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The -rime purpose of this. thesis 'was to re--donga 

MOMuriiij’  apparatus for ' a« with a jalvanoiioter recovdar In order 

to alluv. an investigation of the characteristics of induction motors 

iaid*r trarijd«.tt conditions, and further, to investigate one ox more 

ui these characteristics.

Througlunit tne design a.«d veauildinj of the apparatus 

it was necessary to determine that all sections of Che apparatus 

wo dd jivtf a true indication of what v us being measured. a*>d not 

introduce s^rioua results. I-» order to acniev«j this. ail sections 

of the apparatus were individually chocked, including tn* original 

darnpinj apparatus. la order to tsst the completed a.vantti s and 

to determine its ca aijilitioo. th* s eed - torcue characteristic of 

various wi>v«nd a *d squirrel ca^o rotors vere  Investigated.

Finally, a theory is put forward to determine 

analytically the Cuxen in a squirrel cagc induetk ■:» motor, and the 

results so obtained are compared with readings of fluxes taken on 

the machine.

I'hotographa of the apparatus, as well as of recordings

o Gained are included.





The chavactorietica of rotating machine* have

conaideraole im-ortancu sa both daiifn  ax.d application. The steady 

state torcue characteristics present little difficult/, involving onl> 

equations of power output ait I speed m8a*u?«m»w( whereat the 

determiABtiOtt oi the same characteristic ander transient condition* 

is a complex desipi end measurement problem.

Vcrioua att«mpti *v# bean made to obtain and explain 

tho torcue-slii characteristic at the induction motor. | articularl/ 

witn reoi^ct to crawling, cogging a.id o^.er p!ieno*r.ina inch occur 

during the starting and braking of induction motor*. Thts 'omplexity 

of tne problem i a more appreciated w.ten it is realised that a'ot 

t -Hnbinatlonn, distribution and type of u -i.idi .g on rotor and stator 

coil span a-id the decree of saturation at winch the machine is  working 

all aflect ths torqce-sllp characteristic. VS \th certain combinations, 

cno apace harmonics become appreciable and produce fields whose 

numbers of poles are osti jt  multiples of the poles in the maia field. 

This has led to uutch tneoretical coxjectx.ro. such as tne tneory put 

forward by /tiger f*. JL. v/hich has been neithar proved nor disproved 

conclusively.

The minimum torque during acceleration, or .\iil-up 

torque i is now specified b/ tne Bureau of ‘Jtand&r » ui it tnue 

become# more than just a purely theoretical problem to meaeure 

and predict the torque during acceleration.
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r p c  PR ^qgPLa  o r  TK£ APPARATB i.

The object of the apparatus is to mear. re and record vaiu«» 

j>£ s;.'®«d a. :d toT rue uimulte: 140 .sly • V- ith the muici -c!\*> I’vai ui' rn-violet 

*lght recorder it is .»'S»ibl« to record further variables such as flux,

rotor sind stator current, volte,je, etc.

wu ruddering tne torr,uo and a sod, tna oAiit’ o»ln«lple lt » «

|. Tht *peud i t  measurod Uy f ■ ■ a voltage of a directly coupled

tachometer generator.

2. The torque is measured by the roaction of <ae nt&tor on an
£M/V(

elastic iui !t»r.,,, conntca ved ny three rsraet*- late*. Any 

angular twiat of the toyjdnn-3ar»;-p «t- , e>t stator, is

measured by manna of a transducer wtdch produces a 

voltage directly proportional to tfte deflection.

Tue motor, as may oe boo.; from ->ho‘o^ra-h A, and detailed 

on Fig. A, consists of a stator mounted In a cradle. This cradle is
S1*»/v4

constrained v i ’u;i a>> o .ter 01 t>i . ; by t..ree flat tmwua. dates. VUien 

power la supplied to the motor there is a force acting upon the rotor of the 

machine, which in tide case is the primary. Thus tnere must be an 

•a ual and oojtoaite force acting vipon the stator, i .e .  on tiie cradle.

