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SUMMARY

The thesls describes a study of the transient
torque characteristlcs of an unloaded single=-phase,
capacitor-start inductlion motor. A_raview of published
works on the study of transient torques in induction
motors 1s made in Chapter 1. Though there have been
attempts to calculate transient torque characgteristios
of single-phase induction motors for zero speed and
constant speed conditions, there does not appear to
have been any attempt at an experimental satudy of thse
problem. Experimental 1nvastigation avoids the
limitations normally involved in theoretical cal=-
culations. A systematic experimental investigation
negessitates the exercise cf control over the point=
on-wave of closing the supply to the motor and
equipment to detect trgnsiant torques, under both
free-rotor and blocked-rotor conditions. After an
exhaustive survey of possible methods of detecting
transient torques under these conditions (Appegdix I),
it was decided to use a d.c. exclted, drag-cup, two-
phase 1nduotion generator as an accelerometer in the

former case and a stator reaction detecting scheme
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using a precision load cell for the latter case,

The calibration of the accelerometer is descoribed

in Appendix II and the design of the stator reactlon
deteocting scheme in Appendix III.

The attempt to design and develop & p.=On-w,
control and the actual one used are descoribed in
Chapter 2, The operational details and calibration
of the P.~0On=w, switch are also described in detail.
It was found to be very important to have the
accelerometer rigidly coupled to the shaft of the
motor. For the stator reaction detecting schems, it
was necessary that the natural frequency of the stator
suspension should be at least about 450 o¢/s. Results
obtained simultanecusly by the two detecting methods

show satisfactory correspondence,

Chaptgr 3 deals with the ;nvestigation of
transient.torques with free rotor, The effect of
points-on-wave of closing the supply voltage 1s
studied in detail at a reduced terminal voltage of
140V. The results show that the ;nitigtlpn of the
transient torques 1is governed by polnt-on-wave. The

tranaient torques have a maximum near 0° point-on-=wave
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and are almost completely absent for 90°. Speed
effects are discussed and 1t is found that speed
plays an important part in determining the value

of maximum peak torque. Speed also intro@ﬁoea dynamio
braking torque which affeots the mean torque pattern.
Free-rotor investigations with different applied
voltages are described, and thelr results discussed.
The importance of speed effects is well demonstrated
by these results. The duration of the line frequency
component of the transient torque is almost entirely
governed by speed except for very lqng run=up times,
The_appearance of a double line frequency pulsating
torque also seems to be speed dependent. With short
run-up times, the machine overspeeds before finally
attaining its no-load spsed. Variation in speed
effects with differing acceleration and the effect

of saturation on the torque peaks are dlscussed,
Experiments to study the effeot of switching on while
the motor is running are repqrtedq. The results show
thgt the dynamio braking torque assumes grgater
importance vben.rpéclosing is done near no-=load speed

and 0° point-on-wave.

Investigation of the stalled-rotor transients

is presented in Chapter 4. This investigation was
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carried out both by experiment and by computation.

The experimanpal results show that the initiation of
transient torques depends on the point-on-wave in much

the same way as in the free-rotor easq; In the absence

of speed effects the magnitude of torque peaks does not

show an increase over the initial value and the transient
torques decay with thelr *natural® electrical time constants.
The principal compoﬁent has a very long time constant,
Transient ocurrent equations are derived based on the actual
two-axes arrangement of the W1ndingao Experimentally.
dqtermined machine constants are substituted in these
equations and the resulting current expressions a:é solved
for instantaneous values using a digital computer. Instan-
tanseous values of torque are computed from the instantaneous
values of currents, The various components of the trensient
torque are discussed. Computed transients compare

favourably with expsrimsntal results.

The approach, systems used, and results obtained
are diécussed in a general fashion. Blocked=rotor results
and free-rotor results are compared with a view to
determining the degree to which the former results ocan be
applied to the latter condition. It is thought that the

very large dynamic braking torque that can be obtalned
during re-closing while the rotor is rotating, may be of

soms practical significance.
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1. INTRODUCTION

From the early days of electrical machines the
behaviour of synchronous machines under transient cone
ditions has been a matter of concern and has received
extensive attentiono The transient performance of
inductlion motors, on the other hand, has received muoh
less consideration. Furthermore, until comparatively
recently, almost all the interest has been in transient
voltages and currents, particularly in the over-
voltages which may ocour when motors are used with
power=factor correction or phase splitting capacitors,
Even at the present time the information avallable on

transient torques cannot be said to be adequate.

The earliest published work on torque transients
in induction motors is probably that by Wehl and Kilgore.l
These authors have obtained approximate transient torque
expressions for blocked-rotor conditlons based on
Stanley's equationso2 An experimental test to support
the calculated transient is also reported. Gilfillan
and Kaplan have made use of a differential analyser to
study_stanley's equations with speclal reference to
transiept torques during plugginga5 Maginniss and
Sehultzs4 and Weygandt and Charp® have made further



differential analyser studies, the former from the
viewpoint of control systems and the latter with
particular reference to "jogging" and "plugging".

A more general study of transients in induction
motors, including torque, has been made by Lyon
using the method of instantaneous symmetrical com=-
ponents.® Making use of the differential equations
expressed in terms of 1nstantaneous symmetrical come-
ponents as glven by Lyon, Chidambara and Ganapathy
have recently published expressions for transient
torque in a form more sultable for studying the
effects of parametric variations.’ They have also
carried out a blocked-rotor test, Takeuchi has
analysed the case of startinge and also the changing
of the power souroe9 with what he desoribes as the

'Poly-axis Matrix Method'.

All the works reviewed above are conneoted
only with balanced polyphase machines and are primarily,
if not exclusively, analytical. The study of transient
torques in single-phase motors, which normally have
unbalanced windings, has received much’ less attention.
The guthor 13 aware of only two published papsrs on

this, both by Rao.0s1l  They desl with differential



analyser solution of torque expressions for zero
speed and constant speed conditions. An experimental
study of the possibility of reversing single-phase
induction motors by reversing the terminal supply
voltage has been reported by Das Gupta.12 There
appears to have been no attempt at an experimental
study of transient torjues in single-phase induction
motors,

In any analytical study of transient torques
8implifying assumptions are inevitable, the effects of
which are difficult to estimate in the absence of
direct experimental data. Thls is particularly so in
the case of free rotor if it is assumed that no speed
change ocours for the duration of the electrical
transients causling transient components of torque.

An experimental investigation avolds these limitations,
Furthermore, such an approach is likely to lead to &
better appreciation and understanding of the basio
phenomena involved. It is therefore considered worth
while to conduct a systematic experimental investigation
of transienf torques in a single-phase capacitor-start

induotion motor.



It would be quite natural and logiocal in a
primarily analytioal study, to begin with the assumption
of zero speed, then conaider speed constant but not zero
and finally variable speed. These assumptions corres-
pond 1n practice to blocked-rotor conditions, the case
when the rotor is rotating with a substantial external
inertia added and lastly the more usual case when the
electrical transients are acocompanied by spesed changes.
In an experimental study there appears to be no need to
bulld-up to the normal 'free-rotor? conditiocns in such
a manner. In fact, it is probably preferable to study
the free-rotor conditlion extensively as this 1is the
case that 1s most likely to bring out all the baslec
phenomena involved. Therefore, in this investigation
the case when the motor is started from rest and allowed
to accelerate freely up to its full speed will be fully
investigated. Re-closing the supply to the motor while
the rotor 1s still rotating forms another important part
of the free-rotor conditions., Blocked=rotor conditions
will also be examined as a first step towards correlating

experimental and calculated results.



Before a systematic experimental study oan
be undertaken, 1t 1s necessary to oconsider briefly
the factors affecting trensient torque components
8o that an assessment of the apparatus required ocan
be made., Torque in single-phase induction motors is
produced by the interaction of rotor currents and
fluxes 1n one axis with fluxes and rotor currents in
the axis in quadrature. When ‘the stator windings are
switched on to the single-phase supply the transient
components of the various currents and fluxes will
obviousely depend upon the point-on-wave of the supply
voltage at the instant of switching. Therefore an
essential requirement of the experimsntal investi-
gation 18 the ability to control the point-on.wave
of switching. The equipment used for this purpose
and the manner of achieving satisfaoctory acouracy and
consistency are described in Chapter 2. Throughout
this thesis the term ﬂpoint@opmwave' always refers to
the angular position on a sinusoida; voltage wave at

the moment of closing the supply to tl® motor.

For the purpose of detecting tranalent torques
for the two cases of free rotor and blocked rotor, an
exhaustive survey of possible methods is ocarried out

(Appendix I). A study of the performance of the d.c.



excited dihgnoup acocelerometer and the resultas of
calibration of such a device (Appendix IT) combined
with 1ts relative simplicity and reliability led to
1t being chosen as the torquemeter for the free-rotor
case., For the bloscked~-rotor case a stator reaction
measuring scheme 1s designed (Appendix III) and

constructed.

It 18 to be noted that the purpose of the
investigation 18 to study the transient torques
imme dlately following an electriocal switohing. The
transient may be pursly electrical as in the case of
blocked-rotor conditions or may be electro-mechanical
as in the case of the free-rotor case. However, in
the latter case, as soon as the electrical transients
have died out, the resulting torque pattern will
follow the "dynamic characteristies", the value of
forque being determined solely by the rotor speed at
that instant. Any purely mechanical change not assog-
iated with any elecotrical transient 1s not considered
a8 @ transient within the scope of this investigation,
Also the appreciable 100-0/s pulsating torque whioh
is normally present in a single-phase induction motor
does not form a part of the transient torque belng

investigated.



