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Ths Inducnlon Motor and PerformaneeﬂTest-

The 1nauc+1on motor i= essentially a transformer

and.is analagogs to the direet current shant wound ma-
ehine.  In the tranéformer the primary and-gecondary
5” ‘ , ére both. stationary and the electrieal energy aidne is
| changedvfrom one prassura'to another as desired; while

in the induetion motor the stator or field windings, cor

responding to the primary eoil in the transformer, and

the rotor, eorresponding to ﬁhe_secondary, by virsue of

their aetion on each other produce mechanieal energy
,,ﬁhich is vtilized. In other words a polyphase induction

»motor i; equivalent to s stationary transformer with‘

coneiderable magnetic leakage between primary and sac-

ljonddry coils. There i= this difference, however, the
»roter iﬁ wvhieh currents are induced is in many ways
eguivélent mafnetically to that .of a direect-current
shunt-wound motor with a large amount of armature react-
ion.

Thg'rollowing discussion i=s confinsd mostly to
that ‘type of machine in whieh the squirrel ecage revolving
secondary is used. In its most primitive form it econ-

g . sistec simp‘v of .2 disk-aramature as described by Baily.
:ir 1879 and due to “esla (1888) o* the fact tha+ two,
t“ree, or more altern&*ing eurrerts of-@ifferent phaaes

corbined produced a rotating field of magnetism. Later

“Perraris in his experdments used a copper eylinder.
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A econduetor aarrying current, when passing th rough
;:ﬁ~ﬁj‘ 8 magnet e field is acted upon by a foree whieb is both\
4 at right angles to. ths lines in such a field and to the
. direction of flow of the current. Ienes for ths be=t pro-
:4::iduction of mechanical affects these cﬁrrents must be 1ed 
' \%hrough strong fields of tﬁe proper polarity, ‘that is:
 £rey mn-+_follow a path under one pele in going one
way. and in returning rollow a pa+h crossing a field of
opposite polaritv to thas- of the one they followed in go-
ing the opposite way. It follows that the next step in
thendevelopmeht of the indnetion motor was thsrintroduc-
-~tion{of glits running nearly the full length of thse

: coppef]cyliﬁder, or to simply build up a rotor of a

-~ number of bare joined to rings at the ends. Thiz idea
| s was first developed by,DoBréwblsky under the name of
w;uchluss anLer, in its saveral forms however no. a+t°ntion
 .:xwaq paid to tha insu1a+ion e tho*e bars from +be i or‘
core~ .mhe resistarce of the iron *o tke flow of irduc—
ed’eurféhts was 80 high that although thers was a strong :
:.magnatic‘field there wasvnot.su:ficient induneed currents
86 Warione tha 06 iredl Hpneuls: Thin, A1EFLUT Ay wad
,_.oVe:come by bunilding up‘an‘iron core of annééléd lamina—'
W | :tiéﬁs and whi¢h was well insulated from the cepper bars
. _passing thréugh,sicts in'its surface- These precantions
redueed‘+?e eddy cuvrrents which cauvsed loas by ezpendihg
'ifé%;i power in heatlng effoect, and they alsb eaused the In- :

duced currents to flom &lomg the deeired bars or con-




"type of motor.

€0

dnC*O**-f This brings us td:ihe'préSent form of 1'maor gen—'

i

ally emplcved in small motors, a Squirrel—cgye of

lcopper strips or rods on an insulated cors:of lamina gc..

iron, ths bats being. shor+ c1rnu1tsd by copper rings at
gach snd.
: It may:-De said that the wo essent*al parts of theu
indve*ion motor eonsist of the sta .ionary member deaig~

nated as the stator and a movinr ons eallea the rotorg

-Tha‘windings of thas =tator are exactlv the =eme as thoae/

of *ha polyphase alternator andhare embeddad insuiated‘ 
from,; ond neirly nelesad ‘in slots in the ﬂe*iphpry o*
the laminated iron core. The rotor {fe built-up as‘ali

rsadv dewcribed *nd gives. the dis tln,Jishingnamg.ﬁo%tbi&w,w",
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The operatlon of a pOle ase’machine of this
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kind depnrds upon the masnetic action befcrs menfionnd
in connection with its discoverar, .The altarnating“cur-“ S

rents, differi‘g in phase relat iionship with eagh other,”

