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P~ 'ACE 

The e:inele-ph s tor is one or th rnost ut{eful . hin s thet. e be n 

covelo • thougl its us by 1ndustry i ot econdary i port ce, the 

si le- ee otor is or gre t · rtanc in th ho • Th r have been 

'.llion of these t; re manuf'. etured, th bulk of them utiliz far 

do stic :puroosc • They e us for erything from electric clock to 

vad ous t s of hop pov r ui nt. Th Oepartm nt of Co rce Census or 
M nut ctur r for l qp that tor that ye r there ~er or than xt n 

llion tr etionsl-horsepower motors solr. 

Asid t"r its co · eroi rta.nce the se otor sent a 

r ather co plex bu tnter st1 collection of theoretic 1 lysis. The tvo 

most pro nt theories th cross field and th r volvi g field theories. 

The oi le- s induction otor i one ot t e earliest t s or a-c 

motor d velo! for uso on pow r distribution circuit. 

d elo nt of thre -ph s power, tho si is li 

11 and f'reetiollF.J.-horsopo er aiz o. 'fhey nr or icular u · vhen th 

thre - e wer i not v lable. ver application 

( bove 5 to 7. 5 hor epover) wh i' polypb se poller is. av il ble, tho pol 

induction tor i used. '!h poly as I otor i cheaper, has bett r e"t ting 

torq , is si pler to nt· n, has tt r pow r factor , nd does not throw 

an un nee volta eon the line . 

Be of the l ck of tarting torqu, the single-phase motor ust be 

provided with o e sort of st ti device. Tbis y be aceo lish by use 

or auxHi ry vi 1 , eo ut tor, or a 1 :ple twist o the rotor 1th the 

he.nd. 
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In thi discuss· on, th st t:in, cha.ract ri tics and th t eory or 

oper t1on of t e motor 11 ot be consider d . T >tn"po of t t 

is to Bet impl ·orkable ethod of e lctll.ati th char ct ristics 

or t ~e si 1 -ph se i.J uctic)ll otor fro tho us 1 -load block rotor 

tests. Thi ia ce plishoo by t rat d fi ng th circl ot the pr 7 

current loc then by d velopi nalytic 1 solution of that eirel • 

inc th pur oft s thesis is only to esent · pl tr ght o -

ward tl od~ or ealeul ti r.r the rfo am not 

to introduc ny v rr to nc theory, the pa r it lf do 

thods th selves, th asa ption upon hich thoy r based, 

th th 

how to 

• 

applied dir ctly r the d . ror th no-lo and 

ort-circui t t s't hav l,een obt in • 

All of eh cterietics 1.1111 be ound 3n ter s of n imep(,nd ntly 

le to called lpha.1 This a, le subtend by the 

di ter or th circle of the input curr nt. The 

lection or t ngl alph d p ncis upon tl cco plish It an 

or inary ct1rve h t or char cte lstico is to plott , the ng1 be 

ar itr r ly le-ct ; if th rfor nee io to ro tor detinit value 

of input current, the round for th t curr nt; or if tho rror 

1 to fo · :J t s or the output lo , a imple .. ubatitution into an 

eq tion, which is de 1n C}1a 2 . wi. 1 give the le al a to u • 

s of sol tion idll de on trat ~ by or e pl 

1 Po. lY Pro oor C. F'. Cameron - 0 loho · griculturel f n , ohanic 
Colle 



solution. For this axr.u ple a quart ~r-bor power pli t

vi 1 be used. 

vi 

1 uction tor 

A ethod will be present which bows how to c loul te t.he r ce 

ch act riatics or single-phase otors f'ro dat ob ined by laboratory tests. 

For tor, t11ti the circle di im}rov s he ccur cy of 

the re~ult. A ethod i given which d tins the 1 of tilt int rs ot 

ily calculated d t • An nalytic solution of the circle di tmt or the 

e induction tor is evelo. d in this theois. It 1 believed 

th t th analytical solution or t cirol diagram of the singlc-ph se . tor 

.-.y be used to a gre ter extent when thia infor tion beeo s voilable • 

. This thesis i e... te with the ho th t th teri will be of 

· so ue s c1 1y tot ose e ged in the nuf eture of i uction otors, 

an! also to anyon who ha re son to determ.i.ne induc'tion tor char ctoristics. 
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? :n I 

eteriatic tro th on-t·1t Ci.rel 

o ti t ch "cte ist o or eth that 1 

u ror thr -·PlUlse 

th 1 e ap ll to t td 

ith v ry little v i tion, 

ter or t 1 elrcle 

i consider d to be horizontal, thu or clarity the thod 11 

the non-tilt th 

Fl e 1 1 th cireuit or tor hich gt 

nt the exei ti th or th tr ro r f1 ld. Tho tor t C 

nt th xciti ot the fi 1 T ia circuit, sit • 

complex th st ard polypbase 

hold. ln ctu.al tor, the exciti current tor h fi 

ulled 

ht. re 

be, r e-

t nd, is 

does not 

1d flux 

fio'W int ooma.ry in dition to the lo d current. Te exo ti curr nt 

for the t-r n ror: 1' .f.'1 ld nux flov in the r in dition to the current 

y to overeo the • • F. ot" th eondru-y curre t. 

to be np oxi tel7 the o figure 2, t 

circ t could tr at s 1a don in the e se o the polypblls 1 tion 

tor. Both the s ed he transro r exciting ths ere represent . ae 

acroa t 

consider ble 

applic bl 

lt ~ sourc. Thi eha of o circuit 11 c use 

or in th result· t twill be ob in ; but the thod ia 

will giTe lut.ion. 

ln f'igur l 2, th folloving notation e us 

l J. .. -. • W. Johnson, lternati C~r nt M obi ery. p . 6'Z'l. 
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figure 1 . Equivalent circuit for a. single-phase i.ndu-::tion n,otor . 

