,1 ) 

4D1 z& 

ti oic& 	1ck1 
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Flo ctic j tjc a c c 	t tLc v .:.izc of 
'e/O tw v: ; l Gw 13 vc iuo € c o11 l a Cc=pz:v~ ,c i7 

bc - turc e rcnt n the &tcct ot13 c t 

cIl: 2t1CU1L3.1v 3 to Civ by 

2iio portion of tbis total uturo cr. rcz 2x 
tLc 'oto Z circuit 

IFS' O 0 It( e 
	 ~I 

Sam 	 a__ 

 a01) ] 

tt-o vait0 cf ld(,) 	the & ovo 
Czjticti en: 

Canna 	l 



Tho po lcn of the rotor current flc-iii, j in 

the diroct izic 4crpor winding 

'; 	11143. 401 

bubt titutinc to v1uo of Ir(a) ' tho abova 
cquc tion 

`  

Bubstituttn8 tho Value of ) in this Oqut2ck 

2. 	a3 	'' off. "ad 
3 

Ucsin , the dofinitlQn of 2" (ort circuit  
Qb- trcrg i nt tiro conot nt in t • dire 

rte,_ 	1...-~gX _ t ... + 	. 

'~ (aal c , ti Ci , ad X01) 

U 	
32 

al cd 	- 
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1ccordi€83 t o the t ccry of the co cbr czx ao 

.cch1too the (1&1!?InC pc for duo to tLc d .rcc ro 

Dfl(s) 	a (1=a) 

Linc0 3 to vc y G iafl ( I a a) cm bo 
tttcn as cqu3l to 1 

Tho foro, 

6utitutin tho vaiuo Of :► o) 	the 

z bcvo oquct1on- 
t 

U2 	 old  cs2 d 	 i? 

( 	) 2( 	a3At . 	c i ty.) 2(1 2 j) ) 

Lrthoz 

2 

_ 
T 	 >y 

l 	 " '.."' 	
it 

ar c 	' 	al )  

coI  
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bince s is wall, 
0 

b2 T4"2 

atd therefore 

kDd a 2 Lint 0 (j  e1 I ) fid" 

(b) Di4xg Power in the Quadrature A e 

IroilOwing the s c procedure as in 

'iradILE the din. power in direct axis, damping power 

in he q draturc axis c., n b€ found. 

The effective impedance at any slip a in tbL. 

qU .dr turc axis at the arrut% rc terminals iss- 

r 	- 

?Gat 

x ad 

~âv 	x oq/ 
•s 

FI 01.3.5. EQUIVALENT CIRCUIT OF A. SYCHROIVOUS 
MACHINE IN QUDRATURE AXIS UNDER 
ASYNCHRONOUS ,UN. 

• 34aq (L5 + 3 D9]. 
• 
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Thcrofora tho attac c u'cnt f10 i rj tE the 

02,

-- 

	

c 	a 

2ho I)Ort ton of t hi a Dr an o cuz?CZat . .fin 

in tho ucd'atttxo ci s dapo? u1r6in 

	

a 1c (a) 	7, 

Subotit t in ttm vc 1 ac of lq  (D) tn tho aoco 

Ogt1ati 

Uotrirj t bio dofi tta of 
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Tho 	4ti pocr (kw to 	rctarc rio c 

pOZ 1.7imanC 13, rxcco' dtnn to t►ho tt.co o' a~c~ r z . 