This cradle, being constrained by the three fiat torann.

to twist, and it is this displacement which is picked up by the transducer.

If the torque voltage is applied to the vertical plates of a 

cathode ray oscilloscope and th* > aed voltage to the horizontal plates, 

an instantaneous plot of tiie t o r ^  «}.lp cuive is ootaivsd. If. on the 

otner hand, the voltages aro & "'! separate galvanometer-i a£

thj ultra-violet light recorder, and torque-time recordings

are obtained.

FUkU fwtti current recorum?.. using the ultra-violet light 

recorder, aro rrnvie by the use of search « -rila a«id series shunts 

respectively.

It must be borne in mind, however, that duc> to the large

flywheel fitted to tne machine, the starting time is of tha orvWr c< 

five seconds. This means tiiat any electrical transients ars effectively 

dan»i>ed out, and the mac.Une must thus be regarded as being in a 

seudo steady* state condition.

6.



APPARATU3 A « a  SSL j c n .



i.,« *■: aratue. 5>r the racordiag of the torque

co’ .  * aa >sclU*t»>'» ampliil demodulator, electromagnetic

o«clUc8»*tph and cathoda ray ©f»ciltoeco>o. A  2.100 ops. aig;u»l 

from 'i>* oscillator, was fed to the primary >>f tfe* tranaducer. The 

output signal from the transducer wae amplified. rectified, and 

assed through the demodulator directly to tht plates of the cathode 

ray oa«Uloscope, i»nd via »  cathode follower to the electromagnetic 

recorder. Aa the torque could bo both positive and negative, 

depending upon the ulrection of rotation of the machine, a balanced 

demodulator waa uaed with considerable smoothing. A cl/cult 

diagram of the oaclllator. amplifier and balanced demodulator la 

shown in ^Ijj. 1.

The reasons for the re-destgn of this apparatus trace 

two-fold. Firstly, a Direct Writing Galvanometer Recorder 

(Ultra-violet lijfht) nad been purchases. employing six galvanometers 

(the Recorder ca t employ twelve) with sensitivities of the order of 

0. tTS'MIA/CM. The hi;}h voltages obtained from the original appe 

would L»j both unnecessary and dangerous for the galvanometers. 

Secondly, aa may be seen from the calibration figures and graph,

Fig. 2. the response of the amplifier and balanced demodulator was 

far front Unear ovoi the ran^e required for a 7| h.p. motor.

£t was thus decided to retain the oscillator, fee remove 

the amplifier and to design a balanced demodulator for tine small 

signals required by the galvanometer Recorder.

d.
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Vb ■ Sign*! volt »c *  * VI* l l>  !••*#)

f  *  :-:&*■« shllt

Th« 0A85 tttoda fol’ ow* a Una*. av/ and has t « » i  plane# Rd.

Con*id*r th* hali cycla with curraut« as -

: ' r o ' . * + *  • to •  »  T?’

* Va a* v»_f.V> aift i* ♦ /J 
R ■*• Rd



From 9 « it to 0 = 2tt

i l  = 0

4.V &L -  fta Sin 0 + Ob Sin ( G t $) .&

Thus,

R + P.d

VRI = Va Sin 0 + Vb Sin (0  + » ) .  R 

R + Rd

VR2 = Va Sin 0 -  Vb Sin (9  + 4>). R

R + Rd

Average value i s

VRi = R ,_1  
«  + Rd 2 it

{Oa Sin 0 + Ob Sin (0  + «f) }d0

R . 1 -  Oa Cos 0 -  Ob Cos (0  + $) j 
R f Rd 2 it

R . _1  [~2 Va + 2 Vb Cos 4> ~1
R + Rd 2 it |_

* R
R + Rd . ~  |~~Va + Vb Cos $ ~J

S im ila r ly ,  VR2 = R l  F -  Va + Ob Cos $ ~1
R + Rd * “ ?  L_

The voltage across ab i s  the sum VRI + VJt’

^*e * ^ = R • _1 { Va + Vb Cos $ -  Va + Vb Cos t1 f 
R + lid it

R . 2 
R + Rd it

Vb Cos $
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rrom th is  we see that the output depends only on the in-phas?  

component.

