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THE _REASOW

The torque charvacteristics of rotating machines have
congide rable importance in both design ard application. Tho steady
state torque characteristics present little difficulty, involviag only

equations of power output and speed measursmant, whereas the

detercuination of the same characteristic uader transient coaditions

is & comnplex design and raansurament problam.

-

‘ Verious attempts ave been made (o obtaia and explain
§ the torque-slip charactaristic of the induction motor, | articularly
' with respect to crawling, cogging and other phenomina ~ldeh occur

during the starting and braking of induction motors. Tho complexity
of the problem lg moxe appreciated when it i realised that s'ot

combinations, digiribution and type of winding on rotur asd staior
coil span and the deyvee of eaturation at which the machine is werking

2ll affect the torque-slip characteristic. With certain combinations,

L D SE——

: the space havimonics becorue appreciable and produce fields whose

I numbers of poles are oxi st multiples of the poles in the main fleld.

: This has led to much theoretical conjectury, such as the theory put
forward by Alger . L., which has been neither proved nor disproved

conclusively.
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The iinanus torque during acceleration, or Palleup

.

torgue, e now spacified by the Burvau of Standar: 4 -ad it thue

becomes more than just a purely theoretical problem to measure

and predict the torque during acceleration.
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THE PRINGIPLE OF THE APPARATUS.

The object of the apparatus is to mears.ire and record vaiues
of speed aad tor que simultansously. Vith the mult-chaansl ultra-viclet
dght vocorder it in poasible to record further varinbles such as flux,

rotor and stator gurvent, voltage, eiec.
Considering the torque and gpeed, tha basic principle luie

1. The rpeud is measured Ly *ha voltage of a directly coupled
tachomaotey peneraior.

2. Tho tozque is measurad by the roaction of ihe stator on an
elastic mounting conatralned by three :wn plates. Any
angular twist of the torsiosharsc—ires—the atator, is
measured by means of a transducer which produces a

voltsge directly proportional to the daflection.

Thie motoy, as may be seon from photograph A, and detailed
an Fige A, connists of a stator nsounted in a cradle. This cradle is
constrained within an outer houvsing by three flat w plates. When
powaer de supplied to the raotor there s a force acting upon the rotor of the
machiae, which in this case is the primary. Thus there must be an
equal and opposite force acting upon the atator, :;o. on the cradle.
RING

Thie cradle, being coustraioed by the three flat tersian plates tende
to twiat, snd it is this displaceinent which 1e picked up by the trangducer.

If the torque voltage ie spplied to the vertical plates of &
cathode ray oscilloscope, and the speed voltage to the horizontal pletes,
an instantanecus plot of the toragu.s «Mp cusve 1e ottained. If, on the
other hand, the voltages ave ajol saparate galvanometers of
the ulira-violet Ught recorder, speci-tims and torquetime recordings
are oatained.

Flux and current recorwag. nsing the wlira-violet light
recorder, are made by the uge of search « »ils and series shunts,
regpagtively.

It rauat be bowyne in mind, however, that due to the large
flywiael Aittad to the machine, the starting tiwne is of thy order of
five seconde. This mesns that any electrical transionts are effectively
duwnpad out, and the mazhine must thus be reyarded as helng in a
peeuds stoady-state condition.
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The original apparatus, for the racordiag of the torque,
conelavod of so osclilator, smplifl . denoduiawsy, slectiromagnstic
cscillogzaph and eathoda ray escillsgeopa. A 2, 300 ops. sigaal
fram e oscillator, was fed to the primary of the transdacer. The
output signasl from ihe trannducer was ampiified, rectilicd. and
passed through the demodulatar; directly to the plates of the catiude
ray cscilioscope, and vis o cothode loliower to the eclectromagnetic
recorder. Aas the torque esuld be both positive and aegative,
depsading upon the direction of rotation of the machine, a balanced
demodulator was used with considerable smoothing., A elrcuit
diagram of the oeciilatnr, amplifier and balanced deredulater is
shown s Plg. 1,

The reagons for the re-design of this apparaus wore
two-fold., Firstly, a Direct Writing Galvasumaeter Recerder
{Ultpaevialet light) had been purchased employing six galvanesisters
(the Recorder can employ twelve) with sensitivities of the arder of

0.0275ABA/SM. The high voltages obtained {rom the original apparatus

would bo both unnecueeary and dangerous for the galvanometers.
Secondly, as may be seen {rom the calibsation figures and graph,
Pig. 2, the responge of the amplifler and balanced demodulator was
far from luear over the range required for a 7§ h.p. motor,

it was thus decided to retaia the oscillator, o remove
the wnpiifier and to desigo a balanced demodalator for the small

signals required by the galvanometer Recorder.
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# = phane shilt

The 0AS5 dlode fol'ows a linea: . aw and has resistance Rd.
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From this we see that the output depends only on the in-phase

component.