' 	a U a a 
S9` 0 Ic 7i7 cxi11 (I - o ) So app o tc- 

c.muc1 to I ansa rAcc D 

0 

oz$9 	tIq 	% 	$ 
2 	 & 

iiirthor, 

C ---------- 	 r 
Io q q 

Ticnco Q 
1 

ci 

Ginco 0 is VO Z7 cmUUD 

an the fore 9 
sa t 	a c f 

	i--- 
	c3 

or C1, 	U2Goon' 0 ( 3, 	3  

~% 	 +asap o d030 BUJ V UA %c_ /2..L L L' 	g 
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3bnti utt3 tO VQ1t2Z3 of ri cnn r 

r U 	(j 	MMM .) d in 0 4 (""no . ,.w .,.~,,,_) s t Goo 

11 tho irciricua cox otenta nd aico t.ho voltctjo 

era Czproacod in P..130 , UK) 10 obtai od In V'. U. cS 
z'atcd EVA. 

a Lt 

dt 

uhitn 0 	0 p JJj 	0t tho ckriping pot or 

to aOro when Urn iacbiflo rc o Lt 3yf.ac cnQuL) QpQO L 
thou e c Q and 0 Q 

ri q Xq 

Co° cnn 0 = 

iCtro 36 oI cr m the viation of 4 pi 

,o; r rith tho loco =Cloy, the 311p a bomb tho pc a 

rotor. It can ba ac'o that t1 oco moves haveapp oxtw-
tc y VwtbapO and DtniCUZ3 dwpt p0uar la obtaitioci  

at 0 	0~ It is obvious from tho ctaz,voa thcit• o 

cojor ccnt iLutim is that of tbo qtizidttuo city dat> 

p01' vir-d. g cad tLcsci o -c a DaCbiUO bavt1C Fall Cc s 
tT11UU1.D 	11 hcvo C1ot1VQ1y `:.LJ ca t1CJ O ' d - a3 
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ND 

0 	 rr/2 	 TT 
e --~.- 

F/Cs . 3.6. 

c Polar iaa orn x t or 1r rtj ci 

i s eval into this t. rotor Ct bc.: ccn, idcc 
red to tic cc c UP of two partes 

U) 	the circular € s ,such .s the pole 
yoke Of fl heel rim, an i 

(1.1) 	the radial ports uci is spider 1e ,s 
or &pckcu Lr~d the voles Witt tir copper 
ctc#. 

To dctert .re c s iicmcnt of inertia 

Lot 

1 * axial l(r tb of tIL I1ZI, Jr, cats. 



g a 981 cm. per second per second 
jj a veijht of ring material in 

grimes per cubic cnis. 

t * time in seconds 

T snc lz Itadti in cms. as shown in iiLs 
-ure 3.7. 

F1G. 3.7. 

The moment at s point r is then 

r 	 ani• 2 

The moment for all points of a ring is 

j 	3 	2v1' 	2 • .2 
1 r 0 	 t 4 

hi 	49  

25 



26 
13 

T o thick ter bo cicWcd 	 i'c thC 

v 1Go or of T r ccca- tra c 000000  u tcz o 

tho total cro2jbt of tho cos) 

ccc s C10 tcd In aciaq 

	

t1O t .Ot 	a !CQ tho centro 

if ' MVIt ` Of $ 1O 13a to t O 

arzt of the ft ti co0 
Tho pow txoa wont of lto ici for a 'o Woz 

of QovOrnl I'tUg: 	otboa ports C bo Q. rO$a 

CD2 	2 7 L.) 	2 	a 
01 0 

2 
. T aIa in50-0 Toc vczIt iito 

 It oIcu1d bo cultipl,to br 
 

factoro 
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CU*PXLR IT. 

OW OP A 8I*(kLI $&T 

The trregUax torq; a of thou pri* c 

mover acting upon a synchronous - generato' operating 

iad p dsntl.r I. c. $upp1iflg Its own load el+ 	, 
causes the velocity of the pole 	to vary betw- 

-*sa a eta and 8 athinua. 

f 

T 

r1  

Fu. 4.1.. • VECTOR DIAGRAM OF A SALIENT 

POLE SYNCHRONOUS MACH/NE. 

