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In this paper the speed control of three-phase induction 

motqrs' by changing the air-gap flux is sttldiedVlith D.C or Sillgle-

pha~e A.C voltage applied to tile auxiliary stator rtinding. 

In parts A. and B the theoretical concept und'erlying the 

experimental rasul ts had been explained for both D.C and single­

phase A. Ccdntrol cases. 

In parts C,D and E experimental studies and results are 

discussed. 

D.C voltage applied to theauy..iliary stator winding with' 

. six or tvvel ve poles proved to be more convenient for tIle speed 

con-cral. 

Thetheoreticul and experimental studies indica t'es the 

,possibility of a smooth speed control method for three-phE.se 

induction motors within certain limits. 
\ 
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A. SPEED CONTROL OFTHREE-PHASE.~;nrnUCTION MOTORS BY USING D.C 

.IN THE AUXILIARY STATOR WINDING: 

I. I.n t ro du c t io n: 

PAGE ,. 

The use' of direct current in the stator oian induction 

motor was described as early as 1910 by He1lmund and as late as 
'. ! 

1953 by. La. Pierre. After 1953· few other \'Tri ters worked on the 

· same sUbject, as it will be seen from.the refences. . The economy of 

this m~thod of breaking as well as much empirical data has been 
~ . ' ..... ". . . 

presented by Harrel and Hough. A usefull graphical methodi'or obtai...1}.1 
. ~. 

ing·th~ speed torque curves for a wound-rotor induction motor during 

br~akinghas.been published by Harrison. 
'_'_e,"'- , 

· 3-phase.'· iriductionmotor, auy.iliary sta tor winding sets up stationary 
. . . . - . 

'magieti'c poles, around~he stator periphery. 'If tne . rotor is turn-

":ing, th~.rotorparscut the'D .. C .:flux and a volt~ge' is produced .in., thel 

rotor.:' : The.reStllting rotor, cUrrent acting Vii th. the flux prodi1ces 
I 

'1 

.a 'retarding. torque .011 <the rotor and the motor is braked, if we 
"' . \\-, 

assume that only D~C is applied to . the stator., Rotor· reduce.s its 

. 'sIlGedif at the sarll~time the normal . three-phase voltage • is applied 

<to the main stator' winding.. The current fioriingin the rotor is' 

alternati!lgat a'frequencydepending upon the speed. 

A simple graphical constI'U.ction is developed for predict-
. / ' . "., . ~ ". . 

ing thedJln?mic braking'torques of's slipring and squirr~l.cage ~duc-

· tion·.1llO::.Eors.y . takil1g full account of'. sa:turation and: of the rotor 

leakage re~~tance •. .rthas been shown.?y test resul t8 . that the rotor­

circ1.l.i treactance may often· be neglected where grea:t accuracy is. not 

. required." · . ., 

:1 

i· ,~" 

, 
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LisT OF PRINCIPAL SYMBOLS 

VI. Stator supply voltageperpn.ase, volts. 

V
2 

Rotor E.M.F <i, perphase, at angular frequency 

. VI _volts 
s :;-

II - , Stator current per phase t emp 

I .2 
~ Rotor current perphase, , amp' 

T Magnetizing current perphase, amp -m 

,In - Direct stator excitation cv.rrent, amp 

V
D 

-. Direct stator voltage, volts 

Stator leakage reactilllce t roto~ leakage reactance and 

magnetizing reactance, respectively expressed in ol'lrils 

'perpbase" 'a.ta.ngule.r requency t- fs. 
, , 

Rl . Stator resistanceperphase, obm 

R
2

- Rot~r circui tresist~ceperp1mse, ohm . 

,R . Equivalent rotor circuit resist::ulCe per:phas~ , ohm 

Ws - Unit a.ngula.rfrequency orsyll.choronous,sp(:)ed, electrical rad/ se 

_,'Vi. ~ ;St~tor supply, angular ;frequency, 'rad! s~c .. ,_ .. _ 

W2 'Rotor speed,electricalrad/ sec 

If Rotor speed, RPM 

~. Air-gap flux,due to, D.C excitation 

¢2 Pha.se angle betVleenE.l\l~F and current 

T Torque in synchDonous watts per phase at synchronous speed 

Wsdue taD.C. excitation. . \ ... 

-----~~---.,;,.-
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The theory f'o:v'auxil1ary' stator, D . .;Cspeed c.ontrol of 

. induction mo·tor,. ism f'act's:ll1lilar to tiiat system of electric 
. , . . ~ '. : , 

'b;raki,ngcalled fjDynain:to brakingir. The only difference 'is that, :f'or 

the. ysse of'speedcontrol;.· or reduction wehav.eto. superimpose the 

'."Dynamic Braking" torque and actualtnree-pb:ase induction motor 

torque •. 

~ . 

! y When the 'stator windings are excited. bydireot 9urrent, 

"ma(Hi:L~c becomes, arialternator., ~e al t~r.llatiIig: voltages gen'erated 'J 

.<in';ii~e r~t~r·\~in.dings·or·b'ar's ,caus.e curreritst6 floviin'the rotor:, .' ".1 

cir~~t,th~' pO\~erdi:ssipatedinthe rotor" oir61.1it resf stance. 0011 sid t'l:t1 

illg: ·.~he'·br(3.~ing~6we~~:·:>The:,resist~c:emay:betha:t~f"~he,rotor '. :,: ',j 
·~d:ing .only; ,ne·c.e·s,sa.~·i1Yso ili}ih~·sg1iJ.rrel.~c8.ge .ormay 'in?lude J 

'load resistanc$s. inasl:; p' ring motor.,. 1 
-{ -i' 

> ilu'view':Ofthe, 6pera·ting:~ondi ti~nS1wi'th s1ieed' rartging>., 

:1rom' ~ero~to '.·,syn:¢~onous . ~pe~d,~d>i ,i~~gs n~~iy' .always.;-esisti ve,. .. ) 
<:: :' '.'. " '-, .~., "-. \'.-: .~.,~ '. ',' ,',-... -,. '-:, - ; ""';,,-' ~.- ",:" ........ , . "~' .. :',' < ':'", ". ; 

·.th~,me,t4oas·of'ana.j;ysfsUsecl 'for D.()rma~ a.Iterna.to~s working are.>uot.·· i 
....... ~ '.,'" ',,: '( '.'. : . ,'. .... '.;". . , '. ...., ", .. ' , ,,; . ':,' " ' '.' ,1 

conV~l'l~ent. '~he method describe'd here,: which is based on . the .: 
'. .', :. \ .'. : . \. " ',. ..' ".' .' " .. . . ,i.... ,'. ,:. ~ '. . _ __ ; - • '- -'-. ",' , • ' .' • .~...':- .' . '. .,':' . " . ; '.' ~ 
, ¢quival~nti 'circui t:'t;(sed:.:for in<;luc-Vion'.motors, is,simp1.e , > and . straight; 

~:- ., _ i .... ,~" f -',' ;. ". :. <. ~ "" ~, •• " ,,- '.<' . " ,', ; - -" '. . -. '_,.1 

f'orward,fuld takes f'u1.J. accpunt. of'.:,ooturation and'of-theroto!' balca.ge~ 
... 

.;" 

. " 

, . 

..: 

',- . 

',,:--' 

'. .' I' 
f _, ~ • 
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Fig. A-I' : Gen(;ral equivalent Circuit of Induction motor • 

. Stator frequeney-., WI ' 

Rotor frequency -' :~. (,f1 - W ) . 1.. 2 ' 

PAGE, 4-

, The equivalent 'cireui t.ofone phase 'of a polyphase induetiol 

.~' motor ';is ; shown ,in Fig-I, ina rather mol'S general form, than is 

,.usua~1~a.dopted.The.quantitiesV2t~'X2and .;Xm' ~e all based on 

". ·thelUl.i t . angular· f'reqilEmcy. W- ,"while the sta."tdr' sttpplyis at, angular ' , .... ,. , .' :-'." n, "." ", .' , 
'frequEm:cy W1 , :the,rotorspeed,i's W2 and the r.otorcurrents are of 

:,' .. 'rutgu1a.r frequency, .(Vli~ W
2 

). ' 
,} ." '" . .' ....... 

:.-' 

'\' :For simpliCity, : the :st~tor!rotortu~rn; ra:~~9 is ,t9-ken as' 

~ty"thatis all ,quantities a.re're:fer.reCi'.either'tb.sta;to~': orrotor-, 

"V;hiche~br: is the nioI'~conve~i~ll.t,~: Fig~:'l't: shows; the-'a.c,tual· values,,' " 

" .of the 'E.:M.~F andth~renct~~esfor the. as'mllll~d'-cOn.di tion:s," and .. 

"F±g..2' ~~lOWS" the ,correspond·1rig·,.V:ecto:r:- ,'d~a.gr~~:." " 
> ' '. • • ~ ", ". " • • •• ' • ~ '. ~ • 

,V~(W,-W2) 
, " .. ,':'J::' . 

. :, · ,Vec·tor diagram cIor 'theequiva.ient.,circuit ofilie . 

... , .', .·~.ihduc~ion· motor.'· 
., , 

"., . .: ,., ' 

',.. The'stator'ironloss i~ll:eg~·~cted$(),t~t:'Im;is.'in Pllt;\se' 

with·~ ,anef'in qci3.dratUre\llith."V;;;;.' Th.is".iSpl~'.jus~ified v/llen, 

the stat~r current i~ dir~c:t:t:' ~iiatis ... ;~en W{ '- ' 0"> '~, .' '. 
,;, 

,.W ," 

, ~! J 

. "-."'" . 
,', ' 

; , 
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The torque exerted on the rotor ispropdrtio~to 

¢ 12C05~ , and since ¢ can be tak:n as proportional t~ V2t the 

torque expressed in synchronous watts perphase~ ba'sed on the synchron 

OUB speed \V, • is ~iven by : s .. 

, ~ , T 
r . 

The equivalent static circuit is then derived by dividillg 

j;he'roto' resistance, 'reactance' and EMF by. ( Wl - \12) . ,so 

" 

that' . the actual, rotor circuit is replaced by one with the same flu~ 

l:inlta~e bU~' with angular frequency W s. The stator circuit is ·also .. 

modified similarly divinlI.,ng its voltage, resistance and reactance, 

~Y'WJ./Ws.' This 'leavesthe,curren~s and phase anglesu;ncb.eJ;lged. 

The,idea.i,l:lratiotransf'grmer may then be eliminated togiv~the, . . .,. . . 

r'e'S"ult~ t "~ir¢ui t shown in, Fig~39in which the angular f'requ~ncy' 

,thr,' .oug' houiisVl 'to 
" ' S 

,Fig A-3 • • General equivalent,Circuit 

Frequency :: VI 
S, 

The torque per phase, l!,express,ed in synchronouswe.tts 

referred to the s;ynchronous, speedWisnowgiven;bY,th~power 
. . . ' :. S 

,dissipated in the rotor resistance: 

; .' 

I 

1; 

, , 
i 



R2W s 
" ' 

THESIS 
ROBERT COLLEGE GRADUATE SCHOOL 'PAGE I 

.sEBEK ,ISTANBUL 

so the. t f' T:::, I 2'R VI I 
2 2 s ''lI;''W-

1'2 

The cireui t sho'i7D. in Fig-] is valid for any values of' Vii 
and VI 2.' Under dynamic 'braking condition.s and' in our ca$e, 'stator 

current is direct, Wl - 0 " and the eqivalent stator applied voJ.tae 
T t . . .• 

"~d 'resistance become iniiiiite. This corresponds to the condi tion~ 

, assti.med in·,the appliea tion"6fThevenin's ·'theor'em £or a constant 

current .. , When W1-'Othe ef'fective rotOr, resistance becomes 

-<ria W : S 
" -~." . 

T' --I '~2' VI /'" ' ' 
2 StU 

, \J , ,,' ',' 2 
wmchtbeirig negative and 

rel,)resents a:br@ki.D.g torqtle~ In the, usual dynamic braking, equivale 

circ~it,the .negative sign Of tIle e~valen~ rotor resistance is 

omit,ted,wh1ch is.quit~ in;:ord~r,so long as it iS,recognized that 

, :tlietorqueis opposl-hein a1rection~o '.the rotation. 
i" , . J • > 

The stator currentI1 isthealterna:ti'ug current of angufr. 

fJ:.~qu~ncy ws,',wmeh is equivalent to the actual direct stator 

exci"tar:tion> current I ',' ,a '.' 
~ -,'; .,' .. -:. -

.~.' > ., 

Ii'all quantities are to, be referred to"iihe ,rotor, which 

usucilJiy.more convenient . ,for a slipring 'motor, ,the values Ilmust 

be muli;iplied by thet:ra.nsiormationratioofthemachine which is 1 

. in·t:qi s, cas~. 

, :Byspecifyiligthe I., arid 1,1 ' the statorimpetance and 

, voltage need .not beshtiVTn and Fig-.3 canbesimplif'iedto Fig:"'4: 

:; . 
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~. . ~', 

" 

. " 

. ,;F1g·.A-4 

. .. , ... 
J .• 

, , 

" .. 

I 

~ ' .. , 

: 'D .. C contr.ol equi~~ent. CirCtll:t.~ 
P.t'eqUel?-~¥" .', :;", VI . 

. S; 

' •• Y, -

For,un,~tur~tec1 'C9n~~tioris Xlll"~.S:~cOriSt8t\tf and:the 
.. ,,:.. " 

. ' . 
:. '. " . '~', 

(1)' "'R '..:-' ··(··X +. 'X ;,"). ::'·{Ph. ' •.. ·5··:6f. ·anpe. n.; d.ix.···· ·:·II) •• ·; '. 
. .., ',- .. ',2 ,. m· .. -q"., . ':' ,.1:' " "":'. .; '.' '. ' .• 

';·,t 2 J( 2 .,; .... ",' "" .' .. ' . 
.' .,·1 ..... , ·lll ", ···'{";·Eq; '., 60f ap'pendixTIJ 

"', I ." .' . • . '. ,', ._ , , 

, .~. '-."; ..... 

" ,2(X
2

t:;Xm)" : '" ,'. 
" ,'"-. .'- . :'. , . 

, Thea.bdye ,equatiol1s: ShOYi,,;;thai: the niarlinun('to~quef'dr a 

. gi~e~, ~a1u:e Of', .Ii " or of:~p' .i.~'::in.ae:p~a~·"fj::o~.lt".·,> but ",' that ,the 

"sp'ee~"lW2!' at.Wh~c~,tlle,.ma!.im~-to!,queo,Cqvi-~·Vaitif3Sdl.~ec·i;lya~ 
'. : . . t·· .. :'." '.'" . " . .... ,..... ." .','" VI . ." : '... - .. ' , 
·;rotpr.-~ircuit;resi,starLc'e .H2 ·, s=!-nce .. ~ .. ,= R2iW'S': ·.,/.,~:~hiS·· r~lation 

~: '!' : " • " ., "'" :,······:~·:2·;':· \. ::'.:: ',,' . ~ .. -
; .' ;. ~. ' 

. ship bet\',reerires stanc'eand speed' ±s~o10gous' to; that betvleen 

<:~esi~"tan~e .a~dsli-;,>in:no~aliildu~tiori.·~otor op:e:ratio~' ... Thus if ' 
. ' , ':, . . " .', '. . , , " ~., ' -. : .. , " , 

,the rela tionr:fhip between the to!;qu~andR for'ClliYpar~icuJ.iirva1ue 

Of. 11 ~s-,deri:t~d as_ S}lOWn'iu·sp;eudixlt'.: ,The.' 'torqueIE3pe~d:"cupves' . 
. ':for, 'a give~ yalue . ()fR21l1fLY,'~e:,~btt~j.ned,.~I'om:, ;it arid:a.l.so'tlie. ." 

torque/r~idstance cUrvf3sfqrgiveri ,~eed~.~ '.;The'reeru,it·bf the 
.' . >. .' _ ~'_" ' :. ", ') ,.: •• ,' ,,:'.,; l:; '... '-:,' . ':; , "". 

, deri v~ti~~s; doneiri4ppendix " III '-ar~; .. ,' 
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(Eq. 12 of Appendix lIt ) 

(Eq.13 'of.App~ndix· III) 

;. In these equations;'. 

m~' slope o:fthemagnetiza.ti·oncUrve 
~ angle;f ~i" . '.' 

7.04.x:3 
K.= 

Ws' 
.'.', .; 

, .~ . ': 

, " 

, -'.~'-' 

.. ,'':'., :To'con:firmtheaccuracy'o.fthe gra.phical.construction 

by· 

.' , de~oribed:~n, 'Appe~ldix IlI,;:f~r pr~dictingtheayUa.n4q..;.brllking 
", . , ' ',' '-. - -". '" -,,-, , . , " '-' , 

:~: ··.tq~qv.~~of ··.induc,tio;ti,m6.tors,'ari.umber;~f··tests. were . carried' .6~t 
'~/D.·'H~r~isorion:a.i~r'H!Pf'3;h~S~~· 400 VQll~.50~ cycle" . 6:pole; 

. . . 
; ;:··:.·.·~quirr~2cage'motor over,the ·speeclra.rlger. O~J.OOO ~. 