In order to smooth out any r ip p le  a ladder ( f i l t e r )  network had to 

be included.

Consider the fo l low ing

The voltage across the condensor, and r e s i s t o r ,  approaches the peak 

valua o f  tne impressed s in e ,  vo ltage  wave.

Thus, with the p o la r i t i e s  shown C , w i l l  cnargo up to Va + Vb during  

the "ime 0 to II, and w i l l  maintain th is  vo ltage .

During tae time H to 211 the condensor w i l l ,  with p o l a r i t i e s  shown, 

charge to  a value Va -  Vb.

Hence, t o ta l  voltage ac r o s s  ab i s  Va +■ Vb -  (Va -  Vb) = 2Vb, on 

condition tr.at Va > Vb. I f  Va < Vb C^, w i l l  s t i l l  charge to  Va +

Vb in time 0 -  n, but w i l l  charge to Vb -  Va in time n -  2H.

In th is  case the D.C. vo lt  would be

I f  the inputs are in phase

Va = Va Sin 0

Va + Vb -  (Vb -  Va) = Va 

When Va and Vb are not in phase the summation must be done 

v e c to r ia l ly  as shown.



Vc 2 = Va2 + Vb2 -  2Va Vb Cos $
2

Let Va = k Vb

Then, V c *  = k2Vb2 + Vb2 + 2k Vb? Cos $

-  Vb2 (k 2 + 1 + 2k Cos ip)

9 . 1/2
Therefore Vc^ = Vb (k + 1 + 2k Cos $)

? 1/2
S im ila r ly  Vc., = Vb ( k '  + 1 -  2k Cos * )

Vc^2 = Va2 + Vb2 + 2Va Vb Cos ♦

To f in d  the vo lt  across ab i t  i s  necessary that the peak values be 

summed a l g e b r a i c a l l y ,  not v e c t o r i a l ly .

Vab = VCl -  Vc„ = Vb { (k 2 + 1 + 2k Co3 * ).1/2

-  (k 2 + 1 -  2k Cos <j>)1/2 }

Put k + 1 = m

Vab = Vb {(m + 2k Cos (J))17  ̂ -  (m -  2k Cos >1/2i (1)

By the Binomial Theorem we have that

( a  ♦ b ) n = an * nan- l .b ♦ 3 ^  b * + • " «2 !
and

/ i\H n n-1  , . . n-2  ,2  (a  -  b )  - a  -  na , b + n (n -1 ) a b

Thus, ( a t  b ) n- ( a  -  b ) n = 2 na n_1 b + 2n ( n - l ) ( n - 2 ) an" 3 b 3

3!

Thus, expanding equation ( 1 ) ,  we get

Vab = Vb {2 .1  m' 1/2 2.k.Cos <f> + 2 .1 . ( - 1/2 ) ( - 3/2 )it,‘ 5/28 .k3 Cos3.} 
I  J ■

}

_ vi} | 2k Con $ + k Cos

(k 2 + l ) * *  ( k 2 + l ) S/2

lo .



(k2 + I ) 1 *  k. (k* ♦ 1)5/2 • Wr'

Ytetft.

v « b  ■  

*  Vb(2 c*># # ♦ CQ3 '/)

•* 2Vb(eae f  ♦

Thia co.ioialtt of a fundamental t«rm  ZVbCosl <u«l an srrex '
V*

* • « »  ^Vo c »a  /. Thus It la aeon Uat UM railo rjr ahould bo 

2k
large to reduce U «  error. (In Actuality k wae rnad* Tho

voltage VU was ot»ta:.*d by direct coupling of the eigj*al voltage 

(rum the tranaduc«k? Phaeo anift la the apparatus ia am all einco 

the tra.!*ducev u.uft ia email. Tho vaiuee ol the co„*deneo»a In toe 

dotoctos filter circuit wore determined by ta<j requiromonte of tho 

detector to follow a var/in# envelope (modulation) as wal’ aa to 

filtez out all high frequency awitciuug voltage. I f  tho time coaatant 

of thia circuit ia too larjje the output 4oe« not iollov. tne modulation 

a-wi diagonal dipping reeulta. For tha tranaduser ua*d the 

aljjoal voltage ia email comparod to tha ewitching voltage and thua 

fractional modulation In am sill.