2. AIFPARATUS

As the study 1s based mainly on direct
experimental observation of the various transient
phenomena being considered, a great deal of time and
care has been given to developing the experimental
apparatus and checking their performance and reliability.
The ocomplete experimental system oan be divided into
three main sections: 1, Control Equipment,

2, Detection Equipment, and 3. Recording Equipment.

2.1. Control Equipment:

.
—————

The most important variable over whioh control
should be exercised is the supply point-on-wave (p.-on-w,).
It 1s also necessary to hawve control over the magnitude
of the supply voltage so that the motor speed doea‘not
rise.too quickly end the torque transients are thus of
long enough duration to exhibit all the variouevcomponenta

likely to be of interest.

2.1.1. Point-on-wave Control:

Since no p.~on-w. switch was avallable in the
early stages of the investigation an attempt was made

to design and develop a sultable p.-on-w. control. The



general features of the design are as follows:

A serles of pulses, of adjustable phase position

with respeoct to any selected supply phase, is

obtained by means of a magslip phase shifter and a

| peaking transformer. These pulses trigger two ENO1
thyratrons whioh in turn trigger two reverse connected
XR1l industrial thyratrons. The industrial thyretrons
have high enough current capacity but unfortunately
they were found to have a very high anode excitation
voltage. The result was that the valves did not

condusct for more than a third of the entirs cyole.

High speed relays were tried as an alternative
to the industrial thyratrons. In this case only one
EN91 was needed. The thyratron connects the supply
to the relay coil at points-on-wave selected by the
phase shifter. Two relays were tried: a PQ relay
and a Carpenter relay. The PQ relay was found to have
a transit time of about 15;2 + 0.5 millisecond, giving
a oconsistency of operation within an 18° band. The
Carpenter relay proved to have a transit tims nearly
half that of the PQ relay and a consistenoy of about
10°., Further tests with this relay revealed undeslrable



flutter. In any case the consistency of 10° 1is
short of that aimed at. At this stage plans were
in preparation for dlacarding relays in favour of
suioon%\ controlled rectifiers, but by then a
commercial Sequence Control Unit incorporating
P.=On=-w. 8witching becams available, and attention

was transferred to this control equipment.

Dekatron Sequence-Control Unit Type - 44/7/1 (Fig. 2.1.)

This unit consists of five independent channels
fed by way of selector-switches from a master-control
unit consisting of three cold-cathode Dekatron sounting
tubes.1® The master-control unit is a three-decade
unit using Dekatron-type counters giving an overall
counting range of 500 cycles in steps of half-a=-cycle.
The pulse drivs for the counters 1s derived from a
reference three-phase supply, via a phase shifter and
a pulse forming unit (Fig. 2.2.). The polnt-on-wave
can be varied at will by the phase shifter.

It 1s interesting to note that as far as the
P.-On-w, operation is concerned, the circult design 1is

much the same as that attempted by the author. The




ma jor difference 1s that the peaking transformer in
the author's design is replaced by a pulseforming

unit.

2.1.2. Selection of Zero Degree Point-on-wave:

Flrst, the phase sequence of the reference
supply was chosen so as to advance the polnt-on-wave
vhen the dial setting of the phase shifter was advanced.
The dial setting to obtaln 0° point-on-wave, for any
selected channel and for any supply phase was determined
by switching this phase voltage to a long persistence
CoR.0., (FPig. 2.3a) and observing any sudden step or
discontinuity. It was found that deviations of * 2°
could be easily observed (Fig. 2.3b). If the channel
selected included a fine delay control, this was set at
some sultable selected point. It was found that the Q°
point-on-wave setting varied oconsiderably with the
warming-up time allowed. The 'drift' could be as much
as 15° but a reliable setting was obtalned after a
warming-up period of at least 2 hours. Provided this
1s done & p.-on-w. consistency of # 2° can be expected.
In view of the importance of accurate p.-on-w. seledtion,

1t was decided to meke i1t a general rule to allow at
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least 2 hours warming-up period and to check the 0°
Pe~on-w, Ssetting immediately before recording any test
results. This procedure also ocaters for any day-to-day
variation in zero setting dus to varliations in atmos-

pheric conditions.

2.1.3. Simultaneous Operation of Two Selected
Channels:

It has already been mentioned that the Dekatron
Sequence Control Unit has five independent channels -
channels C to G (Fig. 2.2.). Channel C is unsuitable
for supply to a motor load sinoe it does not inoclude a
relay. Channels D, E, F and G, consist of relays having
special heavy-duty, antli-bounce contacts. IHowever,
channel D has provision to select the time delay from O
to 10 seconds, but only in steps of 10 milliseconds.
Channels E, F and G have fine sontrols by which continuous
variation of time delay 1s possible. In an attempt to
get relays D and E to operate simultaneously, 1t waa
noticed that the fine control did not ocover one complete
half oycle and consequently it was not possible to make
relays D and E operate simultaneously. However, it was
possible to opsrate E and F simultaneously as they both

have fine controls. Simultaneous operation of these
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two relays was obtained by observing two step voltages
switohed through the respective contacts to a long

persistence C.R.0.

20,1s4. Calibration of Fine Delay Setting for

the Purpose of Non=simultaneous Operation

of Two Selected Relays:

The fine delay settings are marked 10 by 1 to 20 ms.
In the case of channels E and F simultaneous operation
ogourred with E and F fine controls set at exactly 10 and
11 ms, vrespectively. As this difference in setting should
mean a difference of 18°, it 1is obviously necessary to
obtain a complete calibration of one delay control. This
wag done in the following waja The phase-ghifter dial
setting for 0° point-on-wave of any selected supply phase
was determined in the manner already desoribed. To
calibrate the delay of chennel F with respect to E, the
selected voltage was thén épplied through F only. The
phase=shifter was turned so as to advance fhe point-on-
wave by a certain angle, say 18°. The fine gontrol of
F was then adjusted to compensate and to.brlhg the
point-on-wave back to zero again. The fine setting of

F now gives 18° delay with respect to E.
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Thls was repeated at intervals of 18° up to
the maximum delay that could be provided by the fine
setting of F alone even when taken beyond the 20 ms
mark. This shouid have been more than 162° but was
found to be only 131“. Introduction of a delay of one
complete half cycle together with the use of the other
end of the fine delay enabled the 180" delay range to be
completed but as this started at 154° a gap of 23° was

unavoidable,

2:.1.5. Control of Magnitude of Aopplied Voltage:

This was done by means of a single-phase variac
auto=-transformer. In spite of the smll steady-state
currents that would be taken by the% h.p. motor under
investigation, a 20-A variac was used %o minimise
transient regulation of supply voltage. The worst
likely ocondition i.e.,the application of rated voltage
.at 0? point-on-wave was examined. The recorded terminal

voltage showed 1little regulation.
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222o Detection Equipment:

2.2.1ls Deteation of Torque:

After an exhaustive survey of the various methods
available for detecting trahsient torques under different
conditions (Appendix I), it was decided to use a d.c.
exclted, dragecupg two-phase induction genarator &3 an
accelerometer, i1.e., torquemeter for the case of free
rotor. For the study of transient torques with stalled
rotor, a stator reaction acheme was chosen, using a

precision load cell as the pressure sensing element.

First the verformance of the two-vhase induction
generator as an accalerometef was examined. Preliminary
tests with the device manually held against thé shaft,
showed that even with a selected point-on-wave and a given
iniﬁéiintor poéiﬁibn, c;néiderable variations of torque
pattern could be obtained. This was attributed mainly
to the flexibility of the rubber tip, depending on the
pressure exerted by the operator, and partly to mis-
alignment. To avoid these effects, the motor and the
accelerometer were mechanically coupled, care belng
taken to have a rigid connection and good alignment

(Fig. 2.4.). Tests now gave repeatable patterns. To
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enable the acocuracy of measuremsnts made from such
transient records to be assessed, tests and caloula-
tions were undertaken (Appendix II) to determine

linearity and sensitivity of the acceleromster.

The scheme for detecting the reaction of the
motor atator is shown in Fig. 2.5. The stator 1is
freely suspended on two ball bearings mounted in two
rigid bakelite supports. On the shaft end of the
motor, the stator is supported on a hollow shaft
through which the rotor shaft passes., This avolds
any bending stress on the rotor shaft itself. The
whole assembly 1s built on two U=channels as shown in
the photograph. In the absence of a suitable machined
bed plate, the U-channels have again to be mounted on
two other U-channels at right angles to them to avold
any rocking. A load cell is introduced under one of
the motor feet and a stiffening ring under the other,
The ring is designed (Appendix III) so that the system
has a natural frequency of about 450 o/s. Static
loading of the load cell, necessary to cater for

possible negative values of torque, 1s provided by a




bolt-andfnut Jacking arrangement. Since the stiffness

of the U=-channels as simply supported beams is compareble
with the total stiffness of the ring and the load ocell,

. the channels are supported by two more jacks directly

under the loading points,

Calibration of the output of the load cell was
not considered necessary since thils system will be
restricted to stalled-rotor conditions where alternating
components of torque, both observed and caloulated, will
be expressed in terms of correqunding steady-state
vqluyés. A check on linearity is, however, quite important.
This was done by static mechanical loading and found to
be well within the limits of accuracy required.