In order to smooth out any ripple a iadder (filter) network had to

be included.

Consider the following

" s o <
{>lr— Q-’E -_];_:c,
Ve = **vAO—fE =
n’% e 71
5 B I b

The voltage across the condensor, and resistor, approacnes the peak

valua of the impressed sine, voltage wave,

If the inputs are in phase

va = Va Sin ©

Vb e=Vb Sin 0
Thus, with the polarities shown 21, will cnarge up to Va + Vb during
the :ime O to N, and will maintain this voltage,
During tne time N ¢o 201 the condensor 02 will, with polarities shown,
charge to a value Va - Vb,
Hence, total voltage across ab is Va + Vb - (Va = Vb) = 2Vb, on
condition that Va > Vb, If Va < Vb Cl' will still charge to Va +
Vb in time O - 1, but C2 will charge to Vb - Va in time m - 2m,
In this case the D.C, volt would be

Va + Vb - (Vb -~ Va) = 7 Va

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

vectorially as shown,

15.



Ve = Va“ + Vb? + 2Va Vb Cos ¢

Ve 2 - Va? + Vb? - 2Va Vb Cos ¢

Then, Vcl2 = k2yp2 + b2 4 2k Vb2 Cos s
= w2 (k% + 1+ 2k Cos ¢)

Therefore Ve, = Vb (k2 + 1 + 2k Cos ¢)l/?

1/2

2k Cos ¢)

Similarly Ve, = Vb (k% + 1

To find the volt across ab it is necessary that the peak values be

summed algebraically, not vectorially.

Vab = Ve, = Ve, = Vb { (k® + 1 + 2k Cos ke
- (k% + 1 - 2k Cos ¢)1/2 }

Put k2 +1l=m

Vab = Vb {(m + 2k Cos $)*/? - (m - 2k Cos ¢)/2} — (1)

By the Binomial Theorem we have that
n=2 .2

(a+ )" =a” 4 nan-l - n(n-1) a B” ¥ ween
. 2 "
and
(a-bp)"=a" - nan-} b + n(n-1) a "% p? .
2!
Thus, (a+ b)"~(a - 5)™ = 2 na ™1 b + 2n (n-1)(n-2) a®"> p3

3t
"ll.l‘l....'l'

Thus, expanding equation (1), we get

Vab = Vb {2.%_ m /2 2.x.cos ¢ + 2.%._.(-1/2)(-3/2)m°528.k? coss

* cesnennvennnsl

= Vb { 2k Cos ¢ N xa Cos3 ¢ "
] 5

2+ 1) % Gl R




T T e ———— o

1f k ia mveh largor than 1. thew 38 o

3 - v
Y F 4 o
{ha-r 1)" ak, (kzo 1), ® W

Taue,
3

Vab = W(&.EE!J’ !..m.-‘)

3
A
k k

= V{2 ena P + con D)
2
K

n 2Vb(cas # + 5213!)
uz

This conolets of & fundmnental term ZVolos) and an "eryer’’

Va
umm_aj. Thus it is seen that che ratio go should be
2
FAY

large to reduce the orror. (In actuality k was made 10). The
voitage Vb was obtained by direct coupling of the signal voltage
from the transduces - Phaso shift in the appasatus is small since
the transducey ahift ia wnall. The values of tha condensors in the
detector fliter glrcuit were dotermined by the requirements of the
datector to follow @ varjing envelope (modulatdon) as wel! se to
filter out all high frequency switching voltage. If the time constant
of this circult is too large the output does not follow the modulation
wnd “dlagonal elippiag’ vesults. For the iransduser used the
signal voltage is amall compared to the switching voltage and thus

fractional rnodaletion s small,

Bibliography, In main biblography.
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Desigr of nsw Balancad De Damodulator for N.E. P, sox chanssl,
Celvanorcater fecordss.
Sigaal voltage, from trassducer, I8 300m V rma. i.0. 425 mv. peak.
Switehing voltage should be coasiderably larvgey than this, way 5 volts

o 9. from the gentre tap.

o
»
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t
S L W J\ ELFMENT
# g A
} i - L
: e P 5
IF' ‘ l o Sl = -~ ST E e
‘ A 26 pamdsens 5 .'
f The transicrmer will have to hasdle this and the voltage applied to
'tﬁm i i the primary muet be adjusted to suit. This voliage s not critical -
. i but muost be larger than the signal voltage of U.J valts.

