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STOTARY

i apparatus capable of following the rapid varistions
in torque and speed produced by an induction motor under starting
conditions wns designed and construvted. 1ts performance and
resuite obtained are given.

| “he deviation of the actusl {orque cheraoteriastics
of an induction motor fron the theoretical characteristic ip investis
gated, vith the trontoent separated into two soctions. The first
soction dealp with the torqus produced during the acceleration
over the range slip = 2 to slip = 2ovo, excluding a.mr switching
transients, and verifies the possibility of transient overspeeding
in the ecave of rapid acocleration. The aismatimniw of the torgque
characteristic over the stand-still regjisﬁ is clesrly shown and
s further investigntion %o obtain conclusive results is outlined.

The second section of the investigation deals with
the torquo protuced under awitching transient conditions. The
faoct that torgue pulsstions ares produced tiuring the existence of
the transient switching currvents and fluxes ia verified. ﬁiﬁese
torque pulsations are shown to be produced by the actions m&
interactionn of three seis of guantities which ave, |

a) The osteady atate stator quantities,
b) & set of stetor adhersent transient quantities and
c) a set of rotor sdherent transient guentities.

Under conditions waers the rotor adhevent tronsient
quantities decay rapidly relative to the stator adherent trengient
guantitisy, the frequency of the torgue pulsations is mainly that
of the supply, while under conditions wherae the a‘tatcrﬂaaherent
tranaiont quantities decay rapidly relative o the m*&r«aﬂheren‘%:
trancient quantities, as in the cese of & squirrel cage induction
notor, the Prequency of the torgue pulsations is shown to be equal
to the frequency of slip of the rotor relstive to the gleady state
stator revolving quantities. |

™e ragults are correlated with those oblained by
previcus investigators. |
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1.

1 INTRODUCTION.

The experimental investigation of the bohaviour of
induction motors duriny the starting poricd has to some oxtent
beon hanpered bty the lack of torque neasuring spparatus capable
of following the pore rapid variations. For instance the influence
of the transient currents of relatively short duration, shich are
initiated g the instent of connecting the stalor to its socurce of
gupply, deserye further investigation.

The rezording of the torque-speed characsteristic
of an induction motor, when using torgue measuring apparatus with
n relatively slow response, frequently reguires the period of
seceleration of the rotor to be incressed by ths aaléiticn of an
4nortia lond. This practico fails in the case of an iovegstigation
into the influence of the above-mentioned {ransieni currents. Firstly,
these transient currents are of o finite duration which is relatively
unaffocted by an ineéease in the duration of theo acceleration yperiod,
and sccondly, & it will be chown, tho freguency of torgue variation
mder thege @Dﬂﬁﬁmé is governed privarily bty the instantancons
volosity of the rotor relative to iho synchronously revolving stator
field.

Theoretical invontigaticns of the behaviour of squirrel
cage induction motors under transient conditions, besod upon the
equivalent two~phase theory of the induction wachine developed by

S‘i:m}ay,l ‘have been carried cut by Ciifillan and Rar,lan,z

4 and Uagginnis ant shultz.”

Ueygandt

and Charp

i Ueygandt and Charp confined their investigstion to the

earrent and gpeecd of s two~phane induction motor during the sccelerating

pericd. Pagginnds and Shnl'ta have jncluded the effect of mochanical

transients produced by tho sudden opplication of lcad to the mtor:

in their ix_wasti@tion mﬁch conearns torque current and spee&.
Gilfillen and Eaplan confinod ‘their inveostigation

to the pulsations in torgue produced Ly tho astion of; trassient

eurrents initiated at switching, for the cnse where the rotor speod
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wan kept consiant at slip = 2. The resulting calculated curves
obtained, show that the megaitudc of the pulsations in torque are
fron 2007 to 4007 of the steady sccelerating torque and that tho |
freguency of pulsation variss by up to 4255 of the supply froquency
| for a gelsstion of motors in the commorcial range.
These three sets of investigalors used diffeorential
analyzers to provide solutions to the differential equations obtained.
E%ﬁiths and Badmbers‘w hove produced goneral theories
besed upon the sumed guantities in e throe-phase systes to illuse -
trate the preduction of transient currents fluxes and torques by
the completion or intervuption of the supply o & tﬁrw;;hase machine.
An oxperizental investigation of the tnrquc: pulsations
predussd by tho fransient onrrents indtiasted st the instant of
sritehing has been carried out by ¥ahl and Kilgam.ré Thig investi-
gation was confinad to the locked rotor case, and tho measured
regults wvere checked theoretically. In this cage the torque pulsa-
4tions wero of the order of 2007 of the steady accelerating torqus
=l the {roguency of the pulsation way egqual to that of the supply e«
¥ith tho object of axperinentally investigating tho
torque puloations due to the trangient switching currents over the
opsed range for whish ‘the rotor slip = 2 to zero, an apparatus has
beon designed and consiructed with a frequency response in exocess
0f 300 cepss.y and provigion has besn sade for the contrel of the
gpeed and acccleration of the test motor over the gbove ppesd range.
As the torgue oeasuring appuratus seasures the roastion
of the rotor torgue on the stestor, it ip independent of the type of
Joad or of the rotation of the rotor and is thersfovre suitable for
investigating tho complete torque/speed or torgue/tine charaoteristic
of the induoticn wotor.
The torque/time charscteristics obiained, an will de
shown later, are in genoral agrecment with the faziliar toxt~book
fornme of thase characterietfics. The resalts obtained fronm the -

investigetion of the periocd of influence of the -tmnaient currenls
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jnitiated ol switching substantiate the results obisined by Uahl
ant Eilgore for the locked rotor case, bﬁt d#iffer fron the calou-
lated values of S4ifillon and Yaeplan in so far so the freguoncy of
%sxqué-'pﬁlﬁaﬁm at sposts other than siond-still iz concernsd.

ihe frequency of pulgation of these torgues is
shown %0 be dependent upon the volonity of the rotor relative to
the gynchromously revolving stator field during the period of influerco
of the transiont svitching currents. Thin phenosenon is investignted
and sxploined in the latieor half of the following ?trea;iaew
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‘ The final arrangement of the appamtus is shosn in
figs 1 ond o brief Geseription of each portion end its function is
given in table 1.

& moro cem?rche'-wiw description of the amamtﬁéi,
Senling with the decign and operation of each portion, where pelevant,
is presented in the immediately following sestions.

TADLT 1. RAEDLATION OF APPARATUS.

war BLLIVANT DATA FUNSTICN

Induction 1 heps 4 pole 1410 Lupede Test motor
notor - 3phane 380 volt {wtar)
24 stator slols

33 rotor slois.

5.C. notor 9 hepe Gard~Leonard Spoed contrel
controlled, with dogwclutch ‘

| connection to test motors.

- fachometer Homopolar generator -  Speed

with D.Cs amplifier. meaguresent

Tuned esvity | Mechanically coupled Torque
fn a to stator of test motor, seagurement

‘microwave fed from Klystron ﬁséi’ila%nz%,

Thyratron firing pulse to thyratron . Control of
operated erid supplied from & , | sowitching

contactor phase~shifiing device. ingtant

Lathode ray m"ﬁs’z?ﬁi“tﬁ

oscillogcope . | device

Fregquency | Series resonant circuit . TDlectrioal
_ trap chunting cere0. | damping of
input terinsls. | natursl
| freguency

vibrations
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2.1. Degign of sotor suspension system.

