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:i. 

An apparatus capable .of fol.lowing th~ npid Vlllri.ations 

in to~que a.ua speed produoed by 1m i:rultwtion motor under starting 

conditions was desisned. and eonst~d. .Its perfo~e and 

results obtained are gtven. 

The dflri.ation ct the ootual torque cba-raotertsti<ro 

of .an induction motor ~ the tbeorcticsl. characteristto is investi• 

gc.ted. w1 th the trcat:lent septll'ated into ·twc sections. The first 

section deala with the t.orque produced duril"'~ tbe accelera-tion 

over the range slip c 2 to slip =: zero, ~luding AlW swi tehing 

W'ansients., and verUi~a the· postdb:Uity of transient overepeedl.ng 

in tbe case of rapid neetdoration.. 1he disoontinui 1Qt of the torque 

charaetmstic O'W1r th~ sto.nd ... still region is clearly shown. and 

e. fm:'thor investigation to obtG.in conclusive resu1 ts is outlined. 

'!be seoond section of the iuvestigatiou deale with 

the torque produeed una.er ewi tcbing tr&n:aitmt -cond1 ticns.. '!be 

tact that torq-Je pulsations are p:rodueed durine the ttx:i.stencc of 

the transient ·sm tchinr currents a:ad fluxea ia ven:tled. 1bese 

tc>rque pulsations are mown to be prodneed by the aeti-oM and 

intfJra.etionu ot three sets of quanti ties wbiob are, 

a) i'he o~ state stator quanti tiES, 

b) a set of stator edh:ere.nt trau.sien:t quantiti-es and 

c) a set of rotor adb~t traMien"t qnentities. 

Under eontitioru:J 'fihwe the l"Otor adherent tnmsient 

quantities deeay rapidly relative to the stator adherent transient 

quanti Ues,. the frequency of the torcp.te pul&t.tions is mai.n1y that 

or the s.._pply, while under eondi tiona lllhera the stator adherent 

'transient qnanti.tie:s decay rapidly rele:tivo to the rot.or t.Wherent 

transient qta&nti:ttes, t\8 in tbe ease of a squi%'1'el cage induction 

motor t the frequency or the torque pulsations. is shorm. 'to be eqUal 

to the frequency of slip of the mtor relative to :the steady state 

sta.tor revolving qu&"lti ties .. 

'lb.'O results are correlated with tbose obttd.ned by 

previous lmrestig&tors. 
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1bG oxperim~tal investigation of tb:e bebaviour: Of 

:induction motor& dur'in-::t tbe starting pariort hM to some extent 

been hanpered by the l~ or torque measuring appue:tus capable 

of following tbe oore rapid vartatf.ons. For instance the 'int'luonee 

o.t the tra.."lsi~.nt currents of rcla.tivcJ.7 short duration; wh:leb B.l'e 

i."li tiated Gt the itt.t:Jtant ot oormectina the stator to its source of' 

supply, deser>~e further :l~igation. 

l}he reeording of the torquo-apoed cht\raotari,otie 

of an induction motor • when using torque rnemJuring appa:ratws 'Wi tb 

a raletively' .slow rosponse, frequently require.s the period of 

:aecel'ltta:tion of the rotor t.o be inoreasod by tho addition of an 

inortia load· Ttdtt pract1eo fails in the ca.ao of a.':l investitration 

into the influence o£ the above-mentioned. transient currenta.. I?irstly-, 

those transiMt currents are of n finite duration 1ibieh is relatively 

unatteeted by &n inereo.sc in the duration of' tbe aoeoleration period• 

and aaoondly, as it will be Ghown, the f!:oequenoy of torque variation 

under tbeso eondJ.;tions is envemed pricarily by the 1nstant&J.cou.s 

velo~ty of the rotor rolative to the synobronoualy revolving stator 

field. 

Theoretical investigations of tber behaviour of squirrel 

cage induotion motors under tranniont ootuii tio®, be.aod upon the 

:equivalent ~phase theory of the induction maohin& developed. by 

Sttm.ley ,1 have bee:n carried. out by CU:fillan and Raplan., 2 \Jey~dt 

and Charp4 ant~ ti.egginni:s and .sbul tz. 5 

Weyeandt and Che.rp eonf'ined their iuvestie&.tion to tbe 

CUJ!'rtmt and speQd or a two-phase induction motor during the il.OCelere.:ting 

pet1.od. !!&F,gi.nnio and Shultz have ineludel;! the ett>eet of meehm!io&l 

transients produoed by tho sudden o.pplicntion of load to the tlOtor 

in tb.~ir l..nves:tisation 'Which concerns torque current ond speed. 

Gilfillan 4rJl Kaplan confined their investigation 

to the pulsationo in torque produced by the aetion or tra.os1ent 

currents im~ated at .sri tehing, tor tbc caoe :where the rotor speod 
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wao kept COllDtant at slip c 2. 'lbe resulting ealenla.ted eurves 

obtained; show that the ~tudo of the pulcatlons 1n torque are 

fro!i 200';' to ~ of the s:tendy aoeel.eratina' torque and tbot tho 

frequenay of pulsation varies: by up to !,25~ of the aupply frequency 

tor a. seleetion of motors in tho co~oial range. 

'these three sets of' :i.nvestigai.Or.s used differential 

M.&lyaers to provide solutions to the differential equations obtained •. 

Std. th3 and Rudenbertfl have produced goneral tbeoriea 

based upon the .~ qwmti ties in .e. three--pbase sys~ to illus­

t:rato tbo pm4ootion of tra.nsiont eurrenta fluxes and torques by 

t.~e e«apletion or interruption of tbe aupply to a th~e oaehine. 

An c~erimental investigation of the torque pulsntiono 

ptodW«l by tho trs.nsi<mt ntm:"ento initiated at the in&ta."lt of 

mtitching has been. carried o11t by Wahl and IDgore.6 rus investi­

sati.on was confined to the looked roto.r oaso, and tOO measured 

results w&re check~ theoretically. In tbia case the torqUG pulsa­

tions were of the order of~ of tbo steady accelerating torqu& 

and tho frequency of tile pulnc.tion was equal to t.1:lat .of the supply .. 

With tho ob;jeet of uperiaentally 1nvestieating tho 

torque pulnntlons due to the transient md. tehin.:t currents over the 

epood ra~ for which the rotor s1.1p = 2 to zero, an apparatus has 

been desiencd and oonatructad wltb a :trequeney response in exocws 

of ,500 e.:p .. s., and provision has been made fer the control or the 

As the torque me~ a:pparatus measureB the rert.<ttion 

o-t the rotor torque on the stator,. 1 t is in4epeooe."lt or the type of 

load or of tbe rotation of the :rotor end is therefore rrui table to~ 

investigs.ti.n,g tho eO!ll'plete torque/~ed or torq.ue/time charaoter'istie 

of tho induo'ticm motor. 

'l'be torque/time cbara.oteristics obtained, cn will be 



ir.dtlatett at nit®J.ng subat;a.n,t:iate tbe results cbt&iMd by \1abl 

.f!md Ki~~ far the lt'lokced rotor cue. but .Mf:fer fl'o1!l the calcu­

latcm ftlu~ cf' ·G1lfil1M B."ld Kaplnn itl. so tar: aa the frequenoy of 

torqtW pal$:at1on. ,at spoadD other than s'tand-stul is conoerna4. 

9l:e b-~ey of pulsation of these to~Ue$ is 

sbn.wn to be deptmdent upoo ths ftloe1 t7 .of ·tn(i: rotor ~lattve to 

the .gyn-~'tm'lt>U$}3 revolvtns sta.tor field 4uring thtt period of infl~o 

of 'the~~~ ttwitehing CU~Tsat$. ~G ph~Ai!non is im"esti.-ted 

aM ·explai~.A in the latter hd:t of th& tollowins t-reatise •. 
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"lhe tiM! e.rran~ent of the apparatus is shocn in . . 

fils. 1 and ~· bri·ef desm.'ipt1.on of eeb. portion &nd. its funetio.n is 

given ill table 1.. 

A mrc c.cmprcllensive deseti.pt.:ion of the apparatus, 

:8.~1 with tbe design .ood operation of ·ee.eb portion;, 1fhere relevant, 

is presented in the ifnmrii·a.tely follcwine eeot101is. 

Induction 

1u a 

·---ratron· 

~era. ted 

·contacto:r 

f!atbode "ee:J 

·oactlloeeope. 

1 h.p. 

3•phoe .580 vel. t ( a'tu) 

24 otator slots 

33 roto-r :slots. 

"5 h.p. Ward-~d 

oontl'olle4, 1d. th dog-clutcll 

connection to teat i!':Otor,. 