A uzaifora1 di iwra .cbine has a ecnetsnt 
speed of the rater and bates a fixed position ot'the 

vector 3 rapresenti the induced . H. F. in the 

arastura circuit. In r•lattc . to the pole structure 
au&r&tines with the c tsta-nt no 3. velocityOf th* irre» 



• 
gulartly driven stricture, the later to either 

leading or lagging in relation to the vector Z 
or the uziifonily driven aechins ; the vector a 
of the trr.gulsri3i +rim chini its to the. 
right and to the loft through a fixed cls. 
voltage vector * tll bunt togs- r with the  
•. a f. vector 1, bicause in because 	 case of generator 
supe 'ing It's load directly the voltage vector  
9 to fixed by the iced vector A • This The 

load ale , • will resin constant. Sim* the  
eynchrczitaing pix 

no syn [rcm zthg power exists U • regia 

constant. It j thewji. also true that a 
synehrous generator  operating indivtduafly or 
separately possesses no synebronistng per. 

If the influenc, of the cue in spd 
of the machine on the flne load is farad, the 
surplus torque accelerates the - 	0 and the 
deficiency for iu. retards it; both produce a 
+ego 

 
in it's velocity relative to 108 asap 

Tb. power equation true for all instant 
is 
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where 
X , a Pria.sotr Pyr 

lit 11  ki*ctrtctl power drawn fros the 
generator* 

5. 	Acceisratini or stjdjnj err 
42 

where TZ  a inertia Ti set t (See Appendix) 

The surp1As per reaultinj in # 	is, 
a MA  40 N, 

If NA 	S p cm be p"mmud by • 
pulsating paver with the angular is u a 
having an aspUtuds Rio  

a NIL 	grit, 
Where N j is In P. * 
of 11 

Therefore, 

• JjV 8th wit 
UUS 	Ti 

integrating the ezpr.ssta 4.2. with respect to 
tins  

ILL Gas jt 
dt 	Tt W1, 



is the vsriatim in t.loctty or sue. The tial 
vsristidii between chest and lowsat speed is gig► 
bars 

T1 	Vt 

The ratio of the total varisticn in speed 
to the moan value of the speed is known. as the d 

-sOO Of angular iriegul.rtty or the oo.eUtcjent .f 
cyclic irrguiarity. 

u u i u. * . r.wr 	• +rtrrr.rrwrrr *r: 

at 	I 

T 

Satisfactory ali.l oration requires  a 
cofticient of cyclic irregularity that does not 

exced a certain ttxed value. This say be larger In 
a sachine Bch operates alone than In one which 
operates in parallel with other synchronous acehinee. 

integrating again the equation 4.3, with 

respect to - tI:ae,, we obtain, 

2 	Wit 

or, 	
Ti V1 
	 ,~►M........ -*4.5. 

30 
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* Dstitutin$ t1e tea. of a fros qustios 
4, In the aszi,sU rra1ii. uatt 

vh*re 	Is the Aaber of lapuises per sic. 

Sibstttuting  

ire P is ager of poles 

60 
vb.re 1 Is the mer of oma p 
revobit i 

2 

I 	 •► •radian's 

02, 	 (a.ssur 	di u.$) 

. 	i 

• 



OPUM O A G 1Ok ZI PALS 
TO THE GRID WHEiI TE PR1ME4(OflR  
TORQUE OF THE OUthWOR 10 IIS X4R 



F/G. 3.1. • VECTOR DIAGRAM OF A 5A[- /ENT 

POLE SYNCHRONOUS MACHINE. 

m 

Lfl*PTaH T. 