It con be abom? that for a mechanical system having

an inertia I (kgu-zetres~) obout ite axis of rotation snd & specific
restoring couple U {Newtonenetres per radian) sbout that axis, the
vndamped nsturel frequency, f‘ﬁ,» of the gysten is

fﬁa 3‘-— y.-— cyc‘les pﬁ!.‘ garongd . . “{1)
Y o2m/ 1 |

For nny applied force or {orgue with s period greater
than T = 1/¢,_ peconds it may be ecauned that the aysten will sttsin
its mezimun deflection at the seme instant at shich the applied torgue
attains its waximun values As the mystem will be stiffnens controlled,
provided 53'9 ip less than the pericd of the applicd torque, the
ma@ituﬂa of the deflections obtained will be proporticnal to the
pagnituds of the applied forgue. '

’ .mxem the pericd of the appiied torgue iz less than 2‘0;
the systen will have o tendency to overshoot. This willv remuld in
the nysten only attaining & final siondy deflection in & time dependent
upon itg inherent logarithuic damping coefficient. The logarithnic
dasping coefficient nay be defined ss the time taken for the vibrations,
set up by an abruptly spplied force .é.jr» torgue, to decay to 1/0 of the
initial snplitude of vibration. Alternptively, the logarithoio damping
| coeificient nay bo taken ns being proportional to the inverae of the
amlification factor, Qs of the gyster ot its natural freguency, TT
‘being the coefficient of proporiicnality.

. - Furtherzore as the sysien would be BeBS controlled

when the periﬁﬁ of the applied torgue is less than ‘L‘Q‘. the nagritude
of any deflection would be ﬁapeﬂitant upon the period of tho applied
Worque as well as it magnitude. In a mass conirolled systen the
asplitude of deflection is proporiicnel to the inverse of the square
on thae fractional increass in the freoguency of vibratione Por exanple,
with the gane nmagnitude of spplicd force, if the frequency of application
is doubled, the g-plitude of the vibraticn yrill be mducad' to

ong-guarter of the previcus valuece
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Consideration of the foregoing statements resulted
in the decision to design the suspension sysben with as high a
natoral frequency ss possidle. The maximun value of the natursl |
frequemcy is linited by the sensitivily of the deflection messuring
devica,

Initial eolimales were pade for the natural frequonoy
ard deflection limits, providing a means of ascesaing the suitability
of *i:&m dasign of the suspension gystem. The vslucs used were:

o natural fregquency of the order of 300 Cepaos

and defloctions of 1072 inches at full load

output of tﬁé 1 heps te3t cotor.
The final calculated values of nstursl frequency and deflection
{appendix 1) are:

natural frequency = 289 oycles per second

geflection at full load = 8,5 » 107 inches.
fhen measured subscquent *ba conplruction, the values of theso guantities
wers found to bos |

natural {reguency = 345 cycles per sezond |

defloction at full lood of the order of 7 » 10°2 inches.

The difference of approxivetely 167 botween the
meagured and calculated values for the natural frequency coui& bo
ﬂué to the use of incorrect values for Young's todulus for the neials
coneernet, together with popaidle variations and inaccuracies in the
dimensions of the portions of the apparaﬁu# involved in the calculations.

2.2. Yenoription of Suspension Systew.

The sugpended motor ig shown ia fig. 2. The rotor
is supported independently of tho stator to minimize the inertia of
the deflecting systen. The gtator windings and laminations have been
ravoved from the motor housing and sre supported dy four ateel etraps
welded to o clawmping ring and rigidly aitached to & cast iron yoke.
The stator movement is due to the reaction of the

rotor on the stator and is restricted to o purely rotational covenonts
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4. CHARACTERISTICS OF THE T2ST MOTOL DURIKG THE STARTING PLRIOD.

IN THZ ABSENCE OF SRITTRING TRANSICETS. '

4.1 Experimental Procecure to Fliminate Switching Transienta.

The test motor was driven at full spoed in the reverse
direction by means of the 5 hupe DeTe motor and the 50 cepess AL,
supply circuit was completed. After allowing the supply to attain
its steady stoto values, the D.T, motor was disengaged allowing the
test motor to acoelerate.

The oscillograms of fig. 5 reprasent torque, current
and speed against time for the accelerating period.

i S <
|
‘ SN |
A ' ‘Currmt
- \1 \
] \
I 0 ’ “
O, 8 ¢ \ H x
% v '_.‘z-.'i.:ll'!,, ;.'kk’.;.W. l a)
i ao (g g TRVl i
! '?‘&' %:d&! \ i .;F ‘;"q ‘ ! Mim!l l} |
' * A L wl'. it A ‘
’ 1 ! ‘ }j
E " l
'F ‘ G
° Torquo
h\&**
,L. . - e — e N e T — _“l'
V\ _'“ - -~ 1
b)

¥ig. 5. Torque, speed and current versus time for plugged
start of test motor with squirrel cage rotor.
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180 degreos relative to the supply voltage. Tho control is effected
by weans of 2 thyrsiren-operated conteelor. - The firving pulse to the
thyratron is supplied from a phase-shifting devico (sppendix 2).

The accuracy of the gwitching control is dependent
upon the congistency of operstion of the contactor, and has been
found to be suitable by recording several operations of the gpperatus

at the sane setting.

The initial test results obtained showed that tho
responge of the eguipmont way suitable in general, but that the clarity
of the oscillogrens of forgue waan adversely affected by the amplitude
of the vidtrationgs nt the natural frequency of the gysten. 1% had
been expocsted that this {requency of vibration wonld be oxcited by the
siot freguency vibrations but the effect of these vibrations had been
undorestimated. The frequenny of the vibrations due to the slocts is

dependent upon the rotor speed and can be showm o ?m:a

3r i : - ———
fs= %0 - 2

where
£, = frequency of stator vibrations
3r = nunber of rotor slots

H = FeDoDo

To reduce the effect of the anplification factor (Q)
of the mechanicanl systen, ﬂf_ the order of 80, a frogquency trsp has
been insorporated in tho torque recording circult. ‘The freguency
trap congists of o gerien tlmm% circuit chunting the oscilloscope
input torninals.

The coubined frequency response curve (appendix 3)
ghiows that the overall rosponse of the systeé is 3 4% up ot 345 CeDeSe
and sultebly lovel elsewners.



10,

2S¢ Honsurement of Defleotion and Speed.

The stator rotational deflection is used to deflect
the dlaphrags of a tuned cavity in a microwave system {eppendix 4).
The relationship between the deflection of the disphragn and ths
output from the cavity is linear over the working rango. Variations
in the cavity cutput powor due to deflections estimated to bo less
than 10”0 inches have been recorded. The systen is calibrated by
applying o kooen forque to the stator and recording the deflection
of the opcillograph frace.

& homopolar generstor designed and built for the
investigation {eppendixz 5), is dirée’tly coupled to the sghaft of the
test motor. The cutput from the genersior is of theﬁrﬁer of
1 ziliivolt per rev. por second and is ripple-frec,

The cutput from each of these messuring devices isg
fed into a Dl Jow Arift diffaerentisl azmplifier with a gain of the
order of 100, A slight drift of the torque trace can be gbsorved
after & pericd of several minutes, but over the longost testing tios,
of the order of 500 milli-seconds, this drift is negligible.