",":' :" 

,: -. 

';'.' 

. , 
So ' 100 200 .• 1,00 6'00' 

··:Fi;.j,.·~,'ir;":'J(+2;.' • 
~- ,." ~'-j .• -

" .Speed 'r:'F/~:';',··'.' 
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·Fig- A"";"~: Torque-speed curve characteristic of Squirrel Cage. 

, ' 
i 
\ , 

... " ..... . 
.n 

-+ 
-T"' 

cr 
,~"c>o", 
'<11 
:J 
o 
t: 

e 
.> 

IJ 
c 
>-
til 

C 
,-

w = 800 rpm s 

Predicted allow~lg for X
2 

Predicted neglecting X2 

Experimental 

Ii 0 lOO"l D. ~ .. o t.oo <too '<h,y \'1.01:> 

~ pe~d _. r. p. n'l ~, 

Speed rpm 
Fig-'A-6, ; 

j'\: 
,Torque, speedcharacteristfc of 

I' lO:_~np 
D.C 

PAGE 9 

It should be' noted that thmsecurves· show the tOT que.;.; 

speed characteristics, when only the auxiliary" wind:L.1Zisfedbl 

DiRECT CUBREr\Er'lu'ID ROTOR '1S TDP1J:lNG1/:J1.1l1en we, at tlle,P.'2!JUetime, 
". . ~ \ ,,'. . ' ," .' 

, ! 
. i 

. , ~ 

! 

aI>p~ly:the' three-phase voltage, to the main windi£lgS, the . a.ctual speed" 

tOT\{ue' curve will be the superimposition of. the ~two'.'$pee'ci:-t,6rq~e . 

Cllrves t one' is . the, ordinary three-phase, induct:l.on'ID<?to;r'CL'lXVe, the , 

other'is the curve due ,to the aurl 1 iary winding,;, tllis will be '.shown 
.~ " 

later. 
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If we look, atth.e,figures,5~6, it is,seentlliltthe predicte 

. t()~ques allOwing, fO;r ':X2 'fu>e more.~c9urate:thari: those, obta~.ed j.f ~ 
is' neglected, " particular 1y around~e' :peak~orque;..' 

The torque-speedcurve:i shOYIll~in·'figures5-&arethe' brak­

ing qr th~ negative'torqUeS:Which,~ill~~d\tce:,:tha'~:peed,'of thel'otor 

~O f ari: induction mo tor~; To; See the overall eff(;Jc~-1" :tha it'is.- the nei! 

, ,eff~ot' of th~ ,auXiliary' :winciing .. D .. o vol. t~e on the ,acltual three-:phase .. 
'induction motor operation, we have to' ~aVf the induction ,motor.torqv.e 

. speed' curve ,due to the main 3,;,phaseA ... cYoitage and subtractfromi t 
" . , .' l ' " '. " .". - .• 

";'£01' ee¢~ sp~ed 'V~l~etb.e iie~t~ve t~rqu.e:-~f:fect'due' ,toiilie aUJ:ili~ry 

'·D.cvlinding. . ~ . 

...• " 

,,: . 
~ ."' -:. ; -.; 

-, ~ , 

" ;;:.. -..:" .' " . ":, ':'J. .. ,', ,,' I ~,It .. ~t: J, ',u-', -lo'," '~-P~Q,,'~e ~,'. ;,.'\'\ ..... :i-.II"1~C"t 
, / ..... ' , c ... ~~, ~ <; fee (! " ,', ' \' ' , ',,",' ' "'\ 

' /' ..... , .. ,...-- '-·Ne~:-\.'; , ~ pI" ; c.u ... ~~du,e"\b bc>.\~A:c.. t:o"Jp,c 
f-""=~-':'-:----/,""""~----';';""~-:~\-'4., '. '""\. 7"fc ecl, ," ~ I "~I"'~ ~". , 

f 

'Fig. A-7 

/" 
/ 

/' 
/: ' 

/\ " 

co"'.- ve. 

: l'fet Torque/Speeacurvefor speed control' py means of D. 
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,'If we eXE4"liille, the Figux.e : '7 jwe see tha.t' £or a. ,fiven torque 
.' , : 

Tl ' the speed ,corr'espondingto ,the aci;Lla1 three-phase charactertstics 

isW " '8.n.d the speed 'corresponding to ,the s~,.me torque on the composite 
,1' , , " ' " .' T 

'cliliracte'i'istic :for speedcontro'l.is",:W1 ... :But we shou1dno~e that 

this'di:f;fer'ence in speed is not v'ery large, so theeff'ect of' the 

, a.uxili~:t'Y: winding w1.th:D.O impre'ssed to :':i:t is' not very. large. On the 

'0 ther-han.d, 'for 1argerVa1u.e,s" of'torqu'e, lett S' say; T
2

,. the 'chimgein 

speeci' that can be obt8.iriedby:-eh:t~~m~tb.OdiS1arger,: w2.1t 
.... Vl2 >V11

1 
WI. 

~ther important point, 
" ' 

to, h~notedis' the fect thai; the use of 

in?':th~ ,second stator' 'fiinding decreases the may..inium torque, that 

be:obtairied~ 

'The 'ef'f'ect'of larl,SerD~C voltage rho be appl'i:~t;~t6 trie 
. ~. . ::' '.". 

. '. : ~. , 
-,,- .-

auxiliar;}r' winding is ;to:lncrea$s. -the' speed change~ , ,This fact is 

: l.l:Lust~~ ted ., by :n:ig. ,8: 
',. ;, 

'. 

f· '!. 

d'Yl . 

" 

;, . 
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As it ",is seen from ";;!,:~:,i~Fi~e,8, th~: e:ffecto:fincreasing 

the control, D.C qurr011t ,is ,to decrease' the; speed niore for the' same,' 

'_ torque T '-" , -.' 'I 
' .. '~-" .. ,: ' 

'. , . ' .. 

'-w 111_,' W
I

_-, >,"_:"'\"~':"ll~, -Yl_1,lJ wi:i VI -1 ,-, - - 1-;_ _ l 
-:' 

Thus we, 'canS;j.y _ :that, bY,inerea~il1g ,theD.C ,control voltage 

. orourrel1."t,we 'oan1ncreas.e'the effect oi s:p,e~d -conti'ol";btit ' it' _ 

-'l:!l10uld neverbe'f'orgotten that~, t~e increa.se in t1ieco~troi 'vo1t~ge;' 
·,W±J.lal\VaYSdecr~?:~e't~e maximUIh ; t9rqu~.-

, ~. 

'-, -' -;The anal,ysiscerried on isf'orthe,au.Y.ili8.ry winding wound 

-FOR-THE SA.i'~E'NtC::BErioF POL"ES AS -THE' 11Aflf STATOR' \1fjD:ti.rG~:. _A question,' 

mayarise'as-<-to theeifect -of --the auxiij.ary -sta:tor'\1mding 'vii,th 

', .. ~ifre~en t'number ,ofpoie~:th9.n -the 'a~tu~l' 'three~Phase', stat()~' 'Yd.~ding~ 
To, ~& .. ier ~llls question weilave'to _ :tu.rnba~k'_to -equa.tio~), where ~,~", 

" ,Y" J> ' " "," " (-' 

,: torq~e'-, ;'In,tllis eqp.ai;~?nthe ~niy,'term which-cEm -chaIi~e '-'by the" 

nuinbe~ of P91es of the' aUJ:'..i,liary winding' is m, the ,slope o'f-ihe 
; \: - "!: l ".' ,- , '- ," " . 

"inagneti'z;:ttion curve .Wlthgreater number of poles for the auXiliary" 

wL"1:ding,theflux and, the 'Saturat:io~ will b~ ,such, tha.t, the, ,slope "of' 

:the:'~kti~tion curve will be larger. In ,equa'tio:fr3, ,the other' 

~erms bEdng tulrelatedto the auxiliary winding and,i ts' magnetization 

their' effect 'Nill be -the same fora £'iven D.-C controlexcitatioil 
,,-" , ' " " ,,' 

value. : The· only charigi1.ig term, ,slope ,of'the magnetiZation c,urva (m), 

being' incre~:,sediri th~ede.tiominator thea., rotor speed to :fue·,retarcing 

eit'ect of' the" braking torquew'ili'be smaller. 'Th:ts sli.ows ',that~7e 
can obtain more pow~rful1 speed 'control with auxiliary Vl~di!lgpales ' 

larger than'-the main winding number of.poles fora given D.Ccontrol 
,-

voltage, and. porier loss. 
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The experiments carried out, in Robert College Laboratories' 

with four, six and t-... .,relve poles for the aUrliiary wind.ing, and good 

re-sv.l ts had been' ob-tuined especially with. 6 and 12 p.oles connections, 

a.s shown i'n parts D~III; (A~l)" andE-I of this theisis. 
,,' 

l 

. ; 
.! I' 

1, 

I 
.. I 
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B.. SPEED' CONTROL' OF TIffiEE~P3ASE' 'I.t1:DUC TION' MOTORS: BY APPLYING 

. PHASE .A:.'O TO THE .AUXILIARy ·STj~ToRWINDmG: 
.: . 

1:. tnt ro du q t·.:t 0 n: 
1 . - ", ;' 

PAGE 14 

A:f'ter 'studying the ,ef'fe.ct of D .. C appli.ed to the auxiliary 

winding ~uriligthe ;p.ormal . thfee-phase opera. tion,'i t will be \vise to 

rul.alyse also. thee:ffect of singl~-phase A',~C' applied to the same 
, v ,., 

auxiliaJ:'Y, w1nding.instea,d ,of' D.~. Thp .. experiments carried out show 

that it is again possible to,getaspeedcilange;however,:-I;he change 

is not very:big • 

. II.'" T.11 e o.ry: 

The actualt~ee-plla.se·stat():t',winding of the induction 

. motorwiJ..l provide a .torque,· at ,agiveri . sp.eed t ' determined by .the 

. :to~que/s;peedcruJ~~'i;eBi~tic~' of': th~lllotO±-.: . And t~e ,roto~, will turn 
-. ", ',-: - ' • ~ -. ", - ..' - ',:.-' '.' -: ,' ••• , -. .' • : • • • '. • • <~. ", '. 

; <-iIi the,'same directiona.s -the: rotating' -three-phase magnetomotive 
~ .~ .' .. , ...... ' '.~~ . ':;.> '" , ~::".-.'. ':, . ",",: . ,";. ,"' ,", ," < ,-' , 

_,fol?ce of' the. air..;gap •. Wl;1enwe apply. sing~e~phape A.C'tO the auy..iliar 

'. windin~ l wound for ,these.menumber of poles as the a.cfu:3.l field 

struct,.k;e,i;her~w:tllbeanew field develoP~d.,' alt~rnating (pulsat­

ing) l)u1;1 ~'ta tiOllE.ryin space with respeottothe stator. Theeffec t 

.. Of:·thisp.ew' field on the torque/speed cur~e.of.the. ma.chin~ will 
. . , ' . . . . 

be analysed. Considerir.l{5 tliispulsating , magneto1l10tive . force as 

COillPOS09- of two rotating fields, ea.ch rotatirl€\in ~opposite directions 
'I . . ' . • 

wi thsyncllrOllOUS speed, as used in. sing1e.;..Phase induction rq.otor 
, '. 

theory,. Thispririciple can be applied to roraryharmonic of .the 

pulsa.ting rectangu1al:". wave produced by the single-phase \vinding. 

The' detaileda:n:alysis is given. in Appendix. IY at .the ep.d of the' theo 

'. part •. Figure 8 of Ap.:pend i.x IV'givesthe get.l.~ralsha.pe 0'£ the 
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speed curve of a single-phase A.C flux, due to main,thlrd and.fifth 

harmoni?s. 

Since the flux due to .the aU7..iliary winding is eta-t;ionarl 

in space wi til respect to the stator, but rotor' is ttlrIliUfl in the 

same directiollJ;j.S the rotat1pg field of the actual three-phase wind­

ing , : '.the eff.:=ct of the pulsating field due to single-phase aurlliar 

winding is as if it is turning in the opposite directioll with respec·t 

to the rotor or to the main rotating field., Thus we ,can reverse the 

curve 6hm'ln above to see its subtractive effect on the main field 

torque.> 

The superposition of the aU7~liary single~phase winding 

torque/speed c~.rve on the 3-phase main field torque/speed curve \7il1': 

give. us <the actual effective torque/speed' characteristic of the motor 

Tnet ::; 

--

T - T m a 

- ---~ 

4 
..D -

SI, . .-:.._-:-.-I-_____ -:-. ___ ...,..~-----,-....., ...... ~=_----.4.---., .. ....,... 

Fig. B-1' .. 
• ,Overall torque/speed chru:'ucteris·ticfor A.C single:'" 

, , 

phase auxilj.ary winding speed control., 

Foran induction motor stable working region is the small q , 
,slipB'~Jkeeping in mind tliisIact and examining' :~)~: Figure' 9, it 
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. can bee seen that tor a given torque T, . the corresponding stable , 

speed from· the uncontrolled t~ee,~phase'L1otorcharacteristic, T , . . ,. . m 
:Ls V1~ , and for the same torque corresponding 'stable speed f'rom the 

controlled torque/speed characteristic,' ~net'" is W1
1 

" vlhere' 
. . . 

But it should be noted that thecha.ng~ in speed of the 

motor 'obtained 'by this, method i~ quite s:nall., Fo~ ·',i.e.rgep"tor'ques~tha 
TI ' let f s say for T2 ' the speed change is larger:: 

, , ": k' __ ._ ..... ~. 

i The oi;her imports:ntpoint to ,be llpted is the fact that the 

controlled motor' maximum torque is smaller than the' uncontrolled one, 

due to.,~he retarding eff~ctof the awrJ.liarY winding torque, fa- The 

. speed c!ontrol by the method mentioned aboveiain one direction only; 

that,is:~ we. canon1y decrease the' speed,. not increaseit~ 

, '- t 

'I' . , 

,I' ", 

• j 

I 
i 
! 

i 
1 
! 

, 
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c~ " 'ExpERllYCEI:TTAL 'STUDIES 

. PAGE l?-

T05tudy the, cOntrol 'o£t11e induct o,nmotor with A.C and 
- "' " .. 

D'.Capplied,~ujr.ilial;'Y s~ator winding, an"aux:tllary winding is added, 

tO~1ih~statoJ:', of,a 3~phase2JL.p squirret'pagemoto~. 

I; D es c ri p t ion,.o:f~h~'a "p pa rat U 5 U ,5 e d 

, ,"' "." : 

l-'ExperiDlented'Machirie: 

a) "The' origina.l, moto?=,is: , 

3':'phase,: 2·H.~, 4'pole~~ .squi~reicagef 50~.cyol.~ 
, , 190 . vol t',: Yconnected'.onewithf911owing,speci:f;ioatidn 

" ' .. " 

- Speed :. 1425' rpm _ 

"Cos~ >Ix O .. ·R..'· , 

\' . 

, .,~ 

KW : 1~5 ~ 

'Rated Current" . " 
, '. 6.2 

'" ! 

Type" 

, r 

'2444 -217 ;. 

:.' D 20/4 " 
, . r" 

, '. '. 

FABRIQUE PARALA AEG BERLIN PGUR BOURLA FRERES Ai~D 00. I It, . "-, . .. 

. Stator windingof'this machine is' changed to give space 
. '," ' .. " .,. - .. .-

for, the au>:iliary control winding as explained'in ':i:5:~ section .b. 
i > • 

The three-phase distr buted stator fi'eld winding is given 

by ,Figure C.-I. 
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b) An' auxiliary ~'linding VU:l,svlOund, in the same form as the 
, -

3-ph6.se'distributed stator windiug, but tho coil ends are left free 

,', and numbered acco;r-ding to' the windingdiagrail 10~The wire for 

auxiliary 'winding is copper wire o~ Imm diameter t' each coil has 52 

, t1.lTllE( and covers 'haIfa! thedept4 of the slots>; the other half" 
I, " ',,' , " , 

: being occupied by the main )-plla.sa f'ield c,oils 0:f26 t'urns and of 

1 
',' 

I 

. ~ ,. . . - . . . . . ' . . 

• 1.'78mIridiEl:m(3ter If.-upper vlir~. The, wiring diagram for auXiliary wind-:-
'iug wi th coil ends numbered ',given UIider ' Fig. 0;.,;3" 

n "~:A~C Instruments: 

( ;1 .. 

',a.} Waltmeter 

',b): 

-\ .. -

, . 
- R8..llge: 0,'" 

Ampere: 5 

Volts-:125 

'watts :-, 

10 

250 

VoltIneterResistance: 

,~pers • . 