The quality of the results obtalned by the two
schemes is shown by Fig. 2.6, It is lnteresting to note
the 1dentity of pattern between acceleration and corres-
ponding stator reaction. The acceleromster gives clear,
noise-free signal without any filter. However, in the
case of the load cell a filter was found necgessary
because of the very high amplification needed. In both
cases soreened cable was used and proper sarthing was

found to be important.
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2.2,2, Deteotion of Speed:

A speed signal was somstimes required for a
qualitative comparison of speed and acoelergtion and
- was obtalned by means of a 400-c/s drag-cup, two-phase
induction generator supplied from a J.2 oscillator.
This frequency gives elght speed valuss for each oyale
of the maiél i.e. sunply frequency component of
transient g;rque or acceleration, and_waa found
sufficient to corrslate speed and correaponding'

acceleration.

2,3. Recording Equipment:

e————ri

As the torque transientsAare of comparatively
‘long duration (up to the order of a second), the
recording was done by msans of a Co.R.0. with moving
film ocamera. The oscillograph was callibrated on all
amplifier ranges likely to be used. ™Where a number of
related variables, e.g. ourrents and pbwer, had also %o
be recorded, a 6-channel Duddell oscillograph with

continuous paper camera was a&lso employed.
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30 INVESTIGATION OF TRANSIENT TORQUES WITH FREE ROTOR

Before undertaking a systematic experimental study
of such basic phenomena as p.-on-w, effect etc., some
preliminary tests were made., Firat with & selected
initial rotor position and applied voltage, and fixed
points-on=wave, varieties of aceeleration records were
taken in groups of 2ix or more and compared, All the
records for each group had a similar pattern but megnitude
variations up to + 5% were estimated for the amplitudes of
the peaks of the mains-frequency altermating component of
torque but in the majority of cases the wvariation was
within + 2%. It was decided to make it & gemeral practice
throughout the study to record the transients for any one

selected condition at least three times.

The effect of rotor position was systematically
studied. Variations of + 7% were observed but no very
conclusive pattern of variation was cbtained. To avoid
any variation that might be introduced by different
rotor positions, the rotor was always set at one selected
position before recording each starting transient. It
appeared to be possible to maintain an initial rotor

position setting to an accuracy of + 0.25°%
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In order that the acceleration signal can be
converted to corresponding torque, for the motor being
investigated (Appendix IV), the moment of inertia of
the rotor was first determined by a procedure similar
to that desceribed in Appendix III, and was found to be
0,00408 k‘g-»m.z.° Since the moment of inertia of the
accelerometer rotor is only 54 x 10”7 kg—m2 and is
thus negligible, this gives a torque sensitivity for
the motor-accelerometer combination of 60 mV per N-m.
Run-down tests showed that there is negligible retard-
ation‘due to friction and windage.

3.10 Point-on-wave Effect:

As has been pointed out in the introduction the
important basic phenomenon, in the case of single~phase
induction motors, is the p.-on-w, effect. This was
studied at an applied voltage of 140 volts which is
58.3% of rated value.

3.1,1. Experimental Procedure:

Allowing the necessary warming-up peried for
stabilizing the operation of the p.-on-w, switch, the
dial setting for 0° point-on-wave was selected in the

manner already described. Starting from 0° point-on-




wave, acceleration records were photographed at
intervals of 30°, Six records were taken at each
setting. Before each start the rotor position was
set at the arbitrarily chosen zero position. Care
was taken to maintain the supply voltage and the
excitation of the accelerometer constant. Readings
from the oscillograms were taken using a projector
and screen permanently arranged to give a fixed

magnification.

3:1.2. Experimental Results:

A typical set of the acceleration patterns
for different points-on-wave is shown in Fig. 3.1,
Fig. 3.2 shows the envelopes of the peak values of
torques and the derived curves of direct and alter-
nating components, The time scale of Fig. 3.2 is
slightly distorted since the interval between peaks
is taken to be constant and also the negative peaks
are assumed to occur midway between positive peékao
Plotting to an éxact time scale was not considered
necessary for the present purpose, i.e., the study
of the effect of point-on-wave on the general pattern

and magnitudes of the two components.
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Felo3. Discussion of Results:

The experimental results confirm the expecta-
tion that there is an alternating component of franaient
torque of considerable magnitude depending on the point~-
on-wave of switching. Although there may be components
of negligible value but of different frequencies, the
main alternating component of torque appears to be of

supply frequency, i.e., 50-c/s in the present case.

The initial amplitude of the alternating
component of torque has a maximum value (4.0 N-m.) when
the point-on-wave is indiscernable from 0°, This is as
expected since the 50-c/s torque is produced by the
interaction of direct and 50-c/s components of rotor
currents in one axis with 50-c¢/s and direct components
of flux respectively, in the axis in quadrature.

Since the rotor circuit at standstill will have a high
damping factor, the component of 50=c/s torque‘dﬁe to
the direct current in the rotor will die out quickly.
This component of torque will attain a maximum value
at a point-on-wave considerably different from 0°
depending dn the power factor of the iotor circuit at

standetill, On the other hand, the flux components are
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caused by circuits which are highly inductive and
therefore persist for a long time. Because ofAthe
inductive nature of this branch of the circult, the
value of direct current and therefore the corres-
ponding §0=-c/s torque_will be a maximum for a point-
on-wave close to zero, From the torque patterns it
can be concluded that the component of 50-g/s torque
due to dlrect current in the rotor does not affeot the
pattern éignifioantlyo However, it does seem to affect
the magnitude of the firat torque peak as shall be

shown presently.

Fig. 3.3 shows the variation of the magnitude
of the alternating component of torque_gt the f'irst
positive veak with resvect to polnt-on-wave. If the
altepnating component were caused by a single function
only, a sinusoidal variation could possibly be expected.
It is evident from the figure that this 1s not so.
Comparing the variation between 0° and 90° with a sine
‘curve, it appears that the effect of the second
function 1s to produce 2 small but definite component
of torque which opposes the principal oompqnent for
points-on-wave near 0° and adde for points-on-wave

near 90°
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It can also be seen from the figure that the
variation from 90° to 180° 18 not exactly the same as
that between 0° and 909 It does not seem to be
possible_to,acoounp for this difference in terms of
point-on-wave as equal deviations from 90° are likely
to produce similar_patterqs unleas the second component
of alternating torque 1s quite considerabls. The
comparative closeness of the actual and sinusoidal
curves during the first 90° suggests that this 1s not
S0, It therefore seems that some other explanation
must be sought. Results obtalned at a later stage in
the study seem to throw some light on this problem and
reference will be made to this later in the thesis.

In Rao'slo

analytical study of awitching
transients in single-phase induction motors it 1s
assumed that within the first few cycles "the rotor
will not have attalned any measurable speed; as such,
the effest of rotation on the transient currents and
fluxes my be disregarded.” The results of the present
investigation suggest that the validity of these two
assumptions 1s questionable, Even with only 58,3%

of normal applied voltage and therefore about 34%

of the normal average torque developed, the motor
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comes up to 80% of full speed in about 10 cyecles,

With an external inertia of about three times that

of its own rotor and full voltage applied the motor

will come up to speed in about the same time, In

most cases under normal operation, it is likely to

come up to speed in a shorter time, Furthermore,

these assumptions lead one to expect that the first

peak will be the largest peak., The present results
(Figs. 3.1 and 3.2) however, show that the alternating
component inereases until about the third peak is
reached and then starts decreasing. The initial

inerease is subetantial and requires explanation,
Analytical studies, where speed ls assumed zZero; do

not reveal this phenomenon. The explanation has there-
fore to be sought as some effect of speed. Unsatisfactory
mechanical response is ruled out in view of the fact that
the system has good response to a step acceleration as

in the case of 90° p.-on-w, switching.

In any induction motor, rotation of the rotor
conductors in the transient direct components of flux
give rise to arﬁature reaction similar to that in any
short=circuited synchronous machine. This will have an
important influence on the duration of the direct com-

ponents of flux and therefore on the alternating



components of torque, but can only cause an inorease
in the rate of decay. In the case of capacitcr~§tart
induction motors some other speed effect or effects
must be causing the initial increase in megnitude of

the alternating component of torque,

It 18 well known that in such machines the
startlng'vindlng and its capacitor are designed to give
& leading current at standstilll4”lse It can also be
shown from steady-state ocalculations that the starting
winding current generally remains substantially constant
up to about 80% or more of full spesed, For the motor
being investigated this has been expsrimentally ohecked
and found to be true (Fig. 3.4). However, because of
the changing power factor, the voltage acroas the
starting winding inoreases appreciably with speed.

This hes also been verified experimentally (Fig. 3.4)
and will obviously tend to inerease the amplitude of the
alternating component of torque. It therefore appears
from the results that the effeot of lncreased voltage
across the starting winding predominates over the
damping effect of speed for the first few cycles
producing & net increase in the amplitude of the
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alternating component of torque. Thus the initial
and quite substantial rise in the altermating com-
ponents of torque is a typical feature of single-phase

capacitor-start induction motors.

Mean Torgue Characteristics: A study of the mean

torque patterns (Fig. 3.2) shows appreciable variation
with point-on-wave., Whereas it can reasonably dbe
expected that the mean torque pattern will follow that
derived from’steadyustate equations for 90° point-on-
wave, it is likely to be different for other points-on-
wave for the following reason: When the rotor revolves
in the decaying umidirectional flux, it is subjected to
a dynamic braking torque. Obviously such a torque will
oppose the mean accelerating torque and will also be a
function of point-on-wave., The presence of maximum
braking torque must coincide with that of maximum alter-
nating component of torque since both originate from
decaeying unidirectional flux. Examination of the

patterns of mean torque confirms this statement.