OF At U8LIU12Oki 0 PAiWUJ 
ID 	11tb P1Uz4E.Koa TOR 
F TEI G L, OR I8 IB1UGULAh 

The case of a synchronous Swe for op 
rating in parallel i#th a cOntznt Volta&* constant 

frequsnc7 bus is entirely differentfrom that of the 
singly op.*ated generator supplying its own load. Zn 
this case the tarminal voltage of the grid and the 
aachne Is coion*  end thereto Matt of he 

* L. ,o the to and fro notice of the pole stmow 
-4uire due to forced oscil1attons by the grime aover,, 
a',sults in a change In the load angle since the volt 
age fox rem as const ant. The kation in the 
lead angle calls for a m syicbrovizing torque. This 
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sycbroniainj tie to defined as the tscbth* torque 

per r nit 	d'Or a kgs lii the 10s,4 Mal* S`ror 
on to 0$.0  who 	% c r.spernds to the soon p 
sittoc of the pal* structu ,, the change in asks 
ovsr Is ~0+ The surplus or the 4•tielsnt 	pv...r 

supplied bi the prim sover Is used in aye 	.sro' ing or 
r•tsrding the poim,bss'I, in bsi.nclng the syncshrofl si 
ins e.nd doaajng powers. Therefore# 

Ti 

	

V 	dt 

1p.Ob  

zp ssing * in per =.t# 1D end ap 
being already In er wjt, 

Ti 420 	1 ...w". ,M.~..,, +.....V.O► * 	+ ps 	xa 	swat 
V 	dt 	Saar dt 	 . I 	$ mitt) 

+r 

	

+ 5 	 + 
dt TIS. dt 	T1 T1 

+*28111 sprit + I ih *Vtt 
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lstlecting the transient# the solute for 

0 cai si st s of two parts,, +n* du* to constant torn 
Sod the other du* to series 

(8th ,cwt + S2 Co. .Ur1t) 

The first part of this is the average + s'• 
p ►int of the rotor due to the load under which 
the mac n. is operating. The second part rep s+ 
its the .hirnting ox the variations 	 the aigu1sr - 
-plscant doe to the ber.cs in #t. 

Only the second part 1s of practical hater 
est as It is this part upon which the power pulse. 
. ticu depends and cona.u.ntly it is this part Vhtch. 
determined tether sans" s+ toaj operation can be obti 

- iiined 	eny putt 	 case* 

ow+ver, as hu been statid in chapter II, 
"t cs no. 7 only the fundamental will be taken 

hers and therefore the power .rivation reduces to 
(ignoring the constant term also) 

I 4CL 
* "~ 	 Wit 

 liv 

dtT S 	dt 	` , 	Tj 	_-~__-►- # . 

B*bstttut.t the d.ftntttocs OX T and we 
(See VWW 



35 
TV 0 Dir es...constant 

a 	T't 

_ lateral Angular frequency of Oscil a G 

  
Se* Appsftdi 

• V• . 	Stn vjt 

	

dt 	D dt 	I 
let#  

	

p 	p + v•2) L* 	Sim wit --..6.3. .» -.. Y 
1 11 

Tb. trausient part of the solution which  
torr.spo ds to the oscillations of the ea chine M 

it is first *W1tChe4OC to the bus, to of MOO 
Importances  as thse os l rzs quickly diS out. 
It can, however, be calculated quit* easily in a 
sispls Case such as this. 

The prnanent hauting is easily obtained  
by putting P 0  , r* 

in Order to show the effect or the dimer 
winding the solution of the above equation will, be 
carried out in two stages. in the first stage it 
shall be assumed that there is no MOW winding 
provided on the sath int aDd in the second *tag* the 
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effects of the dapper vindings will be 	si+ r.d.: 

8o on of t +pit ' 	tit 	r 	s 

Ignoring any other duping paths, the 4*p. 

tug power is zero when the daapr ming is absent 

i.e. 

Bn V dt 

The equation 6. 3, then buss. 