H~le:r .eenerat.or 

witb D..-'C.- amp1itt.er• 

e~ani.Cillla coupled 

to stator of test motor, 

tea from ttlyetroo Csailhtor., 

O"J.tput to D.C .• amplifier .. 

Fid.ng pulse to tbNrn.tron 

erta su.:pp1ied trom e. 

Speed. 

measurement 

Cont-rol of 

:switching 

inst&nt 

dampi.Jl6 of 

natut-al 

.frequency 

-
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2.1. ~~~e. p,t ;motor !'!PJ?ension o:rfstem.!. 

It can be shov.m 7 thu.t for e. meellanic-nl s;vs:tem ho.vintr 

an i~1a 1. (kgm'""l'lmtrea2) about 1 te axis o£ rotation ud n speeifie 

restbr!ng couple U 01~ per ~adian) abont that axis, the 

undamped m~ttu.t'ol treql.lellC;y :t E o• of the system is 

f
0
= ,!_ f£ cycles~ ~nd ---... --.. •(1) 

. 2Tfl -:;-

For 1J1"J3 applied force or t...~que w1 th a. period grea.ter 

than T
0 

= l/f
0 

seecnds it m~ be aas'U!'ned that the system will attain 

its me.d.mu'Q. denecti.Qn at the sa'lle inntant at ebieh the applied 'tort;lne 

a.ttai.llll its ms.x:tmwn· value. As the ~&tem will be stiffness controlled, 

.provided. T
0 

is less than the period of t."le a.ppl$ed .. torque. tb.e 

masrntude of the deflections obtained. will be proportional tc the 

mn.gni tu.de of' the awlled torg:ue. 

v'he:re the period of t..1te appl.ied. torque ia less than ~0, 

tbe sytr-~. rr.ill. have n tendency to overshoot. 1bis will retml t in 

the system an1y attaining a final steady deflection. ill A ·time depemdent 

~n its inherent logaritb.da damping coefficient-. 'lb.G logarit.l:uttie 

dnlnping eoeftiei..ent gay be defined as the tise taken tor the vibrations't 

set up b,Y an abruptly n.pplied force. or torque, to decay to l/e oi' the 

:initi& amplitude of vibration. Uterl'J:e.tiv-ly, the logaritbmio danping 

eoef'fieient m&3 bG taken as being proportional to tbe inverse of the 

a::'ilplifiaa.tion factor.. Q• of the syote:n o.t 1 ta natural fl¥tqueney, Tr 

t~ng the coefficient ot proportionality§ 

· Fu.rthereflre a!l the systc would be mass controlled 

when the period o£ tbe appli.ed torque is less than T
0

, the DD@'..i tude 

of a.ny de.f'leetion would be dependent upon the period of the applied 

torque as ttell o.s ita magnitude. In a mass contrcllGd e;vsten tho 

amplitude of deflection is proportional. to tne inverse .of the square 

W1 th the oao& na.gni tude of applied for~e, if the frllquency of application 

is doubled, the ~li tude e! the Vib.ration will be rsduood to 

one-qu~ e-r th.o previous value. 



Consideration o.f the f'Greeoina statements resulted 

in the deei.Gion te design the suopension s.vstem w1 th. as high a 

.natill"Sl frequency as pos&ible~ 2he maximum value of the natural 

frequency is limited by tbe ocns1t1vtty ot the deflection mea.su...~ng 

Initial estimates were aade for the natural i'requaney 

and deflection lira ts, providing a means of assemd.ng the sui tabili 'cy 

of the design of the auspe:nsion system... ihe values used wve: 

o. tmtural frequeney of tbe order of 300 e.p.a. 

and def'leetlonG (}f 1o•4 inches at full load 

output of the l b.p. 'test ttOtor. 

'lhe final calculated values of natural frequency and def'leotlon 

( &p-,l)endix 1} ue; 

natural frequency • 289· cycles pel" second 

deflection a.t full loa4 = a.5 • 10""5 itachos. 

~hen measure:!: wbsoquent to construction, the values o£ thnse qUMtities 

ware found to ·be:. 

natural trequen~ = 145 e;~es per se®nd 

defl·oetion .at full loatl of the ord~ of 7 .• 10-5 incbes .. 

'!he di:ffero:tie{! of approximately 16]'! between "the 

measured and calculated values. for the natural froquenoy could bo 

due to tbe use of incorrect values for Young's l!odulus for the m$tal.s 

concerned, ~tber with possible varl.ations and. inaccuracies in the 

dioenS-1ona of the :portions t;f tho apparatus involved in. tbe eolculations .• 

2.2. pen9l'i]2~ion . of ruspenaior! _Sftste:n .. 

!he suspended motor i.a shomt in fig. 2.. "lhe rotor 

is .oupported indepa.'ld~ntly of: tb:o stator to miniaiee the inertia of 

tho defloeting oyotetl. 'the stator windings and .laminn.tions h&vo been 

r-l!!lnOved from the notor housing and are supported by rour steel atrapa 

welded to a clmlpi.t'lS r1ne and rigidly attaehed to a cant iro':l yoke. 

'i'he. stator movement is du& to the reaction of the 
- ' - ... 

rotor on the stator a.."l.d is restricted to a purely rotational mo~t. 



4. ~.ARA";TmiSTI'!S 0? mE TES1' ~IO'lm DlJRillG TUE S'rARI'ING FallOD,. 

IN THE AB~~ 0? SiiTE!lG TaA~ISI~TS. 

4.1. EXEerimental Procedure to EliJd.nate Sri. tcbins Transients. 

lihe test motor was driven at :tull speed 1n the .NVerse 

oupply circuit was. completed. After allowing tho supply to attain 

its steady state values, the D.t;,. 110tor was dis~ allowing tbe 

test motor to aooelerate. 

1be osoillogruss of fig .. 5 repruent torquo, current 
. 

and speed against tiGe for the accelerating period; 

\ ------~-----------

\CUrrent 

Torquo 

- •• • I· 
I --.....::·..,:· .:_::.-~-~--.<:¢:=a,,..· .L' __ .....__..•~. --~ .. -:.-::::l· ==--..:=:· -.- -~~- ••• - ==-="="""-=-.;..---==::-.:-;;::;-::.,, 

-:-. '"? . v-. . ----.... . 
' .JIIIII'--------- Sp~ ' 

-I 

D 

Fig. 5. 'Porclue, speed and current vereus time for pluged 

start o£ test motor w1 th squirrel eago rotor • 

a} 

b) 
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180 de.'J'!'eos relative to the supply vol tnge. raw control is erteeted 

by meana of a tbyratron-opera.ted eontaetor. · 'l'he firintJ pulso to the 

t.l)yra.:tron is supplied from a pbase-.ahifting d~eo (appendix: 2). 

ib.e accuracy o.f the switching· control is dependent 

upon the consistency of operation of tho oontaoetor, and has been 

found to be aui table by recording several opcratiotm of the apparatus 

at tbe oamn set.ting. 

2.4.. ~teet and 'rre~:ta~t of s.s;mens19.n ,gy,sts ~lntural Frausncz. 
l!he 1n:.tt1al. test results obtained showed that tho 

response or tho equipment was Er.li table 1n general. but that the ola.rity 

of' the oscillogram& of torquo wu adversely sf'feoted by tho ~li t<..tt!.e 

of the vibratione nt the natural frequency of the syst~ It bad 

been e~ted tha.t this frequency of vibrntion ?JOUld be ox<)i,ted by the 

alct frequency vibrations but tbe effect of these vibrations he.d baen 

undorestiaated.. 1be frequency of the vibrations due to the slots is 

6 dependent upo!l the rotor speed and can. be shown to be: 

f 
8 

= frequency ot stator vibrations 

Sr = nm1ber of rotor slots 

'10 reduee the effect of tbe 113pli£'ica.tion fa.otor ( Q) 

of the me<>..b&nitml .system,. of the order .of 80, & frequency tr&.p has 

been incorpore.ttm in the torqp.e ntcerding' oircui t. '.ibo frequeney 

trap eouists of' a series tuned circuit Ghunting the oo~illosoop& 

input torminal.s. 

1!1o combined freQuency response CUWEt (appendix 3) 

shot1s tbat the overall rcsponae o£ the syotem is 3 d9 up at ;45 o.p.s. 

and suitably level elsewberG. 

\ 



2.5. lfo~emc.nt ~f' Defleoti® p.nd §2~~· 

~e stator rotational deflection is used to deflect 

the dio.pbr~ of a tuned cavity f.n a microwave system (appendix 4). 

~ relationship between the deflctotion or the diaJlllraga and the 

output from tb& ca.Vi t.y is linear over tb:e working rango.. Va.rlaticns 

in the eavi ty output power 4ue tc 4eflectioruJ estimated tc be leas 

-s than 10 inches have been recorded. :the system is: calibra'ted by 

applying ~ known torque to the stator and rooording the d&flection 

oE the osoillcgraph trace. 