If it can be considered that the magnitude of
the first peak of the altermating component of torque
is a measure of the initial value of the decaying
unidirectional flux, and the fall in the value of mean
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torque between the wvalue at the first peak and the
min;mug is a measure of the maximum dynsmic braking
torque, the relationship between these two is as
shown in Fig. 3.5. The effect on the time to reach
the speed at which the centrifugal switoh operates
(about 85% of synchronous speed) 1s shown by

Fig. 3.6, It was verified that, for a constant
applied voltage, the centrifugal switch operated

wlith respect to spesd with reasonable comnsistency.

32204, Concluding Remarkss

The alternating componenta qf torgque are
primarily dependent on thé point-cn-wave of the supply
connegtion. Spead effects considerably influsence the
transient tqrque patternf The largest value of instan-
tanecus torque (0° polnteonawaveg 3rd peak) is about
8037 N-m compared with 0,85 N-m which is the reduced
voltage torque at full-load sllp.

The mean torque or the direct component 1is
also affected by point-on-wave due to a dynamic braking
effect. This has a small but definite 1lnfluence on
the run-up tims.
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The starting time of a motor is dependent on
its own inertia and on the nature of the connected load,
It is not within the scope of the present investigation
to study the transient characteristics when the motor is
started against & 'load', However, since speed effects
have been shown to be of limportance, it is considered
necessary to study the effects of different run-up times,
This depends on the ratio of torque to inertia (7/J) and
could be done either by maintaining a constant supply
voltage and adding external inertia or by simply varying
the supply voltage., The latter method is easier and
more in keeping with the scope of the present work and

therefore was adopted,

3.2.1. Experimental Procedure:

Different values of T/J ratio were obtained by
varying the applied voltage from 120V to 240V in steps
of 20V and then to 250V, In this case it was considered
necessary to study the variation of the main and starting
winding currents, total power and speed in addition to
torque, Since the speed and acceleration signals do not
have enough power associated with them to actuate Duddell
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vibrators they were recorded using C.R.0.'s,
Connections to the Duddell oscillograph are shown

in Fig. 3.7. Acceleration and speed signals were
recorded on two different C.R.0.'s and the applied
voltage signal was recorded on all the three oscillo-
graphs to provide a time reference. The entire
experimental set up is shown in Fig, 3.8. Two series
of tests were carried out at various applied voltages,
one with 0° point-on-wave and the other with 90°

point-on-wave.

3:202. Experimental Results:

A typicel set of acceleration patterns for
different voltages with 0° point-on-wave is shown in
Pig. 3,9 and the corresponding speed patterns are
shown in Fig. 3.10. Anotbher such pair of acceleration
and speed patterns for 90° point-on-wave is shown in
Figs. 3,11 and %.12, The currents and power variations
with both points-on-wave at 140 and 240 volts are shown

in Pig, 3%.135 (a to d.).
%3.2.3, Discussion of Resulits:

It is evident from the rgaults that the
duration of the line frequenoy component of torque
depends very much on the T/J ratio. As bas already
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been shown, the transient torque depemds on the rotor
speed in addition to the point-on-wave, With a
selected T/J ratio and various points-on-wave, the
magnitude of the line frequency component varies
considerably (Fig. 3.1) but its duration remains sub-
stantially constant. In the present case, however,
the duration of this component appears to vary
approximately in the inverse ratio of T/J (Fig. 3.14).
This is to be expected because with increased value

of T/J, the motor acquires any given speed in a shorter
time and therefore the ‘armature reaction' effect also
builds up more quickly., Consequently the line

frequency transient torque vanishes earlier,

The above reasoning also suggeste that the
alternating compoment of torque should vanish at a
particular speed, It has been shown analytically by
T.J. Takeuchi® that such & ‘critical’ speed exists for
balancéd polyphase induction motors. The variation of
speed at which the aliternating component of torque
vanishes with respect to T/J ratio is shown in Fig, 3.15.
The speed remains substantially constant for values of

T/J greater than sbout 0.4. For values less than 0.4
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it decreases. It appears, therefore, that whem T/J
valuee are less than 0.4 the disappearance of the
50~c/s torque is governed partly by speed and partly
by the 'matural’ electricel damping of the transient
flux. As the T/J ratio tends to zero, the ‘critical’
speed also tends to zero. The limiting condition of
zero T/J ratio corresponds to the trivial case of
zero applied voltage, and to the locked-rotor

condition,

There iahconsiderable scatter in Fig. 3.15.
This is probably due to the fact that Figs, 3.9 and
3,10 had to be correlated to get the speed at which
the 50-c/8 torque vanishes.

Appearance of 100-c/s torque: A reasoning

somewhat similar to that in the previous section

leads one to expect that the double frequency pul-
sating torque migzht appear at a definite speed
1rrespective of the time involved. From Figs. 3.1l

and 3,12 the speed at which this torque appears for
different valuee of T/J was derived and plotted

(Pig. 3.16). Even though there is appreciable scatier
(as in Fig. 3.15), it seems that the double frequency
torque appears at a speed slightly less than 600 r.p.mo
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Overspeeding: It is seen from Figs, 3.1l and
3,12 that overspeeding occurs when T/J values are
greater than about 0.4. It may or may not be signifi-
cant that the alternating components of transient
torque vanish at a definite speed of about 850 r.p.m.
also for T/J wvalues greater than about 0.4.

The fact that the transient components of flux
never persist after a speed of about 850 r.p.m. is
reached, indicates that the overspeeding is not
associated with this flux, This conclusion is supported
also by the fact that overspeeding occurs at 90° point-
on-wave, when the transient direct component of flux is
negligible as well as 0° point-on-wave when this com-
ponent of flux is close to its maximum value. The
explanation must therefore be associated with some other
transient phenomenon which occuras as the machine
approaches synchronous speed.

6 has offered an explanation of

ROWO'Ager1
'transient overspeeding’ in terms of °"frequency modulation’.
Briefly, the explanation is that as the motor approaches
synchronous speed, the power component of current falls

and the air-gap e.m.f, phasor B, (Fig. 3.17) has to
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‘catch up’ with the applied voltage phasor ¥,. If

the ratio of torque to inertia is large enough, the
rate of decrease of current and therefore the trausient
frequency increase will be great emough to cause
appreciable overspeeding., It is interesting to note
[Fig. 3.13 (c and d)] the induction generator action

during the return swing.
Effects of Speed and Saturation on Peak Torgues:

It was seen from Fig. 3.2 that the overall effect of
speed is to incrsase the smplitude of the altermating

component of torgue umntil about the third cycle is
reached, The duration of increasing amplitude obviously
cannot remain comnstant when the rate at which speed is
acquired varies. The variation of time for which the
alternating component of torque increases with respect

to T/J ratio is shown in Fig. 3.18. It appears to be

a reciprocal relationship., Considering the fact that

the time to reach & definite speed also varies
approximately as the reciprocal of T/J ratio (Pig. 3.19)
it seems that for the range of T/J ratio considered, the
Phenomenon of increase in the amplitude of the altermating
component of torque is purely a speed effect irrespective

of the time involved.



The variation with respect to T/J ratio of
the first, second and third peaks of the transient
torque for 0° point-on-wave is shown in Fig. 3.20,
The first and second peaks follow similar patterns
suggesting that the effect of speed on these two
peaks had been consistent within the range of T/J
ratio considered. The patterns themselves are similar
to that of the familiar magmetization curve, Though
this is not directly due to magnetic saturation, it
appears to be a secorndary effect of the same, With
increasing saturetion, the voltage drop across the
stator winding will be an increasing fraction of the
applied voltage. Therefore the air-gap voltage as a
proportion of the applied voltage falls as the latter
increases, This eppears to cause the flattening of
the torque Vs.applied voltage squared curve at higher

voltages,

The effect of speed on the third peak changes
as the T/J ratio increases. For low values of 1/J
ratio, up to about 0,36, the overall speed effect
causes the third peak to be greater than the second,
but, for higher values the third peak is always lowsr
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than the second. This fits in very well with Fig. 3.18
since the third peak occurs at about a% ocycles after
switching on,

Comparison of Mean Torgues: The value of mean

torque corresponding to the first pesk and the ‘maximum
dynamic braking torque’ (p. 26/27) for different values
of T/J ratio were derived in the manmer indicated by
Pig, 3.2 and are plotted againet T/J ratio in Fig. 3.21.
For T/J ratios above 0,7 the torque peaks were too faw
to allow mean torque to be established with any reliable
accuracy. As would be expected the meam torque varies
fairly linearly up to this limit. The dynamic braking
torque also appears %o vary limearly with T/J ratio

in the unsaturated region. The odd point corresponding
to T7/J ratio of 0.7 would suggest that the distortion
in the time scale is now beginning to be important,

3.2240. Conecluding Remarkss

It is seen from the dicsussion that the transient
torques are as much dependent on speed as on point-on-wave.
In fact the disappearance of the line frequency component
is governed almost entirely by speed except for very long
starting times., The maximum value of peak torque acquired
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is also dependent on speed sinse the increase in
amplitude of the alternating component of torque is
dependent on spsed.

There 1s overspeeding for values of T/J ratio
greater than about 0.4 but this does not appear to be
caused by the transient flux. Magnetic saturation
affécts<the peak torques due to the increasing
proportion of voltage drop across the stator windings

at higher voltages.