I 
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Fis1ue 2 . .Moctified c1rcu.it dJ.ag:rar.i for a singlr--phase. induction 
mo·tor. 
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R1 i s th r st c of th 

R2 i th uivnl nt one-to-o ho rotor coil in itber 

a is tb reai ne accredlte1 o th load pplied to t _motor; 

.................. e r ct nco of the pr cy or t tor coils; 

Vis th ssed ol ge on th rimtll7J 

St is th exciting co uc lo 

bt 1s th xoit e for th ary t'lux; 

0 i the exciti conduct c to aupnly he cond y los 

• , 

b0 is t e~iti euseepto.nc or t rotor to sup ly the nux ~J 

condary e induc by¢ 

In fi 2 e tion or th econdary curr nt y itt n 

I2 = V 

)2+(X1+X2)~ 

t.hor e both nd eo ary le r eta C& I2e st l 

volt by rJ. b sen fro th fi th t: 

s: 

All th on t ri ht h aid of the 'l :tio exe pt y con-

a const t. th 1 V ie. 

Sol fer the V th • ot of ch q tio gi 

- V 

j (a1+R2+ 12 

- 1•X3 

Jc 
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eq ti he s 

f'r w :ioh 

tton of a circle in polor for is shown phieally 

in figure J. Th rn 1:1 v u of I 28 1 

t thi~ point: 

li'r tb.1 by the applica io of a slytic l geo try th di eter 

ot the circl be itten ns: 

condary current t o the di t ··e eircl e 

not re ched since this ould th t the v lue of R1 + R2 + wcul.d 

h v to q ~1 zero. 

Th current 1: 

P == 12 + 1et + I s 

wh ro l t 1s the exciting current f'or he tranafor r i ld•; 

I 8 is t. xcitin current for th ed. field; 

It OM s.eo i n fi 2 that at no-lo d cond tione the 

(128) io equa to ze o. Th l"ill8.ry current 

oxo tl :> curr nt am y be written s: 

Ip = let + I 8 

to the u:n or u t •o 



Whar the symbol a.re the a s u ad fore. The no-lo d v ctor 

di riu1 i .. hown in fl e 4. In t nt f:i g re tho U'ftlbols er a follows: 

ID is t s or l t + Ie8 ; 

Qil 1c: th& no-load power r etor 

is th total gnitiz1 com n nt of' th excit.i current • 

It should be noted in this iguro th t th flux vector lags th induced 

volte , or in th1 c th terminal voltage, by 90 degr es . 

In figure 2th oft o currents, th 

second ry current, nd th eonste.nt exciting curr nts. If figure 3 were 

placed such that point '0" coi cides th the point ro of fi ure 4th 

diagra would be as show in figur 5. 

wh re 

is the total exciti curr nt; 

Pis an, point on the oirculer locus between O nd A; 

MP is the 1 ary cur ent (Ip); 

OP 1~ the secondary equiv ont cur~ent (l25 ); 

~ i the ~10 of I g betw en the prim~ry curr nt 

volt g; 

cos ¢1 1s the power factor of t e tor as a load; 

PC is the active component or the pri y current; 

th impress d 

DC~ MN is the portion of PC which ouppli s the cor loss s or the 

torJ 

PD is the equiv ent activ co pon nt or the r<>tor curr nt. 

s th t or 1 lo , the point P 11 the circle OP~ ot 

5 

figure 5, until t block d rotor or t t i condition. This :t th po ition 

MB . T s·,cond y eurr nt 1 OB, and MB i"' the pri ry current. Th otor 
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Figure 3. Sec ondary current locus of a single
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Figure 4. Veotor diagram of exciting current . 
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is ut rest and there can be no output, thu the act ve component oft e 

current BF ust repre nt the current supplyi the pri y and seeo o.ry 

cop r loss the cor loss. {Actually th friction .nd ind c los 

disappears, but th re 1::i en increa 111 the core loss due to the incre ot 

fr qu ncy of th nux s1 through the rotor steel. Th se two changes 

ea.use errors that nd to cnnccl ch other). The portion B• of 8 will 

re esent the rotor I 2R los & pri y r2a lo s. The portion EF w 

alr y accounted for a cor los • By suri the pr r oist c tl1e 

primary 12R loss may be calculat • Thus th portion of th line ebovn as 

EG i pro rtional to the los, (IB2 - Inl2)R1• Since the line of th 

are lin s that represent currents it follows thnt the proportio 11ty 

constant mu t t GE will hav unit t t e the s 

lines or the di 

H nc 

EG :: (IB2_ INI,2 )R 

V 
Fro thi dieou sion the followi features of the din 

can be r oogniz 1 • 

is be active co pen nt of th no-load current; 

o is th re ctiv componen of he no-load pri rye r nt; 

s the oth r 

in f'i ·UJ:""e 5 

is the cti e oonnon nt of th pr:hnary curr nt &t sta "at ill; 

10 is th s eond y s ed fielrl cur:r nt at 

,m is the tr""nsfor er field curr ,nt lit ynchrooous speed; 

GE i.,. the cor pon nt of Ip t trunstill to supo the ded I 2R loss 

of ho 

1 Ibid., p. 629. 
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BG i the oom nent of Ip at standstill to supply the rotor I 2R lo ; 

HP is tha total rotor current at any speed; 

L ·1'.P is th le of lag of the pri ry current behind V t ey- lo d 

nd speed; 

PC/PM is the po ·er fa.ct.or of t.he otor at ny load; 

KD is the add d primary I2n loss to scale; 

LK is the added secondary I2R loss to scale; 

LC is the total loss or the motor to sc le; 

PL is the total otor output to seal ; 

PC is the total motor input to scale; 

PL/PC is the tor efficiency; 

PK is the tot 1 eco ary ver input exclu ive of speed field 12R loss 

rotation 1 los 

J PL/PK i the a ed; 

{PL) PK) is the torque in synchronous vatts . 