A bomopolar generator designed and bull t for the 

imrestiption (appendix 5l1 i,& 4ireetly coupled to the aha£t of' the 

test motor. ~e output from th& generator is of the .order of' 

l millivolt p9l" rav. Pet' sceond and is ripple-free. 

'file ,output from eaab of these measu:t1t'l€ dmoes: 1s 

fed into a n.e. low drift differential amplifier With a e;ain of the 

orne~ of lC\"l. A sliGht drift of tho tcrquG trao& can be observed 

after a period .of sevoral minutes, but over tho longest testinG time, 

of the order of 500 milli-seoonds, this dri.n is ncgligiblo. 

:2.6. neb«viour ot, !eEUa.tus. 

Pig. 3 is presented as an em~lo of the ~ocording 

proportics of tho equipment.. Die ~ysis of reoul ts follows at 

a later stage. ~e oScoillogrmtt of fig. 5a represents tol!'que and 

speed against time for M.reat-on starting ot the test motor.. For 

a. pu.re inertia :load, acceleration is proportional to torque, .a.s in 

thi.s case if boaring fnc:tion and ld.ndage can be noglee~O:. ftlus 

the corroboration ~ tbe measured .and deri.vod curves of' speed 

of fig.. 3b iUustra:tes tbe suitability of operation of the eq'Qtpmm:t. 

lbe d~rived val.ues of ti((., 3b were obto.inod by ara.phically intearating 

tho torqu$ trace ot fig. ;a. 
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;, i th the apparatus as desert bed, oscillog;rams of torque 

ane speed aeainst time over the range slip • ?. to slip • 0 were taken 

With a squirrel oage rotor. rhe complete osoillogram is ahom in 

fig. 4a. ·:~ sirlplif':'i t."te interpretation of the osoillograr.a, fig. 4b 

and fiP. 4::: show a separation of the expected oharaeteristics trom 

those obtai~ <UfPerimentally. 'lbe components of the curve are 

tabulated in table 2 a.~ dealt with individually. 

,•Jn::.: ;'~- :no . c~y~~r: VA.'riC:i. ~ 

1) 4a "l .... 
~ ... '~ low frequency torque pulsat.ions 

ii) 4a 
., 
r:: Transient overspeeding 

iii) 4a '::: .... f• High fr~ueney vi bra.tion 

superimposed on the torque trace 

iv1 4o -r>& Parmoni~ torques 

v) Jla. -~~ 4b ~ ~ ,, 
-:J Deviation of r&.»rded torque from 

expected theoretical torque-t.ime 

oharacteristio 

vi) ..ta ,'.: 4b A•R 'l'orque pulsations due to 1nfiuenoe 

of transient Pitclling 

currents. 6,13 

?or convenience, the anal.ysis of the observations 

given in table ?. will be undertaken 11 two diotin~t stagea. ·~e 

first stage will deal with the torque, current and speed varia:tions 

1d th time during the atartin~~ period, ex~ludi!'lf; the i:.nuence of 

t.t-ansient s-d 't>::hing currents. :be seoonc stage rill deal with 

the torque and crurrent variations with ti:ue, Uct<!er the influen<!C 
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The sequence of table 2 will be used for the plU'pOoe 

of' this discussion. 

4.2.1. tow, fre~ 1:0a~ E9fsati01'1!· 

'!he torque traces ot fig. St :tn the region ·corresponding 

to F•G ot fig.. 4, elearly show 25 e •P•B. puls:ltions vi tb aupelmposed 

rotor eccentricity for a 4 ·pole motor .and varies oontinoousl.s' in 

~tude at tho rotor slip freqaency. ~ompari.aon r4 the torque 

tra.ees .of fig. 5 shows the extent of the Yaria.tiona in ~tude. 

~e .superi.tnpOsed 100 c.p.fh vibrations are a result of the deflee"ti.ons 

ot tb.e stator, protlueed mnenet1call:f by the 50 c.p.s •. t'JUPP17• 

4.2.~. 'rransient ov-ere~w· 

'Ibe transimt ovwspeeding of induction rcotol:'s has 

b'oquantb' be~n observed duri.."'lg the tesUatr ot liehtly loaded 

macl:dn•lO, ll., 12 8li.d oan be used u an argument t'tlat tratudent 

oontitions persist throughout the e.oocleratlng period, long af'ter· 

a.v· initial switolling transients have deea;yed • 

. It can be shown10 tba.'t the transient overapecdi.ng 

1s due tQ: the frequen:cy modul.ation of' the air aap· flux OVGr the 

~od_ su.baequent to the instant oorr.co;or.ding to ~..m torque {l'max). 

over the same peri.od, the current trace of' .fiB• 5n provides an 

e~e of £requenoy modulation as the motor current phase a.ntt~e 

abangas rapidly f'ro:ll approxi:rao.tely 45° &t ~max to an angle or the 

order of 70° at no loe.a. 

4.2.3. If.ip !f!suencz vi.b~~tion tr::p~~ed en tbc torgue tras-e .. 

1hc relative .motion of the state~' mid :J!'Otor slots 

prcdu.een vibrations :in tho atator8 of a f'requeney aa s1 ven by 

.equation 2 section 2.4 .. 

SrU 
f -=~ & w 



1.6. 

Uenee at a &peed of 1200 r;.p.m. the f'reque11ey of vibration would 

be 66o e.p.a •. 

In Mdi tion to the above., vibrat1ons are produced 

by t.ha h~ea of' the ftmd~emrtal otatett fluz. and hamord.esl .of 

the fu~damental rotor tlux in· tho air gap.9 

nte "m~tude ·of the re.t.nlltwt Vibmttons •. &s· eho1rn 

in 1lbe oseillo~ cf tig. 5!, is an indication ot the noise produced 

QY the mortar d~ .stnt"tins:-. 

4.2.4-., RQ'll10nie torques .• 
• j - J L J • .............., . _, 

· ihe varie:tioml itt torque:•· due to tbe 1 th h~c 

torque ln th~ tornr4 4ire~tittt1 and tbe 5th ~ue torque in the 

revm;>se tir.mltion,13 ~ abrJml in th& oacillogams of £ig. 5 in the 

po$itions eorrespwding tG B .ond E of fig. 4.et spfMda eorr~ 

tO ... z~.,/5 and fls/1·· 

4.2,.5 •. ·~~. d0Via~ion ~f ... tbe rooord~ 't4riu~t . .,over ~~;l!.d~~·still 

~eon fl'onl •• aeeto4 th~tic~nl torgue-tim~. chars.~t.!~!.stie. 
\lith ref'e.-re:nee tc tho sudden de:ease in torquo o"'tn': 

the sta.fla•still ~~onl' 11 u shmm: by the torque traees of tig .... 5, 

tn. tba regi,on corre~ndi"8 to C•ll .of fig. 4, the following int"omation 

haD. been otrtatnad o~rin~• 

1] This deel."Ciase 1n torqu~ :l$ imependent o£ &1\T 8\d.tabing 

transten:t ~ttet1ts by· r~ ·of the eondltiona: under whiCh t."lo results 

ii) ':ibis· torquo deoroase 1s produoed irrespeetive o£ the. rete 

and dtreet:Lon or aocf'..lern.ticm cf the rotor, .as showr~ by tb.o oeeil1ogr61l9 

of f'ig. 6. ~ 1"~ ts sh:O\"J'n, in fig., 6 are portions of an osoillogr&!ll 

tor flhich ·the rotoT uaa dnvm1 both with and agelnst its own. direction. 

The time taken to t~ the ~eed renge fr«t'i full ·speed in one 

direction to Ml apeoo in tbe ·other, is of tbe order of 2 seconds 
I 

as ~ed 'f1i th an aco~..lerati0%1 time of the order of 250 ~lli• 
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a) Forward 

tforque 

b) Reverse 

:Fig •. 6. Controlled e.ec.eler.a.tion over· otand··still reg'iona 

ill) Finally. tbe squirrel oaga .rotor wan replaced by a solid 

rotor and the 'oseiU~aa. ~shown 1n fig. 7 obtained under the ,same 

CODii-itions as f'or fig. s. 

Fig. 7,• Plugged. start, excluding swi. tching transients9 for 

teet motor lfith .soua rotoro 
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.1a. · 

The tortrdo time relationship of' the test motor w1 th 

a solid rotor is that of an induction motof:' ri th a hiah resist1;l.11CS 

rotor.., and no longer GllOWS variatiOn$ in torQue ·OVGr the l'e8iOn C•D 

01" the ·intluenee of slotting. 