Pig. 3 is presented as an exazple of the rocording
proportics of tho equipment. The analysis of repults follows at
& later otage. The oscillogrom of fig. 3o ropresents torgue and
speed ggeinat tims for dimct-on starting of the test motor. For
s pure inertia lond, scceleration is proportional to torgus, 33 in
this canme if boaring fri;z;tian and winﬁage can be neglectod. Thus
the corroboration betwern the measured and derived curves of speed
of fig. 3b illustrates the suitnbility of operstion of the equipment.
The derived values of fig. 3b were obtained by graphically intezratiog
the torgus trase of fig. 3n.
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3o T COUPLLTS TCRAMT ANT SPUTT CHARSVERISTLCS OF P TLaT MOXE

SIT A& FOT UNL AT 0T .

+~ith the spparatus as described, oscillogranas of torque
and speed ajainst time over the range slip = 2 to slir = (& were taken
with a squirrel cage rotor. The complete oscillogram is stown in
fig. 4a. 7o simplify the interpretation of the oscillogram, figs. 4b
and fire. 4o shov a separation of the expected characteristics from
thoge obtained experimentally. The components of the curve are

tabulated in table 2 and dealt with individually.

TARTE 26  COSETATICNS VALY 0T0M MT5, fe

i B0 S RSN ¢ K CRLYVATICH 3
i) G Dt low frequency torque pulsations
ii) 4a 1y Transient overspeeding
i) 4a i Msh frequency vibration
superirposed on the torgue tracse
iv? 4o T & “armonic torques
vi{ a2 4b el Deviation of recorded torque from
expected theoretical torque-tine
characteristic
vi)| 4a 2 4 A= Torque pulsations due to influence
ol transient switching
currenta.6’15

Yor convenience, the analyzis of the observations
dven in takle ? will te undertaken in two distinct stages. The
firsgt stage will deal with the torque, current and speed variations
with time during the startiac- period, exzluding the i-fluence of
transient switchiing currents. The second stage will deal with
the torgue and current variations with tirze, urder the influence

of transient gwltsohings currents at different constent speeds.
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Figs 4. Cooplete plugged start of test motor.
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4+2. Diccussion of Resulis.

The sequence of table 2 will be used for the purposs
of this discussion.

4s2.1+ Low fregquency torque pulsations.

The torque traces of fig. 5, in the region corresponding
to PG of fig. 4, clearly show 25 c.p.s. pulsations with superimposed
1C0 copss. vibrations. The 25 c.p.0. torgue pulsation is due to
rotor eccentricity for a 4 pole motor and varies continumousiy in
pegnitude at the rotor slip freguency. ’:mg&*isan of the torque
traces of fig. 5 shows the extent of the variations in magnitude,

e gupcrioposed 100 ce.p.g« vibrations are n resull of the deﬂecﬁiem
of the stator, produced magnetically by the 50 cupsos supply.

4e2.2¢ Transicnt overspeeding.

The transient overspeeding of induction motors has
" frequently been observed during the testing of lightly loaded
ni %m,. 11, 12

confiitions persist throuvghout the accelerating period, long after

ené onn be used s an argunent that fransient

oy initiel switching transients have decayed.
It cax be .shmm that the transient overspecding
43 due to the freguency modulation of the air pep flux ovor the
period subsequent to tho instant corresponding to nazisun torque 'i‘mxh
Cver the sams poricd, the current trace oi‘ fige Sa provides an
exauple of freguency modulation as the motor current phase angle
changes rapidiy fron approxioately di’ao at ?max t0 an anglae of the
order of 70° 8t no loed. |
44243« Bigh frequency wvibration guperimposed cn the torgue trace. -

The relative potion of tho siator and rotor slots
produces vibrations in the statnr8 of o froguency as givezi by
eguation 2 section 2.4.

Yhere Sr = rotor slots = 33

B = TePalls
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‘Hence 8% & speed of 1200 Tepsm. the freguency of vibration would
e 660 Capetts

_ In sddition to the gbw&, vibrations are produced
by tho hevsonics of the fundamental mtator £lux and havaonics of
the fundsmental Totor flux in the air gap.’

The ospnitude ef the x’esultmt vibra*i&ns, ag ghomn

| in tim o&ziuom of fig. 5, is on m&z,cation of the noise prodused
by t?m mﬁor during starting.

4+2.4. Hormonic torgues.
. The veriations in torgue, due fo the 7‘83:& harmonic

torgue in the forwsyrd diveciion and the 5%31 hernoaic %horque in the
merse ﬁirmtiem,w sre shosn in the ﬁmillagrm‘ of fig. 5 in the
pusitions @@rre@cméing t¢ B and B of fig@ 4.at sp@eéa carrespmﬁing
to ~N/5 and 8 /7.

402454
| region from the expacted theoretienl torque-tice charmcteristic.

Tha devistion of the rosorded torgue over tho mtand-still

¥#ith vrefaorence to the gudden decrease i;ﬁ torgue over
the sland-still region'® 3 as shosn by the forgue traces of fig. 5,
in the rogion corresponding to 0«3 of fig. 4, the following information

hae been ohtained exporinentall

i) 'his decrense in torque is indopendent of any ewitching
transient effects by reason of the corditions under which tho rosults
were wvvbained. '

ii) “bis torque decroase is produced irrvespective of the rate |
and dlrection of mce;lemtim of the rotor, as ghovn by the oucillograss
of fige 6+ The resulis shown in fig. 6 are portions of an oscillogran
for vhich the rotor was drivon both vith and against its own direction
- of accoleration by oeans of the Gard-lLeonard aoﬁimuaﬂ%.ﬁg Qomr,

The time taken to .‘trm the speed range from full :;pneﬁ in one
- direction to full specd in the other, iz of the order of 2 seconds
as coppared with en acceleratios time of the order of 2’5&2 nilii-

gesonds in the cune of fros soccleration.
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Current 50 cepeBe

a) Forrard

rr{'!‘wm l%"*l‘x \M"l
’*’W MY Forque

1
"{1 Current 50 CaPetis
; ' - ' L B . l : b} Reverse
| oo,
| LM%MM&M : Torgue
|
|

Fige 6. Controlled acceleraticn over otandestill region.

iii) Pinally, the sguirvel oage rotor wag replaced by & aéiid
rotor and the oscinagramfr}m in €ige. T obtained under the same
conditions as for £ige Se

15. [\l/\\ll\ \/V\\/\/\/\/V\/VV\ VVVVWAAY Carrent 50 CaPoBe
'ﬂ'@’ﬂ”’”"’w '
M .

Fige 7s Plugged stort, excluding switching transients, for
test motor with solid voters
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The torgque time roelationship of the test motor with
& solid rotor is that of an induction motor with a high resistance
rotors and no lngsr' shows variations in torque over the region C-D
or the influence of slotting, |

An oxplanation which has been given for the variations
in torgque over the rogion C«0 for a asquirrel csge motor is that it
is due to harmonic induction unes.--u The {est noter with 4 poles .
and 24 stator slots will projuce prinarily the 11> and 13 barmonics
of the fundanental stator flux in the air gap, and thetr effect on
the torgque would be obosrved at -1/11 and 1/13 of synchronous speed.