3.3, Effect of Switching on while the Motor is

Running:

IL

- It has been shown from previous sectlions (3.1
and 3.2) that the transient torque, both the mean and
the alternating components, areAvery much affected by
speed. Therefore, if a motor i1s switched on while it
is still running - as ocan happen in p:aotioe - 1t is
to be expected that the resulting torque character-
1stiecs will be different from those corresponding to
starting from rest. Also the difference will depend

on the speed at which swifching i1s effected.
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503010 Experimental Progcedure:

The p.-on=w. switch was short circuited by an
external switch so that the motor could be started from
rest, switched off, and allowed to run down without
operating the pg-onewohgwitoho When the motor reached
a selected speed the p.-on-w, switch was triggered thus
reconneoting the motor to the supply at selected point-
on=wave and sx_peed° External means of bringing the motor
up to the required spesd was not considered since this
would necessarily involve cgoupling additional inertia.
to the roter. A tachometer was used for speeds up to

1300 r.p.m. and a 3troboscope for higher speeds.

Two serles of tests were carried out for speeds
from 200 to 1450 r.p.m., one with 0° point-on-wave and

the other with 90° point-on-wave.

3.,3.2., Experimental Results:

Torque patterns oorrgaponding to 0° p.-on-w,
switching at varioﬁs speeds are shpwn ;n.Figq 3.22, A
similar set corresponding to 90° p.-On-Wo is shown in

Fig° 5q23o
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3.3,3. Discussion of Results:

From the results it is seen that at low speeds -
up to about 300 r.p.m. = the general pattern of torque
variation 1s almost indistinguishable from that for the
case of starting from rest. For 0° point-on-wave
(Fig. 3.22) the first peak torque 1s always negative
even at low speeds. Except for this, the general torque
pattern, for speeds up to 750 r.p.m., has features
similar to those for the case of starting from rest.

For example, the magnitude of the alternating component
shows an inorease from the initial value before atarting
to deorease. Also the value of the first positive peak
remains substantially constant. For speeds 1n excess

of 750 r.p.m. the pattern begins to show a'marked
difference., The initial negative peak torque beglns

to assume greater importance. For speeds over 1200 r.pomo
peaks other than the first negative peak have almost

vanished.

An initial negative peak?‘depepdsnt on spsed is
present only in the case of 0° p.-0On-w. switching.
Examination of Figo. 3.23 shows that it 1s completely
absent in the case of 90° p.-on=-¥. switching. It 1s




therefore oconcluded that the negative torque is due

to the dynamic braking action of the direct ccmponent
of the transient flux. The variation of the net
braking torque with respect to the speed at switching
i1s shown in Fig. 3.24. The braking torque increases
slowly with speed up to about 750 r.p.m. Between thils
speed and 900 r.p.m., there is diqcontinuity indicating
a sudden rise ln the braking torque. The discontinuity
ocours in the apeed range at which the centrifugal
switch closes as the machine runs down. For speeds
greater than about 1100 r.po.m. thq braking torque

increases more rapidly with speed.

- It is well known that for a capacitor-start
motor, the steady-state accelerating torque with both
windings in ocircuit is very much greater than with the
main winding only provided the speed 18 below about
70% of synchronous velue.'* 1In this speed range,
the:eforag the net value of the momentary braking
torque will be very much influenced by whether both
the windings are in circuit or only the main winding
is 4in circuit. For the motor in question the centrl-

fugal switch recloses during the run down at about 60%
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of synchronous speed, It is thereforg to be expected
that as the centrifugal switch closes, there will be
a sudden increase in developed accelerating. torque and

thus a decrease in net braking torque.

- For switching at speeds approaching the no=load
value, the steady-state accelerating torque is dimini-
shing rapidly and therefore the braking torque increases
rapidly and approximates more closely to the dynamic
braking torque. Extrapolation of the curve shows that
at synchronous speed, the dynamic braking torque reaches

a value of about 16 N-m,

It is worth noting that the experiment is not
complicated by any appreciable ‘trapped! flux effect
since even the short time taken to run down to 1450 r.p.mo
1s enough to reduce such flux to an insignifiocant value

(Fig. 3.22),

3.3.4. Concluding Remarks:

Reclosing the supply while the motor is still
running gives rise to distinctly different characteris-
tics from that corresponding to starting from rest,
depending on the speed at the time of reoclosing. If

the motor 1s reconneoted almost immediately after the




supply 1s broken, it will be subjected, under the
worst oondition, to a momentary braking torque of
about 15 Nem. as compared with the corresponding
full-load torque of 0,85 N-m. This braking torque
Poan be completeli eliminated if the mot;r oould be

reconnected at 90° point-on-wave.

3.4, Other Effects:

It has now been seen that a large variety of
torque/tima‘patterns are possible. Any one pattern
is determined primarily by thg point-on-=wave of supply
connection together with the initlal speed of the
rotor and the rate at which further speed is acquired.
During the course of the study two minor effects of a
less fundamental nature were observed and to some
extent explored. These were flrst the'efféot of déla&
in connecting one of the windings and second the effect
of changing the direction of rotation. Unlike the
rotor position effect, neither of these phenomena is

present under normal operating qond;tiohae

3.4.1. Delayed Connection of one of the
Windings:

The machine windings were connected 1ndependent

of one another through channeis E and F to the supply,
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Relays E and F were initlally set to operate simul-
taneously and then the delay of F with respect to E
was oalibrated. Polnt-on-wave was selected for the
relay E. First with the maip w;nding connected
through E and with the polnt-on-wave set at o°,
various delays were introduced in connecting the
starting winding to the supply and the acceleration
patterns recorded, A similar set of tests was
carried out but with the point-on-wave now set at 90°,
Two more sets were also carried out exactly similar
to the two described but with the starting winding
connegted through E and the delay introduced in

connecting the main winding.

Study of the osclllograms showed this to be
a relatively minor effect. In any case, it is a
phenomenon not possible in normal operation. For
these reasons a numerioal study of the results was
not sonsidered worth while. However, soms general
conclusions drawn from the observation of the 246

oscillograms taken will now be glven.

It was found that the alternating component

of torque is dependent on the point-on-wave of the
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maln winding connection and is almost wholly caused

by the tranaslents in the main winding, The transients
in the starting winding contribute very little, if any,
to the alternating component of torque and therefore
this torque 1s practically independent of the point-
on-wave of the starting winding connection. It was
a2lso noticed that the main winding transients reach

an insignifiocant value within about 0.5 sec.

3,4,2. Directionsl Effeocts:

Al) the results presented and‘disgussed so far
refer to a selected direction of rotation., A represent-
ative selection of characteristics for the other
direction of rotation was observed, It was concluded
that thers was no appreciable general effecto‘ In the
course of these observations it was noticed that the
transient torque peaks for the fipst start in any new
direction always had higher values than for the
subsequent ones. This effect was present both for 0°
and 90° points-on-wave but was mnchAmoré proncunced in
the former case., Possible causes for this such as the
acoelerometer having remnant magnetic effect, mechanical

slackness in the coupling, magnetic orientation in the



stampings were explored with negative results., This
phenomenon, therefore, seems likely to be an impact
effect due to some slight slackness of the rotor

assembly.
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4, INVESTIGATION OF TRANSIENT TORQUES WITH STALIED
o e e A St i e s S acegs

ROTOR
- 3

Starting a single-phase, capacitor-siart
induction motor from rest, gives rise to a specific
type of transient torque characteristics due to the
fact that the rotor is &t rest initially and thereafter
changes in speed continuously. Similarly, re-closing
the supply to the motor while the rotor still has
appreciable velocity gives rise to another class of
characteristics where the predominant featurse are
due to the heavy initial damping imposed on the transient
flux by the dynamic action and the sudden dynamic braking
torque. Yet another distinetly different type of charac-~
teristic will result if the motor ie switched on with
its rotor stalled as there is then complete zbsence of
speed effects., This last mentioned case will now be
studied both by direct experimental methods end by

analytieal procedures.

4.1. Experimentsl Invest{gation:

Since acceleration is now absent, the scheme
adopted for free rotor conditionms is no longer applicable.

For this condition, it was decided to use a precision
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load cell arranged to detect stator reaction. The
design and performance of this system has been

discussed in Chapter 2 and Appendix II.

4011, Experimental Procedure:

From preliminary tests it was estimated that
the maximum pressure to which the load cell is subjected
(with 58.3% of full voltage applied) is of the order of
15 1lba, Transient torque recordings taken with various
amounts of static pressure showed that at least about
30 lbs must be applied before a reliable pattern is
obtained; with static pressures below this value the
pattern is dependent on this pressure. The walue of
30 1bs is much more than is required to cater for the
likely negative torgues and is presumably needed to
establish good mechanical contact between the various
contact surfaces, Since the load cell has good
performance up to mény times its rated capacity it
was considered desirable to work near the full-load
capacity of the cell., This was done by applying a

static pressure of 85 1bs on all occasions.

The rotor was blocked (Fig. 2.5) using two
steel arms of crosawsection'% in, by-% in, Care was
taken to allow sufficient warming up time for the
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Po—on=w, switch before selecting the setting for

0° point-on-wave,

With 140 volts applied, the transient torques
were recorded for different points-on-wave of switching
from 0° to 180° in 10° intervals. Also with the point-
on~wave set first at 0° and then at 90°, two series of
tests were conducted varying the applied voltage from
120 V to 240 V in steps of 20 V and then to 250 V.