An oxplamt-tion 'Which bas been Gi von for the variations 

in torque over tbe region C•D :tor a squirrel ·eag& motor is the.t it 

is due to h~c indnotion torques.13 !be test motor with 4 pole 

.and 24 ata.tor slots Will produce ~l,:r the ll th and 1' tb lla.rmoniCIJ 

of the ft~1tal stator flttt 1n the air S~Pt and ibe!lr et£eot on 

the torque would ~ obserVed at •l/U and .1/13 ell ~us opecd. 

f!ho eff'eats of t.'leee ha:::moniotJ is reduced b;v the 

ta.ct that there are· 33 rotor bars and that the rotor bars t\l"e skmred. 

If there was no skcming and 44 rotor bare, the tlt£eot of the ll th 

Jla:monic woUld be n ~. end for 52 rotor bars the effect of the 

13th l:uacnic would be a mmrram, as in each ot those caoes s.djae:cmt 

rotor ·bare would be undet ~tn poles ot tbe hc.rmonie tlux.1' 'ihe 

effect of either haroonie woul6 be a t'l1ninnlm i.f the nngltt of skewing 

of the rotor bars wu suc!1 t!u1t Gad.b bar- spanned one pole pitch of 

the harmonic wave. Uere the Mgle or skew or tne rotor bars is- 10° 

and so each bar flill bava & span of o.6l. poles of tbe 11th htsrJDOnio 

·flu~ wa.ve and. 0.12 poles of the 1,5tb: bB.l*tlOnie flux wave.14 

Fig. & Uluatrates tbe ~£ect &t the 11 tb llld 13 tb 

harmonics tn a 4 pole squirrel cage lndu.ction motor w1 tb 24 sta.tor 

slots and, 26 roto'l' slots in f1g. Sa, Md 44 rotor slct$ in fig. Sb, 

and UDSpooified ell81e of skew.
1' 

Comperioon ·of fip. Sa and Sb sholts the ~t1ng 

these ~.uould be e.xpee·ted to be asaoci.o.ted with relatively 

mw.U vari.atlcno in slip, uril.:tke the resul to shown in fig. 5 Where 

·tb:e torque trnoe hns been influenced over tho reg:i.on slip a 2 to 

Slip=: 1 .. 
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Synch. 

F.J.g •. a. Torque/speed curves of 4 -pole 50-cycle motor.1:S 

Furt!'ler 1nve~t1est1on is being !!lade w1 th respect to 
. 

this varlation in torque in 4:1 attapt to determine its cause or 

causes conolflBiwl,y. One portion of the investigation involves the 

modification of tho aquirrel C'-.,'-"8 rotor to provide ta.oU.L ties for 

obDerving the individual rotor bar currents, and another involves the 

substitution of a wound rotor for the Cll68 rotor, as a wound rotor 

tendo to reduce the ef'f'ecta ot most harconics ot pole-pitch dltfenmt 

from tho ooU pi toh, while an unskmred cage rotor will circulate 

the current related to an;y bar::X>nic except that -..~ch has a pole-

pi toh equal to the pi toh of the rotor 'bars. 
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fJ.bc term •trannient switching ~ts• baa been used 

on several occasions previously and refers to the exponentt&lly 

d~ng cur:rents Snitiated at tbe instant of completion of a c1rout t 

conttltnill8 NtJista~o and indw;)taneo. The expression f'o:r the 

in$'tanta.~eous ourrent in a single pha5e resistive and lnduetive 

circuit is~15 

Wbero t.1-te 'tbie, t'* i£: meamll'Od· from the instant at which the 

volta(le wnvc is zero, ana at. the ln.stant of eanpletton ot the 

cireuit t "' t' oeos. 

1be first tnrm on the ri.gbt.-hand sl.de of the equatlon 

reptoeStmts th-e steady sta.te cunent and the .oeoond t~ on the risht­

hand side of tbe equation re;proDents the transient sw1 tchtng cURents. 

At the 1nstt.nrt ·of completing' the throe-phase A .. ~. 

supply circuit to the et;tLtor of an indu~tion motor., the boundary 

aond1 tiona are ~ tbe <r.ll!':rent in oaen phasf3:t and the magnetic 

tluz in t.be l'!lao.hlne, must be zero.' 

It can ·be shoWn'" 16 that tbcse conditions neeessi tate 

n transient Q.m.f. e.xoited by d~ing direct etlttents in the statol' 

l'lind'lng, in addition to the DOl'.Oal r~l'V:lng m.m.r .. pr.odu~ by 

the s~ state currents. '.lhe trnnaient ;:o.m.r. 1e eta.ttcnary 

in spaoo moos it is pl'Odueed by unf.direo'tiorml tmiTtmts f1ow1ns 

th~ stationat7 eoile., and is equal and opposite to the revol'ling 

a.m .. t~>- ·at the instant of swi tehing.. !Jhe resultant flult at this 

t:lben tho Gntire three-phase eyste:; or currents i.n 

the Gte.tor Y~indi.n.gs is con.sideretl; it io not nl'leessary to cons.ider 

·tne pba.sirle of tho instant of Gw:i;tclt..ing relats.w to tbe supply, 1.1 
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only varicn the spnco loo3tion of the trnnsient m.o.t. nnd doe:J 

not vary 1 tD im tial mar;ni tude .. 

'lbia was confimed by takinG ~everal osoUlogrlQS 

-o.t d1f£orent 1nstanto of mr1 tching. 

~e simult&~OCU3 existence of a atationar.y transient 

m.n.f. and e steady otato r,ov61v1ng m.:1.:r .. in tho ntD.tor, as centioned, 

section. 

5.1. !or«9e Produced under the '!ombine6 InfluEnce of' stea5lt :;tat! 

nirect and, Altomntin(" C!tlrrent SUpplies. 

'l'h:e speed ot the enerctr..ed test 110tor ne kep't 

constant at preselected V&lues bJ ne:ms of the 5 b.p. tiard•.Leonard 

-oontrolled n .. -;. motor, and a direct current waa injected at the 

stator otar-point,. as a!lown in tig. 9, without ups-ettino t!le symmetry 

of the A.~. oupply. 'i.U'ble 3 S\tll:!l8rl?..es tbe observations oade 

trm the oseUlocrrc:~S or tia• 10 taken durinz th$ steady state 

under the above conditions. 

I 
I 
I 
I 
I 

T 

Fig. 9• Gire-:d.t diaeram t'or tent des:ribed in soetion 5.1. 
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a) ~up. 2 

~t 50 o.p.s • 

Torque 

b) Slip • l 

{speed • 2J r.p.a.) 

G111T41At 50 o.p.s. 

(applied dirtot OUJ"ftlllt halved) 

'1\)rque 

c) Slip • C 

·:uzorent 5C c •P••• 

Torque 

Fig. lt. ~ &rld current tor oorabiaed ataady state 

al temattng ancl clinct CJ1II.'Nilts. 



;.1.1 .• ~J!\:9 of oseill~ of fift'• _10. 

'lbc;td.nr..tl.taneous enstenco i.n tbe stator ot the 
( 

revolving· al.tel"rull.tlng cU'ft'ent excited a.a.:f'. 1fith ·the stationary 

A'!ll'li t\1de. ot the pulsations are dependent upon the rotor speed 

reltl.t1ve to the J)$ator fields., a$ the nmature :rue~ effect cr 
the zotor increases td tb the relative epoed. 'ihi.s is illuotrato:d 

by the ssllor &mpli tudss of tho torque pulsations in fig. 10& and lcic.\ 

'lb& Jl!;td:n treq~.Umey of pulsation is shom1 to be 

50 e"p.s. trrespecttm of ftttor speed. 'Ihe ouperimpost!d 12! c.p.s. 

' pulsation shown in f'ig. lOb is a result -of variation of the leakage 

inductenoe t1ue to olott1ns1 and is produced ·bl" a meaSU~"ed l"'tation 

ot the o~ of 2) r.p.m. (for .35 rotor aloist• ,12•2 :x ·6Q = 22.7 r .• p.tt.) 

'' In the ca$e ot tbe cscillogm:lS cf fig. loa and lOo, the sup~ 

25 c.p.s. pulsation is due to the ec~antrloity of the rot.:or &!J 

disaussed. in ~M~Cti<m 4.2.1 .. 