>

s the laminatad iron cors offers laess rasistance to ths.

maphatic lines . thus produesd than the surrovnding air,

they pass throﬁgh the ironvan&’éause polafizafion. iThe'
roigting magnetie field induces ‘a eurrent in the #hort-
circuited windings of the rotdr whieh in. turn ‘c'e"ﬁ‘t;esfaa;'53.-’.. ~
mabnet ¢ flux 1in.the ;amirated irnn ccre af that membsr-,g

The setion of ‘tie rctating magnetin 5‘97d efy +he st&?ox
on bhe magsntie rlux of fke rotor cauaes it “to totaté

irculatingvin_ﬂhe stator windings sét up 2 rotating;fielda5ivb




mwi}ﬂ tha poiariﬁy or magnetism_ofvthé stator.  We might
‘-euppose then that the rotor would move with the same
frequencv as thg fisl1d whicﬁ;is'equél to that of the eur-—
rent divided by +hé number'df pairs of poleg} tHis howavar
is no£ %he case.

At th B point will be briefly conﬂidered the
induction m6¥or in 1ts frequenCy t“ansforma+1on action.
‘th is apparen+ thas unleﬁs *he rotor is= standing still
ths frequeney of the eurrent'in the stator and thatwof i“e
ivdnced current inivhe 1mtcn' will diffcr.‘ 1% .the rotdr
wore flowlv turned in 2 backward direc*ion the ‘pariod=.
~ Licitv of *ts'currant‘would be greater than’ that fioﬁiﬁg

: tm tbe s+a+or, 'af resﬁ tﬁe_fréquency §ouid bs tho. same
A noth-members, as the-speqd incrsased‘thé:alternations
per.leeond wonla 5rﬂw lams 1n+17 1T 1% ran'ﬁr synchron-
ism its frequencv would be zero. It . is on»account of 3Bhis
low periodieity of ro*or currents w%an *ﬂr“lng tha+ the

1ron—v’osses 1n 1ts Sbetb are almost negligible.

The rcto*, bpirﬁ swﬁpt by the paQ!ing lvne af i

"magnetlsm has 1nduced cnrrerts sep up 1n it, the- medha”—'
iecal reae*ion of -theses currents drive the rotor i“ +he ‘
" same direction. BEven at_no load, when +the rotor attains
itﬁhhighest speéd, it falls slightlv-short of synchionQ
-13&, that_is it doss not actuallv rian at thegame
spead}agithéhipvisible field of magnetism. 'hen at ’ull
load it runs even slower, in practics from two 1o thras

per ‘eent or in small machines as high as five -and six per

—
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% Dalow that of the revolving field. This drop dééi%;
iated ae the slip, ‘is an essential :éatﬁre offali steh
motors, and haneeg their_namerasynchronous,'by which they
are somatimes designated,. I% isin faet the slip whien
cives the driving forcea, its necessity'is'appareﬁt,from
the prineciplesof induetion. Tf ab:cluteiy 0 power were’ .
required. to rotate the secondary there would Hs no

slip{ as the load comes on the amount oflﬁlip incéeasas.. A  f
If $he:-rotor ran actually at full speed,: that is in

absolute fynchronism thers mwould he no relative motion

batwesn tha fluxes and the =scondary conduetors=:and hanee

no electrofmotive—forces induéed, no roter currents, and

no driving forees. The effect of =lip in'cutting linas

of foree is the éame a8 1T the Tlux stodbd st11) and ‘$he
r&tor;revnlved baekward at 2 speed egual to the =lip.