The effects of these hermonicn is reduced by the
fact that there are 33 rotor bars and that the rotor bars are skewed.
If there was no showing and 44 rotor bars, the effect of the llm
karoonic would be a maximum, and for 52 rotor bars the offect of the
J.Sm barponie woulé do o maximum, as in each of thoge cases adjacaent
rotor bars would be under opposite poles of the harmonic flux.t> The
effect of cither heroonic would be a pinioup 4f the angle of gkewing
of the rotor bors was such thot oach bar gpanned one pole piteh of
the hormonic wave. Heore the angle of skew of the rotor ba.f:s is ¥o°
and so cach bar will bave a spen of O.€1 poles of the 11™ narsonic

finx wave and 0.72 poles of the 151;!: harconie flux wm.u

Fig, 8 illustrates the effect of the 11 ana 13¥
harmenios in a 4 po’le. aqﬁiml cage induetion motor with 24 stator
slots and, 26 roior slote in £ig. 8e, and 44 rotor slois in fig. 8,
and unspecified engle of akew,l’

Compoyioon of figs. Ba and 8b shows the m@zenting
effoct of the rotor alotting on the harmonic torques. However,
these torques would be expocted to be csgociated with rolatively
sanll mriaﬁmna in olip, unlike the results showm in figs § vhero
the torgue trace hos been influenced over the region slip & 2 to
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1500rp.m.|

()

T Standstill Synch. -

Figs 8, Torque/speed curves of 4 pole 5C~cycle motor.ls '

Purther investigation is being mede with respect to
this variation in torque in an sttempt to determine its cause or
cauges conclusivelys One portion o!j"t!m investigation involves the
modification of'tho pquirrel caze rotor to provide faeilities for
observing the individual rotor bar currents, and another involves the
wbsﬁMon of a wound rotor for the cage rotor, as a wound rotor
tends to reduce the effects of most harmonics of pole~pitch different
fron the coil pitch, vhile an unst:emed cage rotor will circulate
the current related to sny haraonic oxcopt that which has s pole-
pitch equal to the pitsh of the rotor bars. '
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5. IFB_INPLULNCE OF TRANSICNT SVITOHING TURRENTS O 105 TORQUE

OF THE 7257 MOKR.

| Toe term 'transient switching currents® has besn uged
on peveral occasions previcusly and refers to the exponentislly
deonying currents initinted at the instant of completion of o p—
containing %eaiﬁtamm and industance. The expression for t!xé
instantanecus current in o oingle phase resistive and inductive
circuit 5_5«415 |

| e |
el oinfot-x) -1 & pin{ g%« o)  ween(3)

ehere the timo, &, 1s measured frov the instant at which the

voltaze wave ic zero, and at the instant of completion of the

circuit ¢t = %* oecs. |

| Tae first ters on the right-hand side of the egquation

represents the steady sisbte current and the cecond term on the right-

hand side of the equétion reprosents tho trensiont switching currents.
&t the instant of completing the thraee-phase A.S.

sopply eircuit to the stator of ac induotion zotor, the bhoundary

conditiona are that the eur‘m in oach phase, end the nagnotic

flux in the machine, mugt he perc.

16 that these conditions necepsitate

1% con bo shom?
& transient s.mefe excited by denaying direct currents in the siator
winding, in addition 4o the noroagl revolving men.f« prodused by
the steady state currents. The trancient pe.n.f. {5 stationary
in space gince it is pmdxﬁ:eﬂ by unidirectionsl currents nowing
throush stationary coils, and is egual and opposite to the revolving
Sen.fo 6t the dnstant of gwitching. The regulisnt flux ot tiis
inotant is therefore z&e,

Chen the entire three~phase systen of currents in
the stetor windlngs 45 considoresd, it is not nocossary 1o consider
the phasinz of the instant of switching relative 1o the supply, >
ay any variation in the insteat of switching relative to the supply
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only varies the space location ¢of the transient munl.f. and does
not vary its initial nognitude. '

Taic wes confirned by taking several oscilloprans
at difforent dnstants of gwitching.

The pizultaancns existenca of s stationary transient

ne.afe and a stesdy otate rovolving ne.ne.f. in tho stotor, as pentioned

sbove, has been similated Yy tho test described in the following

section.

S«1e Toraque Produced under the “ombined Influemce of Steady State

Direct and Alternoting Current Supplies.

The gpeed of tho anergizeﬁ teat molor ras kept
constant at preselected values by neans of the § h.p. Gsrd-mnard
controlled D.7. motor, and a direct current was injected at the
stator star~point, as ghown in fig. 9, without upsetting the symmetry
of the £.C. supply. Tabdble 3 surmarizes the observations nade
frea the ossillograns of fig. 10 takem &during the stcady state
under the above conditions.

Fig. 9. fircait ddapran for test dessribed in soction 5.l.
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TARLE 3. SMUNY OF RESULTS 1.0 P13, 1Ce
l
SLIP 2 { APYEOXTHA™S C
IPEED - 23 I‘QPOJ§9}
FREQUIY OF MEi:
5 + 25 50 + 1245 5«25
- PULSATIONS (oFa3a)
TIRREAT PULSATIONS H#il ¥l i)
a) 3Adp = 2
ARNAARAR
VWAWMMMMAL e
b} Adp =1
{speed = 23 rapetts)
Surrent 5C Cipes.
(spplied direct current halved)
= Torque
cl Sip = ¢
ANANNANAANANANANAANAANY -
urrent B Cepese
’A ! “ '\ '

Pige 10+ Torgque and current for combined steady state

alternating and direct currents.
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Salels Anslysis of oscillograms of fig. 1C.
The: sioultancous existencoe 4n the gtator of the

revolving slternating current exoited memf. with the staticnary
divect current oxclited memefs results in a puisating torgue. ‘fThe
amplitude of the puleations are dependent upon the rotor speed
relstive to the siator fields, as the armature reactiow effect of
the rotor increapes with the relative speeds. fThie is illustrated _
by the smaller emplitudes of the torque pulsations in fige 10s and 10c.:
The m&nufmqnme‘y of pulsation is shown to be
50 e,p,#. irrespective of rotor mpeed. The aupericposed 12) Cep.s.
| .pumaﬁon ghown 4n £ig. 10b is & result of veriation of the lcakaze
infoctance due to slotting, and is produced by a measured rotation
of the orfer of 2% r.p«. (for 33 roter alots:= 2.2 = 2247 z'.;s.m}
In the csgse of the oseillograys of fige 10a and 10o, ﬁhe superinposed
25 cepede pulaation is due %o the eccentricity of the rotor es
disoussed in goction 4«Z.1.
T aanlyse the pm&uuﬁcn of torque under the above
conditions, consider firat the individual sctions of these Denef«s
and thelr eorregponding fluzes, noting that torque is proportional
07 |

{The linking flux}x{mtar currentiz{cosine of the angle betwsen flux and
current)

Therefore, vhen a outual flux JZ and & current I
rotate synchronously with one ancther, ths torgue produced is uni~
directional and is proportionsl to

Z1Iconéd '

However, when the flux and curremt rotato mymhm-
nously, s pulsating torque is produced. The freguency of pulsation
is egoal to the frequency of the relative rotation. For exampls,
the torgue produced by a flux F* rotating with an angular veloci‘ty
ofco 4 and o stationary current Iv, will be proportional 0

Z* 17 concob
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Fig. 11 shows the two sets of fluxes and atator

- and rotor currents separated into synchronmous groups. Fig lla

represents the spatial relationships of the-A.Cs quantities and

fig. 11b the D.C, quantities.