20: 

375 

,50 Iv '. . ~. 

5 10 

-Resistances: 0,105, 

A.Cvoltmei;er 

" 

Weston Elec,trictnstr~ent Corp. 

20 amps 

'0,027 

Nev/ark, N.3,: U.S.A 

, " 
. \1 \ 

< • 

Model: 433 No.124762 

Range: 0 300 v 

o -:150 v 

'25 ,-l25 cps 

,Resistances;-22594 ,for aOO-v 

11294 'for 150 v 

oJ- A~(J Voltmeter' 

Range: O~, 300 v 

O~150v 

25 -125,cps, 
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Resiste.nces :,,22900 for aOO v 

11400 for 150 v 
,~, 

Liode1 :433 No~ 124761 

Model : 433 No.; 114528 
Ranges: 0 - 30 amp R: 

0 - 7,5 amp R: 

° 25 

at 30 Amp 

7,5 amp 

3 'amp 

- 3 amp R: 

500 amp R: 

R: 0,009 

'R: '0,036 

R: 0,04 

e..) A.C to D.C Wattmeter 

,Model: 433 No. 22989 

0,009 

0,03 

0,04 

0,04 

Range: ° - 100wa tts 

,O-200'watts 

'Max.Vo1t:250:v, 125 v. ' 
Resistance:, 1J402f'or 250 v 

16701 for 125 V 

: ! ',: ~)" Weston Analyzer' 

! ' 

, ,:Model: 980 

Series: 7858 

D.C. Instruments 

U.S.Pat. D-176044 

a) ,D.C. Voltmeter' 

ViestonElectric'Instrument Corp. 

NeVlarltjN • J. , U.S.A 

Itlode1 t ~31 .No. 38501 

Rallget3;' 0. ~150v., 

PAGE 2b 
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-0 - 15 v 

o -3 V, 

Resistancef'lOOO JI,/v ' 

b)D.CVo1tmeter: 

'Model, • • 

Range • · 
931 lifo. 38500 voltmeter 

o - 150 v> 

·0 - 15 v· 

o - 3 v 
. Resistance: 1000]l,/v 

c) D~C .Amm.eter~ 

:Model':· 931,' . No. 36080 
Ranges: 931 39573 

Ranges: ,0- 3QAmp 

o 15 amp 

'0 -3 amp' 

PAGE 21 

,2~" Sources: 

, \ 

i , 
! ' 

! . 

a)' 'J.;.phase, a-c' network supply 

b) Direct Current Generator: 

120/
160

' V'. . . ]0, Amp." ,1410 rpm. 

Self Eicitation: 

Refenence No. ZA 355 B··· 

Manufactured by: The Eilglish ElectricCQmpaUy Ltd.' 

c) Autotransformer -'. 3~p:r..as,e ' 

Vo.riac· , 380/199 YOl t 

General Radio Company 
Qan~bridge,Mass. ,U.S,.A: 

London. 

.. 
l 

, , 
! , 
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d) Au totraIlsi'ormer -' Single-phase 
'" " 

Variac, ' 220/110,' 

General Radio Com.pany 

C,ambridge,Me.ss., U.~.A. 

3,.;; Rheostats: 

a) 1 B.!-:1p-' 900n No. 734213 ' 
b) 1,5 amp 340n. No. 714955 
c) 2.0 amp " 220tt No. 734218 " 
d) 5. amp 

4..:.·S12eed' MeastU:'emen'tDevide~: 
',l 

" a) ,Stropotac: 

115 v • ' 50 cps 0; 5 ' am)? 

Speed Range .: High: 2500-14500 rpm 

Low : ,600' -3700 rpm 

• • 

Serial no. ": 

631 ...;. BLS3 

25899 

General Radio Co. 

Cambridge,: 1/'L8.ss., U.S.A 

\ \ b) Tachometer: Jaquet 
\ 

.~ 

'Speed Ranges: 

No. K 507731, 

60. -240rp;:~ 
, ' 

200 - 800 rpm 

600 -2400 . rpm 

2000 -8000 rpm 

6000 -24000 rpm , ' . 

Made, ,in WvTi tzer1a.p.d • 

PAGE l'L 

.. 
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II. Des c rip t ion of the E x per i men t s M ada 

,~, 

T..l-te experiments :for the speed control were perIJrmed on the 

three phase 190 c., 50 cps., 4 poles, distributed wiriding, Y cOlli'1eci;­

~d squirr,el cage 2 R.P induotion motor. For the experimental study 

of th:e ,new speedcontro.l method a separate 'winding should be . .1.ntroduc 
'.: 
\ ' 

edon the three-phase stamor wiiJ.ding.. To manage this, the original 

winding of the motor unwounded and a ne\'l winding of two parts, Vl9.S 

. inserted', such' that the fj.rst half' of the slots are occup~eirby 'the' ' 

'three';"phasef'ield struoture rIith the same 'NL'1.ding type as <the origin.a 
, 

stator wlnding but Vii th less turns for each coil. 

The second,or auxiliary winding occupied the other half 

of tb,e slot depths. The auxiliary '{linding have the same type of 

vlinding as. the t1:lree-pllase one, but \'li th thinner wire and more turns. 

The ends of the coils are left free and numbered according to the 

diagram. sl1bwn in figure 0-1 so that by various connections we, oan 
, " '-

get. several· dif.fer.ant pole structures for the auxiliary w:i:nding~ 

·their~orresp0n.ding eff'ects on the speed chang~s wereobserveCl~. 

Experiments Viere carried on by four, six and twelve poles:for 
. '. . . 

. ' struc ture .. 
, « t 

The experiments for the speed control' of induction 

by' changingflir-gap flux wi tl1 the help of the aU7.iliary yTinding 

could be ,made only for no load. The, change made' in the original 

structure to decreasei ts n1..<l1lber of turns,and the opposing effect 

o:f'the~uY..iliary field to the three-phase wind'ing caused a. larger 

curTEmtflow in the conductors even at no load. Thu.s ,it was not .' " , . 

possible to load the rotor shaft with loads appreciably greater than 

the friction load. 

fTo Loe-d Test: .. 
ThaNo-load tests can be classified into tWo:main groups: 

'I 
, !. 

I 
I 

, , 
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1- Experiments with D.C supplied to theaUy..illaryvdndiug. 

2- Experiments with sing1e';"'phase A.C s:.,ppliedto the 

auxillary Vd .. tlding •. , 

.' -' . .' ,"... ". " 

l-~1oloadtests with D. C supplied auxillarl' v{indil1~: 

, ,~ The circuit corresponding to the, e.xperirilents is, given 
.by . Figure . C-2. 

'R 

" 
: The circ1:u't used,for tl~espeedcontroi exp~rimeri:tSt 

'". " . ~ . 1.' . ':' . ., " 

. with D'.Csuppl:i.ed:'Buxiliary • 
. '. '., . ..' ~ . 

, :: : The 11.0: l,oad'6xperirr.ents with; D.C supp1ycanoe~ divided ±rito 

four 'groups" 'such ,thflt: 
, '. ! l' ", '" 

"': .a- Auxiliary stator\;inding, COlU'"lscted, forfotirp~les,. 
series connection." 

b';"'Auxiliary stator Yiindillg con..rlected for ,four poles, 

p?-rallei comlectioh'." , . 

,0- Auy..iiiary stator il7inding' connected for' six ,poles. ", 
•••• ' ". • r 

.", " 

d":': Auxiliary stator wind~ng,conliected'for twelvepql·es, .... ' 

,In ea6h of the,se experinient.s,·tests vvere made '. with 
different 3-phaseSv.pply vol tagesfor' the niai~:fieidstructure'and ',' 

·~~?]; . .xC,ft~tion voltt:lg~ curreni,v2 and I2 w~re q1iangeqins'tErps; , 
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sO that vve CQuld observe the corresponding speed changes for each 

pne. 

The various supply vol iage~have . b~en obtained by using 

three-phase autotra~sfprmer,'ivariao'i' 'and also' ,the" excitation 

windihg wassuppied through,: a rheo ~t~t:by.' ·~theD.C,genera tor .. 
, ,Exc:it~tion. currentI2 <?an ?eadjusted:by means of r.h'eOsi;a:ta~,', 

r . . 

-. .' 

'The readings ,of' ,suppiyvoitage t s,upply current, exgi ts. non 

valtage, excitation<current and speed of the rotor:shait'hadbeeri 
... - . .>', '.' . '. • .' ."' . , " 

taken'and corresponding c·c,trves. are' drawn. 

" 

,The ~xperiInel1.ts. A,B,C I D will be aescribed; one ,by one;. 

, , 

a) '.Fot:tr pole senes' cop..t).ected. D.C'· ,supplied' auxiliary 

,The necessary.coil end connections ,to create sartes four 

I 
I 

I 

: polei s dOhe·bycpnllec.t~':ends j and '4;, 6. a.ncf:'7;, a' &ld 11;' 9 aildlOJ' ,'.~ 
12 and:2,arid D.C is:applied acrof3s 'th~ ends .. :J.ruid' 5. The cQrresp~lld '1 

, ing v/in,c:iing diagram :i8 give~, 'bY,':Fig. ',C~3 ' _Different .swppiy'~~itagesl 
, appiied'.tind" for' eachSt-'PPly'volt~ges' 'under:f~~f;~rent a'xci t~tionj~al~~'l 
, sp~'ed8~;er~ :reach The .r~sUit i,S'1?lo~ted~ :in ,Fig. "E-;r:a~' ' ' , ,1 

,\ 1 

, winding:' 

b) Four' pole parSJ.lel connected. "D.· .. C'sitI)plleda.u...ulliary, ,! 
, ! 

c) , Six pole' connected ,~dD ~ CsuPpli,~rl, ~~uxiliaryV;iildi1i;g., ' 

'The, necessary a.oil; end cOll'::lection~'B.l.~ei2, antt':! ;:'4 ruid.9.l> 

, ; ,", B.o~AZiG\ ON\VERS\TES\KU1UPH~~ESI .. 

,j 
'j 
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6 and 8;5 and 11; 10 "lind 12; ,J)~C",ia?,,~:s1.1pplied aoross 1 and 3. ,The 

co~r~sJ?onding wiilding'diagram is' givenbYFig;..C-5., (ReSult of 
",.' ' . 

expermeil ts is :plotted 'in -Fig.. E~f:"c.) 

a.)TVlelve ,pole connected and, D.C • supplied auxiliary 

" 
"<t" " , 

.;' The necessary coil end,oonnections are: 2 and 3; 4 and 5;. 

6 Biid 7; 8 and 9; 21 and 12:lPCt :i.s SUPp+=.i~d across ends 1 and 10. 

The oor;espondmg winding ,di~a.ni 'is, g,iven ~y .Fig. a-6,." (Reoul t of ' 

e:.;:pe~ir,ients is giv~ninFig~': ~I-d) , " 

3- Ph. 

The circuit'· correspondi.?g .to' the experiments is 
~ ~~: ... '," 

: " 
.. ' .... ,: 

Figure C-:T' ':, The ei!'~ult,.,diagram, for the speed control, expe:r-iinents 

with AlOe 'suppl.jed au7..il~ary~,,: 

Noloade'~per:i.mer1ts~~i th, ,A.a, , sini~e phase Supply, en be 

divided" into 'fourgroupsaiabtas:'men~iori,ed::i.n' connection with' the 
.' ".. . . 

J't, .. . ' '.. • 

D.{fexperiments~, The winding connections forfo1.1rf six and: twelve 
, ' ,. 

poles ar.e~:the same a.s,givel~,"by ~igur.e's ,13,14,15;16.. ' 
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'III. Com m e nt s on ,~~ x per i men t s' 'a.nd 

". Cal cuI a t i on s: 

The experiments to d~ldy the speed control by changing 

the a~r-gap fllix,is done by introd1/..cing a new statpra.uxiliary 

The induction motor at hand, is designed-:for one 'speed 
, . 

'only, so it is not sui to.ble for all kind~ of ,specific studies.' 

in th~: la.boratol;;y it was not po'ssible to find a motor more suitable 
" 
-'" 

for oUr purposes, the experiments are carried on with the motor" 

described before, by unwinding it and· again winding :for ha.l1' o:f ;the 

.' three~pha.se field'structure turns, to reservehal1' of' the, slot ,depth 
! ' 

for control ~;inding. 

actual oa;:~ ~::e:h:::::e:::t::: :;a::: :!::~~:s::=:~t::s ..... i 
curreni' "~n'~ load-carrying capacities are 'decreased~' , 'Thus'v.re' O~~ld . ~ 
not io~d:'the 'motor . with loa.dsgrea tel' tllEm friction -lO~d' an~'" so,':1 

': alth;ugha. t, the beginning of ,the "exl~eriment' s,~ldie:s .with' 'di1:fer e.n :t j 
'. . ~ . . 

loads'fu-ld been planned, the experiments had lbo 'Qec,arriedou.ton 
',.',. " 

ftoload.·· 

The control current could not be increased 'beyond 4, ampers, 

due to the exc,ess hea\t in the control winding. 'As. the ,control 1 

1 . , 
'1 

current in the main ,field structure' increased beyond, the:eurrent I 

. ca;yrY:U'lg capacity of tIle wi:res , insulation of· the ~ain, ¥/ind5.:rig : The 1 

three-phase vol tage' to ,be' appl'ied Vias :li1ni~ed ,"1 

'current" increased, as it will be seen from· the readings taken" tlle 

value at' the ntaJ."..imum 
. - .. 

,to'80-90 volts. 
; .. 

Small"changes in the 'main voJ..ta~e 'bad,'occurfed ':Ciu~:iJ.:lg· the'-: 
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. experiments to avoid errOr, many r.eadings. are~aken'.andthe average 

is found to be the final. value in nlots. e . . '" .~ . 
,r. i 

I' Nevertheless, every; eiior:thad been, made' to perform 

.. satisi'actory e:;.:p~rimental study'\:Yi th the possibi::titi.es at hand anQ. 

to some erlentsat1sfactory results l?-adbeen, obtaiIied" as it i'8 seell' 

f):-om.-t?19. speed cu~es. 
-~;-

. . 

• The ho 10adtest wa.s perfomed at di:ffer~ntthree-phEise· 
" supply:voltag'es;upto' 80-9b. volts . and for diffE)rent'pole . numbers for 
~ , '-t, " ' • " , , ' • 

the auxiliaryw;ind:Lllg.. CUr'Veso£ sp~ed versUs~ control current had 

. beendfawn for each Valu~of"three-p~la.~e .SU;Pl; 'voitageandthiS. is' . ~ . ., 

reD'eated for different pole connections~'" : The 'curvesof;sp~ed versus 
.. ...' ,- . - '-- -' " -,<,', ," .' - '-

control cUI'rentA.C. or D.C \7asplotted to,studytlieeffect,o:f":the 

controJ:'method .• ' 

. : ,'A-' 'Control Currenta.nd SPeed Relati'ons:· 
, .". 

D.Ccontrbl.current and, speed relations.· . ' 
'.- ..... ' , 

. a): :irorfo~ polese:riescoDl'l.e~ted a:G.:;d.llarywulliing: : 
,r-.. ;. :' '. .': , ' . . ,. '. . . . ,:" '.' - '.' ' ".: ,. .' 

smo6th'r: C)lange of":spe.ed .withm~reased coni;rolcUrJ:'en~. 
,,- ' ~ 

'j '~:-->'.':" .~ : <~ • 

. : :··Agreater speed change can be obtained,. a.s-theD.C:control·. 

cuxrent is increased for a given supply vOltage'.V •.. · :SU:t.fO;-hl.gh--co~tr 
currents:~:::greet~rthan 3 amps, . the rate of speed change. is sma.llEn:-', 

. ' ". ", '. '-. I" ' 

. q,ue to D.C·· sa.tur~tion, . than. for small control' current~~: 

,'.Percent -speed drops at 12~ 4 amp".' ,.' .' ',. '. "',.,' 
- (1485;..i444}·lqO. 

For V ,': 65 volt. Per ,oent speed ~op= .'.' , '148.5.-,;':2.6 
.1 . 