Thefefére the slip being small the currents indueced will

Be emall; with inersass of load there is increas=a of . : ﬂ
slip and consequently inerecass of dtiving4for¢es; carein
other words the driving-forees arse prcpoftionai to the
slip and are automaticallyvinereased by it in proportion

fo the loadi That 1= if we negleet copper losses ~nd

reactions,1ﬁ:the,motor!¢he slép ‘is= dirscfly'prépcftibnv—
al to the rotor losses.

{From_tke relation of slip to the drivingépoéér we
=95 that 1t must also have a relation ‘to tﬁe:staf;ing
torque. The torque at starting must be in %ome ecasmes from

one and -one fourth to one and one half that of full load, 8!
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while the mmximum for éonditions running may vary approx-
imately from two and one fourth to two and one half that

6f full logd. Tn the sonstant-spsed type .of riotors only

i 3 .

an average starting-torgue is requirsd. I the spesd only

was to be ‘takenieare of the slip eould be wade mugh less.

A hsavy starting torque and low starting eurrent require

-a greater amount of slip and d€pend direetly vpon ite

The arguments in favor of the use of the induet-

ion motor are many. They require very little attention

“.and ean be operated by .anyone. Trey are insxpensive, sim-

ple.in eonstruction, 'and efficient in operation;. In mills
and many other places where dust or eipiosive cages are
prevalent and there is much danger from fire; sinee the
rotor of the induetion motor roceives its current ;ntire—
8ly by induction and not by conduetion theré:is‘no nee-
essity for ecommutator or brushes and reaﬁltiﬁg fpark-

ing and hénce 14 is the idsal soures of powar for sueh
places. In quarries where the dust or neglect would 1n-‘
Jure and givé mieh trouble with other machines the in-
duetion motor is completely proteeted. Tts simpleness
bf'construction and operation; its high éfficiency aﬁd
the faet that it may be ran in 3ﬁy p19ce wrhere a motor

may be usa2d for power, fully wérrants i%s use, or at

least due eonsideration before cther kinds ars instal-
led.. '

A BERFORMANCE TBHST. &' " s

~ Tha.operating features of an induetion motox '




may be bBEet judged from a set of curves. All the data

ars plotted to horse-powsr output as absecissae; the
thres most important curves being those of efficiehcy,
Aorer factor, and speed. The curve of "true H.JP. In—
put” is the volt-ampere input divided by 746. The or-
dinates of the power factbr eurve are the ratio of the .
true input to the apparent inpfit. The performance
eurve shown on the shest marked "I" were calculated
from losses in the motor. The foilowing t=s the exper-
i{mental data taken from actual teﬁt and uvused in com- k
putations.

The machine used in this test was of the Generali
Eleetrie Co. make, type I, 110 volts and 52 amperes.
Ten horse power rating, speed 1200, thres phas=s. The

rotor was of the "Squirrel Cage® type.
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1220 :21.05:8§:5:117:117:117:-170:820 11245 5

s . :_._" . . . . . . . -
2 120 i25.2 5%.5:118:119:119:-175:200 11260: 12 !

K . . 3 . . . . . . s
5120 t24  igg 1117:117:117:-%0 1450 :1250% 34

4 1128 24 Upg 1117117313720 :460] 112801744 {12
5185 184 ipy 1117:117:117:20° 1470 11250: 52
51126 34 tpg 1117:116:117:70 490 11260: 57

7 i %0.5:28  ixy 1118:118:116:220 540 *1250: 08

)

P ndi 'xs  1115:116:116:280 :650 :1240: 108
: 135 $115:115:116:250 700 11240:
10: 35 8 40 :114:114:114:280 :8@0 :1220% 132
11: 44 up 548 1112 11%+11%:520 1000 1210:.164
12t 45 50 isp :112:172:112:550 +1100:1210: 208
eo.....o.c-o.----n--......---.o...o'p..o.....-.-.-a...
The eolumn marked thuskeontains numbsrs corresp-
onding‘to the same lines in the table of ecomputed val-
ues. |
The following table of results is from the abova
experimental data. The electriéal powser-input of a
thres-phasse motor being measured by the so—ecalled two-
wattmeter method, one of ths line wire;, 82y3, is
assnmed to be the ecommon return for the other two
wires: The total wmatts is then the sum of the watts
A-AB and C-CB but the two readings are only equal

when the power factor is 1007 and the load is bal-



aneed. The induetion motor l1load i= usually balaneced but
is always lass than 100% power faector hanee ons watt-
doter reading is alwavs smaller than tha othar.