~ ~se tho production of torque under tbe above 

condtticms, consider first the individual~ of tboao m.a.r .. a 

and ·t!leU' oorrespond'lng fluxea, noting that iorque is prcpot't!orml 

;;ol9_ 

{fJ:he linking flwdxh:otor cu:rn;nt)x(eosine of the ansic between flux and 
curren.t) 

'lberefore. vhlen a cu.tual flu¢ and a eunoen:i I 

Ntate synab:ro:•Jously with cne nnother, the torqu-e produced is W'li• 

directional end is proporti.on&l to 

¢:£cos@ 

Rocrever. when the fl~ and current rotate snynobro­

t.tOUSly, a pul.satina torque ts produced. . 'ihe ~ey of puls~on 

b .eq®l to the frequency of tbe l"elative rotation., 'For eump.le, 
' 

tho torque produced by a tlux ~· rotating 1fi th an angaler veloci:ty 

of GJ ., and a stationar.r current I ... till be proportional to 

¢• l" ccm wt 
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Fig. ll shows the two sets of fluxes and sta1;or 

and ·rotor ·currents separated into synchronous groups.. Fig Ua 

represents the spatial relattonships of. the· A.C.. quantities tmd 

fig. 'llb the n .• c .• quantities:. 

a) b) 

._ 

'llhe synchrono~ and asynchronous. components of torque 

·produced bj the components of fig~ ll.will be .as ·shown in ta.~l'e 4, 

where Gllowa.nes is maae for the initial .. spatial ang.le between t!te 

quantities involved in th.a asynchronous torques. 

TABLE 4.. .<XIMPONEiiTS OF TORQ.UE. P,RODUCED BY THE ~ADY STATE 

SUPERPOSITION .OF D.C. UPOll.TH.E NOOMAI ... A ... p ..• SUPPLY. 

SYNmJRONOUS :roRQUES 'DlRECTIOit 
•· .•' 

1) ¢m 12 cos A Forward 

U) ~TS I .... 
2T cosB Braking 

. ' 

ASYllmiRONOUS WRQUES PULSATI01i FBEQUENCY 

:i:1L) ¢. 
m 12T ·COS(E'+ Qt) Supply ~equency 

iv) ¢TS I 2 
cos(G+wt) Supply frequenQy 

... .. ' 

·where F and G are the ··tnitial phase .angles between ea.cll pair of 

the fluxes ana currents, and c.0 is the .angular velocity of the 

A.C. revolving field. 



torques &a a"lom1 by table 4 is independent of the rotor speed and 

is equal to the frequency of the A.·. aupply. 

ITowever, . these results do not agree 1fi t.~ the results 

obtaine<1 under actual an tehint: oonditions, as sh01m. in the following 

section. 

5.2. Torgue ProdUO«! under Tranaient Slritcbi¥ f:onditions. 

'fbe 1 h.p. teet motor was connected to the 380 wlt 

5C c.p.s. }-phase supply with the rotor speed kept conatant at 

preselected values by means of the 5 h.p. ~ard-I..eonard controlled 

n. '. motor. 'T'b& oecUloer&tU of n.g. 12 oover:l.ng the duration of 

1T.!f' 1 

• 

75 25 Exponen­
tial 

4 9 7 

25 
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a) Slip= 2 

Torque pulsaUons 

b) Slip ::~ 1.5 

e) Slip ~ .1.0 

Torque pulsations . 

d) Slip= 0.5 

Torque pulsations 

e) Slip= 0 
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5.2.1. ~zais. of :OS£!~~PB!'!!AA of £iS• 12. 

1bfl OtWUlograms of fig. .12 show that for th& duration 

of tbe transient swit~ eurrents, produo'.ed when the sta.tor is 

connected to the 3-pba.<Js 50 c.p.a. supply, the eJpeeted unidirectional 

to-rques have superimposed pulsations of a frequency given by.a 

F"' 
f = {50 ... ~) e.p.s. 

where 

ti = l'•-P••• and is posi. tive in the forward direction only. 

These puloations decf.\Y exponentially at & different 

rate fer ee.-:h ease of <:onatant speed, as shown in table 5· 

Similarly • the current traces. show superimposed 

·pulsations at a frequency given byt: 

. Pll {f::) 
f " 00 e.p.a.. _ ----·--··-------·· _., 

N = r.p.m. and is positive for eitber direction 

o-f rotation. 

It baa been shown ·eXperi1nentally in section 5.1., 

and. can be shown. aatbematicall;v6 that the ca:ibination in the stAtor 

of only a stationary field a!ld a revolving field. earmot result :1-n 

the pftxluetion or torque pUlsations at Ct\1 frequency o'tbcr thL'l 

that of the a.. e. supply. 

A condition f¥bioh could provide tbe change in frequency 

of th€l torq1.1c p.tlsations related to the rotor Sl*'d cs shown by 

equation 4t is one wbioh tJOut.d be produced 'bY the :sktultm:teous 

tbe rotor.. Furthert10re, the armature reaction ef'f'eot of the stator 

windings wlth the flux produced by the rotor m •. m.f',., would superimpose 

pulsations on the stator current at a frequency giv.:m bJ" equation 5· 

Rudenberg.18 shows that, based upon the solution. 

to the equations pertaining 'to po~ ma..-'ilines undfll' sri tchin6 

conditions, there exist, ir1 addition to "We steady sta~ stGtor 

revolving o.m.f. and its cu.rr-fmt ~in the stator .and. rotor, \,. 

/ 
I 
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two tre.rudent a.•.f .a and their current systeaa in t.ho stator and 

rotor. One of the transient m.c.f'.s adheres to the stator and 

·.the mutual flux it produces euts the rotor 1d.nd1ngs at the speed 

. ot revolution of tb.e rotor, wbile the other trc.nsient m.m.f. adheres 

to the rotor and the r.:mtual flux it pro~ cuts the stator windings 

at the rotor speed. 

The rates of ~ of .the transient m.a.r.s are 

controlled a&i.nl7 by the lenltap time constant (ratio of leakage 

inductmzce. to resietanee) of the atator or l'Otor 1d.nding to which 

If' the rotor Use constant 1a luger than the stator 

tUe constant, tbo etf'eot ot the t.ransient rotor adherent •·•·f. 
may atUl be mdent after the .tater sri tcbing transient quanti ties 

have d~ed completely •18 

~ Uluatft.te tb.e pro4uotion G.'ld et:rect of a rotor · 

. adherent s ••• f. tbe teat described 1D the f'ollowirl,g section was 

carried out. 

5· '• An ~le of' a Botor Adheront M.M.P.. 

918 speed of the test motor was maintained constant 

at pr.ri.OWJl.y .seleoted nlues and im.pulees of dinct current only 

were &pplied to tbo stator. u sho'r.lin fi«.l, •. 

- --~----.- ---.- --· .~ ----~-----:- ·- ----- --
Pig. 1,. ctreni t diagru for te.t. r 

... 
Table 6 ~ the behaviour of tho staten.- current 

at each speed, 8o sbo1fJl by tbe oscillogras ot ttg. 14. 

' 
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P.eferring to f'lg. 14 and table 6, it i• evident 

that the e-.JI"!"ellt rise in each cue shows a combination of' two time 

oonata."lts. The 1n1 Ual rise time is the same in every oase. It 

is shorter tha11 the final rise time in each Ca.H and is associated 

w:L th the stator leakage time oonsta."'lt. 18 

It is evident from the oacillog;rams of fig. 14 t."lat 

the final riee of current is usoeiated not only with the rotor 

leakage time OO!'l&Unt but also wit..~ the rotor apeed.
18 'lb.e 

relatic:mahip between the rotor time conatant and the rotor speed 

is shown in appendix 6. 

stator current, the rotor aots in a aimilar fashion to the field-

e&n"Jing syste:n or &1'1 alternator, as illustrated by the pulea:tions 

superir.IpOse-d O."l the stator current. 'lbese pulsations are synchronous 

with the rotor, and the f'requenc'J of pulsation is given by equation 5. 

It will be observed that the ma,gnitude of t.l-tese ourrent p·.lJ.satioruJ 

de·~reases with increued rotor speed. '11-.is is eonsiatent with a 

more rapi,:: dec'y of the transient rotor adherent m.m.r. with increased 

rotor speed. 

0 

~ 

1 -3 

50 

2 
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. , faking into account thE!! transient rotor. udherent 

m.m.f, •• , tho production o1t tbo torqu_es ·as shown by fig. .12 in s"E~etion 

; .• 2. is ~S'S"d ..• 

5•4• Anal,zsts ~of the, ~iues Produced in tho r'I'est }!otor Jhlring 

the Intluenqi! ·of. the :Transient Sri t~ Currents • 

. lt has been shown that three m.m.£.s exist in .the 

ourrents. These are the stator steady state revolving m.m.f:.:t 

the transient .stator adb€lrent :m.m.'f. and: tbe transient rotor :adherent 

a) 

( 1-s)w 
k----

c)'. 

b) 



Fig. 15 shows the three sets of fluxes a."ld currents 

s~ted into synchronous Bt"OllPD• ~"ig. 15e. represents the spatW 

.relationships or th~ supply trequency <ftla..,:tities. lbat is, the 

steady state ro1at1onuhip between. tho stator current I1, mutual 

flux ¢m, and resultant rotor <rll!'rent r2. 