The preceding method of finding the characteristics of the single ase notor 

is videly used. Although the eccurney o!' this thod is poor , it is used 

sine other methods are not so easily applied to labor tor.,- de:t • The 1 ger 

pert of th~ error that is encountere when using this .. ethod i s c·U d by 

th sa ption that the exciting branches of the circuit are cross the 

terminal voltag • l1en tho circuit. is changed in thi manner (although not 

b o ht out in the previous discu sion) the induc d voltage of the s c 

'Was as umed to be in ph s with the ry voltage. Fro figur lit can 

be seen that this i not th ease since the flov of curr nt thro h th 

pri resist c and react nc would ceus both a phase shift a a drop 

f"ro:m th te i 1 volte e to th s condary or induced volt e. This p 



10 

shift 8.CtUt.1.1.ly e~usea the cil'cle to tilt u.pw:;;.1•tl.. The tilt phen<.xit;ma will b(! 

eltJ.hor~t€,-d on in the _folloYing di.e.cussiona. 

The error that Ytw c.auootl by aasui:1dng tht1 core eni1 sr.ieod f'ield los$eS 

Mross tho term-inr,1 voltriges and thus not til tine the circle ,dll increase 

a~ ·the load io increased. 'l'hii& is obvious oince the tilted o:i.rele id.11 be 

the ar1roe ac the non .. tilterl eirele et no-load and '!.Till then start to deviate 

o.s the priv-1t1ry current proceeds m-ound the cil"ele. 



l~ted. 'i'n€1 theory or th:h'i nethod i1ill not be gcme, into in itetnil but ·t.he 

r 1 1£~ the p.r1J'Mt1'Y resist,moo; 

r,:i irJ the ;c;.econdB.xy re~d etf;tte& re.fer1•ed to the priioory; ,._ 

1 c. O. Veinott, npe,,r'!'ornmnca Cclou.1J,rt..fon on lt!i:h.otlo:n tlotoren, 
g,leetrici~ 1''.~?£ipeer1!Ji.~ 3ept.e:moor 19J;~, p. 743 • 

..,, 

11 

~ fr. Jt. tfteB:t, wrhe Cross Fielcl Theory of A. c. Machinery'*, ~leetricql 
E;:ni;if.!eeris, Fe-br1)f,;ry 1926, 1:;. 160-. 



\ 

[_ 

1 
ur," -~ 

-- ·-. ---~ -~- "-,, 
~ ........ 

r,I 
' ,, 

~ \, -. 

-----------
I3 . ...>-

I 

I, ~ --·-- • ···~--> 
<:.=---- ,' 

/ ..... __ . ____ 
',._ __ .,,. • .1' _.-...:> 

~ -------
___ .,,.,,, . 

'1he sinr.rle - rhase l 11duction notor vte·.ved fror:1 the 
cross field theory . 

I 

• 
I 
i 



lJ 

.x,_ __ iz the iOOgnGt.i:l'iillt1 reuct.,.:,,ncm; m . 

X ifll thtl idet.11 short-circuit 1•er;1etanee of riioto1· (r2 ~· 0) 
I 

= xl + ~ ~- .Pi · ~ 'l'hi.s is the r~,.,:ctt!nco the, :;~ntot' would huve 
Xm + X2 

lo ,,: Xn + ;_ = reaotnnee of tha .Pr:lnm·y mooing with the ~eondsey 

o;iei1-cire'ld tedI 

I1 .ia: pt"frl£l"Y ciwrent; 

:r2 ·;;; seeonde'.ry current in t.rnusror11rer e.:ida for s.ingle-ph.n1;.'9 rrotors~ 

13 c;:: £MeorJ.da.:ry current in cross field e.:ns; 

i ;.!I ..L = primary current \!'hich Nould no-w if' Cf)et'lm'h:rry werti opeu-
-m. Xo 

cireui ·too! 

eetual ia)ef;d. _ 
w.{f1ch1·onous o,eed 

'i"'he next step in the solu.ti.o:n io to find the :tioto1· oonstnntgJ .. 

· 'l?bey t.u'o defined in 1J'.r'. V tiloott • a3 arti-elo tHH 

3 C .. G. Volnott, 22• c_t;t;. • P• 744. 



Iv IX f".,.,/A.;;; l'.'i l"'..,1 . 
~,. ?, 0 

F3 = (ill\ r2) (r;,.IXO) 

F4 ;,: (im r 2 ) 2 

F; .;; (l r .. ) K · .m 2 p 

F6 ::: (im r2} KP 2-r2 

Frr1tn tbie the actual solution ci1.n be per.form.ad. This will be done as 

1 

J 

4 

s ~ ~.r,Jt~·, 
. syn. 

F l. 



6 Um (4) + (5) 

f! J?'l 
'°"•' 

q ij = (7) - ($~ 

11 

Lt i:i\il 

15 t{ :;:; (13) + CU,) 

17 11 ~ (lb) /(10) 

( 1 ,,,2 )' ... 1" ' .. -..:~ ;.·7 

19 /(1.0)2 ~- 'f:';2 

21 

"c). 
44 

:~ (19) /(10) 

:r3 .t:: (21) /(10) 

(l-S2 )IFB 

F 
6 

(23) - {24) 

. ' , .... 2 .Pr::u:.1. cu. loaH :-.:; I 1 r 1 

30 

So~. cu looe (:m) ""' :r .. ,,2x,,:i 
,t;, ~' 

2 
SfH;. cu. loos (e) ,;;:: :r,vrz 

Fe lo!foo (111) 



Jl 

33 

Input - (26) + (Zl) + (28) + (29) + (JO) 

Fti lose (e) ·+ (F &ntl W) 

Output = (30) - (32) 

To-rqoo a;: !!1?J"9 X (XU 
· (34) 

.36 r;rr.. -= tu) /01) 

37 p .Jt .. = tn) /EI1 

,38 A.pp. err. ~ (.)6) x (37) 

1110tor. 