When ‘the povar factor of the motor becomes less than 507
the wattmeters besin to give negative readings and the
potential lsads of the meter mst be reverssd and the
difference of readings taken. A five to one ecurrent
transformer was used with the vattmeter s0 " that thé»réadings

muet also be multiplied by five.

Total Voit . 55553-—533 ﬁ-if.ﬁgﬁz a4 R e

Watts :Ampe-.entH. H.P.'‘Out-ier '.cie-iTorque :7 Slip
-res :P. In; Irputpﬂt Factorncv : :

*.—T_—--—--—_—7—-———7-_—-‘. ————————— . --_—.L ——————— L ————————

3. 2RH0 4850 ¢5. 85,1904 0 -17?; 0 E 0 +.004

2 $1075: 4670:6.27 :1.44° .4 [.2%2..815 5.5%5 1.0095

% :2000; 4725.6.%4 .2.68
%

4.:2800: 5200:6.98 5;.442:.665 26.8 14055
5

1
2

124501 5130:6.0  i3.2012.25..478 681 29.07 .0415
2

25
8 :2800; 5270.7.07 !5.75] 72; .53 L7821 6.5  1,0455

ey 4*00 820036.38 15.7772i7%" 695..\2>‘ 6115, 150767
814500+ B4B0.8.7 . L6.0475.00,.6051:8% 1 65.5 140854

o i4750: 5500:8.74. 18.87° 5.85, .75..842: 80.88

1016100; 7400:0.94 (8.2 17.18. .82..875
11:7600: 0925'11'94'10.2‘9.16; .85; 9 122.66°.1%8

12 8250 QJOO 12 . 71 11. 0510 Oi «87. .QL: 134.4 :.17

d-Olo-uoococ'.lo.o’oo.oo.c!..0‘..0.'.‘..!..‘!.'t.t..c.»co

These values are usaed in nlotting eurves on shest

marked "I"



Sama Performanee Curves from Cirele Diagram.
The abgve psrformance eurves and data may also be
ﬂredéterminad from a vector‘diagram(page marked "11"),
as a "eheek" on the observed readings. The actual load
tests:are avoided, whenever possible, as they require
coneiderable sxpenditure of energy, and sﬁecial appli-
1hancés to seeure aceurate results. For large size maech-
ines the waste of power and arrangements for load make
actval ‘tests impos=ible hénce methods Eave been developed
whereby the actudl performanes of.the maechine, under load
conditions, may be determined from a few =impls readings
taken at no load.
The magnetizing enrrent M. 10  sash phase of the
stator wninding is ‘determined by driving the motor at no
load, the valve of M. effective is measured by an ammeter,
and.tﬁa phase differenee, angle QOM, betwean E(for ene
h?ase) and M ealaeculated from the measur&d values of
B ‘and ¥ and the rattmeter reading H Y cosine angle QoM.
rfhe line OM_répresenfing the magnetizing current s0:determ-
ined, the poin% M is: ther one polint onithe eircdlar locus
. of the stator current psr phass. }

| ,Anbtha£ po1nt'on Sitd i diodl b Hhisf Foind by.me;eﬁigﬁé'the-
enrrent and powar deiivered ﬁer statbf:phaaé“at‘éﬁf'load’:
or af standetill. Therefore; if the evrrent and power
per stator phase i=s measured at standstibll, the line opt
representing this current may be laid off in the same way

as eEplained above for OMV



“8ines tha tro points M and P' on the eirele are .
known and that the diameter 4s a line at right angles
to 0 E' passing through M, the line P! P';méy'bé'drayn
at righ‘t»angle"s Yo i Pliahe through the Point M, thus
the diameter M P' is determined and the ecirele may be

@rawn.