'the ste.t1onal'Y quanti ties ore shoWn :l.n fig. l5b· 

'fheso are tbe stator &.dberent transient current ITS' the statiOl'lBOry 

transient :stator adheretrt sutuel flux ¢1:s and the r~su! tent rotor 

current I~· c;·J; 

'ihe quantities revolving aynebmnou.sly with the 

:rotor ant shown in fig. l5e. 1'heoe are the tranaient rotor adherent 

current 1111, tho transient rotor ·&db:Qent mutual nux ~m and tb:$ 

resulting stator c~t I 1T. 

If tbe rate or decOty of tbe st&tor transient qua'!lt! ties 

is 7!epresonted l'q the ter.c o-:-at, and that of the rotor transient 

quanti ti.es by t:t•bt, tbe synohronous eml asyMbronous conwonents 

of torque produced by the components or t'ig. 15 will be as shown 

in table 1" where allowance is made for. tho lni tial spatial. angle 

between tho qwmtitiC$ involved in the nsynohronous torques .. 

For the cane of tM twit motor wi tb a squirrel cage 

rotor, tbo relative magm tudes of the terms e-at and o •bt maar bo 

obtained :from the r.awlts of table 6 a."'ld f'ig. 1.4. The term e·at 

relates to the initial rate of rise of the oun-ent as shown by the 

<isai.llogra.!!W of fig. 14. and in all eases its duration is much 

shorter than. that of the tern e:-bt which relates to tbe final ra:u 

of rue. For this case therefore, the terms in table 7 involving 

-a.t . ) o meq be neglect~.. This looves only terms i), iii) • i v cm.ii v). 

'EGrm iii) is a braking to.rque and terms iv) and v) 

are .~<:mous torques with a freq~eney o£ pttlation equal to 

the frequency of .clip of t.'le rotor relative to ¢0,. 

1ttc frequencies or pulsa.tton of the nsynehronous to:rquos 

are clearly in agreement with th.e frequencies of pulsation shown in 

fig.. 12: with tho possi.ble emeption of the cas~ where tbe elip is zero. 
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SYZ1~nRO!'lOU'3 "Xl!\Ql.'T~~s DIRE·~ON C.P TC.nQm: 

i) (1
8 

1
2 

ooa A forward .. 
ii) ..... ttl. -at l'- 'bnld.Dg • . ·~-~ • 12'1' 008 . 

t •. ) ~ 

iii) •bt ft. 
• ''m 

•bt I , .. 
e lT ooa _, bnk1nB 

1\ST.'Cf!HOUOU·~ Ta'{QliES ~'REQUEtfGY OP PULS!TIOl~ 

iv) -bt 
~otelipot fl. e I~ coe(II+-SWt) m A•-· 

v) .-bt ¢1R 11 cos(S+'";wt} rotor nlatl,.. to t :a 

'11) fm e-at Ir, ooa(I-..,+Wt) 
auppl.y f'requeft07 

• rii} -at rl, ( e '1'3 r2 ooa G+Wt) 

viii) e·at ItT$ e-bt I~ coa(H+(l•S)Wt) tl'eqUilOJ' ot rotaticm 

ix) e-bt <~m e-at ITS 008(r:+(l-s)wt) of rotor 

where 

'I f1L • ateMy nate ..... l'ftOlYiDg nu 

''l's. ataticmary stator adbenrlt truai•t nux 
S'lrm • tnnsient rotor adh--.t tlu 

11 • stator steady ... OUI'Nftt 

ITS • stator adhel"ee1-t tranaient CU~TeDt 

I l1' • atator 0\II'Nftt due to (t'l'R 

12 • rotor ourrent clue to <' • 

l2T • rotor current due to ,'l'S 
a • stator etteotive damping a;pcmct ( .\ppendiz 6) 

b • I"Otor etf'eoUft damping ezpon.ent (AppeGdix 6) 

between eaob pair or quanU tiea producing 

~118 torques. 
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~hen the slip is zero, only tha terms 111}, iv), 

a:ta v) of table 7 need be considered, as the steady state torque 

must be zero. '93 inspection, the resultant of tents iii).,. iv) and 

v) must be an exponentially deo¢nc torque. l!<nrever, considere:tion 

of the lxmnClary conditions shows that 'tbe torque mmt start from 

zero, and inopeotion ·Of the actual transient torque produced a.t 

zero slip,. as shown by fie. l2e Which is presented again, er-J.srged, 

as fig. 16,. shows tb:at the torque increases to a negative ma:dJm:ta 

before d.e~ng. 

Pig. 16. 'lTarulient mri tch1ng torque v& time at zero sUp. 

(Time tJCale 50 milli-seconds per ineh) 

To find tho l-aw of tbe curve of torque~ the curve 

or I.ea TOrque vs Time was dra-m, as shown b;y fia. 17. '.ibis s.'lows 

that oveJ:> .the period A-13 of fitS• 17 the negative torque det:~s 

e.xponentially t agreeina: with tbEt resultant of the compon.onts of 

table 7• 
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Fig. 17• Log., U&naient Std.tcbing torq-.J.a VS time 

•at ~ro slip .• 

However, consideration of only terrms ill), iv) and. 

v) or table 7 uill not pr,QGu::e the increase .in nogative torque as 

abomt in tb.e pe-riod. n-~ ·of. fig. 17. 1hi.s indicates that the t9J!I3S 

-of table 7 invol vt.ng th.e deotW rate of' e-at should be considered 

.if ·th.e transient torque pr.od:ttoed during the first 10 mlll-seeonon 

of operation 1s to be inve-sti~tatt. t.lbe torque produced. dtar 

the point n (e.pjlm:xima.tely 55 tnill.i•seeonds o.fter sw1:tooing) ia 

ma.i.nly the steady sto.te torqae variation . due to the rotor e:een­

trict ty u :mention~ in ,llJeetion. 4 .• 2.1. 

~.ese re..sul ts i.ndio&te that the reaaltaut of' the 

CO!!l:penents of tcr·quo of table 1 describes the toTqu& pmaaced. 

during the :Sfii t®ing period, provid~d. th'4\t the stator transient 

quant.i ties decay rapidly 'ri. th respeet. to the rotor tranai.cmt 

· quam.ti.ties, and only after the 4eeay ·Of tne sta.tor tr:a11sient 

quantiti,os. It shoUld be noted that a rapid .a:ee83' of the stator 



pulsat.ions on the osatlloarams ot torque or fig. 12. 

In tho case fibt1re the! rotor transient quanti ties 

dec!\)" rapidly with ~t to the stator transi·ents the above 

description of tho resul..tant torque will no longor hold. To 

Ulustrft.te this caa0, to$to wore made a.s desoribed in the followi,ne 

5•5· Tl'a:n.a1:~t. SW!tehigg 'lbl.'iW!&.P~au~ed bl, tho 'r~ ttotor w11! 
:a SQ11d Steel Ro:to¥"• 

A oolid steel mtor was Sllbstituted :for 'the :SqUirrel 

case t'Otor a."'ld the test motor was c~ to th<S :500. volt 50 o.:p .•. o,. 

rpbue- supply at Sti!1eral constant ~eds. as described in seetion 

5.1..1. 'ate oselllogta::ll9 of fig. 18 cover the duration ot the 

tranolG!lt swt tchir..s curr«rts tor eaan speed_, and tbe observations 

1lllide from tbe~Je results are given in table e. 
'!he fa.et that motors 111 th so-lid rotors bave peculiar 

cha.J"Mtoristtes due to tbe ~a.tions in the ~bility and the 

.resistivity of the rotor during starting21 is not taken into aoooont. 

here, as the p~nant effect io that of a bigb renist&ntte rotor. 

stiP 2 1.5 1 0.5 0 
- --

.M'PROiru:AT'S 

FREQ'Jfll:JY OF !OC!lQUE 

PULSATIO:l (c.p.s,.) 

a) First t cycle 100 75 50 25 Expoatmtial 
. 

b) Sllbsequ.ent to 

tiret i oy~le so 50 50 50 50 

j\.PP1l01jl!ATE Dl1RA!i0il 

CI' PUI.~SATIO!lS IU 3 4 5+ ' ~CLGS AT 50 C .. P .. s.-
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a) Slip= 2 

Torque pulsations · 

( b) Slip 1l:l :t.5 

c) slip = .1 

,.,......._,~;~ .. . r - . ~ 
---v 

r e) $llp = 0 

.~,(._rv-".___ 

v ' 
Fig .. 18. 'lUrque mtd curte.."!t O·f solid rotor motor 

under owl tching ccndi tions. 