TS

Fig, 114  Spatisl relationships of fluxes and currents.

The gynchrondus aad asynchironous components of torque

- produced by the components of £ig. 11 will be as shown in table 4,

where allowancs is mafle for the initial spatial angle between the

quantities involved in the asyachronmous torques.

TABLE 4. COMPGNENTS OF TORGQUE PRODUCED BY JHE STEADY STATE

SUPERPOSITION OF D.C. UPON THE NORMAL A.C. SUPPLY.

SYNCHRONOUS TORQUES . DIRECTION

4} ¢ 12 COsA Forward
4i) ¢Ts Iom coaB Rraking

ASYHCHRONOUS TORQUES . PULSATION FREQUERCY

iid) Qf Iy cos(Ps cot) Supply frequency
- 4v) 9’% 2 cos(&wt} , Supply freqﬁ&ncy

where F and G are the initial phese angles between each pair of
the fluxes and currents, and co is the angular velocity of the

A.C. revolving field.



The frequency of pulsation of the agyachronous

torques as shown by tatle 4 i3 independent of the rotor spesd and

is equal to the freguency of the i.’'. supplye.

Towever, these resulis do not agree with the results

cbtained under actual switchins conditions, as shosn in the {ollowing

section. S
5¢2. Torque Produced under Transient Switching “onditions.
The 1 heps test motor was connected to the 380 wolt
5( Cepese 3-phase supply with the rotor speed kept constant at
preselected values by means of the S h.p. sard-leonard controlled
Tie "e motor. The oacillogrsms of filz. 12 covering the duration of
the awitohing transient currents, were recorded for each aspeed.
™e relationships between the current and torque
pilsations and the rotor apeed, or slip, are gumsarized in tadble 5.
TA3LE B WWAY OF FESTLTS WO P15, 12.
IP 2 1.5 1 {eB ¢
REQUENTYY CF QA
1cC 75 5¢ 25 Lxponen=-
PULSATICY (Tei'eTe) tial
AFFRCYIIATY TYBATICH .
0" PULATICHT IW 2% 4 9 7 2%
TETLES AT 50 "eFeTe
MIAN NEOE Positive | Positive | Fositive | Fositive | Hemmtive
PEPTIY R
PUISATIONY 09 _ 25 - 25 Lxponen=
' tial
TELEAT (MeFe Sl




VW

| v* -

| N‘
-\ \f\fv“v“v“v“v"

.

It WM il e
- JI\,/\_/\/\/\/\/W\/\/\/\;’
e
i L :

a) Slip = 2

Surront 96 CoPwe

| Torque palsations

o) Sidp = 1.5

Current 50 ceped.

Torque puisations

) Slip = 3.0

Current “59 CaPsSe

Torque pulsations .

8} Slip = 0«5

Current 50 CsDs8e

Torque puleations

e} Slip = O

. Current S5O CepeSe

Torque pulsations

Fig. 12. Torque and current under switching conditions.
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5+2.1. Analysie of oscillograns of fig. 12.

' The osoillograms of £ig. 12 show that for the duration
of the transient switching currents, produced when the stator is
connented to the Jephagse 50 cepess supply, the expected unidirectional

torques have superimposed pulsations of a frequsncy given by:

£ (50 - %) CoPoBa eI — 7
where

Pa pairﬁ of poles

B = Tupeme and iz positive in the forward divection only.

These pulsations decey exponentially at a different
rate for each cape of constant speed, as chown in table 5.

Sinmilarly, the current traces show superimposed
pulsstions at a frequency given by:

whers

# = ropems and is positive for sither direction

of rotation.

It hao been shown experizentally in soction 5.l.,
and caa be shown matheostically® that the combination in the otator
of only a atationary field and e revolving field cannot result in
the production of torgue pulsstions at any frequency other than
that of the 3.C. mupply.

4 condition shich could provide the change iﬁ frequency
of the torque pulsationﬁ related to the motor speoﬁ as shown by
equation 4, ia one which would be produced by the simultanecus
exigtonce of the ptator rsmlvi;ag Deefe ANd B HeWefe carried hy
the rotor. Furthernore, the armam rogotion effect of the gtator
windingg with the flux produced by the rotor neo.f., wonld mxpermpase
rulsations on the stator current at a freguency given by equation 5.

Rﬂﬁenbe*rg,m

chows that, based upon the soluiion
to the squations poriaining to polyphase machines under gwitching
conditions, there exigt, iu addition to tHe steady state stator

revolving D.nef. and its current systems in the stator and rotor, ..
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two transient p.2.f.0 and thelr current systess in tho stator and
rotor. Cne of the transient metefoo adheres to the stator and

- the mutual flux it produces cuts the rotor windings at the gpeed

- of revolution of the rotor, vhilo the other transient n.n.f. adheres
to the rotor and the mutual flux it produces cuts_ the stator windings
at the rotor gpeed.

The rates of desay of the transient g.z.f.3 are
controlled asinly by the lenksge time constant (ratio of leakage
inductence to resistance) of the stator or rotor winding to shich
the n.s.f. is sadhering.

. If the rotor time constant ip larger thmn the stator
tisc constant, the effect of the irsnsient rotor edherent mm.f.
may still bo evident after the stator switching transient quantities
_ have decayed completely,.m
_ To fllustrate the production and effect of & rotor -
. adherent m.m.f. the tent described in the following seotion was
carried out. '
Se3s An Exauple of a Rotor Adherent M.M.P.

ihe gspecd of the test motor was maintained comstant
at previously selested values and fmpulses of direct current only
wereo applisd to tho stator, as shown in fig.l3.

B I T g p— .

0000 —
L 1 ryyomd

Pig. 13. Circuit diogras for test. =

Table 6 sumparizes the behaviour of the stator current
at each gpeed, ns shown hy the oscillograms of fig. 4.



TARLE 6o JTMARY OF R WLTPS “ROY PIG. 14e

SITF 2 1.5 1 CeH G
TCTAL RIS TIVT I
z% 8 1@%» 8 2%
YUY AT §C .7, .
TT7TAY 5XI50 (Y°Les
1 1 1 1 1
SETATIV TC 50 Culebe) 3 3 3 3 3
APFECKTIAT. PREQITINY Exponen=
5C 25 tial 25 O
OF THLATICE (1.7.7) rise
. only
DYRATION CF PULTATICN 1 1
2 7-!2' 1c 7-2-
PETATTNL O B0 TeTe e

Referring to Tig. 14 and table 6, it is evident
that the current rise in each case shows a conbination of two time
constanta. The initial rise time iz the sane in every case. It
is shorter than the final rise time in sach case and 1s associated
with the stator leaksge time constant.’®

It is evident from the ogscilloszrams of fig. 14 that
the final rise of currant is associated not only with the rotor
leakage time constant but also with the rotor speed.l® e
relationship between the rotor time constant and the rotor aspeed
is shown in appendix 6.

*ge 14 8ls0 shows that during the final rise of
stator current, the rotor acts in a similar fashion to the field-
ecarrying systém of an alternator, as illustrated hy the pulsations
superimpoged on the stator current. “These pulsations are synchronous
with the rotor, and the frequency of pulsation is given by equation 5.
It will be ohsarved that the magnitude of these current pulzations
decreases with increased rotor spsed. This is consiateni with a

more rapid decay of the transient rotor adherent me.n.f. with increased

rotor speed.