16 

Tlm Vei:no,tt .met.h0(1 looks as though it would be lo~ but vcrry ttccurs.te 

i.rh-en us~.a w-lth design dtd;&., hu:t. it would be of little use f6r timing the 
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T1lt 

:in 



18 

One of the most pro.rrl.nont .moth0tfo thf'.'t hos been devel;;,ped t.ht(t h1µs not 

5 been d:J.i1eus~orl, is the f"our termiool. network wlutfon. · 1'lde. irict.hod is 

Pn:d:"or•:r1I:H'lce ch1:U"PetEtri:stios ·Of i.;he dngle pbei.1e inch.w·t.ionmotor 1-;~n oleo be 

fhm'Jd hy u.sB of eytl'i'.';;otrie(;!l com._:}onentl:!l. 6 ·1•hi0 E~thod. ha$ the same diatif)vnn-

t':.nother dovelop:nt;in.-t;. thit :i.i1 ';iEJll worth diacu~sion is the ru11ort.il!lseur 

e,ctif)r? rma its remu.ting ,.iiet.hoo of finding t,be perfor.ill.Mce clw,rtiet.01:hitio:a 

of sincle-phooo iniluc:tion motors. S 

7 E. Bretoh, "limorti~~·ur. Aoti,,:,n ot~ the S\i,u:lrrel Cnge,ri ¥Teet:r1~ 
:f:'.;ryzineer;, June, 19!,,,6. 

g .Ji;. Br€::tch, itt,etter•s t(;) the :Editor,tt Rlectrlen.!, jLngine~f~M, ,f:91:1uary, 
191/i'. 
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®fa" ":(oto:r :h; developed br the £J:r.o:rtl,:;seur t. .. ctJon of the i1quirrel cczt!ii. 

Thia theory .anii it.l,; applicution to uotort1 1 a irtil. hE,t' for years ooe:n 

up11lied to the reinusion stnrt ioou.e·ti.qn run ;n.otor even. tlu,ugh the nt,t.hocl of 

fi];~.:ilioo.tion i.s not. in text bt,oktll. 

3 hmpereu, synchronous spood .ftl1ort-circu.ited rotor~ 

; 1IJ!'!peros, locked short-circuited rotor. 

6 watt,s, loc1r..oo t3hort-eirotd.ted. rotor. 

1'rom the t;!.bove,, it OOe.!\lS t:n,:)t, the imlution of performance ohf,r&eteristics 

is rq;ipliQAble only to ropul~:1.on stfu't induction motors.. This rollows from 

the f,sset, t.he:t the only tyr..ie of root<W thi:it !tame 1 filtld 2 crm be evolooted for 



in ef;;.eh C800 ftnuty in one of 'tvci wcys.. Eitb.t:r the rer.;ults t.1~1"0 inaccurate 

(thin WtJS th$ case for the discussed nan-tilt m.-.rt.hoo9) 01' tho nJf!thoi.i wi;,u so 

From thi~, the problem renolved itiml·r into finding ::;, method that is 

for t.he e:irol-0 oo be co.m.J1let~ed • 

I.he equatioti ro.1'" the iseeonth} .. 7 mnT,;;utlO ui1ing ·the a;:;pro:dma·te e~uivl.'.rlent 



oiroid t wau found to 'be: 

x1 and x2 or x1 + ~ can be fen.ma. This lint, or attH.ck w01.s tried for a 

t::,;,1it-ph®se aotor. S;'-'"!E!clfie;;.lly 1 the ootor tested was ~- s:l1~le-pl1t1se, one-

{filfn•tet> horsepower Century motor. '!'he tea·t; showed tl:uit ·the value of 11 + ~ 

y~.rieo over ll con3ii1ertible t>f.l.TICe f°rmfa no-lt"!ad to blocked rotor. By plotting 

the oircle f.r@m actual load tost, it "1<!8S f'nuni.l. that ·the co1•rect v~lue of 

the e~i.ti1t:tou current thttt ~sses through primary i:m~di;mce is neglected~ 

-Thia is ·the e!'l"or introduced uben the core and speed f'ield branches or the 

circuit were :moved out to u point ut vktch they wore directly across ·tho 

terznnal v-olt-1:1.ge e.s :in rJ,er,oro 2... This, a~ is scett in it3 use ""1.th ·thr-ee .... 

:phase ra.otors, is .i;:ie:1•.missible whm1 the p.rir,1aey- im;petlanee ia 0-mi1ll '-'ith rGspect 
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the J;TJ,fil.U.'Y o:ireuit ru'.td ooer~.use ot t,he il~:.oor:.nee drop t,he oore loss rn.n4 opeed 

fieltl loco enn110t be moved about when i,he sinr,.le-JJho.oo 1ru,tor i!; imder con-

in pl!1ce D.i> in figure l, it co.n be shown that tho dif'ferenoe between this 

Thi('\; circuit (fifJm>e l) 1a the exaet cireuit sinoe t·t tJas tlt1rived 

directly f'r'Ott ,r,ii. t.ber the oroaf;l 1 .. iold or t-he ?evolving field theory. ll 

~ou ~ ,.1n ex-pl."'es,don for 122 cnn l~ uritten as: 

E "'-- ,--......;,·~:====~ 
12s = /(R2,+Rs1 ) 2 +(X2+x3)2 

rt.2 1.s the second&ry reaist.unee 

1101 is the speed .field Wlti load resistr,nee 

x2 ii:. t,he secondary· reac·t~nee 

x3 iH the speed. f'i~ld soriee reactaueQ 



23 

.. 
V E 

! 
r'ig\.ll'.' e 7. Equi r<> lent c ireul t for a s:in~l·e - nho se induct ion -not or . 