~ .. 

I'· 



!nspeetion of table ·7 .shows tb:a.t it ,all the ~ 

tnvcl.vblg the rate at d,~ e•bt are ntttleoted,. ~e fraqueney of 

tbe pnl~til!g torques ~11peri.:mposed :QpOn the tmidi~eeti.onat torques 

ill the SQlm .Q.S• the ~ fi>eqlumey. 'lbis CO~ponde to the. 

~ul~ o£ fig. le SU'bse.lUEmt to the til"st ~ tiscl~ erter the imta.rrt 

o.f snt®ing .. 

A· rapia ,&e~ of tbe rotor traru:d.ent qut~.Utit-1~ 

:ln t;;owpat'ison to the ·rste of. dec-ear of t1w stntor t:•arud.cnt qunnti·ties 

1s ·eons1.stent fiith e. ·totor of ;sufti.oient:l;j, high reaiatmtue. 

liri~tly, tho a0ove .resr.tlts -together 'With thoae of 

seatlon. 5 •. ;3. :ShOT# tbfl.t When the t:oansioot rotor adherent $eLf' o 

1a ot l:QJlS du-ration in eo!~rparioon to tb.e statio~ trwai'Gnt 

O't$tor adhertmt m•m.t. • the ~-~nfi ]JUls&ticmo su.pert~ upon 

the ·unidil:'ecticmtil f.orq\18 cre of &li;p ~quency• Howev~, wen 

tba durr~on of the tJ:'AMi-Gnt t."Ctor eilborent m .• m.£. is short 

~ 'Uitb. the tranaient cte.t.or· adhere."lt m.,.m .. f.* 1 the resultant 

pulsations aro at. me .SU\PPlY ~er.Gy., 

(· 
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1) t.rbe torqu~ men:nll'ina oppnrntu.s unod provides. a t:!e>.n.ns 

ot i.nvestigbtins the m~ rapid variations in torque, aueh as those 

produced by an ind.uetion aotor under· trDnsient St'i'itc'hina cn!lMtirms. 

11) . The ~sul ts obta1nod fron t'he investigation of thG 

torque/$pee.d chvaeterist:tc or the squirrel cage induction motor. 

exeltlding the influence cr tmnsient swltebing curren'ts, vori.fy 

the results obtained b7 previous investi~rn. In p:ert1eutar. 

the dav!.n.'tlon of the ne~ cbnractertstie, from slip ~ 2 to 

slip e 1,. from the thcoreticaJ. eharaeterietie des~e f'urther· 

·tmrestigation. 

iii) uneer snitching conditions thero exist, in eddition 

dlieh Qilheres to the sta:t.or, end a. further transient m.n.r. much 

Mbm-as to the roto-r. The rates of d~ or the trnn.si~t stator 

and rotor a&terent n.m.f.a are controUed prioarily by tho loo.kage 

ts.me constant of the stator and rotor respectively o 

18 
Ruden berg. 

iv) Pm:i'llg tbe period or tn:nu~ of the transient 

currents initia:ted et the innte.nt of DWitohin!J., puloaUons are 

sup~sed upon the unidirectional &"teady state torqu;es.. 1be 

~tude of tbeae torque puloe.tions ~ be twice tho pull-out 

torque or more .. 

;r) \7bero the rotor l~'\ge t1ce oonst.lmi; is s.'l)oJ>t relative 

to the stator len:kcge time constant, the troqueney of tb:e trenoicnt 

etfi tchina. torgue pultmtions is equal t.o tbe supply il"eql.lfmey mm­

oequent to tho decay or the rotor adherent tra.nsient quantitictJ· 

lli?der these eondi.tioM, results approximating to tbe valus as 

calouleted b,y Gi .. U."ill.nn and Kapla.n2 could be obtain~. 

vi) there ·the rotor leakage time constant is long rt'llative 

to tbnt of the stator, ihEt e~rimcntal resu1 tG obt.o.inod slum ·a 



departure: from the results of pr&Viout:l investigators in tt»t the 

pl"0d~lllt trGqM:n~· of pulsati-on of' tltc transient mtl 'tclling torques 

ia that ~ the £1\eq-u.~ ot the sUp ,of tho rotor. relative to the 

,steady state sta.to,.- revolving field. 

'vii) 'lbe resUlts obtained !SUbstantiate the mtperim«mtal 

:results or ie..hl :a."l4 Kilaore6 tor. the: cue Where the slip:= 1. For 

tbis ease the ~uenoy of pulsation of the transi~-t switeb.ing 

tot-~ is equal 1¢. t.~t ot the supply, irr~tf.ve of the ratio 

,of the s\atar a.nd rotor 1~~ time constants. 

/ 
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AJmendix 1. Stiffness and Natural . Fntguenoz of. ~rt!AA §vstai. 

1} Stiffness o.f 
1
91§P2l'ting strppt!h 

a) i~ading due to' displaceaent only of' one support. 
--~-=---------------

.. 

-n'\.1 

II 4 II 
2 'X --8---7 , - -- - - -1-'---r-

1-----16 

I 
w 

.. "'W\ I 

a) 

Assuming a deflection ,of' 2. x 10""4 inches 

Where· 

T _ 2.eL?.J' 
... - 12 

E == .28 x. 106 lbs/square 1neh 

' = 5·33 lbs .. 

Bending moment 

•• itt 1 

= ;,.12 lb-incbes. 

b) Loading due to rotational movement of' ~one end of support. 

/ , 

/ 
/ 
/ 
/ 

/ 

-9 

r 

\ l For a aeflaetion. of 2 x 10-4 inohes 

I n.t the eircUllf'erenee of the .stator, 

__ "' . \-M.~! radius = 3.75 .inahea 
-------- ~ I ' . 2 X 10-4 

,.\ Q • ,.75 radian 
/ \ 

\ 

and shear foroe 

= (~1 + *»2) + (il + h!2) 
.R., 

- }.64 •:4·16 
- 1.075 . 

= 4.16 lbs. 

- .\.. 

·~ -""' I ............... 

Total torque required to dof'lect 

4 .supports 2·x 1o·4 :l.ncbes 2. :l L.-......;:~. ·~~----· .......,"W\l. 

:: 4 X 4.16 X 3•75 

b) • ~62.4 l'b-inebes. · 
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U.l iit1ff'ness due to brass d1JP!!r!IE• 22 

Y,_ " \i "' 3(m2 - 1) c2 - b2 - :::z,p 2 (lo;r., "/b}2l 
4rrm2st3 ~· a • b J 

-----CJ • r---r· 
~----2 0. DIA-. ---1 

Fig. 20. Loading of diapbraeza. 

i 

• 

11bere 

b • o. 5125 inches 

t •· c.c625 ,incb.ee 

r.; :e~ 13 x 106 lbs/square inch 

5 = pois.sons'a ratio .. 

l"' .. l ' ·-' • c.,, ::t 

an4 t'or a d«JfleeUon of J'mu 

• 2 x i.c4 illeha. 

\J D 8.4] lbs 

• 8.41 % 4.25 

• ~ lb-1nclles-. 

movemant of the stator Ed any 

effect of the exte!lsion or 

~· .o'f the rod). 

crota1 torque :r~ for a 

deflection of 2 z 10•4 inches 

ot the •tator equivalent to a 

rotation of 9 radians. 

T • 62.4 + )6 

= 98.4 lb-incbes. 

Specific torque 
.., 

" F./G 

= oo.-4 x ~-I; 
. 2 J: lo-4 

= 185 x 104 lb-inobes/radlan. 
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'\be C!Ol'llCnt of inertia of tbc stator or.tl.3.1 t1Bfl detO'mined 

exp0'%'iaentclly by finding tb.o period of osdllation tlhen susponded 

by a bifilar ~Yst¢ell, nnd mgbad to determine the cans. '!he 

tll01!lmlts of itlertia of tht! relevant portions of the suspension 

system a.OOut the a.:Cs or rctn:tion of the stator vere caleulo.tcd. 

1ftle total ~t of inertia ~& estimated as 217 lb-incllen. 2 

r. = ~.1 X J~W :~:l<iSM "~i 
0 21T 217 . 

= 289 cycles per socond. 

~e 1!'1eoaur~ nntuml. frequency ot the ayst£n 

c 345 c,Jeles per second. 

Md the stiffness esticlatod ~ tests an 

= :226 lb•incllos/~. 

Using the valttc for the mrr-Ant of' inorti.a, :as in the 

previous oaleulatlon., this valuo ot stiff'noss agrees v.1 tb tb~ voJ.ue 

required to produce a. ~uoney ot :345 cycles pe-r second to tatbin 5$!. 