600 oouley wi vyl i
o \'.lm Ato {re. hi‘ull). 5= 3&‘ ?ﬂ'

.'mm 0 R
' - faan . ' » Bto®k( Y jw s e p | volts
RbasaTe o . ‘ 5
] i _ D.C.WA»B‘ugndappnod)-5:&*00.!:3““1.“5?
&1 80 conmbuan < D.C. vaunzeo;:(-sgm-ppxua)-su*.a.nliu.snv

bariks SO wadnns Voltage & - B & 7,428 « 6,575« 0. 550 volts.

v & walfel o weionson The 130 cpo slemont (recorder) has a sensitivity of 26 YAJem, o
' for 3 cms, say, ou each side (which is vather high) of sero, the

el aglef M 200 ve i
current should be 3 x 26 w Te MA.

08 ol slorovgis sid: v "
;- X S m 0, JOWME
mwm P Therefore R = 75 » 10,7 K

P Miomm ol sgsatow oo s @ Thus, in practice & 25K variable resistor can bo used wideh will

W cshmiubesy Laas isox-t L cuntrol senaitivity.
i Fiually when the actual working range ie sxpevimentally deterrad sed

It might consist of a fixed resistor of sufficient size to prevent
damage and a variable resietor to contral sensitivity.

NP

slalodn e 142
Footnote:

The signal voltage of 300 mV 1s for the maximum
dlsplacement of the transcaser.
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Resistances @., and i{z D e of b susne Svder ae 2 and
should, i po# sible be Lsw w. ° FUSPeCE U the reverse resistance

¢f the dodes.

Prak reverse voltage o dicde $ 25 7 volts say 14 volta.

f'rom curve (0ASS) the reverse current is 5 mnro. Aaps. Thue
B ‘(odtutﬁocﬁvﬂ;tnﬁsmduulo = 3 maegs.

b {1 n‘ is 50u0 aluns the revarse eifect wm be saall.

‘3 ip 5000 cluna and R can be approsimately 1000 chras,
variable. for bdmcing the gn.d voltage.

mw of ¢ shoold ha omall with respect to Rl at 2500 epe.

1 Cm 0. puid Ko ® 1e” e 10 #0640 chne
2500 x 0.1 = 27 50477
This ie still large. .
]

Cw u.jfﬁ.’ ) He = 19 = ie ¢ 127 onms
2500 x 0.8 % 277 250077

This ie of a sstter sice.

A elreuit se shown in Fig. I was set up and conne-ted to the
130 gps. smbural irequency, U.U0065 ma/cm galvenomeler. It was
jmimediasesy disceraible thay further filtering would be necessaiy.

The sireuis including this added filtering is showu in Fig. IV,

Tie two vaviable vesistors ave ganged and usad to coatrol the
ampliiude of the cignal to the galvanmneter.

Dus to the fact that the UABS diodes weore not matched, it was found
necessary to unbaiance the two 10K resistore. Cne being 10K and
the other of the order of 8K, but this depends upon the diodes used.

The frequency rearonss was reco rded and is showa in Fig. V.
This response is quite adsquste for torgue measurement.
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1 This is my own werk.

2} The work ferming the basie of thie
Thesis has aot been incor orated in
any other work submitted for snothe:

Degree at any other University

Cetoner (2th, 964,
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of thy inertis was considerably ingor rect and hance the damaping is not
us vatislactory as one would conclude from the caiculated and tost

resulis,

It was thea decided to lavestigats whether this oscillation was
oot aleo pechaps belng introduced by the transducer ‘teslf. This was
found to be the case, and by iucreasing the tension on the treasducer
simmost all vscillation wae removed. Photo 1V,

More torque time grashs wure recerded, aud as seen frous
Photo V, still contained more oscillations than were showa in the original
apparatas. This {g due 2o the very much increased seasitivity of the
galvancrneter recorder; these osciliations being completely damped out
by the slower pea Drush recorder. The general shape i the twe
graphs, however, were exacily the saac.

in order to detsrmice tie capabilities of the mensuriag apparasus
it was decided to replace the squirrel cage by a wound secondary. 1a
ordar to got & direct compar!son between the two configuratioss, the
resistances of the two should be identical. As the Lare were still to be
uged it was only necessary to replace the end rings by ead-connections
ol the same resistance. Due to the liraited space available, this was
found to be impossible. As large a gavge wire as could be lited was
used. The various resistances are shown over page. The design of
the wounud secondary is as shown in Pig VI,