For VI 

v, 

, ' Ji476 .~14:32) .':,:,' 
.; 50-volt. Per cent, speed 'drOll.::': ,.' .... - : <~1,476 .. · '.' ::,.~ 3% 

35
' It· P r c·en·t sneed .. dr. o._Pi~··, . !14-50~4145' go} . ·¥J~45%., :_ . ' . Vo ·.C . J;':'... ." .' 
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]'r'om the comparison oftlle per oent speed drops it is easily 

seen th:a.t the speed ch:~mge. is grea terwi th smaller 3-:-phase ,supply vol 

ages:for the sa.mecontrolcurrent~"· This ,indicates the possibili T",i 

that with loaded induction motol", grea'ter speed' changes can be obtain­

ed for the'same control current. 'But to· employ this speed control 

metilod~.wi th tvlO sta torwilldings, to ioaded condi tions,:a special 
~ .. ", 

motor~1l0uld be designed, with 'greaterir'on part eo that the normal', 

three-phase induction motor stator win~willhavm enough space, 

as vieJ.l~ as the au.xiliary.,' ' 

~~ b) Four pole parallel connected aU2dliary: 

From the speed versus controlourrentcurves it is 

seen tb.atfor a giv~n SUpply voltage,: speed chailge is, greater:for 

J.arger ',yaJ.ues at' control current .. 
... ' .'-

Per cent speed drops at I 2_,_ 4 
aTUp~, 

65 
For Vl:!volt : .. Pe~· cen~ spe.E!<I .. dr'op;: 

(1486-1451) 100 

L486 

, (1480-1438) 100 ' , 
For VI: 50 volt. IJer' cent speed drop::- ' "'1480 , '" ,::2; 9% 

V 35 volt per cent speed drop: (1462-1412)10°'=3.4. 
1: " • 1462 

" , ¥Or four ].Joles ,'pa.ra-llel conneoted auyiliary, winding, 3 

paralle; ,paths, are obtained for the D .. C controlourrent ,to flow_ 
. ' .' 

Thus we 'c'an more than 4ampers to the auxiliary winding tnainsvli th-
- • )" • I 

'out" thedariger of exoessive heat1ng,since actUal current : flowing 

'ill the aru:..i11ary conductors i,e 1/3 0 :e. the' appliedcurreni,,. 1 2 .,', 
. -. . . . . " . 

,Experiments are, carried out up t67 amper,s £or 12- Thus:, 
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Per cent speed drop at I2 : 6 amp. 

For'V1 : 65 volts. Per cent speed drop;:' (1486~1423:)100...;. 4,25% ' 
1486 ... " ,~. 

50 volts. " " 

VI : 35 volts. II It 

II 

II 

n .. -
" ...­-

'.f'14~30~14io )10°,_4 '7' 5rl, 
1480 -, jJ 

Per cent~ sp.eed drop at I2 .: 7 amp. 

FOf VI : 65 volt. Per cent speed dro~ (1486-1410)100_ 5,1% 
1486 .-

.". ":' 

50;. volt. /I It 

35 volt. tf It II " 

--
.. -

'. . .") 
,,1 

{148~140?)100::. 5
t
72% " 

1400 

(1462-1;i70 l, _ 6 I - .", ,350 

1462 . 

c) Six pole series connected etuy..iliary,:: 

With six pole series cOIUlected auxiliary winding.-mucil 
;, ; 

.greater -speed cha.nges \'rere obtained for the same or less controlled 

. curren~,.I2'; than with :four poles. - This may be due ·to the more 0 

, effectiv~ change in the magnetization of the iron part'due to' 1arg~ , 
, ,~; 

numbereof poles •. This point is eip1ainedmore clearly in Pa~t -A-IJ;·; ,.' 

Per cent:speed drop at I2 • 3,5 amps • . 
For,<Yl 

.. 65 volts • Per cont speed drop: (1470-1426110°_ 3d 
• 1470. .. , II.) 

V 50 volt. If u h II - (141'&7-1419)100' 
,3,28% • . -• ... -' , 1 

1467 , 

VI 45 volt. n II 11 n - (14ea~~J9:il ' 
; -.4,95% · - '1463 -:-

... ' 

Vi 35 voli,i. tI II II It ... ~1450-1280~. - 11,O~ .. ... 
1450 ,-• 
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cent speed'drop at 12~ 4,0 amp_. 

~F.'o, .. 'i!V'l: 65' volts. Per cent" 'd d ,._"(1470-1418)100 ... 
s:p"~e . . rop..... 1470';"~ 

. VI;': 50 vol ts~ Percent spe.ed, dro. p:. C·1467;";1406)lOO. 4 15<1 
. . ... ·1467'.... 7 ': 

It.. _ (1463·~J.3'15)10b_ 6% 
.. 1467' .. 

II , = ,100% . Motor' is braked" 

completely. 

As it is seen from the· calculations with 6.pol~ connection 

better:resultscan beobte.llled, even it is'possibla to stoP. the 

· motot. with complete braking. This 'shO\v.s that for ~:peed'controlpy 
." . .' '. 

'changillg air-gap flux,bett~r rasul ts ue obtafued:i:i theau7.ili~ry 

winding:'has grG~ter number of pole'sthanthe ma.in·. stator wiriding.·; , 
.o,' . 

a)':TVlelvePoie" c~nnected;auY.illarY~: c. 

. . . ' .... 

After the good resul ts,:takenrlth6 poles':.' a trial . 
. ', '. " , 

was made 'Wi iih> 12· poles~ 

better than, .' 6 pOles •. 

ReSult is as good as, and even,.somewhat 

",::,;.;;, . .'--_ .. 

50 volt. 'It ." 

.·VI . : ·45 volt. tI " 

V1 : 35 volt .. It II 

1f 

n 

If 

. . . . '. 

n .. ~1480~i4.34)100. ".3 .1"r , 
-. .' 1480' ~'. - . './v 

It ~. (i470.:..i406)IOO:4 35% .. 
1470 ., 

'. It ., (1439-1331)100_ .' lLrl .' 
.. ~439 ' . . . ~ 7 '.it] : 

:"':' .. 

' .. '·1 
.,~ 1 
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Per cent speed drops at 12 : 4 amp. 

~ '. ,:' . 
. -?_.i 

For V ~' 65 volt. Per cent sp;ed, drop; (14861;1434.)100"3' 5~1 
". 1 '1486 ..., ,0 

VI: SO volt. 
, 
.,. 
',t 
~ ;r V1 : 45 volt. 
.' 

It If It 

" 0, 

n If 

n 

n 

It 

• '(1480-1404)100 
• 1480 ~5,m5% 

:' (1470-1378)100 :6,a5% 
1470 , 

• (1439':"2267)100 "l~ 
• '1439 - Co," 

e, Per oent speed drops for four different kinds of auyiliary 
• 

oonnections had been oalcula'ted. The comparison of ,the resul.ts 

shows ~hat' fot· D~C speed. control the best results are obtained by' 

six an4. 12 po1eoonnections . for the auxiliary' and the maximum speed, 

chru1ge;'is ll-12%exc~pt for lOO%'corresponding to.·braking:. Four~ 
" . pole pa.ralle1 connection gives better,reaultsincontro11ing the 

, .. " -, ." ....! ., '. 

speed than the series one. It is not possible to :ob$a.in,six and 12~ 
.. ''\, ' .' .. . -. . 

, p()le' pa:r,~llelconne'ction for, the aUYi1iarydue to the na turei;:~·::~ of , 
, <. 

,:the r,·i:~ding. 
, ," 

.: :~AS a cono1usion for D.Cspeed control, auxiliary field 

. shOl.lJ.d bewouridfor more poles than the .mairistator ·:fieidwindil1.g. ' 

Thus tl{e -'change. pro4uced .by ·theauxiliary field on the.a:i.r-gap 'flux 

is .. more: effeotive and strong. For large control. currents, large, 

speed changes c$n be obtained but there isa 15m:i.t:to the increase 

ofthe.controlD.Ccurrent, that is, oare shquld be taken for 

excessiye sa t·uratiott. 

2., A.C siL""lgle-phase oontrolov.rrent ,and speed ~elatio~s:' 

8.). Four-pole series .con:.Lected auxili~ry:' .. .' 
" , 

Speed decrease,sasthe a~Ccontr61 cUrrent is 
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J.D,creasedfor a fSiven 3-phase supply ,voltage. Due'to thetransfprmer, 

action":,,&, voltage is induced in' the auxiliary ,.w'l.n,C).l11g,,:,so: \7e;g~t a 

cv.rre!?:·t, al.though we have had appii.~d. nO,'A.C cQn~roi ;~l~a.ge~'Tiie'\' 
• f , , • 

c'Llrvesstart, from 'some other valueof~cu.r~ent c,orre~J?ondirig to, the 
. ,transtiorlner action . voltage not from zero cuttent~ 

Per ceijt Speed.:drop at 12 : 2j~ amp.' 
:~. , . ' 

For V ". '25 It P" c'en' t. d drop',"_ {1394-1'l721~6o ... ··1.· 5'.7" >1 .•. '. .. 1 , vo '. crspee '. '. '2394 . ~ .' ..... . fO., . 

. • - . . ". " • ,'! 

u n 11 t.f~"(1310"';J2901i60·1'6~ . 
". ; 1310 ." .. ' I. 

. . ", -

Motor runs noisier than normal, prooa.b;tydue -to' apposing' 

. field fJ:uxofthe auxiliary winding'. Ail v.nbala.nce:cif' the rotor 

shaftw~s. observed. . High cu:r.rellts had been 'obtained: when eve11.20 

,o~30'volts 3-:-pilas(3 supply was applied;,ther,efor:e',' the exper1menial, 
• • • • • • ,~ '. < • - ." • • ' 

va1.ue;s .~re for S!J1.8:J.1er·, supply vpltages than. 'the, :D,.C' cases., :BUt ~s' 

wellBve., concluded pr:eviottsly with D.C control the'Sf'fe'ct"pf .~ontrol 
·:i.s inCr;~sed with, smaller wpplied vol t~geSt,that j:s~ . 'per;'.cent>:,,·: .. ' 

speed:dropsflrel).igl1er. for Sniall" ~ppIYVOl t~ges , frira.·fix~d ' value 
• ',. ~,~ • • " ' . ' c • -:.", •• ;' :."':' •• 

",.' . 
of 'con,trol current •. 

( . ,'.-' . 

': Ke~pin5 in mind 'this faQt, it. is possible to ,'ssy that.'the 

speed dJ:'ops obta:i.nedbyA.C:control,1,571~ 'ana' 1;6% for25~~'20', 
"': ' . 

volts~~pplies is :unimportant. as compared to the 'v~lu'e~,' 'o~ta:tned" .. 

wi thD.C control and for the 'same number of pole'cQnnections~' ...•. 
( • ,",< 

b) 'Fdur-pole para.llel connected. auxi~iary: , _ .. 

,Per cent speed~rops,at;I2:'4 cm:P.': ',' '.., . 

. .,.. 'd'. d' '. • d {J.4-22';140 6) 100 ::. "0'::8'5;# 
For,Vl:30volt.; Per centspee., rap." 142Z:~__,", .', f'. 

V,.1:20 volt. Per' cent,speed dropi (1359-1~42)~O~'::L,25%' 
" 1)'59' ..' 
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. The:;3e per cent speed drops obtained .wi,th four.;..pole parallel 

connected aU~l~ary. are' much lower than the one13 ohtawed with DeC' 

. contrpl vOltag~s, that is~ 2 t 36% , 2,91~, 3,42%, as given in 'C-III(A-l 
'-: '.' 

. ;, 

Per cent speed drops for I
2

: 7 amp. 

F V 30 volt •. Fcr cent' d d :{.1422-14.02)100 ... ··1·····3. I'd, ,or 1: spee . rop:.. .1422 . -, 'l~ 
; 

• -:i.. 

VI: 20 volt. Per cent speed drop: (1359-1,J17)100 :: 3:t17~ 
'l359'~ 

" These drops are also much smaller compared to values obtain 

ed with D.C control current, that i6:5,1%,5, 72% and 6,3%as 

calcUlated before .' 

c) Six-pole connected auxiliary: 

Percent speed drop at I 2:; 2 1 5 amp. ,'... 

d drop' -.. (1450-J.4J3}lOO,;.;.. '1' "17~:' .' Vi:;,35 volt. Per can'ti spee . ..' '1450, ~ ':, j'J. 

V1 :" 23 volt. 
., . 

, 
~-

'. '. . 

Percent speed'drop: (1396-1364:2100::.1,63% 
.1396, 

These values for per cent drops for 12 :-' 2,5 when cpmpared .. 

with the D.C control per cent drp:ps for the samecolltrO~.,cUrrent:,· 

wi th th<? sa.m.e supply voltage and six-pole cb~ection., tiiat' is,: '. 

For VI: 35 volt. per cent speed drop. for,~2~2,5 amp. 'with D.C: 

(1450-1376)100 .:: 5,1%, ';!hich is r.:uch greater thail the value obtai~1ed , 
1450 _ 

1,17% with A.C control. 

,d) Twclve ... pole connected AU7.ilie.ry,: 

' .. 
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Per cent speed drop at I 2: 3,5 amp. 
,",I 

Vl: 81 volt. per cent speed drop: 

Vl: 25 volt. n It II 'II • '. 

.( 1450~i427)~QO;1,59;~' 
, 1450.,' " " 

(l4,3S~l'394)lOO ... 2' -- '85'~~" 
, " - 1435"," ,"', , I-~ . " 

" 

" 

",. When we compare the per cant drop for ,V1 :25 volt' I 2 : 3,5 

which is 5,65% as calculated, above, ,it is obv,iousthat D.Ccontrol ' 

is much: more effective. As a general conclusion,trom control,' 
. . :' - ' ,", 

current versm.s, speed curve analysis, we can say t~t:b~c control is ' 

'much m3re preferable, keep1ngiii mind the' compa.ri~onsmade for ,~ach 
, ..~ . , '. ". 

,type of connection under the samecondit:ions. 

l" :8-" POVler, and SEeedRe1? tiona,: , 
I':' 

,Till.. P.OVl the lloss1bilityand degree·of ~peedcon.1I.,,-o'i"', " 

, vrith different connecti9nsand vOltages~hadbeen analyzed.:. The' 

'other ~~rY'impo~~ant point in rel~tion witllt~~fe~sibility ,of' 

, a spe'~d~oIltroi Inethod 'is' tl).e'energyrequirem~nt's i'o·:()bta.~:,8: giv,eli " : 
" ; 

, per: 'cent;· speed drop.- The power, l'equiremenii analysis. will. also.be 

,mS.defori 'each case and then will he co·,;.pa.red witli_e~ch' o:th~r.: 
, " , " " . ' ',. . ... : , . 

," 

1. D.C. Speed Contro.l:' ',' 

',> ~. -
,.! ' 

, ,The power required for speed cOl1t:r,ol is" foun4'by-' 

P
D

•
C

: I.:b:~CVD.C at, given :valuesof In:c and Vn.c.. 
,',' 

Fo~Vl: 

':V'. , 1-

:,Vl : 

a- Four~pol~ se;:ies cqunectede.urlliary: 
.'., ' 

65 volt, 2,6% 

50 volt, 3% 

.-

35· volt. 3,45% 

speed 

II 

'11 " 

drop' 

II 

n 

povve;- HequJ.red': 

".60' x4: "240: '.'latta. 

'.:. . ': : .. : 
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b) Four-pole,pi;rall:el connected,auy.iliary: 

" 

'For VI: 65 volt, 2,36% speed drop , Power, Required; 
.\;/ 
" 

Vl: 50 volt, '2,9% It ,. 
~ 

'20 x 4 ,= 80 ,{latts 

1.~ ,VI: 35 volt, 3,42% n u 

.c~ 

, 

, , 

For a control ctlrrent of 12~ 4 amp. 

Rp ':;', 20.:. 5' 
4~' R :: 3 R 's . p 

~ , t. 

S?'t, D.CPower requirement is J tim~s iess 'with pru."&llelconnectioll ' 

due to':'the smaller, effective t'esistance obta.fued~ 
-.",' . ,.',.. , 

c) 'Six~pole connected auxiliary: . 

Fo~~per cent speed drops 'of 3,54% 

4,l5~;, 

.,' 

COlltrol power required is: 

54,x 4 ~,216 watts. 

," 

For' per cent speed drops 01'3%, 

3,28% ' 

4~95% ' 
,control power reqt1,ired is: 

11,07%, '," , " '" , ' 
45 x 3,5,-:: 157,5 watts .. 
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corresponding to I
2

:3,5,amp. 

'd~ Tvre1ve~po1e conn.~~ted au,-J.liary;' 
- ' 

-For per centspeBd drops o:f:' 3,5%' 

5,15% 
"6 25c,b , 

PAGE ll' 

D~C control power required is 

55 x 4 ::220 watts 

~;:. 
- ..... ' 

Fbr per cent speed drops Of' : 
~:~ 
':\ 

. 2 a6c~ ,...., I . 

3,.1% 

"4,35% 
7 l~ "r "D.C control power' required: 

45 x 3,5 ::: 157, 5 watts~ 

, ,These results show that, tlle most'fe~sible speed control 

can be 6b·ta~ne(lbY using 6 or, 12 poles with150~200'wa:tts of D~C 
powert r'eqUirement.', WIth 4-pole,para11elconnactiollthe ,pow.ar 

requirem,elrt is::7ess; 80, watts, but' tne'may..imum obta'illable speed 

change" 1-S" no t ' mora than ,3, 42%,. 