(p + W 	a 	LTD

Ti 
8 

Vit ,W.W.M00.4 

Putting p 

(Owls * v i) * a - am w1t 
err# 	8th v1t  

~ 	 e 

The aaxizni value of 0 Is* 
SIV 	3 



It should be noted that the amziaas load 
ami, obtained by operating the synebronous machine 
without &a"p.r winding in parallel with the grid is 
different from the sazisus load angle obtained in 
the ladividuel operation; the prime *over being pu) 
• satins in both the cases, which to amplified by 
assumi 

 
a sinusoidal variation of the prias..aov.r 

power. 
It ~1 be the a ztaaz load angle in 

indididual Operation end 	be the iiaziaun load  
sag ie in grid operation of a sachino haying no dss - 
-or ceding s then with the help of equations 4.5 and 
5.46,E we obtain t 

saZl IL 
Wj 

The factor 49 is sailed the upltftcation  
factor or the, sodulus of recce. It ii". the, 
ratio of the sszta s 1"4 eng Ic in % ssshins coats ► 
ing mass or insr;i and the synchronizing force to 

the asif wo load antis in a nachine in which ea1i 
sass is present. Tb. srplcati Pastor It des 
upon the ratio 	.» 	*re 

37 
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$incs IIazj gir*a by equation 4 S Us a 
value d•psudtng upon 	it has s son SUant tin- 

v 
Iblto asgnitods. 	T, i 

iLnct ~I tat con stint, tha mite.- 
tion factor C is therefore directly a a.arnzr. 	of 
magnitude or ***illations which appear iA Parallel 
operation. 

Pr ca ,cation 5.6 it is clear that as the 
natural frequency  of the name and. the f requensy  
of the foreed oscillations of the prise-cover apprear 
- ch each other, the plication factor beemos gr.*1, 

• till . ' w 0 r ,S resonance Occurs and the aap -. 
cation factor, th►ret .+ally, beccs infinite. 

Therefore to avoid the effects of resonance 
terry I+ * values of oma lid ani10s, the nattaral 
frsquaasy of t he aide and the frequency of the 
forced oscillations of the priso aov.r must be ditto- 
-rest* 

tether, 

f..a*. 
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and 

V. 	11I 

V 

Tb" 	can be easily varied varying 
T1 since the J&thronistng pover fp, can be tarisi 
armor wig s.aU :lits 

solution of 1q"tip 5.3 with aeipsr vtMir1B 
Squation 1.3,E to 

W 
.P+W~) ra 	8iflVt 0 	 1i 

Putter P * 3 t, gives 

.wj + 	rj + We O 	#n grit 

_ate, Vjt 
$ 	 F 

w + C 

ijV 
j Sin Wit 

• w )+ 3 i.wi  

The *axLiwD value la 

t('. awj)2+( JL)]  



Ting the aziiiva load angle In this case 
tob, 

I 

1 

where 80 is called the eapiiticaticn fact 

with dainpc, 4ndtng. Thus CD gIviss th. ratio of 
the s 	loci tin 10 In a aacbine contathint was$ 

or inertia, the damW poor and the syncbrcniziu  

torcc#  to tb cuicu iotd angle in a made LA 

which 	 mass to provided. 
`horefore, 

3. 

+ [flLE:V 

for a gig value of i7  and V 	CD < e: 
i.e. the aplicttcn factor v1tL dimer wirdig 16 

or* 

lar than the one without ri per wing. Tbare ow 
dsaat er w din resztt3 in a reduction of bating. 



CHAPT I VI 

DESIGN LXMITAIONS 



rLlwwIS1 

des it has been seen that when an .t- 
er* ator is driven by a reciprocating 	 .1ne vMth 
•'slop., iaa zantly, * periodically varying turning off-» 
«art or driving force#  there fists as a natural result 
a possibility of Mable operation of alternator » a 
possibility that the natural frequency at which, the 
rotor tends to osct1at stay be equal to or sear near 
the periodic  r iatims of the dries. torts. This 
coalition of resonance vili Case swinging, or' amtlng' 
of the rotor* The amplitude of such rotor oscil ar t 
an mewed by the 	 ►as displacement of the Qatar 
from it" $ stable position C the position of uniform 
rotation) is determined by two factors, fly, 

(1) th. magnitude of the variation in anger web 
etty its. ( the result of periodically varying 

driving tore* working against the practically constant 
real sting force of load and friction), and 