There ii~ both se,,eondr1cy and wpeed .fi.old rer;;.ctenee oo ! 23 :must ),~ g the 

inJu.ced vol tti!.ge by oome · Hngle Q where 

form. The ter:m _i;; io the rotor il!ld.uced voltage instead 0f. the te.!'ltrlllfl.l voltr1ge. 

The 001,! oocontla.ry (.,"\.tr'.l:ent Ot.j,U&tion requirea 001.'le .twcU::.puuition before it 

will be of e.rq volua. This is not iJ. pol.Gr equation or o circle since 

E is not r: 0011ottu1t. 
X1 + X.3 



thus: 

(V'-10 Z1) ran ~ 
.:: 

th0u collecting -tenas 

J,,, J;c;.1 slr1 G) 
+ ~..-.---;;:.: 

X,..; + :X.~1 
,Ii;, ;:J 

lV-Iczl) si:_! 
X2 + X3 



dividing through by: 

ZJ, sin 9' 
1 + 

X.2 .. x, 
'then t,he result is ~n equs.tion in terms of I 28 

I .... (V-IcZl) sin 9 
2s x2 + x3 + z1 $in S 

the hwuced v-;?ltc.ge E .:: V ... IZ1 m:lfl I .~ I 0 + I 28 but llt no-lor.id 128 = 0 

thus, Rnl. ::: V - I 0 :z1 

How by substitution 
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at no looo l;:.nd t,ho rseeondary eur·ront.. 'tJhen 9 is zero the scco.ix1ary current 

is zero, r:.f¥.:1 when 9 .i.s 9fP the secondary current is mrudmum. F.rom this it 

£01101,m thGt. the diameter or the circle {u:3suming this ee:_unt:to:n to he 2.n 

appro.rlma.te circle) must la;;; the ind.uoed voltc~ge by 900. 

Accordin.l "to tbis equ.ut,ion t.he secomvry current does not. follow the 

locus of a circle but tends to flr;:rttc,n ~ilightly 1.1t the ·to:9. All the references 

th;,t wer.e eon.sul.tcd ntld the tests tk!Bt were r"Uii a~i1ed Uint 126 tolloYa a 

circle. Thue 'Ule voxhttion or the a.bcve equation from a circle prooobly is 

due to ti;e assumption or eonstrmt core loss 1;hieh is not tt.,us.12 
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7hrour,.hout. the possible loa,1 rtmgo of' n motor this equati~n will conform 

very closely with ·t;he eix1-101"hlentnl data :in thr,-rt both cnn be c-onsi.dered as 

cireleo .. 

This dieerepa.ney (tb.e d.ifferonce between th$ eq_m:l't:ton for 12& am. the 

e.:iuation tor e circle) does not hinder this solution sineo the eqm1tion wae 

derived to show that tlle diameter of the cirolo is perpendicular to tho no

loo.d induced volt~1ge nn.d thi.o ls adequately t1emonstrated.. The induced volte.gs 

at no-lorid is defined 8.e V the term.iool valtt11_,ge minus the InZp drop. Thie 

prinw..ry rn_pedanee drop shmrs that the inih.weti voltrAge has a phase shi.f't &S 

well as a decrease in B.9.gnitude. 

The construction involved, when drawing tba circle cli.agrmn. will be 

such th£',t the die.meter vill he perpendiculor to the induced voltat"e and the 

horizontal will ·oe porpantlicular to t~ho terminal volt@.ge. Then since the 

nides of one of 'tb.e engles are _per:pe:ndicul&" to the sides of 'the other ~ngle 

the 't.1;10 rulf~los ere equal. Thus, the anglo that the dit~ter inekea with the 

llorioontt":!l is aqual to the tingle that the ind.uce.1 vol te.ge nt no--lood makes 

t,Iith the teriui.nRl voltage. 

Tho pri!nt,ry imped8ne.e mp) is r.mde up of t.be primary rea1.stllllee l!Uld 

re&.cti:IY.loe. The ~imery react~nce is i?ll even tr.ore obscure v~luo than the fm'n 

of the prir:lary tiNl the aeoot.ldoey rev1ot&..nces. Since the reactanc.os could not 

be found f'o:r tho previously discuoood method, it 1:ould OOtffil tluit the use of 

the primm."y reaett:.nce would e::uae thiri inethod to be of no value. Thia is not 

the etif:ro.. 'fhe primm--y im.pedtmce drGp i.s shown in its proper place .in figure 8. 

The resistfance drop iei in phase with thtt no-lomi current and the roe.ct.Mee ls 

perpendicultll' to it. The power-factor angle at no-lone! is ueoolly large thus 

Ii~king the reactnnce drop li() such thnt it is approximately parallel to the 
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lint, ·t:1:u1t ·v111 repre,',lent ·the inducad volt,gf;te. The rol>l.et,;mce d:r-oJ) then - -

pri.n<}ipe1lly ch1:uiges rmly th,, mnt~nltude DnrJ hftt" very l:i.ttle efJ:"ect upon the 

fr,oilitnte the construction of th-0'.~ diriil'ietor of the e:irclo. Tho :i.nduccd 

circh1 i"'rom ·the br~.ke te3t than con.stru.c·ti:og t,h(,1 1.,r1;..e ainzueter. The 

m~rike 'l:',e::it cil"cles t:ere found to be no better than t.he conntruate1S' ol:rele:s 

S{;Vernl perpendicu18r bisectors to tho chorcls of the circle t.hen t,o find 

The next atop ',!f-!i:1 to try ti.Ki tilt method using the 1:-rimacy reiHltanoo .. 