"2~A.C Sp,eed' Control,: 

a- Four-pole series coru16cted auxiliary: 

}for; per ,cent speed drops of 1,57% 
1 '6"'! , iI,;, A.C power req~irement is: 

4? 'X" ::225 watts, 

I 
1 
~ 

1 
~ 
\ 
1 

'I 
I 
I 

" 

" 

" 
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b- :F'our-pole parallel conneoted auxiliary: 

"F,Ol."': )ercent speed drops of 0!,85% 

1,257~ A.C power requirement is: 

17x 5= 85 watts 

corres~onding to I2 : 4 amp. 
'~" 
! 

For per oent speed drops of 1,31)"6 

3,1 % 

oorres~pnding to I2 ~ 7 amp. 

A.C power reqmiremffilt is: 

50 x 5: 250 watts 

0- Six-pole oonnected auxiliary: 

", 

For percr::n:i~ speed drops of , :1,17%' 
1,63% A.C power requirement is: 

.50' x 5 ': 250 .watts 

correspOlluing to 12 : 2.5 amp .. 

d- ~/e1ve-pole connected auxiliary: 

For. per oent speed drops of: 1,597~ 

2,855~ A.a power requirement is: 
, , 

60-70 \va tts 
'. 

corresponding to 12 : 35 amp. 

The maximUln per cent speed drpp tha~ can be obtained by 
, . , 

A.C control is 3 ,ll~ with a power requirement of ,250: watts,- by means 

of'· f'our-pole parallel connection, Whereas2i85% sp~ed drop, can be 

obtained for 60-r70 watts with twolve-pole connection. This ,shmts 

that1.2-pole cOrmecftiom, is p1'e£erabl~' both inA~<f:'~~d 1).0 controls, 
: _ ; "<"':. . ,'. . ',' . t "" .' •. 

but much "better resul ts could b<;l obtained with D.C', \7~th less power 
, . , . 

requirements~ 
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'D ~.S~RY OF' RESULTS AND CONCLUSIONS 

". 

The following reoo.1 ts, . can be exj;racted from the experiment­

al dat,a obta.ined for the speed control of induction motors by 
,~~. .. " 

'changiiig air":"'gap fllL;;:. 
;.,Y. 

1. Speed control of's. thre'e-phase-induction motor is 

pa~~ible by changing air-gap flux. This is dO:L1.e by introducin§ an 

auy..ili?:.ry winding on the main stator field winding. The experiments 
'R, 

and re~ul'{;s are for the no-load operation, but theoretical considera.,. 

.tio;ns~how :the. t . the srune or, better. control could be po ssiblewi tll 

loaded 'conditions, but a motor of special construction is needed 
'.-' 

witht:':li.lrger iron parts to carry tliostatorwindings. 
'ff" 
;-,! 

','"< ,. 

2. The 'degree o£speed control that can be obtained is 
'. t" , . '., ..... 

not very large as expia.'inedin ~:fieoreticalpart. The best 'result 

that is ' .. obtained wi tll the motor and experimen tal conditions at hand 
': . 

is,notrilore than 12% with a . control power consumption .,0£200-220 

. watts. ".':' 

. ' 

:;:, 3.: The( speed control .is more effectiv~ for voltages less .. 

tllBnthe rated one. ' Motors with larger. iron parts can be. more 

suitabiJ, <for this ~indo:f speed 'control but economical considerations 
, .' :,;". , ' - . . 

that is,\'higher costoi' the motor, be t!3.ken· into consideration .for' 

thefeasibili ty' of' th~ method .. 

,"4.. Speed control, by the application of.J)~C,is. much more 

effective than.bythe appli~atioliof A.C., 
.. .' . . 

The'maj.imum speed change that was obtained in the .. - . ", ,-,-' " ~.,.. ,', 

experimel~ts carried otlt\'iith ',tb,e special 'motor used in .:this study 
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is 12%. It is 4 .times greater than themay,imum. speed cbange obtaine 

with .~:-:c, 3%. The energy consumption for' D.C. control is less than 
...... : 

the A~.Ccontrol method. But . the availibili ty of ·D.C power for .the 

con~ol· purposes is an imports.nt problem to be solved.' 

, 5. 'The speed control experil1ents were cat'ried on for' four 
;"i­

'dif'fctent t"tJ:pes of conn.ectiollS of the e.u"dliary winding. Auxiliary 

vIindi4g being a distributed lap rfinding'by variouspossibleconnectio 

4-pole '7 seri es, 4-pole parallel, si"-po].e andl2-pole could be &btaine , , . 

And tIle experimente.lresultsas it had been pointed'out in thetlleory 

. part indicates that one could obtain much better results with larger 
J;/ . ' '.. •. 

numbe~~ of poles' for auxiJ.iary winding. The mainiield struoture . 
't\ 

having: 4 poles, with six or "t\velve poles conneoiied aU7-iliary J we . ... 

pbtairl~~ 3 or ,?J times better speed drops tl1~n rlith:fOlir-pole connect-

ed auy..1l.iary. 

6. Ejt'p$riments done by .Hasan Qelik,.Grad~~'1~.E.t6Jt 'Robert 

Qolleg~, shovi that VIi th concentrated auxiliary vrindingfJ1 ~o4 results 

could ~lso bE;)' obtained • .... ,: 
.' 

. , .. ' 

;. 

The speed co.ntrol'>methodi:;stlldied in. this paper is 

an u.ndir~ctional one, t~at is, we. canollly decrease- the speed . and, . 

can not' increase it. We cannot worle with speeds above the 

~Chro~6uS. speed. 

8,. Dt'!.e to the additional fuzes of the auy.;i.liary'i~rinding , 

theree:<i ts an unbalance which makes the motor run wi tha greater 

noise and v.ibration than the normal 3-phase operai:tcin.· The efficienc 

of operation as well as the maximum torque is l6vlered' as it is 

pointed out in the thory part. 

;. ·9. Experiments iors:geed contrel con be done ,by. applying 

T-phe..se A.C to. the auxiliary winding yii th . proper, cormectionof-the 

au-;dliar'T. coil£:. Due to. time lim- '. fe¥-' ·h~ials· had been 
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'd:~neand .the fo~lowihg results had b"e'en,ta.ken .. ,:, .' 

. 60 i vol t, .' 3-phase .voltage, applied' to: th~m.airi . stator' field 
for"normal operation speed is 1446:'rpra with',:28 'ampere flowing. 

" Iz:1 a4di tion to this ,ilv/eappiy~: to ~ha, aux~liary' stator 'w1n.cling·' 
75v~11is" 3';';phaseA.O.' voltage~' with 2,5 ampere :fiowingi~tlu?OUgh the 

. 'auxiliary, V/~. obtain. a speed ofI370 l:'pmi'· whi6h' cO,rresponds' toa 
, sp~eddroPof r;f~§"':=,;..;f2ZQ2 100 : 5.a"%. '. 
. . •.. :'} I446 '" . 

. '\~ 

-. . This' shows the possib1li ty of speed control by means of 
second three~pha.se'stator· 'field structUre •. But·· care should' be' 
given 'to' the· fact- that,the' tvio ,rotating fluxes ~houlclbe 'r~tatin~~ . 

. irioPPositedirectionssothat they _~i1ihave' a subtractive overall 
.. effect •. ~hichlll· tu:rn will slow' down the rotor. The same basic' idea 
. had . been employed to :'the method' of stopping the3~phase'i4duction ' 
moto:r~ 'call~d ni>l~gingn~" ,',. ." .' ',:,' ' . 

. ~ It is' advisable.tomake speed ~?ntrol'tests~niploYing .. 
. .. ' 3"';l!na~:e A. c. 'voltage to, 'the aUxiliary with '3., bette d'esigned:motor, . 
. ' so·tfuit exces~ive .currents ~vill~not,flow. 

. .' ~ 

" IO."The 'experiments carried.: . out ,in i,Ms'study' a~e with a 

.. ' squirrel';cage. motor. Tb.esame method of' speed" control can' be" " 
appli~~-..:to:a thre~-pnase" slipz.:Ulg 'motor.'Iri ,:that'case,auxiiiary 
w1ndingscari be·puton tnerotor, and inte~est'mg 'ref;ultsmay'b'e 

" obtafue~.·' .' 
- " ~ ,,-'t" 

:;" 'II~ :tf'eConom:l.cal methods of 'designing3-phase .induction 
, 'motors~ ~uiitable :f ortwo'stator .Windings wi th: gJ:'eat~r ~lot debths 

, or" . a.ddi tiona1 'slotspould' be found t the speed. c'ontrol'. ofinductim 
motorS<bY~hangingair-gapi'iux .• rriay be econom.icaiiyi'eaSi~le , 'as ~ 
is' als~t1ieoretically~,within possible limits~:, 

¥. ' • r -. 'to_' • 

" 

I2..The speed c'ontrol method stUdied,:inthis paper has 

." 

'., 
.-' " 
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some .advuntagesvihenit is economicallyfeasible~ It'i.spo'saible-to 

obtain e,"smo'oth' control of speed, that is, it is possible to obtain 

" a large:'number of di:f:ferent speeds'~witl1 the'same motor, Just by, 
I· .' . 

9hangirig ,tlle6c5ritrol' c~r~nt'f whereas in pole or .:frequency changing 

'mfath()d~b:f speed control orily'"tr/o different speeds can be 'obtained 

with' one machine. 

,13. 7A;"servo system can be em.ployed(for'the cnntrol ' 

,ope'ra.tion wi til D. C path to be c01ll1.ected to the auxiliary' winding. 

" 

" 
'1"' 

•... ~, 
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B.: TABLES OF" EXPERlfu'ENTll.L 'STUDIEp AND GRAPHS 
, . ,~ 

, , , 

'~ :f..':~~D.C speed Control 

" A)FQln:'~':p,oles ~e~ies connected aU7..iliary{ 

,V~orvA.C ' IiorIA.~C :V2or :in. 'I2o~ I D•c 
, " ':(VOl ts) "(ampers) , (volta) '(amp'era) ,2 

~o v.' 

50. v. 

~O v. 
.~.~ 

50 v. . . .. 

4 A. 

',4,8: A. 

:"~,:7 A.' 

,. , 6,4 A .. 

0 0 

17'v. I1J5A~ 

30 VI.' 2,50A. 
", 

36 v .. 3,OOA, 
" 

'Speed 

'(rPmI' 

1476 

1454 
1440 

1~38 

; '50 v. 7,4 A. 43 v. J~50A. 1434 , ' 

, " 

',i ' 

50 v e ' 

. :" ' 

.. 
.' '., 

,,~65, ;"1:.' 
-,:",;,.c " ,.' ."",' 

'6~rv. " 
','65, :r." 

8.0 A .. 50 v' • 4,~OOA ... 1432, 

""< 

. , .. ,-;:", 

·5A~O' ' ',CA.' 1485 

;,6.~1·Ai; 17 .v.. ".+;,35A;~ 1468 " 

6;8;A~ ,"3D'v. '2,50 ,A. 1456 
. 

" 7,0 .A. 36v. ),qO,A,,. 1452 

7 ,]A. 43 v. 3,,'50 A. 1447' 

"7,5,A. 50 v .4,00 A"1444 
, , , 

" 

•• 

I 

., 
1 
1 

'I 
I 

i 
" l 

i 

1 
l 

',' I 

I 
! 
1 

1 
j 
I 
i 

I 
1 
1 
I 

i , , 
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"'.,' .l 

V','or V··:·' I'orT .. :,V' or V ···or v: .... 
'1 AC 1"",(\0·2 . DC' ·· •. :2·DC· Speed 

(rpm:> ) .. ·,.(volts) (~mpefsl) >lvo1t'sy2 . ·':(a.m:pers~. ' 

. 3~v~'" .:. 

~ 't35 v •. 
~;'-' '" 

: 35 v. 
.' ' 

.'. 

;35 v. ", 

-35 v.~::. 

j;35 v .' 

", c ' 

. '65"v~': " 

65 'v., 
6'5 v.'·", 

q5. v.··· 

'. 65 v.' 

'. 6·5 v~ 
65 v. 

··.··.J.'3'·A .. ' . : ' ... '. Ov ~ " " .,'. (-, g'·A..:1450 

4,,1. A,~: ' .• 17: v. . .' .. 1~35·.A.~ .:~ 1430 

4,7A. :30 v.: :.2;5' . A •.. 

·3.0A. " 

1420 

1414 . 5,lA. 
. 5,5 A •. 

'·6,.8. A. 
.. ' 

" 

, - '.'~ 

.':5'A,,' : . 
. ' .-. 

'. 5,6A •. ' 

5~9.A. 
: .. $;TA. 

., -:, . 

·.6,3 A,. 
·'···'6,6··A. 

7.,2A. 

" 

36 v.: 
4Jv.· " 

Y2,or VAC .' 
'. .,2 

'(volts::'}' 

'8;?v~ .' 
. '. 14,0 v<:c:. 
, . . 
"20,0 v ~ 

.; 

. 21,0 v~:,' 

29,,5 v~· 

36,Ov~' ." 

3,5 A,~' 1405 
4:~O.A. . . .:: ,·1400 

O~A •. 
, ,.' ,. 

.2. A.:" 

'3 A., 

: . 411:.. 

. 5 A. 
..~. A . 
'0' .. ' 

7 A. 

'. ~ 

" .,-

·,1486 

.. 2476· 

.1465· 

145J. 

,'143'6 

1423 
. 1:410 . i 

, 

.' " > 



--. ' 
V or V ' 

>\, 1 , AC1 (volts) 

50 v. 
',,;, 
~ 
~.~. 50 v. 
: 

50 v. 
. 50 v. 

50, v. 
2~-. 50 v. 

.-
r,~ 

';, 50 v. 

"~"""JI"-' . 

,,-

-, 

Vor V 
, 

1 " AC1 
(v~lts) 

""-" 

35 v. 
" 

3? v. 

35 

35 

35 

35 
35 
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_ ..... 

v
2
or-vnc : ,I2or ID~~ l 10r lAC 

, (ampers1 (volts1 (arona) , 
J-, 

... , 

4.0 A. 0 ~'. 0 A. , , 
" 

4,7 • .l1. •• 10.0 Y 2,0 A;. 

5,2 A. 14.0 v 3,0 A. 
. 

5,7 A. 20- '" 4,OA • 

5,9 A. 25 v 5,0 a.: 
.' 

6,3 A. 33 v . 6,5 A. 

6,9 A. 35 v. 7.0 A. 

I or I
AC V2 

or Vnc' , , 12orI
DC

'" 1 " 1 ' ,,2 ' " " i 
(amps) (volts) (amps) 

3,5 0, ,0 

3,9 8.0 v. 2,.0 i'l. ' 

4~1 12,5 3.0 

48 ,J 20,0 4,0 

5,1 25,0 5,0 

5,6 30 6 0 " , 
6,2 35 7,0 

Speed, 

(rpm.) 

1480,' 

1459 

1453 
1438' 

1423 

1410 

'140O 

,Speed 

(rpm) 
-, ' .. ' 

1462 

1438 

1425: 
'1412' 

1408 

1372 

1370 

PAGE 49 ' 

7 

" . 

, -

j 

1 
1 
i 
i 
! 

, 

1 
1 

'I 
] 

i 
I 

I 
- .~ 
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G) Six-pole connected. au;d.liary: 

.. Y 1 or'VAC . llor I AC .V 2 ,or. 'Vnc .' 120r ~c . Spf,leed 
. . I' .' ]."," 2 '2 

.(volt.s) (amps) . (volts) (amps) (rpm) 

.',..,- 65 ~. 

~(.;.-

c 65 

65 

65 
. :...-~ ..... ~ 

65 ~~-:. 
7". 

," 65 "(" 

,-
". 

Vi orVAC·· .. · 
, 1 

'(volts) 

:"',:50 

'.5.0 
. 50 

50 , 
.. 50 -

" 

·····50 

-5.0 
.' . 

5,0 0 

5,G 20 

6,2 33 
6,7 40 

'" ' . 
'7:,4 .' ", 

47 
8,i 55 

I" or I' . " 'V or V 
.1 . :. AQ1'.g·. D02 

(amps)' (volts): 

' "~'O .C}-

4,7 20. 

5,0 . 25 

5,5 32 

5,8 39 

6 f 7 . 45 

7 8 '- 54 

0 1470 
1,8 1466 

2 5 , . 14.60 
3,0' 1437 

"3;5 1426 
4,0' 1418 

~.""'.' .. 

I or r:'· .' Speed 
2 '1)C

2 
,(amps)' (rpm) 

0 1467 

1,.8 1455 
2,0 J.450 

2 5 ' t. '. 1439 

~,O 1435 

3,5 1419' 

4,0 1406 
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··Vlor VAb . ". 1 
I or I 1. AC

l 
(vol .. ts) . (amps.) 