(ii) the proximity to a condition  of resonance. 
A larg. amplitude of swing sight be produced 

by a seaJi periodic variation in angular velocity, it 
the natural fr.pi.ncy Of time swing is very nsas the 



f quency of the variation. 	 to the question of 
design of new Units$ it is possible to d.tirains 1 to 
from the design of alternator* This sakes it possible 
to design the flyh•ei by the natural frequency coast- 
derratlon (Th. natural frequency should Dot be in net ► 
ghbouthood of treqii.ncy of the engine est ons CC the 
i cl s). Beyer, a Wilts n esttga tost1 
aade using equation 680 Bch involves d *r winder 
also as tam Of the factor to control the saplicatton. 
facer. Bet, as, i]. be eren later, the f3iwIte.l do* 
ga could be more 	lent and inough mate f 

the natural frequency consideration awe. 
We had in the last fp r, the aplicstton  

factor with dasper winding ass . 

SD a 	 ~ ~»~.- 8.8. 
[2 "? 	 t 

The angular velocity of the pria.aovr 3S 
Omen by*.* 

vi a I v # a « 
ti 	w 

Where, a a Speed in revolutions pr r atn 
$ s n +r of ispuises per ramal 

tie 	 • 



t3 * tin* b w era two tsp s.s 
a' is givm . it the following tablet. 
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Single Cylinder , 4 eyelo gas .ngtn. 
TWOMCYUnder 4 cyCle $at sine 

(Cranks t -gather) 
Po - 	der 4-ejel. sit 	. 

(Cranks at 
lingi. Cyder and tandem steamtn•s 
Twin k gins (Cry. at *) 
Triple expansion engines (cranks st 1.200 ) 

A 
a I* 1. 

s 0 2 

5.4 
5 

The question arises as to the awl for t 
tug in a synchronous sick +e. 

£z*s.tning the various teres in equatti L8, 
it is easy to see that V1 a 2es Is constant for 
s particular type of driving reciproesting engIne.  

V. 	 (Bee Appy) 

ZIPS 1p5 * 	to the Slope of the 
do 

(1w,.) 	. For the to rh 	 :s snoratar, this 	par is 
inversely proportjonal to the direct axis synchronous 
reactance Ad of the as thins and is nearly so for 
salient polo sine. 

is 
a T1 
	Ceso 

. . 



2 	a 1COU.00 in tho vcilua o %boo MO ''OC o 

jQc ooc2.rj 	O 73aO 	,p ► IUC70 

a 
an 

(SCI). ca 0 

Tho2ofo up0 Cm bo cocioc by Ino. 
'JC tho Cbo ( C'&tt .t1Q O 	 °by 

t! o 1c233th Of the at' 3c ?0 	.oi cc ttt 3 

11 ado cc aotuo cootli0 IT o 	bo vcd ui 

Ia ill 1Z3tt ø. 

co 

ao oforwo 1 v i i. in " 	̀j is 3atblo bZr 

a 	t 	t! o 	zczt o 2aot o Of tho . 	vim p too 

Q? 	of co Of tho cct of root. 0 i0 0 
Com=thz 	(1005 uot Ito ii trio  

of 	. 

(000 Lppc a) 

~ # I + 	~ ~ 	'. w ' ~ • i _ 	jt # 	M .~ 	a 	dt 	IF iay~l ' 	E ~ 	~ t 



Daaping power cm n bC tzi4ressed by 1ovr1ng 
the effective r•sistsnce at the aaostisseur bast or 
by providing then in a assn. vhera no drnping wind. 

-Lag Ls pr•sent. 
Thus the miss at mitis * 
(1) A441tioi of the der winding or 

-s$. .in the ISCietsacs of sir dsmper 
which to already provided* 

(IL) age in the sir sap of the aegis. 
Cie in the asst of inertia of the rots' 

ting parts by providing a suitable flywheel  is the 
most soion sett of attacking the probl 

in the subsequent disczsstcii a n.uneri i 
sols will., be taken to sww bow the sonsat of icex» 
tie of the,  flyVbsel can be .ati rite+ for stable operoa 
s.tton. 