40,102, Experimental Results:

A typical set of the torque patterns for a
selection of points-on-wave is shown in Fig. 4.1,
Since the value of the applied voltage appears to have
little or no effect on the pattern, no selection of
oscillograms is given in this case, Instead, the
variation of the first positive peak, after correcting
for attenuation due to the filter, is plotted to a
base of voltage squared (Fig. 4.2) for the case of 0°
point-on-wave. The variation of the steady state

torque is also shown.
4,1.3. Discussion of Resgults:

As in the case of free fotor, the point-on-

wave plays an important part. It can be seen from
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Fig. 4.1, that the signal 1s subjected to an
appreciable discontinuity at the origin for points-
on-wave other than zZero., This makes it impossible

to draw any relationship connecting the amplitude of
alternating component of torque and the point-on-wave.
However, the general variation of the alternating
component with respect to point-on-wave appears to be
similar #o that in the free rotor case, The main
difference in this case is that there ias no increase
of alternating component of torque since the rotor

is not free to rotate and that the alternating com~
ponent of torque dies out with a decrement detefmined

only by the electrical parameters of the motor.

For 0° point-on-wave and for each supply
voltage used, the envelopes of the alternating com-
ponents were plotted, using a logarithmic scale, in
order to study the decrements, A representative
selection is given in Fig. 4.3. The general exponential
nature of the %ransients is confirmed but at lower
voltages there appears to be a secondary component
which opposes the main alternating component. The

secondary component reaches an insignificant value in



about 2.5 cyocles and the main componént has a time
constant of about 10.5 cycles or 210 ms. At higher
voltages the initial decrement is faster than that
corresponding to a time constant of 210 ms. This is
because of the hlgh degree of saturation during the
initial period of the transient at higher voltages.
After about 10 cycles from the instant of switching
the decrement has a time constant of about 210 ms. for
all voltages. This shows that the normal steady-state

saturation does not affect the time constant very much. The

direct component of the transient torque in all oases

remains level.

Fig. 4.2 13 drawn to a double log scéle to
facilitate oompariéon of the peak and steady-state
torques. The two éppear to be roughly pdfaliel showing
that they have a constant ratio. The peak torque 1s
about 2,1 times that of the steady-state torque.

It can be seen from Fig. 4.1 that there 1is
appreclable 50-c/s torque modulated with a 100-o/s
torque. Such torques have been shown to exlst in

electrical machines due to unbalanced magnetic pull.,17



4,1.4, Concluding Remarks:

The magnltu&a of the alternating component of
the transient torque is dependent on the point-on-wave
in much.the same way as in the case of free rotor,
However, there is no tendency for this goﬁponent to
show an'increaae over the initial value. For 0° point-
on;yave, the ratio of peak torque to steédy=state
torque is about 2.1, 7The "natural® eleatriocal decay
of the alterrating csomponsnt is fairly long. It takes
mores then 30 oycles for 1% to reach 5% of ite initial
value. The initial decrement 1s influenced by the

applied voltags.

4.2, Apalyticsl Investigation:
=g

===

For s%eadyastat@ caloulations the choice betwesn
the usé of ‘double-revolving field! theory and fcross-
field' theory is largeiy a metter of personal preference,
though thers 1s some resson to prafer the former for
normal running conditions whers the starting winding is
cut out and the latter for starting conditions. For
transient studies thers is no obvious advantage in
considering any alternative t¢ the actual, two-axes

arrangement .



In this analytiocal investigation, the usual
simplifying assumptions shall be made.1°’14'18 Most
important of these are the assumptions that the
dilstribution of m.m.f.'s is sinusoidal and that the
effect of saturation can beheglect'ed° Though the
latter assumption seriously limits the extension of
thé analysis to normal working voltages, the first
assumption does not introduce any 6onsldarable error
as the parameters used in the final calculation will

be experimentally determined.

Singe the roter has a symmgﬁrical cage winding,
1t can be represented by two identical windings in
quadrature, eaoh having the same number cf turns as
the stator main winding. Therefore, the motor will
be rebresented by four coils in the dewand q= axes,
as shown in Figa.4uéo In any such arrangemeﬂt, it can
readily be shown, either by the virtual displacement
method adopted by Lyon6 or by the !'power corresponding
to torque! approach as used by Adkins,18 that the

torque at any instant

T = P (1(11 1q2 = & 1(12 1ql) saoc (401)



Determination of instantansous torque is, therefore,
primarily a matter of evaluating the four ocurrents

idl' 1&2' 1“’ and iqze

4:2,1.

Under blocked rotor comditions, the voltage
equations for the two axes are

5y = (rdl + I‘dlp)"dl +Mp 1.,

osce (4.2)
O = HMpig +(rp+I, )y,

0 = (r2 + I.zp):!.qz + aMp 1‘11 |
0ooo (403)

e = aMp i+ (rql-a- I.qlp + &1,):1(11

It should be noted that equations (4.2) and (4.3) are
two independent sets of simul taneous equations. Also,
for single-~phase motors €41 is always equal to quo

If © is the point~on~wave at which the supply
ies commeocted to the motor, then the applied voltage can

be expressed as
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ve Vsin (Ot + 0)
= Vcos 6 8in bt + V 8in 6 coswt
= V' 8in W ¢ +v" cos Wt ceoo (49‘-\

Therefore the applied voltage can be considered as the
sum of two functions, one cosine and the other sine,
By applying the principle of superposition, the axes
currents can be calculated for these two component

voltages individually and then added.

Applying Iaplace Transforms to equations (4.2)

the transformed equatione beccme

®41(s) 8 + Ik

i = o
o)~ Hlg ° Te%1Te+5,)
0000 (‘05)
and 1 = - ed:L 8 (] m a
d2(s) 6alay (s+p1)(e+p2)

k k. .+ k..k
where p, = dl 4./(51 kz) - 412

k kya+ k ka ko
st %2 a2 4l
and pp = 2'__ K - oA
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Piret taking e, ) Oorresponding to v' sin @t
and then V" cos «wt, the complete expressions for
’fdl and .1d2 are obtained as

| . (P]_A - k) | -py b
‘o " la Gt B 01m 0 - Soon o

(pp, = kz) “pyrt
, o2 _ 2
* };i-l; (Pr"l’z)(;g-i-ua) sy o128 - woos 6] o

--L —%—2;7 in (Wt +6 = f,.)
; o ° + had
MRV T R a

where



and
1) == 1 - "Ryt
T T e R
W Dy ' " Dyt
. -
Y Tl (pz-pi)@ +w2) Lp, otn & oo ol
L (N 1l o sin (0t + 0 - f))
Tala1lo \/(p1 +«@2)(p2 + %) a2
o600 oo0o0 coo (467)
where

-1 -1 n
+ tan 5 /o

wle
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Applying Laplace Transforms now to equations (4.3)

'qi 8 ' 8(8 + kz
i = -ZLJ o
(s) = Tlgy [,s,,, u )+ X, E
CoTa) %y

600 090 (40&)

X : en(') ¥ 82
2(8) * " ST 3,2 F e k
O R g e, ) e
| e 1 0l Tam’q

- o000 [ N-X] (40%)

19 ’ . :
By Viet's Formula a first approximation to the
real root of the denominator is obtained by ‘taking the
root ot the last two terms, 1i.e.

kKo + '6%;;

e
2/01
Q

f K if K ky <«

&t
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In the present ocase this appronmtion is found %o
be quite valid since k; kp = 0.0228 x 10% sec. -2
and '

gi— = 1.56 x 10* sec.”?  Therefore, with k, as the
i

real root, the other two roots of the cubic expression

become approximately

pl = &+ 8
asso (4.9)
and Pp = a~8

« -} (5’;}5’*-*2) ‘

and- 8 -/ az
T

Therefore equations (4.8) can be rewritten as

4 = S9i(s) 8
W(e) Gl (s+a)2 + g2

where

o000 (4010)

-]
fuz(e) * " k' (.;+:=2)[(.»+.,=)5 2)



As before, first taking °¢11 (s) corresponding
to V' sin w+t and then V" cos «dt, the complete

8
| olutions for :I.ql and iqz are obtained as

1 - ; v N

a oahu / :;2“32 + (aimzz)!
@
[%‘/4124-52 {éoa/g"ain (8t -¥,)

+ \/uzﬁz .sinf cos (gt-¥, )l et
e

+ WDein (Wt + 6 ~ ﬂu)]

000 LX) oeo (‘011)

” - _1 ‘02_m2_ﬁ2
qQ 2¢ﬂ

| 1'1 - -1% - tan™} 20
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and
2
A ka o ol *tzt
i - - (‘0 e~k "&n.G)
2 "iEan {(323- M (amxp)2487] m ¢ e
{d(aawz )oos 6.sin(pt-¥s)
+ ﬁ2(5g2 «?)245%(362 ff.sinn coa(pt-l'4) !

B [l (akp)?45%1( 40° Pataag?F)%]

. et

a:l.n(&t*-e-ﬁqz)jl

®o0 o%o0 oeo (4012)

- ’1 ‘a Qz"a "pz - ®
Fop = ten k, + e IR /2

» -1 2 -1 2—« "1 - 2

and

= tan-1 g(:E I!')' tgn"l .&_ + ten _._E......“ -p+df
B(3a“~p*) | 2af




e 60 =

To get a mathematical expression for torque the

ar’ tazs 1q3° q
(4.6), (4.7), (4.11) and (4.12) require to be subatituted

expressions :or 1 and 1 o from equations
in equation (4.1). As this does not appear to lead to
any mathematical simplification, it 1is preferable to
substitute the machine constants in the expressions for
the currents and then ocarry out the required numerical

multiplication to obtain instantaneous values of torque,

4.2,2, Determination of Machine Constants:

The machine constants were determined from no-load
and locked-rotor tests and resistance measurement as
described by Veinott. =20 The values of the different
| parameters thus determined, at an applied voltage of
140 V, are '
.r.. = 5,18 ohms

Yo = 7 ohms
x1 = X5 = 8.8 ohms
x. = xl + xm

= 231 ohms
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The starting winding resistance and series capacitance
were measured and found to be 15.5 ohms and 93.2 L P
respectively. From the winding diagram of the motor
supplied by the manufacturer, the turns ratio 'a' was

oaloculated to be 1,016.