'lh& calculated natural frequency ciffers fro::1 the 

measured value b;y appro:dmately 1,6)1,. rue dUfercnoe could be due 

to the usc of incottQCt valuC£1 of the eonstants or tho motols 

ooncernec, p.arttoularly wi tb respect to the he:lti.t'l{s and quonohing 

of the 11elded portio.'1S of tho suspensicn syst«;l. ~'rOt the 

ca.lculn.tiona are based upon tbo a.-sS"~t1on of idealized deflections., 

end tho extension ot 1J1J;!f portion of the suapms!on uyatet'l during 

tbe :r.ota.tional deflection of the stator ho.s been nesleeted. 
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{\Jmendix 2. Stritc~ing Inote.ntn Control. 

Fig. 2l ohous the circuit uaod to provide control 

of tho S7itchins .inntant.. flho zcner diode pl"'d'ueoo o. .aqunro r.c.ve 

tf."lich is differentiated fomiug pooitivo and nogntivo pu1nc:l. · 

On.ec tho rmitoh s hns boon closed, the t-hyratron nill only conduct 

ofter roooiVina a :pod.t1vo pulse from tile pbase ehiftins cire~t, 

and on ccmdueting, allot:rJ ·tho contootor pull•in coil to be ·onereiccd .• 

i'll.o contactor coo al co be opora.ted nol"L'iQlly by tho 

looal push lru.ttorm .. 

~----------. I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I • • 

CONTACTOR-
t :.....! 

: • • t 
I- I '----------.J 

.l 

F1g. 21. C.iroui t diegr.a..11 ·for st1i tehing inota:nt ocm.trol. 

/ 
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Appm!tix ~·· Froguenex 1I::m• 
Pig. 22a atvcs the COI!lpOnont vnluos of tbe ~ey 

trnp and fig. 22b shot1S the relative r~ curves of tb.a nuspension 

structure. tho .frequency trap and tbeir resW. ta.."lt relative response 

curve 1u tbo t'Oglon of 345 c •. p.e·. 

As tbe output irrpedcnco ot: tbo D.C. llQplifier io 

very lotr, tho Q of tho froquClt'lCy trap io also dependent. upon tbe 

value of thn seri.os resistor. ~e cmr1Cll.l:11 value of this rot~istor 

is lioi tod by the fe.ot that too Ma'b o. rOstotnnce vo.lue in ·conjunction 

'01. tb the impedenoce of tp.e frequoncy trap results in a noticeable 

drop in r~nso .nt lovor froqucnoies of intarcot. 

ui th tho renistnnee val.uo OS· sbOml t.'lo £req11oncy 

rcoponse is mthin 2.5$! up to 150 c.p.s •. rtaing to 3 d.B up nt 

~o curve of the .rcsul ta'lt r&.l'p()nso is obtained by 

d:iv1Mrlg tbe t~mplitudc of the structure rnle.tiv~ response curve b;y 

that ot tbo tro.p relative respomKt curve. 

8·7 H 
C.A.O •. 

·o·o2•s ~ 

$-------lC~-·----0 
fREQUENCY TRAP 

a) • 

RESULTANT 

325 

·-

3H . 

FREQUENCY. (cpoJ 

. b). 
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-me use of merncra,~es for morumr.ing ~l displace-

ments beg b~en thomUCbly .aeolt mth2' nnd. hor.c only e brlof ·.C'.Gsertptton 

of the opemtion or the resonant cavity is Giwno 

Pig.s ~'a~ n cylindrical cavity cl.osod at ono 

&ru'J. by an adjustable plunger so tha-t the length of the cavi. ty, x, 

<m!l be n1 te"l'ed. Input and output points .M'c provided near tho 

base of the cavi.tt• 

t£ power at e. fixed frequency is fed in.to the ea.vit:; 

tmd the output connceoted to a crystal deteotar mieh men.surcs the 

•power trensmit'OOd ·tnrotteb the cavity• then .b7 ~ne t.~o d.i.oenoion 

x tho eu.rve snom~ in fie. 2Jb is obtained. If tho caVity is ~.Set· 

to point B cerrcapon.dine to the plun~r position ·Xo for au oaeillatA>r 

frequency ritdoh .mak.as ,;a. t'he ~na.ut pGint-, thdro is a .Une3r 

.rclet.ioneuip between plunger displcoement ana; transoi ttcd por1or 

over tb~ rnnge x
4 
..... x ..... 

' .. 
ln tho moa.suring eystom enploycd, tlae baoa of. the· 

cavity hM been l'eplaecti by a ditlpbr&.;t't, sho1'm in fie. 2C, rigidly 

coupled to ·the stn.tor of' the tout ·motor in woo .a ~Y that a~;; 

small rotational movement ··of the stator produces 0: pro~rtiona.l. 

deflection o£ the ,diopbr~. Eoforc ·caeb tezt "the plUD80r is 

e.djuste~ to point n ensuring. a l.il'looro rol&tion bett1cen -Msplacm!4nt 

and em i?Y output .. 

Fig. 1 i.llustre.tol'J t'h:o leyout of the microl:aVC 

a), 

Dl $PL A.Cf Mf NT 

bl. 



• 

' 
J 

-{ 

.. 

. .., . 

i 

51· 

;!Ependf.x5. $l?eed lleasuraent .. 

A ho:lopolar ,gmerator is used to provide a ripple-

output f'l'OJI 'this VP• or generator is unfortunately llai ted by 

ti:l.e fe.at that the oqui.v&lent of one conduotor only .is rots.ted in 

·• un1for.m ~c field, a.nd. so tor .recording pu~oses the output 

is fed into a D.C. e;mplifier w.i tb a· Pin of t.l:le order of 100.. !be 

output· £rca the ·generator is of tbe order of l td.llivolt per rev. 

per second with an excitation current ,o£ 0.36 a~~pms. 

rig. .24, while not to eeale, s.'lmre a •ect1oned view 

or the generator,. 'lbe atr pp is 6o z lo-3 inches and the brass 

diec thiekn&.J.s. is 30 : 10•3 1nehes. 'ale coil consists of 1250 

turns or 22 s.w.g. copper rd.r.e and the brushes are carbon. 

It 1ft1S expected that the use of carbon brushes on 

the brass ·disc would produce & therul. e.e.t., .but it bas been 

fotind. tb&t if &t\V theraal e.m.f. is produeed during the short running 

periods used in the tests, it is negliBible in co~rparison witb the 

rotational e ••• r. generated. 

'1be generator mounting is fixed to the e,ylln61"1cal 

bod3 ot the generator and tbft two end plates. ore ecauratelJr fitted 

and located on the body eo that tho resoval ot either or both enc1 

plates does not upset the lining up of the generator. IJhe end 

plates are each secured by 6 .x 6 B.A. screws, the front end plate 

carries the disc ·and oireumterentilll bru.shu and the reu and plate 

the central pole piece and brush, and, the excit1nc coil. 
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P.:ae.ntttx '· ~ele,ti,1?,E1:S bt!~ itotor. ft!e4 a:nd._ ~tor.' .. ~ ·!l();tcr 

!~.me C~ts ... ·w ' ) 't ~ w ~~,.,. ··no_ _ 

ttu4$11lerJ8 hu till~ too~ tho Hlatiomm1p- b&'twcen ·· 

ntQr sp-00!$ :&.~ S:tator ·Md rotor, ~ ctmStanta is an fellowst 

. l . . . 4~-. ,d.•2 0 ... D) a 0, ·;;· =- a• +·· 'i:~F ~~-. -.J J 1 _~lt:tti. 

;rl v2 +· a•2 

~() 

•a r=· nto.tor eff«ttlve da~\cg ~ent 

b = Mtor ett:ecti\m da'Dping uponont 

'12'1 ~ ~tan-t etatot- tise ~nt 

1!::2 ·r.t 't"eS!J:l 'ttmt rate'ir ttft.c OOIU.tte.nt 

v ~- mtanlar ftlontty oft r~ 

D e: total loaknge oodfieient of t.~ ~iuo 
'!';2 

.e 1 • ;l_"l~ 
,f.tl'-2 

Lt -~· stawr 1rl4\10~ 

tt ~ ator t•~eE) 

u = sutual Sndf.mtlmea 

d'* ;r: stator ~lng ~t = .. ~.1 
n 1'1 

s1 c etater r~i~o 

R2 = rotot' r8ei~e 

for ·'-l sqldn-el ~ imlt~.etton tnOtor d*' is ~all3 

·mwib liWtpr than tl~if • in lfhieb ease it f'ol.lcwe ft.'Ol:a t.b:e &bow.- that 

tbe stator tim eon&taDt 'lfri.ll be less affeeted by tho mtot> $peed 