Consider a seas with folly specific 

300 Z,V.A,, Coo 0 * 0,8,E  31W  
55 At  OD eifs, 375 RPM, 
Kosaiit Of inertia a go a tons "#sr*  

iq t .tea 6,$, gives the swplicati+z. factor 
with deaper wiz t&n ► as,, 

45 
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Taking 

an a 0.025  

• *I o.o s 
0.9 8*+ 0 

Alss~ a four ,  q nd*r,, 4 qcla gas +ung$ 
(Cr ink  at ~0) 

a a 
Therefore, 

0 376 

IE.5 f I 

9 

9 

00 	. e 

/ L°' oaa + Co. oa3 

1 

0*020 + 00~ 

* 6.56 

NOW the cures s showing the Yaz'i ation5 of 
with Variation in t D10 I,;~and 	sspatate1r are 



L 

--1 

- 

__ ____ I __ 

i r N 

__ ______ ¶4 ______ _____ ___ ___ 

E I I 
!I I 

P 
I 	~ 

4005 	. 0,01 0,0/5 0,02 	0,025 	0 o 

0) 3 	0,6 G 02 	0)9 	0- l' 2 
	1,5 

4 A ND N p S 	-----~- 
FIG. 6, 1. 



U) V*rtattcn of off, as AL furzcttict of 
4 

Taking the giv n values of 	art of thøvtta 
as unity* 

Tsbl• 10 

T1 	IT 3 fv, 

0.6 	1 10,E8 1 0.5* 	1 93. 49 

1.t&a I 0,706 
'JiI" --- 

1.0 	1 18.0 1 0.9. 	1 72.3. 1 6.65 

10.4 	126U2 11026..  moo 
(.a 11044 5?. 13 

108 82.4 11.62 	Ies.9 I 

(U) Tsiati of 	 as a f -ton of ops 
Table U. 

0 
F 	

_, 

rir 

Oisa 	4 
Isr1rnrr1rrFr11T1tIn.i*tLLLIrF1JJrr 

.0 72.8 
.4.,U. 

0.58 
1.1 78,8 3,3,2 
ii.,  I 	7903 I 	a.s 

3 	1 r  82.5 0.4* 
6 1JJIUUl.LNLlJflIUlPf -: 
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(Lu) Ysriatton 	% as a Netto ot 
Table III 

-L.r.. TL 	1 	.J1 	]iJ_Jfla1.J 

.- 

0.0 0.0 0.0 

0.005 1 	0.1$ I4* 8 

0.0] 0.36 1 
.0 6.3 

0* 0 
J! 	L 	r 

00 
lt$UIIfl LII 1Uf!rlIFguIJunnwnrJi1rnunh1a 

4649 
umuuuIuftJuunuIL:JL 

0f05 . 	0.9 
1 

 

0.03 1.00 6.63 

• The three cares are. shoirn in figure, ] 
ft can be aeon fros the cam►* of ex) Vs.# 

t the variation of valuss of ¼ effects €i,, 
to a very ill. extent. 

In practic, the variation  of Nve is f,ssi" 
►ls cx vithifl. ill haLts. Therefore, the° sosent 
of insr is to on1 left to ed just the value of the 
4icstian t rc.~ 

Noraa1ly# the a*pltficetion should not be 
No" than vivo in any case. With such a IiaitstIoit  
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Tho etcct , 4ogaQ I4tO8 O bo r otdo4 rotes 

I7+as r Tow CyCiO fl13L1O 0 particularly QZ 

ba ` 4ho o iatim of to ai'a,) but oloo tho o7oiv  

ticz of tho c 
9'09' 0 t JO 07010 oxia .o 3 	tot1ar3 	t4o 

7ovo1uttc1Q of tbo c2o!t but aim zi ioo ho Iro t 

- 0 of Zito c i 	 ' 
It c 1I Do iotcd that 'oto 	oOt ctttea3. 