. ..: 
3,5 
4,4 . ,,<.45' 

. ~45 

45 

4,.9 

5,7 
6,2 

·7;1 

8 

. . .,' . 

,'!'I-.<?r1;fA(J;··.· .. :Il or lAC 
.' .'if.·· .. 1· .' 1 

,!,-, .' 

'; , :' '*ol'trs) .', .c:(a-nps) . . . 
", , 

'j,., " 

~,{" c 3,0 

35?,3 
3ft 4,6 

':', 'f_ 

,35 ... · .. , 5,5 
. 6 1 
.. , 

. 7,0 

·inc·t'. case 
.. con tint.tOusly 

"'unstable 

,~ . 

V2 or v
DC

'" 1
2

0r Inc .' Speed 
. ··2.:.... 2 

. · (volts), ~., ,(amps) . (J:'pm) 
" • '-, of .,. _ , 

0 0"· 2463 
20 1,8 1450 

25 2 0 , 1445 
32 2,5' .·14~'.· 

39 3,0 1406 

45 J,5' 1391 

54. 4,0 1375· 

. : .. 
. '" 

V
2 

or V· . ·I2·'·or.Xro Speed .. DC2 '. . ',2 
; 

(Volts) (a.m.PkJ) (rpm) 

0 0 '14'50 

20 1,'8· 1423 .-

25 2,0· 1390 

32' '2,5 1376 

37 3,0 '1364 

44 '3 5 . , , 1280 

54 4,0. . Brake· 
u..Yl~·tab1e 

. , 

," . 

I 
I 
l 
I 
~ 

1 
\ 

I 
; 

I 
1 

'1 
I 
I 

.1 

1 
I 
i 
i 

i 
I 
I 

I 
1 
i 
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a) . Tlvelve-poles cO;mected. "auxiliary: 

VI orVA'~C'"' '; , I 1 0l;' I.C' 
, ' ,1:. ' .. " A 1 

(volts) (amps) ,'. 

~,. 

65 - ~f' 

" 

, 
'" 65 
- 65 

65 
'.~~~ 65 '" 

:,r 

- F:~ 65 \ 

65 
.. 
. ',-, 

-, 

.' 

50 
, ~.; 

'·50 

;:50 
'50 
':50 

,50 

:50 
'50 

5,0 

5,4-
5,5 
5,,75 
6,25 
6,8 

7,5' 

4,00' 

4,5 

4,75 
5,5 
6,9 
6 5 

! 

7,1 
8,0 

" 

.... 

" , 

.V2 or'vAc 
. , 

(volts) 

0 

20 

25 

33 

40 

47 

54 

o 
20 

25 

33 

.40 

47 
,54 

65 

12 or'Ip.C 
',,' 2 

. Speed, 

(amps) (rprJ.) 

~. 0 1485 
1,5 1479 
2,0 1468 

2,5 1452 
3;0 1446 
3,5 .1442· 
4,0 1434 

" i 

: ' 

12 or ,Il~C: Speed 
, ,2 

(amps) " :(rpn) 

o 
1 1 5 

2,0 

" '2;5 

3,0 

3, 5 

4,.0 

4,5 

1480 

1467-

1453 

1448. 

1439 
1434 
1404 

,~"' 
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r; 
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, II. . A~9..§:tngle- Phase Speed . Con tr~l : . 

Four~:tloles t seri es.coJ.'lllected .' auxiliary: . 

~--~~~~----~~~--------~~~~~--~~--.~------ ' 

"V2(v61tS),I2(aI:lp?),'~~i2(+etts) 'S~'eed , <VI '(V'Ol~:~~~,~2 (amps) 

.3-phase 3,-phase 
.;;;-

.:! 
'~Mr2~e'" ~~§~e " .~~§~e'·. " rpm 

'. '25:( 
. ',-

'as . '. 

"·25, 

25 
; .~ 

25, 

.",25 
. , .... 

'. ,25 

t'" , ..... 

~ : ' .. 

6.,00 

6,25 ' . 

,6,5 
, '. 6~75," 

7,00 

7,5' 

.,7,15 

,: : 

5 
15, 

."35 

52 
'67 

'90 

98 ' 

:t°7 

-.~-

. ,', .I.V> (~o,::lt. s)··.··, I'{smus)· V:·2.'···(v.61ts.·)·. 
.1 ",: '. .' 1 . . . - . . 

':. '.. 3~ph..' ',3,~:ph,. 'S.,ph· •• , 
: J 

. ' ....•. :,2..0', 

'. 20' 
2'c) 

"-", 

'20' .. '., 

20 

, , ,.. '. ..~ .:, 

5'75 , .' 

··'5,80, 
,.',' 6;4 

'7 t 25 

'7,7? 

2-3 

:33 

'6!J 

91,5 
." . ,109 

. , 

1;.53 

~,70 

-o 
6 j~5 

. . .. 

.'2JQ4··· 

.1393 
.,' 

1,85 " 11f 5. .. 
2,06 

2,25·· .. 

2,58 
2,72 .. ' 

. ,,2,88 

>:. It:2 . 

16 , ., 
2,06: 

'2,58 
,'2,8 

'. ITx 5,i;388 
..... , .," '. 

24' x 5. . 'lj$it . 
36 x5 '1.380 

" ~ . . 

'40 ." 5' '., .... x 

45 x 5 

., 

1 

"~~\V2(~1(itt): · spe~d ' '. 
.. \. ' 

a.ph ... ' ,,2!'pihO,' 

° 2310'. 

.. 10 x5', .. 1.308 

22 :x 5 "1.3?O­

'36:=-: . 5·· .1296 
:-

43,5x :51290 

\ ' , 

., 

i 
1 

I .' . ,I 

1 

1 
I 
1 
I 

'j 

I 
I 

I 
I 
1 

I 
i 

I 
l 

, 1 

I 
1 

I 
. I 

'1 
I 

I 
l 

.' 'l 
"I . , 1 

j , 
I 
j 

·1 
! 

, , 
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., 

." 

~1-
.~. 

or V,\C
1 

II or.IAC1 
V·or VAC I

2
'or X' Speed 2: AC ,2 .. , ..... 2 i 

" (voxts) (amps) (volts) '.' (amps) (rpm) 

~·5 3,5 0 0 .1470 
~ 
, •• J 45 4,1 20 1',5' 1461' 

45 4,45 25 2,0 1452 
. 45 

I 
'5,2. 33 2,5 2446 

45 5,8 40 ),0 1425 
" 1406 -' 

45 6' 5 47 f~ 3,5 ., 
." 45 7~'5 54 4,0 1378" 

45. 8,0 64 "4,5 --' 

:";. 
. . 

.. ' . 

. v 1:' or'Vl~C: II or I ' V2 or VA.C 'r or ,I": . Speed .' 

AC ·2 . "Ao .' " ',1' 1 2 , '·2 
-",(volts) Carups) (volts) 

", . (amps): 
, j" 

(rpm) 
'.,';: 

: i-': I '1439 ,)5 3,0 ° 0 
.... 
: 

35 3,.7 
I 

20 1,5 1427 

:·35 4,25 25 2,0 1423 
" 

35 5,00 30 :2' 5 , 1413., 

35 5,80 40 3,0 1379 

35 6,75 47 3,5 1337 
., 

.35 '9,0 54 4',00 3:267 

" . 
... 
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b) ",'Four-poles, para11.e1 ~on.nected a.uxiliary:, 

.. "- . _ r.,_ 

c' Vl. (voJ_ ts ) 

"a":'ph. , 

;~,20 . 

':;:20 

, ';~20 

20 

20 

T'20 

1,(Y.~1 tS) ", 
, ~.~ 

( " ~'. > 

37-p.t1. .. , 
\'.,', 

3D'" 

30 . 
,..', 

" 30 

3Q, : 

30. 

30. 
. ' 

30 

'4,30' 

4,4 
, 4,,5 ' 

4,75 

4,80 

",4,85 
5,2 ' 

" , 

,~1,(VOI tS} 

3-ph •. ', 
" .-
4,9 

. 

52 , 
5~3 

535 , , 

5',40 
: 

: 5,5 

5,7 

25 
,30 

'")7 ..)' 

/-1-9 
" 56 
65 

72-
" , 

" 

.. •... . ' 

2(Vol-ts), 

s.ph. 

15 
,,35,,' 

" 

44 
53 
,63 

72 

78 

" 

1
2
-{amps) , 

s.ph. 

2,06 

2,58 

3,5 

4,5 
5,5 
6,5 
7,25 

W2(wat~) 

S~I>h. 

7x. 5 

9 x 5 

14,;c 5 
21 ,x ,5· 

'32o:t 5 

43 xS 

,53 x 5 

Speed' 

rpm 

1359 

1351 

134-8 

1337 

1326 

1321 

1315, 

t (amns) 2 ."" , Vl2,~~:~t~S) " Speed 

a.ph. s.ph. 
" '",':;. 

rpm 

0.,,4 0;5 ~ 5 "1422 

2,5 10 x 5 '1410' 

3,5 ,16"x 5 1407, 

'4,-5 25 :x. 5 1406 

5,,5 35,x 5 1405 

6,5 46 x 5 1404 

7,25 59 x 5 14do 

1 

1 

I 
'j 

I 
, I 

1 

j 

1 
I 
i 
1 

j 

I 
I 
I 

,J 
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c) Six-poles connected cmJf..iliary:,' 

" ~ , 

V1(VOlt El ) II (e.J:1pS) V
2

(vo1ts) 
" 

12 (amps), W
2

(w.itts), ,Speed 

3-ph. i}-ph. a-ph. S~~l. rpm 
" ' . 

,. ~ .. 

23 f 
? 3,5 40. 1,25, 12x5 14~O' 

,23: 3,65 63 1,'4 157...5 1396' 
23 . 3,70. ' 77 1~ 6' 21,5x5 1389 -, 

23 , 3,80 '87 l:,8, 27';n:5' l381 
23 :2 3,90. 96 2,0. , - 31 x5 1375' 
23 

-," 

4,0.0. 106 2,2 J6,5X5 137.0 ";" .. 
.~ 

23 '. 4',3. 110 2.5 .,0 ~5 1364 
, ',' 

, 

~ " 

;, 

, ': ;. 

~-------+~----~--~------~~-------r------~~--~----~ 
,V {llolts' 1 ,-<' 

, ,3-ph._, 

'39'­

',39 

,39 

39 

II (amps) V 2(vOl ts) 

3-ph. s-ph._ 

-- . .......--~ ....... 

4,70 54 

4;75 96 
4,80 126 

5,0.0 140. 

1
2

(amps) \Y2 (\1a tt~) Speed 

s-ph. rpm 

1,00 12x5 ,1450 

2,00 , ,.32x5 ' _ '1448 

2,,~ 51x5' ,-1438" 

2,75 60x5 1425 
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d} Twelve-poles.connected auxiliaryJ 
, <, ' , 

", Vi(vO],:t~) ,I1(amps)' V2(VQlt~),I2(.a.Ti1!)$) <yi2(watts} . $peed 

; ,. :"3";"ph:'; ,'. ~ ... p~.~ . s-ph. s-ph. /' . ' rpm 

. .. .. ~' . 

.. , ". 

':' '9$;'. 

95 
:.: 95 

·95 
. - '.'~" 

'. 

5' 

··'·51, 
" " , , 

5,:2 

·5~ 5 . 

)2 ":: ·4', 5·, 
. : 3'2" .", '4' ",75 . . . . .";" >,' '. 

. 32 .. ',~4,8 
': ~ ; 

32,:,,~.'4,9 " 
:32 '." 

: '~ .. 

•. .. ,::;. .32',' \.' '5','1 ," . 
. . ' - . " 

.. ··2(J· . .\ 

\.?O " 

.:' ·20 
, ~ '.., . - '. 

·3,6 

4;45 
4,75 ' 

0 

]0 

65 

go 

0, 

28 

36 

45 
73 

'87 
·94 

o· 
46 

68 

I 

,'. 

2,75 

3iO .' 

3,5 

3;95· 

," 
" 

2~.45 

3 y O. 

3',5 

~j6 , 

2,0 
.. " 

2,25 

2,,5 ' 

.3,·0 

3~25 

3,40 

1 25 , . 

'2,00 

2,5 

0'. 
, .. 1461. , 

'" 

", 

O,5x5 1460' 

1x5 1446 

7,5i5 1442,. 

0 ·1450' 
" .. 

0,5.720 1.446 
" 

2 x 20 : '142T 

3 x 20 .1417 
.. 

'" , 

0 '1435 
.' , 

O',5x5 J..432 
, 

1',y 5,' 14,30 
, .' 

2x 5 1429 

6 x 5 : 1427, 
,,',~~.~~;.....-.~ 

llx5 1417 
.. 

13x5 1403 

0 1327 

4 x5 '1261 

8 ::t 5 Ul,?stECble 

,'. 

' .. .' 

, , 

, " l , 
; 

., 

j , 
I 

.\ 

'. 
I 

! 

I 
.\ 

I 
I 

. ! 
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BEBEK ,ISTANBUL 

APPEl"tDIX -1-

'Relation .. ,~~i;\~een· direct e~tcita:tion current ' .. :D' and· ,the 

equivalent R.M.S alterns.tingcurrent~ II-

PAGE 6?-

.. The relationship between the direct stator excitation 

curre~~,ID,and tlleequivalent r.~l:.s alternating current,I1 , depen 

all the staoT' cOlliJ.ectionused~ . 'The commonly used schemes of' cOlli1.ecti 

aresh~wn :i:n. FigtWes .F~ I;a ... b forsi;9,r cOlll-:Lected n~achinesa..l1d F-1, 

c-d :for delta COl1nected machines. These all require the salJ6 total 
. . 

power i1;oproduce' the same effective e1cci tation lii • .i!f.F. 
. '" 

;' ' 

A ~------~----~ --. . -r 
I:> 

6_---" , c._---~-_"-~-_--I 
(b) 

.•.. r .. 
J :;' ;': 

A ... -----A /. 
A --.:...---.:... 

. \. 

",-, 

.(c) 

: . Statorcon1.1ections: 
'(d) 

Fig.F-l 
' .. 

',.; 3011ei(1e (a) givesm.ore 1;m~fQrm heating t~lan scheme (b)';but the 

;formerrequir.es. a.3"':'pole brakirlg.contactori wher.eas.the .latter only 

" rectui:res'a .2-:pole :one.:' 

.. '.Beil1€; .simpler ,: .( d} 'is more preferable for star 'COl1Jlection and 
. ." - . '. .. . 

Cd) :fo~'~del t~conriectiol'l.:~ . In 'co:n.nact.iqn '.(a) the di?-"Gct current 

:flo\·iiL~ in the windings cOI,'r6sponds.to . iiheequivalent alternating 



[-

I 
i 
~ . 
i , 
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-

[curren:ts Ilf'rozen" at the 'installt WASil. the current in phase A ha.s its 

~. p~a~ v~+ue.T11erefore, .IJJ=~{2. Ift"jJi be;ing ther.m.s ;current. 

:Thus,I1" referred' to the statorJ.~· I1::·tn .. ' •. For connection (b);. 
'. 'fz 

the cQ~ditions corrspondto·the instant when the alternating curren-t 
. l" . 

phase:C·is. zero and.that.in the peak valv.a.' There:for 

'.. . -,: V3- .' , . " . I 
I .. :::' 3 ' J.. 
D .. . 

-'YZ 
or 

. } Similar ,.argmrients are used to find the relationsl1ipfor 

conneC~ions fo )a.rid Cd). In the former" if'~li s the r.L1 .. s phase 

:. c1.lrr,ent 

....... 

. A?PE-tOIX -II~ , 
" : 

., '--. 

TORQUE EQUATION: 

or Il,·~~.2 In 
/3 in tl).e latter, 

By~specifyin.g the In 'and II' the stator .:iJnpetan.ce and voltage, 

, need not ~'he shown and Fig. A,..I can be further simplified, to Fig.F~2. 
. '" - . 

I~ .. ~~ 

'Fig.F~~, D.C control equivalent circu'it. 

FrequellCY,: VIs 
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Fig. F-2 : D.C control equivalent circuit~ 

Frequency : W' s 

PAGE ,b5 

To simplify. the expressions tile'. equivalent ro~or resist8.nc 

VI 
R2...E 

,VIa ';. 

. will be denoted by R.' . Vector quantities ar.e shown in 

heavy 'l~nes. Froni the equivalent circuit diagram (Gig.F-2) . 
.... . 

; .,.~ .' 

,. . ~ 

., 
\' 

~' , 
, , 

. :.' '.' . 

(1) 11 ~,Im+ 12 

V (2) , I:: 2 m ~ 
J!-1ll, 

, V 
12=2, 

R+.J x2 

Frome0uations (2) and (3) 

1
2

(Rf- JX2 } 

J Xm 

.' ;' 

substi tuting in equation (1) gives 
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! Therefore, 
•• ""> 

r"~r j" 

.---'" . I 

'. · .. ·.),.,2.)(;····, " . 