31.

. Taking into account the transient rotor adherent
memefe, the production of the torques as shown by figs 12 in section
524 im ansglyssi.

54+ fnslysis of the Torques Produced in the Test Foter During

the Influence of the Pransient Switchine Currents.

1% has been shomn that three mam.fos exist in .the
motor during the period of inﬂuence of thé transicnt switching
currents. These are the ‘smm mmﬁy gtate revolving Metele,
the transient atator a—&herant msm.-‘f; ané the transient mtor atherent

© Mothefs

Q.
ITS
B
|2 IZT
a) b)
(I-s)w
A
Q.
C

Fié;lS. Spaﬁ.a.l relationships of fluxes &nd currents.
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Fig. 15 ghows the three sets of fluzes and currents
saparated into gynchronous groups. Fig. 15a ropresents the spatisl
relationshipy of the supply frequoncy gquantities. That is, the

steady state rolationship between the stator current I » matual

1
flux ;’Zm and resultant votor current I

The stationary quantities are shown in fig. 15b.
These are the stefor adherent transient current. I’i‘s’ the stationsry
transient stator adherest mutual flux gﬂs and the resultast rotor
current Iﬁ,.

e quantities revolving synchroncugly sith ihe
rotor are shoun in fig. 152. These are the transient rotor adherent
current In., the trausient rotor asdherent mutuel flux ﬁ(m and the
resulting stator current I;.e

. If the rate of desay of the gtator transient gquantities

i3 represented by the tern o O, and that of the rotor transient
quantitien by oPY tne gynchronons and asynehronous components
\of torgue produend by the components of fig. 15 will be ss sﬁmm
in table 74 whers allowance is made for the initial spatial angle
between the guantition involved in the ngynchronous torguos.

For the case of the tost cotor with a squirrel cage

ab b

rotor, the relstive megnitudes of the terms & and ¢ = nsy bo

obtained fron the results of table 6 and fige 14. The term 6 OF
relastes to the initisl rate of rise of the current as ghown by the
oscillograns of fig. 14, and in all eases its duration is nuch
shorter than that of the tern & °* which relates to the final rate
of rige. Vor this case thercfore, the terms in table 7 involving
P usy be neglested. This leaves only terms 4}, iii), iv) and v).
- Perm if4) is a braking torque and terms iv) and v)

are agynohronous ftorgues with a frequency of puization equal o
the freguency of slip of the votor relative to @n.

The freguencies of pulsation of the asynchronous torques
are clearly in agresment with the frequencies of pulsation shown in

fige 12 =ith the pospsible exception of the case vhere the slip is zoro.
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TABIE T.

SOMPOYTITS OF TCLQUE DURING THD PIRICD

CF INPLUSN TS

P TRANSTIRT SWITCUING CURRENTI.

SYHTERONCUS TORQUES

DIRETTION OF TCRQUE

i) Z I,c08A forward
a2 \
-at
1) 2ty ot I,, o008 P braking
=ht bt ~
i11) e v!.m ) 11,1, cos braking
ASYY HRONCUS TORQUES *REQUENTY OF PULSATICH
iv) gm a'bt I, cos(TeS0t) frequency of slip of

v)

vi)

, vii)

viii)

ix)

et Qfm I, cos(3+7 WE)

Q’m o2t Tym cos( P+ Wt)

-at
e Q»',PS I, oos(G+LOL)

~-at -bt
e e I

+

cos{He{1=3)0t)

oVt O o3t 1,q cos(rs(1=5)cot)

rotor relative to E’m

supply frequency

frequency of rotation

of rotor

where

¢

]

I

S
gm

5

= steady state stator revolving flux

= gtationary stator adherent transient flux

= transient rotor adherent flux
= stator steady state curreant

I.. = stator adherent transient current

)

= ptator ourrent due to ¢m

= rotor ocurrent due to an

= transient rotor adherent curreat

= rotor current due to {lﬁ

= astator effeoctive daxzping exponent (ippendix €)
= rotor effective dsmping exponent {Appendix 6)
Dy ¥y Py B9 7 and ¥ are the initial spatial phase angles

between each pair of quantities producing

asynohronous torques.
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Chen the slip is zero, only the terms 1ii), iv),
and v} of table 7 need be considered, as the steady state torque
must be gero. By inspection, the resultant of terms 1ii), iv) and
v} rust be an oxponentially decaying torque. However, consideration
of the boundary conditions ghows that the torque munt start from
cero, and inspection of the actusl transient torgue produced at
gero slip, a3 showm by fig. 12e which is presented again, snlarged,

i
|
}

'
as fig. 16, shows that the torque inmcrenses to a negative maximun
before decaying.

.

!

|

)

.

|

i

1 _

Pige 16, Transient switching torgue vs time at zerc slip.

. {Zime seale S50 milli~seconds per inch)

To find the law of the curve of torgue, the curve
of 1o Torque vs Time was drawn, a.s shown by fig. 17. This shows
that over the period A-B of fip. 17 the negative torque decays
exponentially, sgreeing with the resultant of the companents of
table 7. |
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i
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g |
a
) i
= [
O :
0

Figs 17+ logs transient ssitching torque vs tine

at gero slip.

Howover, consideration of oanly terms i4i}, iv) end
v} of table 7 will not produse the Sncrease in nogative torque as
shown in the 'gériod. e of figs 1T« This indicstes thet the terss
of table 7 invelving the decay rate of ¢ 0 should be considered
if the transient torque produced during the first 10 silli-seconds

of gperation iz to Ye dnvestigated. The torque profuced after

the point B {approximstely 55 milli-saconds after ssitching) is
rnainly the steady state %or{;u*e verietion due tc the rotor eszcen-
tricity as mentioned in geciion d.2.1e '

These results indisste that the resaltant of the
components of torque of table 7 describes the torque produced
during the gwitching period, provided thst tﬁe gtator transient

gquantities decay ropidly with reapect to the rotor 4trangioent

- quantitiesn, and only after the decny of the stator {ransient -

gquantitios. It should be neted that a rapld decay of the stator

trausients would explain the apparent gbpence of supply frequency



pulsations on the orcillograns of torgue of fig. 12.

In the case vhere thae rotor transient quantities
dessy rapidly with respect to the stator transieants the above
dosoription of tho resultant torque will no Yonger hold. To
iliustrate this case, tosts wére mnde as described in the following

aention.

5+¢5. Irangient Switching Torgues Produced by the Test Motor with

& Solid Steel Rotor.

& 5olid gteel rotor was substituted for the squirrel
cage rotor snd the test motor was connected to the 380 volt 50 CeDebs
J-phase supply at soveral constent gpesds, as deseribed in section
Selels  The osoillograns of fig. 18 cover the duration of the
transient smwitching currents for each mpeed, and the obseﬁaﬂcns
made from these vesults ere given in table 8.

The fact that motors with solid rotors have peculisr
charactoristics due to the varistions ia the percesbility and the
resigtivity of the rolor during amtingzl is not teken into account
kers, og the prodoninont effect is that of o high resistance rotor.