Here again difficulty was found in obtaining satisfactory
connectivn between the wnd leads and the copper bars: poor coanection
wag Lmmediately disceraible by the vibration of the motor caused oy
secondary unbalance. This diiloully was overcome by welag large brase
terminals into which the end leads wera soldered. Thaese terminals were
tien placed oves the rode pratruding [rom the copper conductors,
alumialura foil was placed between Lie two surfaces, and then the
terminals were tightenad down. The torie-time oscillogrems obtained
for this ‘wound secondary are shown in Photos. V1 and VII. The first
ir for a star conne:tion and the second for a delia connection. A
combination wound and squirrel cage secondary was also tested. The
end leads from one side of the secondary were removed and replaced by

an ead-ring. The oscillogram obtained is showa in Photo. VL.
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ssarting Current:
N.F. 8, primary. Vound secondary, starred on both sides.
C.T. - Siomens Type T 13ED No., 2894314

Range 120075,
Amraeter- Weston Electric No. 7137). 0« BA

Supply Veltage: 128", 1s 2,50 ampa.
220", 1= 546 amps.

Amaeter: fegger No. L2742 0 - 180A
Voltraster: F.C. Slack & Co. No. 31-2 0« LO0mV
1. mV.

30.5 270 across one phese.

13.0 7 input lead. )
1.8 © eus bar. i maoan for 3 pheses
12.8 ©  end gonnection. )
50,0 48U
22,0 idean Regigtance
3.0
21.8 Phase: 6. 76 = 10°
leadsa: 4.42 = u"‘
et 6.0 =x10™®
90 820 end connaction: 3.26 % m"‘
61.5
5.4




At this stage, due to the very much incrsased seusitivity of

mrwmwm.uwubdﬁinm“m&omﬂ
produced by the rewidual magnetiem of the primary. The primary was
lefs disconnecied. and the votor was drivea st 1500 r.p.m. by means of
s 10 H.P, D,C. moteys, wuga-umu:ﬁumnmd"
two Vebelts. Thnis torque ie either non-existant or of too small & .

magnitude to be measurad oa the apparatus.

The cunplate torque-time curve 'vas obiained by allowing the
machine 10 run up te full speed in one direction and thea revereing
two of the phases. As & 10 H. P, D.C. motor was available it was
docided to use this to drive the induction motor against its own tovque,
in order to determine that the phase-reversal procedure did uot have
an effect upon the graphs obiained. The comparison of the graphe
cbtainad by the two methode is rhowa in Fig. VI.

From the results obtained, it was felt that the N.&, P,

Hecording apparatus and associate circuliry was quite satisfactosy.
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1o hogked fram original dusigs by M. P, L. Badham
(83.5¢c. Thesis Hovember 1755)

dle “ da ¢ o s o ‘.U I.: ‘Os ‘ob I-U

Wy 151 2409 3220 4947 4501 6338  ATI2 7761
Yve 167 B | NWafumifaee

{1 e Plux dengity in W b/ eq. omi.

Comparioon of Calzulated and Test Results:
Toot resulls were taken frem Badbam's Thoasis)

2

P B B Flv cale. Plv test.
3974 v 08 + 2604 1.608 2.45
4953 1E3E 1,500 ‘ . 50O 3.45 |
Givl 1.450 Z. 103 3.51s 4.26
985 1.6%0 2.723 4550 8,32
1908 1.%38 5. 3067 S.0R0 Dol
Y983 2.13% 4.558 7600 7.72
2300 0,560 Ve 3136 U. 024 U. 9y
3450 0. 886 0,225 1. 265 1.7
4600 1.138 1.272 2. 136 2,54
§750 1o 1.960 e 280 4.08
). 038 2,673 4. 40 5.24
SU50 1. 545 5,404 5. 700 G4

P . 030 4,121 e BV Ge b6
1035 2.170 4. 709 1. 800 b2

al.
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2 LR G, RECORDING.

FLlide Tyne GMEs06 single beam oscilloscope was usad.
The suipue from the tachometer was led, via a smeothing filter consieting
of a variable resistance and three 8 micre Farsd condensors in parallel
and & 3 1 1 voltage divider, to the horisontal plates. The cutpet from the
balauced deswodulaicr was fed directly te the vestical slates. Thus a
direct torque~siis graph was outaloable.

naagreast g the vertical gain of the uncilloscipe it was
jmunaediately dincersivle that the 2300 cps carvier o ihe trsasducer was
guming through ento the oscilloscope. A paralisl - T filter was designed
to eliminate this carcior and was found to bo perfectly ades ate. Dhis
design is shown overleal,

o oonder o obiain satisfactory photographs of the twrqua-alip
graph, it was necessary 1o use the maximum gais of the vertical
amplifiers. At this gain, however. thave was an esdramely large 50 cpe
hum. In order to alimminate this hum, the mesioocs galn was such that the
largest torque dellection was enly one major divison on the oscilloscope
sereern, Ag may be seen in photograph IX. A pessilel - T filter was
desigued and tried Lot vo jected becavae of the lecye attenuation of the
over-all signal.