I
. 2 .. ' .. 1 ·.]n . ..... . 

2 :-- "2 . . . 
. . R +(X +X )2; '.' 

, .. 2 m 
. . '2'; . 

. 'I\X·:2R. 
The .net t" ··T·... r' 2R' ·.·1· .. ,m orQlfe ,.. ·:;.·.2 '" .:. . •... . ... ,. '2' 

R2+:<·.X2.. x~:) .', 

. ' 
! 

.. For unsaturated condi tiona X is' ~on~tan't and the ma7..imUJll 
. Dl ' .. 

iVa~:ue' ot T 'isf~ul1d ,frqin' eq:~(4}t~ '6c~ur when:: •... , . i 

:" 

(5) . 

" ,. .' ' . 
. ,'," 

... (6):: 

. . '~ , . 
',1 ' ; -:. 

" ;" 

1. . (X
2
tiXm) . is the' Syn:Ciwo:rl()USre.~c·t.,s.nceat(·~h·e.Ita:cri·fli~qu.enCy..yl~ 

Equatio~.;e4} CDJl be' usi~:to ~'find th(3' tbr~e.:e~ei1.:unde~'·sat{~a~~d"'·: '; 
~ ~ ", .' . , <; F. • • .' '. • ' • • -, '. • • • " ' •• ". ' ." • • " ," • 

b().nd,i·tio;~,· ~f th~ vaItt.e, ;0:fX
111

, ·.t~ken .i.s·the::;a~·jUst:ed>value .'a:5 u~ed .' 
f·",,,, ., '.; " \., . ..' '. .. .. ' .. ' . .' .' . ,.' . . . '.' . .' ,,:' " 
~. a1 ternfl:tor .c:.lcula tions.~~ However.ft1Us··usua~:ty:.is,a te~ious ' 
, ' '.'- , ':-, 

process,' of tria.l arld error ,. the graphicalcon:str~ct1o!ls. given .. in 
~ppe~ciix+rII~bei~~g ffillchless laborious. . . '. ... '." . 
i ,.,". 

Eyen -in the presence. of Sa tl.trat:ton ,'when Xm cannot be 

:talten a'S;col1.stant" i t.:'remailis tr~e t1:lat fo~,a~i ven value, of' I; , the . 

~orque is' a ftmctiollof H Ol'lly,.':si~c·e;:J::()r~~~"tfcUla.rvaJ.ue o':f R, 

~he:quani?ities. I2 ,1m and' V2 " the de~e~. oi·~a.~~~tion a.nd.t~evalue 
~:f,~ , are' all fixed.. ' . < " 
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APPENDIX-!I1-
...... ' ... ,.-, .. " ~ 

GRAPHICAL. CONSTRUCTION:' . 

The curveOC shbiy,nin Fig. F-3 ·is the magnetization " 
. ,-" ' 

characteristic 'of,' t~leind1,.1.o'ti()lim.otor"tbEit, is;" t~lcrc1~ tion ,betVl(::'en ' 
,~- .~ '. .' .' " . .' 

. theau'~gap F .i\l~F pel.' . phase', . :'Vz" ~dthe'mEgne_tizirig ·cu.rren-t. per 
phase,:sn,for ·theuni~ Of,.~s3;UChronOiJ~S ~peed W~ .• j . 

r/1 
± 
'0' . 

'::. G' . ;f:!, 

q1 
,:JI ' 

.' d' 
';S: .. 

'.~-
I­
(\j 

(l; 
'JL .' .. . 
. ~ . ,w 

F~3" '~.: . ~;~~t~~~Int·C)ncit!~tlb~~or:,~tte" .. ~alCUl'ation4>. of ]}¢C· 

:brsk.ing· c'ile.racteri·stic;:i~~ .', 
. - -- . - ~ '. . 

.',' r 

, ,,: This 'curve maybe: measured, asdescfibed,1h, :the ne:;(t 

Se'ction •. :Also shown in Fig ..... 6is the vector diagram Ofi.Btfor the 
~. ~, -. . ';' . , . . '. - " '.~ 

circui t ~n Fig-5., ,showing th.e cv.rrents Il:~. 1m" ,I2' for the particula:r--
, 

E.M.F. 

V 21 : AC.. Tl~j.s ~ector. diagrruif corresponds. tQ'.·equ.a:tion(~). 
For a' given ,dir-ectstator' exc,'ita:ti~1'l; IJ;t .If}.S~l::;o :fixed in ,." 

ma'gni tude, so t:i:1S,t t1ie:poih,~'13 lieson'~he'qua.dr'ant of c~le GER, 

radius 1
1
.' Since ther.otor, c~rcuitof'Fig~-5' consists of' a fixed 
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reactgr." in series wi th·' a variable resistor. The' (3xtremity of the 

'ctlrr,,;;tvector I2 lies on thecir~leAB. of diameter vi/ X
2 

or 

ra.dius V2
l
/ 2~' ' 

, A<'). '. .::. 
, the t",io circles, 

1 : .. 
(V 2 f' AC ). The 

Hence, the point Bmustbethe, intersection of 

'and for the particular \Talue' o:f ,E .H.i. F cho sen 

vector diagram must be as sh()wn ~bove., 
.: ' 

The phfl,se angle between v2
1 andI

2 
: ¢2 : angle CAB, and 'if BF is 

drawn perpendicular toAO, the torque'per phase in synChrOllOUs wat~ 

is given by: 

(7) 
.' 1 

T :± V 2 I2 oos.¢2 ;. A6 x AF 

(AC is measl.l.red in vol tsand Af in amperes) 

AIso,i:f'DB'isdrawn perpendicular 'to' AB to cut A6 atD, ' 

'Jill- I .,', ," 
• 2(-, cos¢2 

" " '7 :' , . 

. / 

.'." . 

and since 

, VI 
I __ ' 2--.... ___ _ 

2 -If, 2 2 
VR y' X, 2 

, and, 

• 

, 
It follows that if AD is measured in amperes, ' AD:;-

R 

therefore, 

(10) R= 

and '. 

" 
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Byrepeatillg this COllst-ructionfor anlJ!lber of . values of 
····1 
11:2 ., -t~e,. rela tionship be;cweenT a.Il~ Rmay' be deteJltlIlined from which 

~he:~torque/speed curves for given values o:f R
2

, or the torque!. 
. ' . 

,resistap.ce curves for given'speedsmaybe derived as explained above. 

This:¢;pcedurecan be carried out· for the values of II corresponding 
:-~, 

teanY:.value of'I
D 

• 
.. \': 

.'If X
2 

is very small, the circle. AB becomes ,very large, . 

the . angIe 91'2, be~omes very small,andthepOints D,F andB all tend ' 

In many cas~s it may be sufficiently accUrate to 

as.sume~ha.t X
2

is negligible.'. so . that the torque is: given by: 

, .(8) T ::::AJ,(in 8.lllp) x AC (in volts) a.nd the equivalent 

rotor rQsistance by: 
,'; " 

(9). AC(involts). 
, '~",:,·:R.!:' A (in am-ne. ree~ . 

. ~ .' '];' ~ 
t 

,,,;;, 

I't should be noted that'X
2 

is the leakage reactance of:the 

ro.toralo\~e, . and ,not' the total lealtage reactance which is used in 

the usual approxi!11atee~uivalent'circuit of the induction motor. 

~he cas€liX2 is negligible we c:'·n draw the new equivalent c:; r01.1.i t 
·v7here· ., 

and 'gr§lphical. construction. 
. . .' 

Fig. ;F-4 ".: Simplified braking circu.it infsta tor terr:.ls neglec t:ing X2 
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We can: dra\V anotheriigure' showing~he ma.e:.neti za tion 

,curve and also the vector diagram of exciting and rotor currents and, 

~the ,:);09i' of Il~~~ .j 
1 

. ' ... ' 

, ' 

,A .... 
'IJ 

",~ 

Jl 
'~ 
'l\. . 

:,1$ 
"t.. 
"0 

" ..-", 
, ,(1 ...... 
, '.rp 

r:: '-

~:.I:.J::,.;...::;:.:;~;.;..;;>..... \, d Yl 

N\Q.\ne-\,tzcibol') cur"e, 

.1 
I 

, ! 

, 

1 

.T~, MQ..:t0e.-\:;z~V;~ c\),C'"re\,\"lJ,am per~e,~,Q;,d 'hC e~.o~ 0, ~ 
:Magne~i,zingcurve for en induction motor and, lillear ",", : 

'I l. 

appr6xiriiat~_onfor the, cl.lrve..Thepl1asor diagram for-the, currents' 
. -.' . ., e; ,;.' ~. . '. ) 

\. . '" . is ;,'superimpo'~ed. " 
: ,I, ',': ,. , ' 

','. 
For every value ',of I? aSGluncd,the' corresponding v~llue 

- .'--;. \ 

i ,-oi,'::I'may, 'befound,\!lhichin-turnYiell.ls, the proper value of rotor 
", "m',-,.", '" - ' ", , ' 

'il~duced ::V,Ol tag,a from' thesc;>t.~ation 'curve. The' power per,' phase 
, " 

, ~eyeloped 'by, the'moto:r i~" EI2 synchronous watts." Also ~ 

" ' ,(10) .E. I2 

(11) Vl2 

, ,W , s 
• ... 

E 

so , 
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T'ne developed torque can be computed from the synclU'onous' 
•• ," HI 

wattsfUld the speed from the va:lue~' of slip given in equation (11). 
-. 

Inthe"regional ol)eration where the magnetieation curve is linear, 

that, is,' X is constant the speed and torque may be represented , . m , 
by: 

(12), W2 
~'" . 

(:1.3) T 

", 

follo'Ning 
,-

--' 
--:or 

,R -

w.-E. 
s m 

KI2 
m 1 

2 

tan Q 

Sin20 which are derived in the 

1,<', . . , .. The- po\tler developed during braking is X : I2. E s;)rn.chronous 

, ..... , 

Ctlrve ,m8..Y" be repre sentedby a straigh tIme. _' 
)) ... 

'15~ 'mI - + b " m ' where 
.',: . 

E, 
m::-

I '- m 
, b:: 0, 

Alsof'roID;Fig. F~5, it may be seen that:' 
,..' i 

, I: 1
1
- Cos Q' 

i m ' 

" 

There:fore, 'p '::Il Sin G(ni I1'CoS Q ) synchronous watts per phase 

mr 2 
P :: 1 

--~-
Siu~G or 

2, 
3 x 7,04 2 

mIl : ~'Sin Z Q Ibft 'Or T.=----
w s 

" 

2 

(13)T :: KnIl'::' sin 2 9 
~, : 

- -, K - -- _7'.2.:..o.;.:..4_,.::;x~3_ 
where -: -

W' s 
;; mIl Cos Q in eq (,11), we get: -



I 
t· 

! 

, . 
..... ·',.r' 

\, 

~ .'.t 

VI 
2 ..... - -

VI s 

APPEHDIX -- IV-. . ~ , , 

··THESIS 
ROBERT COLLEGE GRAOUATE SCHOOL, 

/BE'BEK • ISTANBUL . " 

.' R2 (I1S:ill Q )' ,-R2 " '. 
',':::;:* I '. :::; ,,':'~ ~.' :,t~ ','.9 

m Ii :?os~. " 'm 

,. . 

<l!.NALYSIS OF A.·c . SINGLEPH.A.SE,AIR-GAPM.lti~F' AND TCIN.UE . 
. " . . . ~ . 

. ' Let us consider. ELs:tngle;statorcoi·l wi:t11. a'pi tell of. 

: ~ l80, p ;tregrees, or P tiriles' i'U4. PitCh~·.An,.) .. ~c 'fl'O\2lingin this 

I 
: I 

, i 

coil' ...J~ril pr()du6a pulsiltiilgTl1e.gtletic 'f'ltix a.cross'the:a..ir~gapo.vGr:; . i 
. ,-, ,. . ': " "\ ".'. ',-

the coil!1' w:i::1th ,ofpr, which returns" 'ov6J:'tb.e remaiiling' spa~e 'of, 

{2-:-p )Jl.:Neglec~irigt~~ re1u~tance., Qf' theiJ:'oD, on both sides of 

: ~_the 'gap;' 'alld,COllSid~r;~~g- th~coil.magne_tornotiYe. force (1iI~~a.F) 
'to be d6,ncentra.ted-a.t slot: openings o¥ n~giigiQle' widtli"tlie flux 

wavevliii con$ist 'of i7-7odissimilar'rectBIlgles_ of equal area' as 
, . . ~ . . . ." ' 

, .. 
shovm '~ the fi'gure below. 
: . \ t', U 

." , 

. ". 1.,' 

,'. 
, ~,," 

.': . ~ . .: 

, I 

~+~~ r:-t .::,..:... -=--::....:.h_.-_p..;,o)_Tt-..,-.;...;....,_ ........... :t-.....;.. _ J~_' _._ .. _, ,1IiJ...-"'-"":'---'"--,-. ,... .. ------..-

,Fig., 'l!'-6 ' :' 1 
'Sinc,e ,the:;'same tota.l·· J'iliux crosses' the gap in each direc:!; 

·tion, t116 :flux density msida th{3,coil- J.S(~~1;)B·dosWt1 Md,that 

" ,ou.-taide'tile ,co1:lif? .. p]Cos wt, where,.Boos~vtiff.tllE:' flu;t ,dmlsi ty , 

't~atwouidbe: prcduc:ed' if ~thec?il Vle!6.;i'u.ll :,pitch (:p~}., 
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; 

The "'Gotal flux is,ther19:fore, p(2-p) times the flux that 

¥Ould.-b~~;produced by the full pitch~_coil.. By well-known Fourier 
. -

ueJihdd :o-f analysis, the air-gap !.1.nL.F distribution of su:ch a. shape 
" .. 

nay be represented as the sUm of a· series o:e- sine waves. Thuslll .. M. F 

:>r (m)-atany distCk"1.Ce X- from the yenter . coil is: 
'. t .' . . ' 

. " ~:, ., 

{l))~ ~ a Cos' Ii' b· cos2X + o. Cos 3 X ........ + nCoskX + ••. ".,.' 
. - " . ~ 

·;~lhere ' . , 
(2) , Hi ~-:pMCoswt , . m 

from X ~ -l\' to x;:: -2 

'from 'X'£Pf '. to X: ~n , 

" to X::n' 

, . ~here MC05V-7t is the <ampere_turns of thE! single. coil. 

·r.tllltiplYing equation (1) 'by- OoskX and-integrating from 

.. ,(5). ,,: ·~j~~skXdX == n . 

'. ';ri ", 

~os 2~XdX '" nn 
- :-'Jt: 

- - .' .. \ ,-

. All .ternison 
, ~" . \ 

-.1t-.. 

the _ rightsia,e of equa tiori . (1) vanish except . 

the. term- contailiitigCoskX, beca.use 
_",', '" ."',!..: ,r-. " 
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~Equatingequations (5) 

.(: '7")' ,:";" ... 41£1008 wt 
' .. n_ . nIt 

" - -"," . 

to (6) 

s:in ~~. 

. .' un. . . +, ": sJ,· .. "" 2 pn !MI. 0 S ..,y (.Sin 2cOS X ' ~ ... _ l!J fO.A' 

+ ! Sin 3Plt Cos 
3 . '2 

2 

3X. -I";' " 1 Sin k prt C ............. k _ os 
2 

, . th, ~.,'" ' .' 
Considering tne Ie . harmon;tc of equation (8) by itself 

'{' I 

:wehave:'an M.ill. Ii' wave vrith K timesthe·fu.ndalllen~alnumber· of poles ..• 
: ",' . - . ,-' . . 

;sinosthiCially'distributed around the perip;hery, and alternating sinoso 

IsoidallY .. :in..timeata. :frequency, '. i, . cycle,sp~r, se~ond. 

i ',At any :point on the periphery, . the' M.l'J.F. is: 

'.' ' . . ;'I/L:::'" i1!' sin ~ Cos k nOos 2 nit' 
., : -Ie' ,Jlk. ' . 2 " ':' " . 

• • ~~. '< 

, ,', .. , \·(9) ."J?.~ .Sin ~~ . [cos ( lot- 21tft) + Cos(kx+ .. 2>. H)J. 

~: 'iThatis'~~hestatipnary, alternating field is aiievery- poj:n 

'and at'everyinstant indistiut>'ilishable' fr6mthe !3UJ1l. of' two 'equal 
: . '; '~.' .... '. , , . , 

'COllstantmagni tV.defields revolving in opposite directions at . the 

:same 'speefi of' 2£ :po~e' pit'ches perse6ond~ . Sin:ce' kth harmonic ha.s' k~ 
~imesas ~any 'poles as the funda,melltc.l, or N/k'revolutio:n~ per minute. 

i:rNis thesyll.cb,ronous speed of the, funamen:tal •. 

r .. 
~ . , 
i 
I 

I 
I 

.". ~- , 
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" .'. ~ 

. " 

",' 

':, . 