In main bibliography.
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U en li!" o f  new  3 a la ’ >ced > »m odu ia io r _ fQ £ ji ;J t j jg i jB t iU & K M ? .!1.' 

G a lva n o n -a te f .'secordgr..

Slgaal voltage. from tranaduc«r. l<* *Wm V «*»•• *••• 42:> mv* *•**• 

Switching valt,»ge e)»ould bo caaeidalaoly larger than thle. uay < volt*

mi 1. Iran  the centre tap.

The trenafornttf will have 10 ha-wdlw till a and the ro kage applied to 

the primary m itt o<* aUjoated to auit. Thia voltage ia not cnucal - 

but muat bn larger than the aignal voltage of 0. i  volt a.

0 . 0. voltage A to L  (• • . hlgnalj «  S x 2* # 7 voile

a to K-. { i *• i  <%..*. t vulta

*>. C. voltage A u  : applied) ■ i» a « ♦  J a 2 # 7.425 V

D. C. voltage S to C (al^'ial applied) •  :. a 2  ̂ - 0. }  a # 6. 575 V

Voltagta A - id ■ 7.42i - b. S75 *  C.*50 volt*.

The ISO epa elemant (recorder) iuu* a aai.aitivliv of |ftjDA/«tt« *o 

for i  cm s. ea> on eacU aide (whicr. ia rataor *»lg:«) of ^ero, me 

Cui re u eh >uld be i  x £;j »  7iv.yW

Therefote ft ■ *» 10, / K.^vz/S
7*i

Thua, In practice a 2bK variable reaiator can bo need which w ill 

control aeueitivUy.

Finally wfc«;n the actual working range 1a experimentally deterral *ed 

it might conalat of a fixed reeiator of e ffic ien t elae to prevent 

damage and a variable realator to control aenaitlvity.

Footnote:

The, signal vo ltage  o f 300 mV is  fo r  tha maxlmura 

displacement o f the transducer.

I S .
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*ea ia t*n c- a , a»d W J* w. i V t + t  aaR  * *

glwuld, U ***  ubto to* W * w*. a * o * r * «  W “ *« iOVflrM 

a£ tii* diode*.

p , reverse voltage or. dlude # 2 k 7 *alta « >  I f  voit*.

rraro  curve (0AO5) the rever*e current is  »  micro. Ampe. Thu» 

tiv »ioa* »b «fieetiveiy a raaiatauc- of Jk> *  lu " 3  mega.

I f R j i »  ahma the teverje  effect will be amall.

ft le fWK> ohma end S  < * »  be approximately 100C oheae. 

variable. for balanei. ; the signal voltage.

TV ) » y„cr? y .^  , id be er. HCh respect to R j at 2500 cp».

If C * • **id Xc ■

*Ua » « «  ia i»e . 

w «  O.i Mf« ■

This le t> a »e*ter alte.

J£
t W \ i r T

+  t>4u oluria

fi 127 oiixns

circuit aa eiu««n In S*lg. HI -was net up and connected to the 

133 s  umzvemk frequency, **.0066 tua/crn galvanometer. It v-ae

u-irredUl—: discernible that furrier filtering would be neeaasar/.

The re utJ.. ■. . uda addttd filteri ie ar»ovM In ait* iV.
XLa two variable veoiMtors are ganged and usJ'l to control tiva 

«*n; -  ode j(  t.,j cignal tu the tfalvaiwanoter.