An attempt was made to determins the total
inductance of the main and starting windings directly
using the method desoribed by Prescott and El-Kharashi.®l
Becauae of the low values of current involved, the method
dld not give any aocurate results but it showed that the
turns ratio is almost unity as compared with the value
of 1.016 oalculated from winding details. A spsoclal
rotor without the cage winding was obtained, and using
this, the open-circuit reactances of ths main and
starting windings, at 50 ¢/s, were determined as 228 ohms
and 226 ohms respectively. Therefore, in the numerical
calculations the turns ratlio is taken as unity and the
total inductance of either winding is taken as that
corresponding to the reactance of 227 ohms at 50 a/8.

It 1s worth noting that the valuss determined directly
and by Veinott's method are in agreement within 1.8%.

The different machine oonstants required for the
numerical evaluation of equations (4.6), (4.7), (4.11)

and (4.12) are, therefore,
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ragy = 5.18 ohms
rql = 15.5 ohms
¥, = 7,00 ohms
Liy = 0.722 H
1'91 = 00,722 H

L, = 0.722 E
M = 0,694 B
kyy = 7.18 sec—t

k) = 21.45 sec
k, = 9.7 sec™t
Gz = 0.076

6q = 0,076

a = 1.00

Cc =’ 9302 “Po

4,2,3. Numerical Computations:

_ The machina_conétants were substituted in
equations (4.6), (4.7), (4.11l) and (4.12) and the
numerioal expressionsfor the different ourrents were
then obtained. Since the values of instantaneous
torque are to be obtained as a dif;erence or‘tvo_
comparatively large qugntltiés [ equation (4.1)],

the current expressions had to be computed to a



::)63m

greater accuracy than that with which the machine
constants were dqtermineda A dgsk calculator was used

for this purvose. The resulting current equations are
147 = 00024024 [314.16 cos # - 218 sin g] ¢~218%
+ 0.00094094 [314.16 cos & - 4.2 ain #] e 4°2%

4+ 90,4393 sin (314.16%t + 4 - 56°13")
cooo (4.13)

= = 0,024182 [314.16 cos £ - 218 sin ¢] e 218t

fbo
()]
N

i

+ 0,00068947 [314.16 cos # — 4.2 sin #] e 42t
- 9.0733 sin (314,16t + 4 - 54°27*)
vooo (4014)

1, = 0.025475 [442 sin (394t - 30°9') sin #
~314,16 sin (394% + 33°1')cos gle200-15%
+ 701331 (314,16t + &4 + 37°37"')
o000 (4015)
14p = = 0-000017247 [314.16 sin £ - 9.7 cos gle™2°7*
= 0.024774 [442 8in(394t - 29°27) sin @
~314,16 sin (394t + 34°1')cos g]e 200-15%

- 6,8565 8in (314,16t + § + 39°23°)

W‘ - ’ 4 coeo (4016)
5('0( (# 4%./<,\v®




The equation for instantaneous torque 1is now

T =2x 00694 (14 1., = 145 1.,) coeo (4017)
1

A Sirlus Digital Computor was used to compute
the instantaneous values of ourrents and torque.
Points-on-wave from 0° tq.189° in steps of 30° and
also the 'sallent?! points-on-wave at which the two
unidirectional components of surrent in the direot
axis reach their maximum and gero values, were selected
for ths computation. Two programmes were drawn up, one
to caloculate the total torque at intervals of 0.1 ms
for the first oycle and the other to caloulate and
print out‘the individual components of torque and the
total torque for a period of 8 oycles from switching,
at intervals of 2.5 ms. The computations were carried

out for each of the selected points-on-wave.

4.2.4. Computed Results:

‘ All the different significant components of
torque for the four f!salient!? points-on-wave are shown
in Figures 4.5, 4.6, 4.7, and 4.8, Fig. 4.9 shows the

variation of the alternating component of torque at the
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first peak with respect to point-on~wave and also
a Table showing the time of occurrence of the first
peak against point-on-wave,

4:2.5. Discussion of Computed Resultss

Examination of equations (4.13) %o (4.17)shows
that there are nine components of torque during the
transient period., They are :

l. The steady-state torque resulting from the inter-
aoction of steady-state currents and fluxes,
* 2o A unidirectional component with a damping factor
of 13.9 sec.”l (1.6, T = 3,6 cycles),
3. Another unidirectional component with a damping
factor of 227.7 sec.” L (ice. T = 0,22 cycle).
4. A line frequency alternating component with a
demping factor of 4.2 sec. t (i.e.T = 11.9 cycles).
5. Another line frequency alternating compoment with
a damping factor of 9.7 sec, 1(1.6, T = 5,16 oycles).
6, A third line frequency alternating component with
a damping factor of 218 sec. l(1.e. T= 0,229 cycle).
7. An alternating component with a frequency of
62,6 ¢/s. and a damping factor of 204.2 sec.™}
(i.e. T = 0.245 cycle).
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8, A second 62,6-c/s component with a damping factor
of 418 sec.™t (i.e. T = 0,12 cycle), and finally
9. An alternating component of composite nature with
a damping factor of 200 sec. * (1.6, T = 0025 cycle).

Because of the coupled nature of the ciroults,
the d-axls unidireotional currents and flux dle out
with two time constants. In the q-axis, there is a
capacitor in series with the stator winding resulting
in only one decaying unidirectional cqmponent of
currents and flux and a decaying 62.6~¢/8 component.
If the starting winding had no capacitor in series
then the g-axis ourrents and flux also will have two
unidirectional components. In that oase 1get9ad of
the last three oomponents of transient torque, there
will be ywo more unidirsctional components and mnother

line frequency component all deoaying with time.

From the values of the different components,
it 1s saen.that the most important of them, besides
the steady-state component, is the first line frequency
component with a damping factor of 4.2 sec,”l The two
. unidirectional components and the second line frequency
component with a damping faotor of 9.7 sec.~1 never

reach any significant value, The rest of the components




all reach an insignifiocant value within tle first

oyocle [ Figs. 4.5 to 4.8]. However, these gomponents
do affect the magnitude of the first peak dbringing it,
in faot, slightly less than the second peak near 0 °
point-on-wave (Fig. 4.5). For points-on-wave near 90°,
these components help to increase the value of the first
peak and at 90° pointnonewgve produce by themselves a

net value of about 0.2 N-m.Fig. 4.6).

4.2,6. Concluding Remarks:

The analytical investigation also shows the
importance of point-on-wave of switching. The calcula-
tions have shown that the qualitative stgtemanx that
the maximum'alternating component of torque occurs for
0° point-on-wave 1s correct within 46 min. and that the
1ngtantaneous torque values for the exgot point-0on-
wave for maximum alternating ocomponent, and 0° are the
same, The 'secondary‘ alternating component has 1ts
maxipum for 145° 13¢ or - 34° 47' p.-on-w. The net
effect of all the minor alternating components 1s to
oppose the principal component for points-on-wave

near 0° and assist for points-on-wave near 90°.

The maximum value of the ratio of the first
peak torque to the steady-atate component 1s 2.51. The
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principal alternating component has a damping factor

of 4.2 sec.~t or a time constant of 11.9 ocycles,

4,3. Comparative Study of the Experimsntal and

Computed Results:

The analytical results appear to be generally
in good agreement with those determined by direct
experiment. Whereas the experimentally determined
time constant of the main alternating component is 10.5
oycles, the corresponding gnalytlcal va;ue is 11.9 cyoles.
Also the ratio of peak torque to steady-state torque for
0° point-on-wave is 2.1 as determined by experiment and
2.51 by analytical method. These two sets of results
may be sald to be in falr agreement but the differences
lead one to suspeot that the transient saturation 1s
significant even at an applied voltage of 58.3% of

normal value.




5. GENERAL DISCUSSION

5.1 Comments on Experimental Approach and

Systems Used:

The experimental approach adopted in this
investlgation has yielded results whioh give a good
understanding of the physical phenomena associated
with transient torques in single-phase capacitor-
start induction motors. It seems hardly liksely that
such a clear physical undepstanding would have resulted
from the solution of the equations for the complex
conditlions of the free~rotor case. In any case, the
solution for such a condition will generally involve
simplifying assumptions. Before the permissible
8implifying assumptions oan be made, it is probably
necessary to have some prior knowledge of the relative

importance of the various physical phenomena involved.

The drag-cup acceleromster has proved to be
& rellable devigce for observing the torque patterns
which contain alternating components and sudden
changes. Together with controlled switching this‘haa

enabled the effect of such basic factors as point-on-
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wave and speed to be observed. The reaction
detecting system, though more versatile, is slightly
less satisfactory from the point of view of acouraoy
owing to the comparatively small output signal,

Load cells whioh have recently becoms available have
‘higher output and smaller diaplacement at rated
Voapacity. With the use of such devices, it should
be possible to obtain a more satiasfactory signal
level while maintaining the necessary system

stiffness.