Fi$.. F-~1" :~. COTn.:p011ent!3':of ~'. re6:t~1guJ.ar'~u,1~;;.i.ing.}:t.1:I.F~ . 
~:, .. 

,,' 
Front e 'lati on ( 91at~o ; 2:f4::~.~~,. · ~ ...... 

" , .... ,' ,.,: .. '''''' ,i ,,'2' .' 3 '.4 
re.pres'~~~~ilgtl1e cGl'iter~:f' ,8. coil. at'the':time.,t::0r" ,-Y- "'f ','T.' e' 

•• "." ':. .... ~: ;~. • 0"" f .' , ' '. 

·the,f'o:nisiJ.';d 'aiid 'baclS;n~1rd' ~eVol~.iilg"'-fielc1~a.f.e·· cQmcident,."giv:;Ln€; 

thei~· r'~~f~tant iis~re~t;~"fue . of:$~~~,{. . ~itheSf'JUetime .. " 
. '. ~; ~ . . , 

. " : {,. I ., ,'. 

. o";';c~',~~, 3ii",,5n7n . ',' 
o;.;..u.,l·'·.:,~-~'2k!·'~'2k-: , .2jt," .', •••.••. 

c". "'n'. 
to: ,0 ,b:u~;:;;Ftthe pOin-t '.x:;::·'2~c' 

:. 

, I.' 
,. i, '!' 

the'tvld.f1.elds~re: . .opposite, making ,their r?Sulti<ii,:t,f),:-pial,t.o zE?r()'~ 
'< .. " '. ", -. "," .', -:, ,""" ,- "-

Th.:fs: ,is ff.h6wn'cim;!}l', in 'the Fi&Nfe~j:' 
~" :' ~., . . .; 

, ",-.'~ 
~ . ( . ,:.' .'." 

" 

":1'" 
" . 

. --,--,..:---
1 

' .. 
"I, 
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one pulsating A.C. field.' 

. If every coil in the wiriCl.ing is identica,l each Olle will· 

: produce a. s:U-n.ilar pair of oppositelyrevolvil1g1:i.M.F waves for each 

:harmollic. 
~ t l' 

" Each phase bel:!; composed of' n consecutive. coils carrying 

; the s~~ current, produces a kth.har~OniCfieldequal to the vector 
." .- :. ',' - ,'. . 

. sum of "ilie n identicalfieids spaceCl, consecu:t~veiy one slo-I; pi tOll 
" 

o apart. This resultantisiound by vector .addi.tion of the chordso.f . 

,a cirm.y.ar arc. The ·correspond'ingdistribution.factor or 'ratio O,I 

, the. rE~l.tlian:t tothentUnerical sum" ofth'e:fields is. given by equation 
'-, .. 

•. '. Sin~ EB . 
. '. 2g 

·th for the m .... harbonic~ 

: . .mhenm::2.mof,of a: single phase. belt of n. coils is found by combining'. ," 

: ~qu.a tion~ ,8, 9,10' •. ' . 
, 
I : . 

. f t 

" j 

2Mn 
H(ll) .'~)n:: 0 It 

a· . K K Cos( x.;..\·.r:t)' + -2 Kd' . tiros( 2x. -wt)' 
p d '.2 

~" ' 

(x + wt) 

21m kk Cos· . 
K kKdkOos (. kx-wt) ..... ••• ... r pd.· 
.. P .' '.1 

·1 
1 . 1 '(T Tr C . (1' .' . t l 

+KKd Cos ( 2x .. Vlt)' + •• -Ijt, '.' ,L~pkll.dk OS. !J:\'/~Vi .1 

. 2' .P2 2 . 

"" ...... 
1 K v C (k A t) ... -1 ~ k,l.':..."k O'S x ..... IV • ...... 
t p"p 

The first braclceted term in equation (II) repre$0nts all 
" the·farward revolving fields, and tllesecond one the backward 
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The valhe of Ie : Sin, pti" !!-2 .. 
pm.,' 

" . 

... , " 

.. 
'-:.:.' In: a. l3ymmetrical winding;~' 'coils l.~der consequent poles ,are 'd"'" ' ..' ',' , <> .. " ' . . ' 

::LBO . electrical, aparii,. a,nd, oarry clirrent~l 180 .. apa.rt in. tim~phase,. • 
- . '~. " 

thai; is,oPPosite in tJ,mephaBe~ The resultant·m.M.F of the complet 

phase yf~11dil1g.expressed ' in, .ampere~T_rllsper .pole·,willbe. obtained, 
, t:, 

bY..:~dd1fg ~<>' equation(~i)a siffiilar series, exceptt':lS.t the. sign. ,ot-
~Cll:t.~rlni~ r~ve:csed and the angle'. (x.+ r) is subsi tu.teufer X-: 

ti~OUghOi1.tand·diviaing·thesUmbytwo" that is: 

',' 

'end .a.l1th~"eVeD.:h~~Oliic terms cancel out, .since ,:' 
". '. . '. 

··.·•··· ... ··;COi·&k (x+.n) j' •. : Cos 2kx. Therefor~, 'the 11 • III ~'F 

'vave'of plias~" . A', vlhose current is' V2 I dOs V/t 'is; 
.-.. .' ~ -., : t·. -' ' ' ',". 

~lj):':M,,:~: '[Kp]{d Cos ('X .. wt) +5 kph3 COs {3x-wt} 

: ... .± ,K.:.K ' Oos' (5X ,-wi;) , ,~' ••• 1·~2il~rK KdCOS(z+\vt't 
,,',5~~d5 '. . '. .' '..: [P",-:'" 

" .. l:K ' KCos(3x+wt)+ 15 K-Kd·
5

COS (5X ';','Vlt ) ' .•.•• ,.,~,.),. 
. 3 P,3 d3 '.., ' .' 1>5.'. ' . . , .' .," , 'j 

" Wh6;-e; '·'"M.'::-pet;lk' ampe~e', turns per coil ; · ,2 . I ·times turns -per coil,· 

and; ·:n::coils p~r pole per phase.: 

. The' Cos (irX- '.1hi ) terms are. ~orward 'revbl ving vlay€?S, and, the 
, , 

Cos, (k:x: .. wt) terms are backward revolving ones. , 
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After having analysed the harmonj.c cO,mponents of an· ' 

,a1.t;.;:rri;¥.ttingflux due, to, the, single-phase auxiliary winging of the 

, motor , ,'-,-,e can study 
. --. . 

! 
the eff'Gct of these components on the operationaj 

charact~ri stli.'; of tile actusl motor. As we have shmvn in the above 

analys;ir:, , a.b. alte:t.nating ',tflUucan be replaced ,by tvvo , rote.ting 

M.rl1.~:~trave~iilgin opposite directions and' each having an ampli tUd! 

equal,to llair of that of th~ alternatingM.H.F. To these t-VIO 

rotating flti~ which tr:Cc,vels in the sa"Ue, direction of rotation as the 

:no:-boris called the forwal';drOte.ting flux, 'i/hile tlle other one 

travelling iri'tJ.~G opposite direction to tile rotor is called the ' 
. . '~"" . 

electromoti va: 
, - 1 

backward rotating flux.' So on the rotor the,re will ,be 

,forces"'(EMF' s}' indu'~ed bytviorote.ting fluxes for each harmonic' and 

,the inflv.ence of :'each fl"x on the rotor should he coneidered separate; 

lY., 
The effect of ,each of th~ two rotati.J.J.g fluxes on the rotoT,: 

is the 'same as tllatofthesingl~ ,rotating flux on the rotor o.f the 1 

po lyp l1E£semo tor.,.: , 
• f -! > 

,,(" If the ~otor l1£is a speed of n. rpm, according to the 

! 
defini'tfOn6f the, slip,s; the slip of t,ile rotor with respect" to 

thefor\vnrcl rotat~g ;llai~harmonicflux is: 
, , 

",t" 
': :. 

n .-n 
s, , 'n: 

;:. 1--· 
n s 

Since the b8.c1rw'ard ma.:ln harmonic flny-rotates o5Xposj:te to the rotor, , 
. .. . 

thesli:p of the' ,rotor \'lith respeci; to, this backward rotating flux is;, 

'(15) 
n.- ( ... n) 

s '. 
u' s 

: 1 .. .£: 2,-s 
n s 

In order to niake clear the influence of the t',70 rotating fluxes on 

the' roto~, it wili be aS8uID,ed that n(ns • ' Then Vlithre,spect to tae, 

forward'l;'otatingflux, and according to equartion (14), Sf is positive 
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, , 
land, "SInal' leI' +,llan,' ,un, -i, t:y, • 'And S:" .1. t ... ..... -'-b~s grea t"Gr han one and'posi'tive. 

: Figu~'EL:4.,.~h()YI:S -th,etorque GIld l1lechanical,po'i;erat the shaft as a 

[fun9t~9~ 6f, sl:rpformotor, gen~ra';or and brake operation. 

~ . 

" ,~ ',' ~ , 

0,4 0,2-

5 L-to) -

, 
~ 
"> 
~' 

() 

([ 
~, 

-

, . 
" 

, 'j 

. ' 
i "" " 

, ' ,'. --.-. 

~,B'r.~ke '-'~ .... ---,.-
. ' '. -: .~' ~ . . . 

. . . .; 

M,otor' 

\, r' 

'" ", 

;~ .. COllsidering,' " Figure 'F-9 " it is seentha t the rotor, unde: 

V7iti'l,S'positive',andsmal1ertban 1, ,the slip oftl1e rotor wi t}l res!,)e; 
, • - , co •• ' • 

, to' the, ;~~'~kv/ara. flux is~accordiLlg to equation (15), positive f,nd 

larger 'th,an,Qne .. · "Ag<.;in conSidering the f:Lgure, dra:anabove ; it is 
, - . 

,obvious'tllat't,he rotor,uuder.the il1flu~ce o:f the back\'lal"d rot2.t;i:ng 

i'lu~;operatesi..:'" the'regicn. of brake operation.' TllUS the 1.'1"10 

rota:ting':fluxes have an opposite j,nfl1.lc~iCe upon the rotor .. -
' ..... 

The,rela.tion for. the devslopod torque, derived for the poly 

phase lllt7uction mote·r: 

Ibft 
s 
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eaoh' of the two rotatil1g'fluxes~' . Thus thetorqlledeveloped'by the 

rotor'tirider the influeIlce of ,the ,i.9r\,/~rd',r·ota.ting:,main harmon:ic.flux 

, . 
. ~~" 

and' thQ,~ torque dev~lo:pea: .byth.e rotol; under' t11e influence of the 
. " 

backward '. rotating main . harmonic. :flux:, 

. (17), 7,04 
Tb ::. m ' n ' 

r-' :-.J 

:~ '1\ 

,:t2bm r 2 ' 'lb-ft' 
··2~S 

I2f'mla:n~ , 12brrl. are the. c1lXrent~ p:t'~'duced ;i1i . the rotor by: the' forward 
. '. t 

::md, ,back'ilardmain harmonic. :f:Lt9tesr~sp'ectively. ,.Thererultant: 

de~~lOP:~ '~orque due to., nia~ hari1~onic' flui is the', 8~.Or,.Tim~'and' 
.T

bm
• 'i'" :. " 

,-,~ . -~' .. 

. "", >.(:, ,. 

Fig. F-Io. . 5110\'1s ,bothetorqu(?s and their. 'rettl1talit for slip.sbet'ween,· 

zero a.rld·':·:~.2' ...Th~resul,tant~orqu~ i~ zeroatstalldstill, ill 
. ,f . . ..'..., ", . 

acc6rd~:;n.c:~\1ith' the iact:'th~ii ,sirigleLphase ,alternating flux is not. . , . -:( 

able ··tostart an indLlctionmotor.· 
, ' 

.;: 

.... 
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At stand ,still S:l, 2-S::1sooot11 :fluxes have equal,and 

bpposi te""influence on the rotor thus T ~d.However. at antr other 
,~, r ,oJ, 

'sl:'p"· 1,11..,.",. J~ I Tb" \ and there exists a driving torque T • We can 
, J...Ou ..,l rm 
UP:9ly tZle same analysis for the other couples 'o.f harmonic Ilu.xes. 

'Since w,e arele.ft wi tIl odd harmonics'only,fromequation (13), it is 
"'rd', -th th . ' f 
:seen t.\l~it most effective harrflonics are.), 5 ,7 " , s~nce the 
:'N'" t. ' , 
:a.mplit1.l..de, of the K 11 harmonic rota:t;lng flux i""..l:.... of the main 
: ';', ' P !t' 
;harmonic" flux ampli tillte, and the speed of' rotation, of, the'Ktl1iarL'loni~ 

... ,;;;;.12;;;;;.,0.......-.f 

.. nV,: rl\.. , 
;;- llSJn 

K 

/ '., 

[-thu.s: 
" 

, 

, 'n 
sm, 

.. ' 1 ",'n" _, ,K, 

n 
,~ 

k , , , 

,'>', • ". • 

is positive but less than one,fpr,all,iniportantharmonicsso rotor' 
,,' . ,',,' th, , ". 

,under the' influence of forwG;rd rotat~ng k ' harmon~c flux, operates 

as in mot6r operation region. ,Fromequaticn(iiO)', Sbk is positive 

and greater than cne so the rotor VJlder the lilnill.lcnce of the back­

ward rotating k th harmonic flux opera~tms :in tile ref;';ion of brake 

: operi:itions • 
, ' 

For n ;"n or considering only thefirGt tY10 harl:lO~licD 
ri 0"] 

for . 8m. ~ n . . (19) s' t' n~-.~. sk.Frcm equ8:ti~On ~. f]~- ~s 11egB. -~ve .. or zero .. -.5 . . ..... 
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Negative slip m~8.nS according to Fig. F-9 generator region operation 

:for the,-:~rotor, due to' tLie forward !,.lux of the harmonics. 

correspondst.o 'zero torque effect on the rotor, 'whicll is 

i'ori'le.rd ~ota ting harmonic flux • 
. -. ',,' . . 

Zero slip 

due to the 

Frome"{uati9n (20) Sb~ is positive Gild greater than one 

alwc:ys:so rotor under the, influ.ence of the backward rota tinghurmo.:liC 

flu'x,'always operates in the brake region. 

.• when 

"1 ., .. ,' , .. ,' .n1 
,S·~· ~t',:k ' when n ,~ k 

, 'Si11 .. ':' 

s ' .. ::;:' 0 
,pk::" ' 

, .;" 

, ~.: e -

n 1 
- ; - that is at 

n k 
8m 

'thus, si 1+ L 
k 

:';, In the analysis that willfcillow we will consider onlY-the 
,',. " 3rd 

first two' Jlru!.tJ10l1ic •. flu:res of the aux:iliary rlindL"1.giiamelY t and . 

5'th'harmbnic's., hor1ever; the sm.a.ll, their effect is. 
'-~ .". , . 

, < •• ~ , " 

and ., ~~ 1+ 1,- 4 malces " .' '. 'J'~' J," 

'··1 4 
8:;1--::: -"'.' , 5 

thus 

makes'S' ... ·.:::0 
. IS 

make s ' Sb .• 0' . 
, B .. 

Sf3 ::0 

Using the above-mentioned. date,. we CE~n dr2.w the torque! 

speed cL:.are.cteristics of t .. ::.e third and fifth ha.rl!lOnic fluxes', 

Figllres. F ... l1':';'12. In the same vw.y we Cfu"l draw. the torque/speed ' 

'characteristic'.for th€lIllain harmo;.iic end the SL,:.per imposition of 

th¢se t:u.ee' cilaracteri~tics will give us tb.e ne-t torqu'e-speed 
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.characteristJ .. cs du.e to -f:,',t:> ·-,'·,-.;1;·";· .... , """':" .... v ~"'\''' ...... ...L.''- • .!.IO.r',..:..:J single pk.iB.se 

Fi~ <F~13 

. .. 

I 

...0 

'3 th hc:.rV\o\'o:>i'>"c rO< '1l..l eh reed Curve 

:1" 51;p 
c 

Torque/speed GIlG.rt~cteristic of' t~1e tllirdharmoll:Lc 
:. auxiliary . siligle~ fih&se . flux 

tk 
S h"'t" ..... 'h-\' ... 
• b"lue.kI'>l:'ed. curve S\;r-

. 0,1, 0,2. o 

. ." . 

:: . Torque/speed..'c:;jai~a:cteristic of ti10 fifth l1ar:-ilonic 
..... a,urll±fJ,I,!ysingl.3:-pl1a13eiTux. 

> - " • , 

, 
: .. :Uettorquespeed Qur-v:eaue to main, third 8.i""ld 

.. 1iaJ;:'mo.nicsof sil1g1e';"phaseA.C ::lUX; lis.ry flux. 
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