cion 	OJZ o 0000 to t ho oca obitt 4rc o3 	o0 
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of ii a dia1aozic 	o P dE ood o  2.t X13 øauoo a 

proportional fiou of ot onoz3g CtU!OZ t it a tw t 

di Dplacoiaent  or cma o octzic 3. ra UL D  thO `or +moo 
Goat= tho ouz'ront Vill bo* 

10/674'6 

$lura tho potiiooLblo va .uo of Duch a 

vu3oatiEig auzx 	o Psopør baoo l OZ ozi ra t id 

ouwoz Of tho alto ato 0 tho 'Port ooiL .0 skenw 
of lcooac i o cc it t. o1aOoa to ' ► 	`or 

oido 3rp of tho ooaa 1* mina iia 	' a 
r0Z'0 Pt3t in oo ii CO. bOf O 	t O of tho icO 

ro i to ao end t , t oro ' 0o  bad °°°° Itc*° 
TO3MIO i (LO va3ao 09 11►ao orcd 46 tho  

smZ t ux3) q  who . t flag 60Z at 0 	13 oic tsf 
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weal degrees. But for modern =its#  designed for us. 
vith regulators and especially the single Cis ) 
rated g nerators tot Use with internal combustion ate- 

-inas, 	Bps 	is such Smaller - of the order o ` 14 	to 
Otisss the normal rating. For these machines the 

permissible aMl* has been increased to 	3 rag es. 
which would give, in the case of mpg  a 1.6 normal 
ratings  0 pulsating current 

32.6. zY 
I. 0,079 In 

67.3 
whore 	1 , 	* normal current. 	If the generator was 
operating at a P"*r factor leer than unity ( and 
most generators are operated under that condition) the 
pulsations would be some what reduced, because there 
will be "r r little variation in the wattl*ss component. 

Renee the flywheel must fulfill two Edi tii► 
iOrls; it must limit the periodic variation in angular 
velocity so that the resulting displacement ll not 
exceed +3 electrical degrees # and at the sane time, 
Must gig a natural flequency . percent different from  
the frequency of the angina variations. That I a#  if It 
works out that the flywheel effect which is required to 
limit the displacement to + 3 degreesCelectrica]. ) , 
give$ a dangerous natural frequency, then the twee 
must be increased to r. ove the natural al frequ n frs 
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rre n a 	r.vOluttous per sisu ., 
• 1, for tour qel. s, e, and 

to for two Cro1 r Wi n. 
Rona* the **al* for two cycle a ine on 

ape At  ixis vi fl b• 4 times that of for the 4. 
cycle mine; the same, eve* being valid for both. 

ably IT 

R. 	.► 

8.4 	J 0.384 t 	7 0,171 
100 10.5 1 0.4 jO.0 0,284  

► ! A 	~► 	' 10.994 # 0 * 

6LL 
180 

. 	
. 

J8.? ,TJ 	•t Lr071 

LJ.49: Jr-c _•1 I, o,gg 
r-. 	INL..J 

2.. 
n t 

eeo 3.4 Ip.36  

0 3 1a.. i2.? 1176 
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a $ 

if 	is the value of the slip resulting 
in a 4s*ping power Corre$paflding tO rat pevér $,e3 ate 

Then,, 

s m - 

In in 

Therefore, 
S 	 40 

an 	 it 
urt r for small gradual rnnga5, 

Sin 0 • 	.* 	s# 

d the synchronizing  power, 

9 

XP a 4 

or sash changes in load ales IF#  Is 
constant and h ce, 

itP a $ps . 

Th•r.f.rs, substituting the value* of No  # NJ) 
and PIN in s+ri &st an (1) 6 	 . 
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