11s hits 000n e.'.}i.1';1'.l.ained, tr-di& reactar1oe is very difficult to f"lnd and oou.ld 

m:rt i1ootl i.f o.nly the uaool test d!tta was ::rt h1cinii. The 1·oiict~nce or the 

prima:.l'."".f Wl'll}; .rouxYl lr.r the rr:rtor out oi the motor uoo moor;urlng tho 

roactr:,.nce di.rtJ,'.!t. S'0veral other .method::i were ·tried but the bEist 1•eau.lto 

were &ch:teved by t.ho di.:reet 1:.ethod •. 
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.ns before, but -thin t:lme t.he :ruei:;im1l."et1 r1,%mt&..tico wes use<1 in;;:tend of bei.ilg 

neglected. The remil.-c,s w,~re c-:ia:pt.:ir1:::cl t.,) the r~rn;ult.~ tho;t i,rere r:tchioveti tthen 

tho :rec,rt,huce wt-m fl.!;;!f;lHe·t.e<l • H, w~,-~; tcnmd ths.t r,bE-1 -~'ic.rthoti ·uw.t. na~hieted 

thE\ t·cr:,ctrmce ,ms :in error -F.'bou:t £i ve percent for Um ·motor or Illi~,:~d mum errQr. 

in error fm :i..nde:to:t•r,dus.te .Qlli0tu:1t .. 

Tho circle locnu; of the. input clU.TQut is nou co:":1~:ila'tely cfol'if.l:'"1d. Tho 

no-lofl!l imtl blocked rot.o~ re~ts cm:h t'.lo:ti:r1,,, u r,oint tlm-t -1ioo uv,on t.he circle. 

'l'he ti:ngle o[' tilt of. ,). <li.!"J:iHter from t,he no-locJ. :;-10:inl; 1'!t1ll be dotm-;n.hmd by 

u~o of tho :no-lo,ld ,,:rnrront t,r.ld the {,r'.i1citry 1"esh1k\nce. ;_;::lt;h 'l:.hl~ above infor

!31t,_ti0n, 'thu cirelu ck,n he co.mplotef1 by conveutiomil ,,Jt:rthodo.. T}i~ chord is 

drcwn hett-men no~·lOf:iJU ;s_.nd 1lloc.ked rotor polntr;., Th!:, t>'f~rr;fHldiculm" bir;.uetor 

of' 'l;hc cho:,:·r1 intm.·:JeotB th,:i l.i.lto(l d:i.us1ietor 11t thH cet1Cer or tbe circle. Tlle 

eent<.,r of the eircle t;OO t,;10 point~ on tho c~i:rcle 6.Ni than knmsu and the 

c:ircle c~n he ch"'""·l.m. 

A,) [!hewn fiknve, t,he circle locus of the lnput eur:t•ent ce.n b~ ucr:1pletely 

conr,trTlet,ed from the conventlon:~'-.l l8boratory t~rnt data. U-!:ior.. the cirelu it; 

clr•Iwu fo:t the Gt-:t•21ler slni;le-J1fo.:130 rootorv, :U 1,;ill involve very ~m:£.11 l:lnes 

;;::nd .r111gles -t~h!1.t 11111 r,;dd to the uaur·l gr&i,lt..ic1·1l e.rt>r(,rf:l .. _ It wtll follo-w then, 

tl:u,,.t 1:m nnnlytiecJ. ,l!olut.ion uslng thir:. circle Hill enhtJ'rlCf-) com:;.lder~bly the 

'Work tru:,.t l f/. be:i nt; <lone here. 
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3.2 

input 

et.1!·:rent. i rs the km:i;1n b::n:i.r1dr;r cond:ttitm then tlm r,rofJf:J:r- v1~lues of the cnrrm1t 

rct:re substi tut;eu, r·.nt'x f.'rot1 '1:,h:l s the ::;roper r;ngle r,J.~"1ha 5 s found tot' (1&ch 

round. 
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Defin:lng the G:.ircle 

The follotdng (Part 1) US<JB the information obtn:tl'le.d fron t~he above dis-

cusseci tests for actually placlng the circle, thu~ clefh:dng it. 

1'he circle ES defined h.eu·e, differs f'ro:::a the conventional circle only- in 

thH ungle of t:.i.lt. 'to construct the circle, the amne procedure :la followed 

thnt wo1.ud be normally used except thut~ the no-lond induced ·voltage would be 

would, .;,,s uaool, be constructed perperdieular to the no-lo:,-id ::tnduoe-d voltnge. 

There ,~<ould be ~ome qooatio11 as to 'the w1lue of' tilting the olrele <tJhen ·the 

involved in 't.h1;1 single-phase circ.:le dfogram.. lt vould be improbs.blo that a 

circle. could be eul~rge<::J enough to fficilitote the meesuring o.r the lines that 

are involved in the small angles. It tn:1s found that the tilt f-lngle is usually 

around three degrees uh:i.le the qunrter loltd alpha angle is oo.metimef:: les3 than 

two degrees and ususlly about fa10 Rnd ona-hulf degrees .• 

GivE?n cfota (either design or experimental): 

I at an gnqle 9 ---- from no lotd tests n '"'c, n 

Ib at an ru1t:;1e 9b -- t.l."om blocked rotor tests 

Applierl vol tsge 
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Figure 9 . 1.nproximate v'ector dia r,ram that defines wand g . · 
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solution* 

U ~ IJ\:i s:ln Sn 

and 

yn = I coo (;). 
n n 

xb - lb sin Q 
b 

Yb - Ib COB Sb 

i'rom this 

P '·.· rt·-·- -1 Yb - yn y; ten v. _ ..., . 
.,.,h "'n 

.'35 
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E. 

_,,. ...... 

--1-

I 

.L - -· -·--- ----

.r'i/ure 10 . l'rir1a r:r cur"•~"lt loc-:u s of a ~ j np:l e - ~hn se induction 
'11otor . -
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'I'he two angles trill be refe:rreil ·to nsp. In figure 10 AP' is n chord of 

the circle. Then F;ino0 t,hc perp€1r.tdicular biooctor of a chord of o. circle 

passes throurr)1 the cente·r of the eirclo, it follows thi1t .!iiH .::: 1/2 AP' and the 

litngle at H i.s conrstructec1 e.s a right {inglo .. 