3

ABLE 8, SULHARY OF RESULTS FAQH FIG. 18.

sLIP

N

1.5 1 05 ¢

APFRORIVATE
FREQUENZY OF 9CRQUE
PULSATION (C.Fe8.)
a) Tirst & cyrele 100 75 5C 25 | Exponential
b} Substegquent o .
first 4 oycle | 50

3
{98
3
3

APPROZIIATE DIRATION
OF PULSATIONS IH 3 4 S+ 3

TYCLES AT 50 CaPuSe
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Torgque »pulsafions '

|
T’C , | < b} Slip = 1.5
{

‘ —‘/?A\'/\/’\/\/r Current 50 Cepede
{ " / 2\ [ \wam 'i?crﬁue pulsstions

-~

f : | - ¢) Wip =1

4 —J\/\/\/\/ Current 50 c.ps8.
o ) 1 _ _

; - ; /'\/\/\/’\/‘ Torque pulsations

__\/\\/\/\/\/\ {urrent "5{-" CePeSs

. Torgue pulsations

7 7 - = o) Slip = C

; | | ---‘r\.‘\ Ff-’.‘a, N Torgue ?ﬁlé‘ﬂﬁiﬂﬁf}

¥ig. 18. Torgue and current of solid rotor motor

J'M

wnder owWitching conditionn.
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Inspection of table T dhoss that if all the terns

involving the Tate of decay € 0F

tye seglectedy the freguency of
fthe pulgsting torgques superizposed upon the m&imcﬁsml torgues
is the some as the supply frequency. This mm pamis ¢ the.
regults of figs 18 subseguent to the first ¥ eyele ai’%er the inatant
of ssitohing.
& rapid decny of ﬁm rotor transient quantities
iz comparigon to the rate of deony of {he stntor tronsiont quuontities
i consigtent with & rofor of sufficiently high resistance.
Briefly, the sbove vesults togother with those of
seciion ﬁ;sso ghow that shon the transient rotor adhorent memefs
{5 of Jong duration in comparison to the stetionary trensient
gtator adherent ne®afa, the remultont pulsations superimponed upon
the unidirectional %rqua are of slip frogquency. Howsver, when
the duration of the transient votor adherent me.n.fe is short
vod vith the transient stater aﬁhermt mamsfsy the resultent

pﬁea%m are gt the supply ;fmqmmsﬂa



39,

6. COBCLUSIONS. -

1) The torgue mensurins apporatus used provides o menns
of investigoting tho more rapid variatioms im torque, such ap those
z:ro&uce&.hy an infuction motor under transient switching conditicns.

i1) .The resulis obiatned fron the investipetion of the
torque/speed charscteristic of the sguirrel eage induction motor,
excluding the influence of tranmient gwitching currenis, verify
the results oblained by previouws investigators. In perticulsr,
the devistion of the measured chaoracteristie, from slip = 2 to
glip = 1, from the theoretical charscteriotic deserves further
fnvegtigation.

431} Under switching conditions there exist, in addition
o the stendy state stator rmlﬁng mettsfs and the rolatod systems
of curronis in the stater and rotor, o stationory tronsient mao.f.
shich adheres to the giator, and a furthor transient n.o.f, which
adheres to the rotor. fme rates of decoy of the trausiont siator
and rotor sdhorent n.t.f.g are controlled prinarily by tho leakage
tinoc constant of the ptator and rotor regpectively.

This verifics the thepretical mmalysis produced by
Rudenberg 18 _

v} During the period of influence of the transient
currents inttinted nt the inotont of switching, pulsations are
superioposed upon the wmidiresctionsl stendy atafe torques. The |
naznitude of these torgue pulsations may de twice tho pull-ont
torque or nore.

¥) TUhere the rotor leskage tinme constont is chort relé.tiva
to the stator leskage #ime constant, the freguency of the tronsient
gwitehing torque pulsations is ogual to the supply froguensy sub-
sequent to the decay of the rotor adheront transient quantitics.
Under these conditions, results approxiumating to the values as
calculeted by CAlfillen and Kaplan® could be obtained.

vi) Uhore the rotor leakage time congtant is long relative
to thot of the siator, the experinentsl resulis obtained show s



departure fron the results of previous investigators in %imt the
predoninant froquency of pulsation of the transient switching torques
is that of the freguency of the glip of the votor relative te the
steady state stotor revolving field. |

vii) 'ﬁ:e resulits obtained substenticte the experimentel

rosulte of Nehl and Rilgored

for the case whm the slip = 1, For
thia cese the fraquency of pulsation of the transient switching
torgues £ equal %o that of the supply, irrespeciive of the ralic

of the gtator and rolor lenkagze time congtants.
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Appendix 1. Stiffress and Hatural Frequency of Supporting System.

i) Stiffness of supporting gtraps.

a) Josding due to displacement only of one support.

) ) | Assuming a deflection of 2.x 10°% inches
¢ v | 7
¢ 2 x5 4 and having
2 48 # { 12 £1
vhere ’
l 2t /83
w =95

E = 26 x 10° 1bs/aquare fnch

o : X ' ¥ = 3.33 I1bs.
—;n \ o a f Pending moment
' _ v . | | |
B L L I
’ | \m‘ = 0.9 x 3633 x 1.875
a.)v

‘ & = 3,12 lb-inches.
b) Loading due %o rotationsl wovement of one end of support.
N For a deflaction of 2 x 1072 inches
/ \\\9 g at the circumference of the stator,
/ ‘‘‘‘ \ E \”“z‘- radivus = 3.75 inches
1 A e e
- N 4, = 4E8 = 1,04 1b-tnches
) and sghear force
o Uy ¢ ) « (3 44

o= 4016 lbs.

Total torque reguired 10 deflect

4 supports 2 x 1074 inches
=4 x 4:16 X 5675

b) . ; » 62.4 1b-inches.

Fize 19+ Iosding of one suprorie
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41) S5tiffness due to brass dim.zz

Ux j(m - 1)[
¥ = :
2ax
4nm22t3
|
< ‘
s v o f |
T — [2b ou\, :
\\\\ f“‘~~{:1-=——Td = |
H
2 a DA

Fige. 20s loading of diaphrngﬁ.

o2 - daab , (log, ,b}z]
a -b

whers
8 =] inch
b = 0.3125 inches.
t = 0.C625 inches
Uel5x 106 1bs/sguare inch
;13 = poissons’s rotic
=3
and for a deflection of Yoax
« 2 x 162 inches.
i = 847 1bs
Torque raquired to doflect
dlaphracs
% Badl] X 425
= 30 lb~inches.
{neglecting any Borizontal
covenent of the atator azd any
offect of the exteasion or
bendines of the rod).
Sotal torgue required for a
deflection of 2 = 20”7 ynches
of the stator equivalent to s
rotetion of & radians,
T w 62:4 « 36
2 9844 lbv~-inches.
Specific torque
. T

= 98.4 X 20725_‘
2 x 1674

= 185 x 109 1veinches/radian.



iii) Haturel freguency of systenm.

(ﬁhﬁrﬂ £ = 32:1%6 at U.0.Te)

The mmt of inertia of the stator only, was dstmiﬁe&
experinentally by finding tho period of ossillation vhen suspended
by B bifiler gystes, ond weighed to determine the mass. The
comeuts of inertis of the relevant portions of the suspension
gysten asbout the axis of rotation of the atatér were calculated.