To usa the eiréle diasram the resistanece R' of eaech
phase of the stator winding must bs measured and whaﬁ ‘
is ealled the equivalent resistanee R" of the rotor per
stator phazg;“wgggvided the rotor ware wira-wound and
had the same number of eonduetors in each'phase
as the stator, R" would equal the aectval resistanes of
the rotor winding; the cirrent per rotor phase would
equal the lpad eurrent I' in saeh stator phase and the

TIPR" los=4 of the rotor would be qIER', whertq is

the numberlof phasss. In any case the equivalent resist-
anee of the rotor R" per stator phase is: Aetual

rotor 12R loss equals ngRg q being the number of stator
phases and I' the load eurrsnt per stator‘phass.

R" is caleulsted from the measured current
ahd powar input per stator phase, R' having been measu-
red, as follow=. Input per phase minus E' times Om mi-
nus R' timee UF'2  (see paro marked "ILI") equals the r-
tor 12R loss per phase at =tand =till, this is then
equal to S - where I' is_représentad by MP's

 Use of diagram.--Faving determined Pf’and,R',

performanee eurves ares determined as follows: Take point



P a+ ssveral positions on eireular eurrent losus amd
for 2aeh pesition esaleulate as Tollows:! liotor intake
equals D) timas E'dg, ~here q is ths numbsr of phasass.
Powo: faator of potor s vals cnein@ ef'£ngle eow’,

Total povar deYivered to rotor squals (oD times B' minpns

R' timax OO0

ot

‘ros 7lRlest»ileal powar h Aevsloped in ro-
tor equala'P" siroe TP 2 simes q) N@ehanieal posar
develoysd in wotor syuals a munus b. lMotor «1ip {= found
fror ths aguation ®» éqwals Sa, motor speed n e«n
ba found sines ¢yashronous spsed s known.  ®Effisi-
eney oquals b dividasd by mokor intakae. Torgas ia
found from tha equation 8% n T equals a; T is in
watts par unlt angvlar valogity,(watss per rdidianc pavw
eooohd).. 1¢ in tevme of At ts. oxprisssd in:"synehronous
wasts” so 2allsed, or tha powar in watte that ths toraus
would develop whon driving the rotor at «ynghroncous
spead.

The *-1lorirs fr 8 tehla of resnlts obtainad from
4he sirele diagraw (pacs “I% ) resistanees of stator

R' bairng .044.
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TAmDe : ADDe A s Dy THeehez . 58 : Ry
:Tnput:Vols: P. :Pow-:E. P.:P.Do¥; ¥ :Spoed : % 1!
P.F.: per : {Tnput:erDay in : tc : tBfL.: Torque
il e e e TR LIV B e i s RO U
AR ROt 210 vB8 1 0.t O % 0. 3 TTT1385: 6 i o
44 : £5.72: 110% 2.% :1.35:.004431.548:,0082: 1196&57.:55.81
JB%: 24 ¢ 110% 7.N0:i2.201.01 12,28 i,004%! 1195fA .7 10 o7
.60: 28.0: 1101 4.A5{4.08:.07 :4.08 1.0074: 1101tes. 1-19.:9

8% 9. % 110+ B.17:7.5 t.1  17.2 :.0187+ 1184:88.1:81.05

L87: 50 ¢ 110¢ 11.7:10.05 .17 110.08:.014%: 1180t G0.9 46.54

..0l.i00'..’..0"O“‘."...Oll.ll‘.'.‘.‘l.l'l.ll.ll.'...‘bl'

The parformanei enrves on sheet "IIT" are plotted
from this data. By eompariscn of thies table with prees-
ding onaa and with the cwrves thus chtained it ﬁaw ha
gaen how mnaarlv th3 motor in aetnal praeties eoma= to

the thaoretieal or pradestarmined eonditions.
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