J.<"'.t•or.J thin it can be seen thttt 

. -. eos j) 
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Figure 11 • . Complete tilted circle diagram,single-phase induction motor . 
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Cu,nr,ron. 1 



The central t;ngle ttlpha was soon to be a convenient rnethod of at'l:.~ck so 

i'ound from it. 1\J use t~he following dovelopmont, tho eirclo is f':tt~st defined 

r0.i1tJc; of values o.f outputs e.rc f.:nmd •.ihan the :::olution is enrried through for 

Pc .; R sin n, 

Pi ~ .Pe 'i 
cos 

by suhtr:::.i.otion 

Ai ::: rt ... Zc - ie 



since 

ij - Ai sln ¢ 

Pd :;:; pi + ij + Y 
n 

00 :.: X + A.'d n 

i"r\XJ fitfuro 11 it c1Jn be nceu that l'<i h1 the illphnse eo:Jtt:,1.)r1ent of the curront 

'i'hon 

Pd OP = - · N -- input current 
cos &L 

f'l\ ~ 2ft sin/? 

:P'L ~ ptlfl C·OS/l 

LH1 . .;; P1H1 sin p 
by 1Juhtrr.ction 



he 

b(1 defined 

l';;a ;;: Pc UC 

?1) ..: l?a be 

_ f OU0~J'.il1;'§. 
P inrt11t 



f>.ngle 

the 

.12 

p 
1 

c011~~tmrt, or 
9, 

l COW'.Jt:~:nt of' 

t f - R sl.n ¢ 

Azt • ;z H eo:1 ¢ 

t,h(; 

t,h<~ 

,:,:d.rclo 

elrclo 

n + I 
n 

.{3 

circle 

i ,., ., 
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.' 

l ·~> 



Pi ·- Pd - 3.j 

Pe :;.: Pi cos¢ 

sin-1 ~ 
R 

jd -· 

to be 

of 

X n 

... ij ... y ··n 



due •i:.o tbe ease of tho cnloulation. 

l::J 'J"'i' .I .lw,f_t t..t. r+ 

output lor,d a~t shown in the .folloid!lf;. '.t'h.£! eonst::r.nts R ~~.nil p of the, oircle 

h£ive bee:o ,;wal'lu:1.ted :l.n Pr;;.:t"t 1. 

P out1m:t ~ Pt1. x V 

P f..JE1.tu?-~ .n ;; V 

sin a 

Pc.::: Pu.+ ao 



sin 

= Ac t p 
C := - C - C a 

3y ub t1 tuti on o C 

::: ( - R cos a} t /J 
SU i tut.i 

in = 

ing 

Bi f_ 
- R + 

si a .:::: L + (l - cos n) (J 

, lao 

sin = ~ + t nf} - co a n p 

ov collect! tr s 

sin a + cos ta f} - ff- + nj) 

4ultip1yin by CCI f 
the sin a co p + co 

Fr vhi h 

~ x cos /) 
cos p r 

sin co f + cos sin /) 

47 

= a co .. (). + • in .,t2 
R COS/J 

x cosf) 

· hen op i tion of th o r trigono trie identity ten ve equation 

y be n a 

n ( + {J ) == p cos B, + sin p 

0 



t,hen 

:l t 

in Pnr.t 



Example Solution 

fotor Description 

Split phase induction otor 

~ nu:C'actured by Century otor Company 

od . Sp - 65L - CKK.t - 230 J .7 Am.par 

-t H. P. 1?50 RfM 115 60 cycles 

Data f'rom L bor tory Test 

No Load eat 

In a 2.?S amp ro 60.6 watts 115 volta 

Blocked Rotor T st (running winding only) 

r5 ~ 15 pers 1 , 285 tts 115 volt 

S1 le-phase 

esistanc o 1:,l.e pril:ta.ry r unni winding. R ::i 2.42 

or 

or 

60.6 _ 19 
115 X 2.78 - • 

9n - 79.05° 

p 
cos Q... = B ~ 1,2~5 745 

-tl v. x 19 115 x 14.7 = · 

49 

7 ros:J ot nee voltf e drop t no-lor.d in InRp ; 2 . ?8 2 .42 

.::: 6 .?27 

t hen ' by definition 

\ = IJlp sin &n = 6. 727 sin 79.05 .:: 6 . 6 
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then 

Then substitutin;,; the w1lu,::s obtr.dned above 

6.JS 

fil"'O found :in term.s or the eentr~l angle Dlph,:i,, tb.erefo:rt:;i the. next step, i~ to 



p 
l 

... 

l','. ryc'!>O 
,J .. , .. ,,t) 

11."765 

(~ - ~l.) 

(~ - ~l) 

.a, - ;,l 

51 

~ .. ':l2l 



PD :,;;: 

OD ,.:I 

There tore 

I. uin & ~ 3.7 s:in 1~0.2; :.;:: 

I CO$ 9 ..:::: 3 ... 1 cos 40.23 ::= 

186.~ .: 1.621 
11; 

-1 fa cos fl 
( si:n - a' . + sin ) -p 

1.621 X .705 + ."l'Y} 
9.004 

52 

2.4J 

.2.8125 



(sin -l 

'l'M.ri 

:P-e ~ H ri.in &_ - 1. 

:~~c ::; rt cos fl - L{. 

Pi ,_.=: ,.Fe 
(}OS.~ 

~ 1 .. Hl 

i.c - Pc tc,H1 ¢ ;: .105 

M. :;; 1it ... Zc i.e A•i .0'% 

ij ..; Ai ::in ¢ ->• • Gf.15 

PD ..=. Pi + lj + Yn .... .t~-.jll,() 

then 

A'l'l - Al coe rJ ,;:; 

()fj ~ :xtl. + £.'D ~ .2 .• e1t~ 



OP 

I"L ... 
l,h ~~ 

'be 

Pb -
ab -

•. 61,,5 

ptn ~OD ,::; ±J.69 

Pt:-·, ,Ll, sin ··- 9.515 

.. Lh 

.181 

1:ic be o:: 1.?165 

fiC - he ·~ .lO?D _ m .x J,:3:0iJ .c:; 1·?,.0 

.f.fJJ~ X 
Pin 

Ll:m 

l.6095 X 115 

51~ 
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--·-·----~ P. F. 