The total coment of inertis ves esiimated as 217 1b-in¢has.2

P / 185 x 1;}4{52%%1.4; 12)
= 289 c;gcles. per sonond.
The meogured nofural freguency of the gysten
= 345 eyeles pm? gecond.
and the stiffness estimatod from tests as

= 226 lbeinches/radian.

Usping the vnalue for the ponent of inertia, ag in the
provious calculation, this value of stiffnops egrooe vith the value
required to produce a freguency of 345 cycles por second to within 55

The caloulated natursl fmqnmcy ¢iffers froo fhe
measured value by q;pmximtely 165 This differcnce cmﬁﬂbe due
to the uso of i*nmsn*t valuog of t%m constants of the notals
concarned, par%im_xlmly with respect to the heating and quenching
of the welded portions 6£’ the suspension sys-be:a. Purthormore, the
caleulations are baged upon tho assumption of idealized éeﬁecﬁons,
ond the extension of any portion of the suspension systen during
the rotational defiection of the stator has boen neglected.



Appendix 2. Suitching Inotent Control.

Fige 21 chovs the ceircuit usea‘to provide control
of the switchins insta.zztf Tho zener diode profucces a aguaro vove
vhich is 8ifferentiated ﬁoming positive and nogativo pulses.
Onee tho gritoh S‘ has been closed, the thyretron will cﬁy conduct
after vocoiving a pocitive pulse from the phase shifting circuit,
ang c*z condusting, allocs the contactor puil=in ¢oil to be energiced.
a0 contactor can alce be oporated normally hy tho
local push buttono.

po-s-- -y : 4

: ; |

t '

' M .

; L] l [ T§IE

: "1 b puase swenve £ L ]
- P 'A ___ T4 161
CONTACTOR . | 3 I

E Edb

R sa i

- m@ui

Fig. 21. Civouit diagranm for s‘!:ritéhing ingtant controle.
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Appendix 3. Froguency Trap.

Fig. 22a gives the component volues of the froguency
trap and fig. 22b shovs the relative responso curves of the ougpension
structure, the frequency trap and their resnltant relative response
curve in the rogion of 345 CeDess

An the output ivpedenco of the D.C. noplifier io -
very low, tho Q of the froguoncy trop ie‘also dependent upon the
value of the serics rosistor. The coxiou valuo of this rosistor
is linited by the fast that too kigh a tizs‘istance value i‘n.-consnnction
vith the iopedence of the frequoncy trap results in a noticenble
érop in rosponso at lover froquencies of intercot. |

Uith the resistance value oz ﬁhqﬁﬁ tho frequoncy
regponse ig within 2,57 up t0 150 cep.s. riging to 3 48 up at
345 CeDels

The curve of the resultant response is chinined by
dividing the amplitude of the structure rolative response curve by

that of tho trap relative rosponse curve.

14200 ohms
|
0-0245 )F -
o » l .
FREQUENCY TRAP
a).
L
. RESULTANT
125 . 48 ' . RES
FREQUENCY, (cps) i
- b, J'
|

Fig. 22. Frequency trap end relative response curves.



Appendix 4+ Tensurement of Defloction.

Ghe use of microvaves for mecsuring emell displaces
mts has bgen thoreourhly deplt with23 an& hore only a bricf- ﬂescripticn
of the operation of the reasenant cavity is givens |

Figs 235 shous a eylindrical cavity closced at one
end by an a@‘jueté.me vlunger go that the length of the cavity, =,

‘ em be aliered. In}mt end output points ave pfcﬁacé near the

base of the cavity. B

1f power ot e fized frequency is fed inte the cavity
and the output cormested to & crystal dotecter thich measures the
power tremsritted through the cavity, then by verying tho dimension
x tho curve ghomn i}z fige 23b io obtained. If the egvity &s cob
i'o point B cervremponding %o the piunn-er position LN for an ocgzillator
frequency vhish makes Z, the resonant peint, there 4s a ifnear
reletionehip between plunger displacenent and $ransnittes pover

over the Tange X, = X.»

o

In the measuring systen caployed, the baso of the
cavity has beon replaced by o diophremn, shown in fige 20, riidly
coupled to the stator of the test motor in guch o way thet eny
small rototional movement of ihe stator profuces & proporticnal
deflection of the diophragm. Before cach tést the plunger is
edjusted to point B ensuring a linear rolation between Gisplaccnant
and cavity output. '

Fige 1 illustraton the layout of the mimm

cquipmente

—
‘00__ _— et - A
, N |
. i
—
) |
y ta. I
) x & I
. x o
NpuT i loureur . 3
. . Rlsol . _ _ __ » (|
- i
“al” [
] . :
al. £ P
H :
z 1| i
&
= 11 -
[ o )
I S
(| ’
. i 4
ld xbl x

DISPLACEMENT

b,

T fig. 23. Oylindrical cavity.
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Appendix 5. Speed Weasureaent.

A hoacpolar émerator i5 usad to provide a ripple-
free D.C. e..f. proportional to rotational aws The G.R0.f.
output from this type of generator is unfortunately lisited Yy
the fact thaet the eguivalent of one conductor only is rotated in
a unifora magnatic field, and so for rscording pﬁtposes the output
ia fed into a D.C. asplifier with a gein of the order of 100. The
output from the generator is of the order of 1 millivolt per rsv.
por second with an excitation current of 0.36 asperss.

!‘ig.. 24, while not to gcale, shows & secticned view
of the genmerator. The air gop is 60 x 10" gnohes and the brass
disc thickness is 30 x 107 inches. The coil consists of 1250
turas of 22 s.v-g. copper sire and the drushes ars carbon.

. 1% was expected that the use of carbon brushes on
the brass disc would produce a therzal e.m.f., but it has been
found that if any theraal e.m.f. is produced during the short running
periods used in the tests, it is negligible in comparison with the
rotational as.n.f, gonerated.

The generator mounting is fixed to the cylindrical
body of the generator and ths two end platen ore dccurately fitted
and located on the body 20 that the resmoval of either or both end
plates doss not vpset the lining up of the éanoraﬂor. The end
plates ars each secured by 6 x 6 B.A. screws, the front end p;lnte
carries the disc and circunferentisl brushes end the resr end plate
the central pole bieaé and brush, and the exciting coil.

1
IRE =" : EN\\r¢7
| L 2
et ‘I |
.
. 7 Y
B Z A MMM,

Fig. 24. Homopolar generstor.
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Tims Constanto.
Ruderbere " hos hown that the wﬁnﬁm&ig betwoon

votor s;rém& and stator and rotor Ylwe constants is an follows:

E % a6
n a% = &Y & ﬁ* zﬂ“ flg«- ‘}}
Ty e

o

bed aar- ¢ o E,._;' B

vhers
& = ptotor offective dauping exponent
b = rotor effective donping exponent
"‘;?1 = resultant stator tice constent
Ty = respltant rotor time constent
V = angalar velooidy of rotor
D e totsl 1ma§;¢ soefficient of the pashing

ainm

Ty by

Iy = mtator jnductonce

¥ = putual inductonce

Aw
m

é® = rolor &as&;;iﬂg @3;;@3!:@* = 2
Dy

.%.?3 = ginter resistanco

" R, = roior resistance

2

‘ for o snuirvel cago induetion wotor ¢* is gonerslly
much larger than 8%, in which case &% follows fron the above, that

he stator timo constant will be less affectod by the rotor speed
than the rotor time constasts