It was theo lound that the magniteds of s 0 cps hum cwsld bo
reduced by adequate earihing of the entire sppesssus. me log of the
excitation (2300 cpa) to the transducer was sartved and Joe return to the
demodulaior {ror: the transducer was plased in & suletswd cable which
was earvthed. The dernodulator was rus usbalanced s srder to be able to
oarth cie side. and both the opcilloscoys and gaivamssater chessis Were
earthed, In urder to ensure thot the easthing vas smisfactory, ail the
earth leads wor. consected and run te & olted sarl in the laboracory.
The sartiing conceciions for the osclllamr, demodulsnr and flter
tireult are shown ia Fig. VL

Vith thio o otenn of enrthing i was found that the bum. aven at
mitenurs galn of the vertical soplifiors was lees than one terth of a
rajay divisio: oo the oscilloseope calibration scale.
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ALl the experimancs performaod in order 'n et the crpasilities
of the Ne&i. ¥, recorder were repeatad, using the ow illoscope. and
photographe taken, Theee hotographe are ¢aown, numbor X to XII.
Comparing those to photograph XHll, which was taken using the original
epparatua, 1t will be ohzesved that the goseral shape of the curve, for
& squirrvel cage rotor, appenrs oo be the same but with a very much
larger oumber of high frequency oseillatdons. Thia is dus to the fact
that there la very much less dan plag in the re-designed dersodulator.
In ovder Lo prove that the goneral shape' of the curves taken on the
original and ro-dosigned apparatus was the same. a ! micro Fared
capacitor was placed directly to the two leads to the oscilloscope. This
value of capacitaace was chosen in order to ellminate only the higher
{requency oscillations and not to affect the shape of the overall curve.
As may be seen from photographs XIV and XV the zurves obtained are
identical to those obiatned veing the ersginal apparatus.
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The appavatus was calibrated by applying weights to the arm

carvied on the stitor frarme and obsarving the deflection on both the

HN.E. P, recordey aad the oscilloscope. This wae touad to be quite
satisfactory for obtaining deflecticn in cae direction, vis. anti-clockwise.

but in order to ottain deflection la the clockwise direcion, it was found
necossary to use a pulley mouated above the torsion arm. Thy rosults
oltaloed are shown below. It will be obsorved that the torqua~deflaction
curve is now lnear to above GU foot pounds.

g"ﬁMog of Tranpducasr.

Length of arm = 1.5 ft. Weight of holder & 0.75 ibs.
N.E. P, Recerdat.
Welgist Actual Weight Deflection Torque
bs. lbs. Sms At ibs.
+ -
L 0 0 0

§ 5.75 .2 2.21 8.6l
16 10,75 0.3% 0, 352 16,10
i5 18.7% 0. 54 0. 545 23.59
20 20,75 9,70 Q.73 3l.20
25 25.75 U 50 G390 38.50
30 30,75 1.10 1.11 &b, Ul
35 35.75 1.30 1.26 53,80
40 40.75 1.43 1.45 ¢1.00
35 35.75 1.2¢ 1. &1 63.80
30 30.7% | I R .10 46,00
&y 25.75 Ve 21 I E T -
20 20,75 S 1 0.72 1. 20
15 15.75 U, 543 0. 544 23.50
10 16,75 3,351 Ge 3D 16,19
5 5. 75 Vel Uedl 8,061
o 0 0 0




Galibration of Tyangduces:

Length of arm = 1.5 ft.

Collaids
weight  Actual Weight
lbs. Abe.
v 2
5 5,75
10 10,75
15 15.75
20 20,75
25 25.15
36 30.75
35 35.75
40 40,78
13 35.75
30 30,75
25 25.75
20 20,75
15 15.78
10 10.7%
5 5.75
0 o

Weight of holder 0.75 lus.

Deflection Torque
em A, Jba.
* -
O ]
0.9 3.51 8.6
1.9 1.08 16,40
1.5 1.6 23.50
2.2 2.1 31.20
2.6 2.6 38. 50
3,08 3.10 46.00
3.6 3.5 53.80
4. 05 4.08 61,00
3.5 3.5 53.80
3,10 3.10 46,00
2.58 2.60 36,50
2.2 2.1 31,20
1.5 1.5 23.50
1.03 1.0 15,10
9.5 0.8 4,61
0 0
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