· if?~6 · ,1?7:. ..•• :t-,..i ... 60,. ,_J7~.·:,q _.1.~7 ... J .... o _____ ·~ .... · ..... 1: ... :k...,e._.,..,1' ... e.,..s._!,..__ .... . IL~~'""'""-·. .,.. J.. 4f, I'. ._;;&. s:. 



i~t:hrn n•ou1 ll)borfottory utit~, it; €·t:r;tmtin1ly 1:.implc, yt:rt ths re~;u.J t:1 t::rii: hett.er 

tit.'.ll m:1y 'u'1Bt1md. 1.h:;v:tsci.J t,;; lih:i.s detc. lt :is j';,:i_• hoi,tut· th,nu t,he ti\i'upbici'l 

1x1luti,::in iooac.1:n,HJt: t,he rrc:,r::,,lltc :1rc TOl't: ncma-ttt€, i:u1cl. (;h15 extm·.,sivo use of drawing 

i.ns t.ru2;1cnts i c not rec;uircc • 

~;uch 2:, JJ:roow-:s u2ur,11y rt::r:uJ.re11 sflver~,1 ,}tt{;;;J1[rtH 1 n Qt"der to deto!·~ci;ine thti 

chr.x·1cte!!'lst:lcs .::;t. s~:z-10 iJtirt.:icnJl"l" vt,lt~ er lo:;;£!. 

k, uvc ff(~ted, for f1l -1.;.be ·,:.:Jtor:;; th,,t W:Jf'<:i i:.v~,ilub1e for t,t,stir,g,. ·i:,h,3 : .cthod 

of t;.il-t f:tL·oved t,o ho Vf31•y i:ccirt'tit,o with '!,he hu·r.~ont error ooini:: :h.1. t.he t"eglou 

0f three t.o .fiv•::1 i,ercent. 'fl:1h, 2rror o.f tllt h, not ·1it•t,ct1y ;:;-rop>.Jrtionr,1 to 

th~" orror thnt it CD.uses Jn r,ho ctilcul;;,_tud ;,>nd'orillo.nce cbr~i·rccte:t"h,t,lcrc1 but i~ 
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If the hlethod preoented by 11.~. \ieinott 1 01• ~he :wthoo preoonted by !:-Ir. 

'i'orbod \l(,re to oo t,prJlied r,s ::.iolu:tioba o.f the ehart!cteristim~ o:f' Gingle-

·""'.._ ... _,~,~ 

1 G. G. Veinott, O'"ll ~.!-, P·· "1'45. ~· 
2 J .. a. 1't1r·bo ux, ~- cit., p. 335. 
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tor the si "le-pho i uot1on -otor y ealculat by th thod de-

veloped in this psper tro the usuol i uction otor tests . The tosts are 

tha no-lo t st, the blocked rotor t t , nd the a sur ant ot the pri y 

rvsi t ce. Th ohttr ctaristics o .. t.he ot.or cnn • aaleul1,1ted without the 

us of any type or rrraph or curve h et. 



Dreteh, R;. « fi.mOrtiszeur !ct.ion of the Squirrel Cage~ ti Flectrl ct!:! 'i?gginoerintl, 
(Jun~, 19/,.6)~ 

&>etch, E. flLett.ora t,o t:he F,ditor .. 't T)J,eot:ri~fl-\ ~tJY~inee:,;_1;.gg, (Jann~.ey, 191~7) .. 

Bryant, J. n., m:iI Jot.noon, r:. u. J.!1 \f.r11~tJ~-Cgt>r~ri.t h'tqohipe~z.. :~•fc,v York: 
ffoGrtii.r ... ittll H"ok C.omp:::,ny, 1935 .. 

lfo.rapetorr, V. TI'xpe-ri.IOOQtal :[J.eetr!CtJl Enaineering, Vol. ll. i:Jew Yorkt 
Joh.n Hiley t.~m1' Sons, 1<)2'7. "' ·-.. -

L&wrenee., lt. R.. PrinciQ!es or A,lterrwtiyg_--;Cun·ent lh1ob.ioor2. t1e'l.>i York: 
HoGr:nw-flill :&">ok Com~.ni': 191.,.'o. · • ''' 

He lU.lisfa,~r, A. n. _41terne-tigr;-Gurren~ t~(?t(}t,g.. 1:Jel! York: ne.Gr;.;iw-liill ao~k 
(;{)mpP.Jty, 19t19. 

Puchstein1 A. F.~ (];,DU: Lloyd, T. C. J1!:t!3rnl'!t!,!X.~-CUl"'rent ~e;t'lip,~. ~1ev York= 
John \;iley ::;nd tk>na, 1942 .. 

~ic'!cer, n. \J.,., rn1d ·Tucker, t:. E.. t!le2tric::;.l Jiur.;ineeri;gg Lngsrt•t2II 
~£~rime~.. New York; VioGra.w-11111 'n~o'i' Ckt111,mny, 194!}, · · -

Tc.,,,rooux, J.. G.. Alte:rnatting-Current ~~&chip.m;.. Soranton, Pa.: l:nturnat:i.onal 
'l'extl>.:)ck Co,r.p~.ny. 1947" ' .. - · · 

'lleinott, c. a. •rper('ormance c~uoula.tion on Intluetio:n ~•rotorra. 0 'gru.nrnacrt._!2nft 
.2! krlericitn J.nst,~.,-.ut§ g.t: !;Jeo.trJq9J. Dt,gineer,;a, w~lptember, 1932}. 



1.'ypist: Grace Peebles 