■■.̂  t*3 ti« fact that the 0Ai6 diodes were not matched, it wae found 

aaeeamury Ui unbalance the two I OK resistors. Cne lieiaj and 

the.- other of the order o1 all, hut this de -end* upon the <Lodes used.

The frequency rea onee w u  reco rded and la ahov'n In t ig. V .

This reapoaae is quite adefjuate for tor*;ue meaaurement.

19.
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of thj IxartU was coneidarably incor r«ct and hence tiio damping is ax 

hb fatiefactnry a? one would conclude from tha caictilaied bid les:

r»<uUi>

It *an then decided to investigate whether this oscillation v m  

not sdtso , avhapa being Introduced by th« transducer (tself. Th»s was 

fm id to be c u « ,  and by Increasing tha tension on the transducer 

airaost ail oactUauon was removed. Photo IV.

Moya tor'iu* ti ne 41a no wwr« recorded, and aa s**a from 

Photo V, sull contained more otcilattana than mere shown in tu* original 

apparatus. This la due to tha vary much mcreasen sensitivity of the 

galvasioj a eta 1 recorder; theae oscillations being completely damped out 

b/ tha slower pan ft rush recorder. The general shape ui tha two 

graphs, .lawsYar, were exactly tha same.

in ordar tu determine the cay abilities of the measuring apparatus 

it was decided to replacc the squirrel cage by a wound secondary. Li 

oraar to gat k dir act cotnpar son between tha two configuration. the 

resistance* of the two should be identical. As the bars ware still to be 

used it V.-60 l v> iwcessary to replace tha end rings b> cnd-connecticn*

04 the same raei stance. Dua to tha limited space available, this was 

found tu be impossible. Aa large a gaoge *  r« as could be fitted w «« 

.isttd. Tha var.oae, resist*.ices are mown over uaga. Tha design of 

the wound secondary is as shown In Fig VI.

Mere again difficulty was found in obtaining satisfactory 
connection net wee. the «*>k! load* and the copper bars, ;joor connection 

was Immediately diec«tnibld oy the vibration of tha 1 nut or caused ay 

secondary unbalance. This di Acuity was overcome 0* using largs brass 

tertni.salB Into which tne end leads wera soldered. Th*»e terminals were 

than placed ova* the rods protruding from the copper conductors,

terminals vara lightened down. Fhe toi,fl*ie»UB>e oscillograms o,> *i'*e.A 

for Uds wound secondary are anown in Photos. VI and VII. Ihe first 

ir. fur a star connection and Ihe second for a delta connection. A

end leado from one aid* of fhe secondary were removed and replaced by

an end-ring. The oscillogram obtained Is shown In Photo. VUI.
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At thia du« to tii« v«r/ much iacraaeed eatiaifcvrty of

the rec jrdi.jj apparatue, it w m  decided to tr/ aiul determine tl*e torr.ua

produced by the re aids, ai *'nej.i*tie»Ti of Si** primary. The prto.vary v*»s 

left di acorn .ecteii aiwi the rotor wad driven at IbUo r.p.ru. by meaae of 

a 1 H. P. ,J.G. motor, which « « «  connacted to the rotor by raeana of 

two Y-belt s. Tnie torqc« 1« either :ioa-aaiJ*ta/it or of too •mail a 

magnitude to be measured oa th* apparatu*.

Tha complete torque-time c u m  **aa obtained by allowing tit# 

macnine to run up to full apeed in on* direction and tn*a r«tv*riS<is 

two of th* phaaoa. A* a lu K .P . O.C. motor waa available it wai 

doodad to ua* fchia to driva the induction motor a^ainat ita own torque, 

in order to determine that the pnaae-rev*raol procedure did not have 

an effect upon the graph* obtained. The comparison of th# graph* 

obtained by th* two method* ia c h m  in Fig. VII .

Front the rea-lt* obta-.-ied. it waa fait that the 

Recording apparatue and aaaociai* circuitry waa qoit* aaUafactoiy.




