The Duddell records have not been of gréat
help towards understanding the phegomena 1nvolveq
in tﬁe production of transient torques. However,
the power trasge shows that the pegk valuea of power
are fairly constant for 90° point-on-wave in which
case ths‘acqelqration is also fairly uniform. ‘For
0° point-on-wave, the peak values undergo a& 50-c/s
modulation corresponding to 50-0/s torque. Also
when there 1s overspeeding, tﬁa motor aoctually

feeds back power during the return swing.



5.2. Comparative Study of Free~Rotor and

Blogked-Rotor Results:

From the results obtained for the free-rotor
1nvestigation; 1t was noticed that the overall effeot
of speed 1s to increase the value of peak torques up
to about the third positive peak. Examination of
computed results shows that for points-on-wave near
zero this inorease is helped by the electrical
tranalents themselves. At 0° pointwonewave, components
other than the prinaeipasl line frgquenqy componenﬁ help
to bring down the first peak torque by about 6.5%
making it less than the second peak by about 1.5%.
Since these components have a very large dampiqs
factor they do not affeaot the second and subsequent
peaks. va, however, they happen to have a low damping
factor - as for a machine wlth rather large rotor
leakage reactance - their effect may persist long _
enough to affect further peaks also. In that ocase,
an incrsase in the peak value msy ococur for a few
cyocles due to purely electrical reasons even with

blocked rotor.



The blocked-rotor investigation 4oes not
appear to have ylelded results as reliable as the
free-rotor investigation. Thls 1s thought to be
mainly due to the large amp;ification needeﬁo AThe
value of the first peak torque for 0° point-on-wave
is about 506 N-m as compared with the computed value
of 6,95 N-m, & differsnce of about 17%. Thls may
also be due to the aiffioculty in estlmating the value
of steady-state torque sincelit dontqins large
amplitudes of 50-c/e¢ and 100-c/s torques due to
unbalanced magnetic pull, It»may be poszsible to
overcone thils difficulty by a direct calibration of
the reaction deteoting system. However, the results
have given reliable valuesAfor.the time constant of
decay of the transient torques. The value of 210 ms
for the principal tims constant compares favourably
with the computed value of 238 ms. The results have
also demonstrated the effects of high transient
magnetic saturation at higher voltages. '

Investigators using purely analytical methods,
have generally considered the blocked=rotor transients

to be a satisfactory approximation of the actual
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This assumption appears to be

aatiafactqry only as far as the first peak torque 1s

concerned, as can be seen from the following Table

which was obtained for 140 V and 0° point-on-wave.

TABLE
- Pirst ‘Second ‘Third
positive positive positive
peak peak peak
Method
Computation for .
Blocked Rotor 6,95 7.06 6.7
conditions (max. )
Experiment with 7.2 8.0 8037
(max.)

Free Rotor

If the computed value of this first positive peak

under blocked-rotor conditions was taken as an estimate

of the likely largest peak for free-rotor conditions,

there would be an error of about

«17%.
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5.3. Explanation of the Dissimlilar Variation

en———
e

of the Alternating Component of Torque

for Equal Deviations from 90° point-on-wave:

It was noticed during the study of p.=on=w,

effect with free rotor that the variation of the alternating
component of torque with respect to polnt-on-wave between
90° and 180° 1s not exactly the same as that between 0°
and 90 %(p.22/23). It was also pointed out at that time

that it does not appear to be possible to explain this
difference in terms of point-on-wave, It is now possible

to acoount for thils with the aid of information obtainead

from the blogked-rotor studies,

Fig. 4.9 shows the variastion of the alternating
component of torque at the first peak with respect to
point-on-wave as obtained frqm computed results. The
varlation between 0° and 90°, and that between 90° and
180° are the same. However, sxamination of the accom-
panying Table shows that between 90° and 180? the peaks
ocour somewhat later than between 0° and 90°, From
Fig. 3.3 1t 1s seen that, for the free-rotor case the
values between 90° and 180° are lesas than thosé between

0° and 90°/for the same deviation from 90°. It appears,

{



therefore, that during the longer'tima that the torque
has taken to reach its firat peak, the dynamlc braking
torque has increased significantly enough to affeot
the value of the peak torque.

5.4. Praotical Significance of Translient Torque:

The purpose of this investigation ia primarily
to attempt to flll_a gap in the knowledge of the
performance of single-ovhase capacitor-start induction
motors. There 1is liytle to suggest that the magnitude
of the transient torques are normally suffieient to
influence design and operating considerations. When
sta;ted from rest with 140 V applied, the maximum peak
torqug is 8,37 N-m as comparsed with 2 maximum of about
6.0 N=m just before the centrifugal switoch operates.
The latter value is the la:gest value of torque likely
to be obtalned from steady-state theory, if care is
taken to include the loo-o/a pulsating torque. The
maximum transient peak torque is, therefore, abqut 40%
greater than that could be obtalned from steady-state
theory. However, if the motor 1s re-closed while the
rotor is still running near its no-load speed, it 1s

subjected to a severe dynamic breaking torque before

t
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it acoelerates. The magnitude of’this braking torque
has a maximum of about 15 to 16 N-m. This 1alabout
150% gre@ter than the maximum of 6 N-m for steady-
state conditlions, or about 18 times full-load torque.
It 18 felt that this is an important point of some
practical significance thougp the occurrence of such
a severe dynamic braking torque may normally be rare
in practice. Whers a motor is to be ussd connected
to a load of comparatively large inertia; and 1if re-
connecting the supply while the rotor still'has
substantial speed 1s a distinct posaibillity, the
danger of mechanical damage to the shaft may be quite
significanto_ Under~suoh‘91rqumstanoas the possibility
of installing a simple p.-on-¥, control system which
willl ensure oconneation at or near maximum voltage,

may be worth considering.
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8. CONCLUSIONS

The initiatlion of transient torques in single-
phase capacito:aaﬁart induction motors is dependent
upon the point-on-wave of applying the supply voltage.
Such torques attain a maximum value for a point-on-
wave near 0° and are almost completqu absent for 90°
point-on-wave. The instantaneous torque attains negative
values when the transient component is s maximum. The
maximum amplitude of the initial alternating component
of torque is not much greater than the steady-state
value.

Speed plays an 1mportgnt part in governing the
duration of the transient torque and the magnitude of
the largest peak. I{ actually helps to increase the
emplltude of the alternating component for some
appreciable time. This 1s not likely to be so in the
case of ‘*split-phase' motors, i.e., single~-phase motors
which do not use series capacitance in the starting
winding circuit. The duratlion of the alternating
component 1is almogt_oomplepely governed by speed exocept
for very long run-=up times, The run-up times are

determined mainly by the T/J ratio. For large T/J

t
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ratios the motor undergoes transient overspeeding

before 1t finally attains its normmal no-load speed.

When the motor is started from rest, the
effeots‘or speed and point-on-wave do not produce
forque peaks very much 1ln excess of the maximum
torque for steady-state conditions., If it is re-
connected to the supply while the rotor is still
rotating near the no-load speed, these factors ocan
produce a very considerable dynamic braking torque.
This transient braking torque c¢an reach a maximum
value of about 250% of the maximum that can be
predloted from steady-state caloulations, even
allowing for the double-frequency pulsating torque.
In terms of full-load torque the maximum net braking
torque 1s of the order of 15 teo 20 timss greater.

Calculations based on the assumpt;on of zero
speed give a value for the firat peak torque which
is reasonably close to the actual value that ia
~obtained during normal starting conditions. However,
the maximum value obtained during normal starting
conditions is about 17% greater than that obtained

by calculations with zero spded assumption.

{
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;e SUGGESTIONS FOR FURTHER WORK

Since the present work is probably the first
attqmpt at a systgmatic expasrimental atudy of tranaient
torques in aingleophase inductlion motors - indeed,
induction motors in genmeral - it follows that the study,
by direct experimental methods, of transient torques
in induction machines is by no msans exhausted. In the
case of balanced polyphase machines, in addition to an
investigation similar to thse present one, such phenomensa
as that resulting from non-simultansous connection of
phases is of partiocular interest. In all induotlion
machlines, the effeots of different types of load could
be explored. The possibilities are toc numerous to
detall. Therefore only a few suggestions which follow

immediately from the present work will be discussed.

The effeot of varying T/F ratio has been studied
in the present investigation by varying the appliled
voitagen This necessarily brings in the effect of
saturation. It would be interesting to study this
effect by keeplng the applied voltage oconstant and
adding external inertia to vary the T/J ratio.
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It has been ahown~that there can be a very
large dynamic braking torque during re-closing while
the rotor is revolving. In the free-rotor investiga-
tions, this torque does not act on the shaft. It
would be worth studying the effect on the shaft of
such large dynamic braking torques. A speed
stabilizing system would be required for this purposse.
This may be acghieved by coupling the motor to a large
doc. machine which can bs used to keep the rotor
revolving at any‘desired speed including speed;
greater than synchronous speed. Alternatively, a
flywheel with a very large amount of inertia can be
coupled when speeds over no-=load speed are not considered.
Such 6 system can also be used to atudy the'tranaient

torques at selected constant speeds.

In the study by Das Gupta,l2 of the possibility
of reversipg single-phase 1induction motors by reversing
the supply, the instant of reversing the connections
was at a random point on the supply vqltgge wave., As
this possibility depends on the point-on-wave dt the

instant of operation, it would be much more satisfactory



to investigate this with the necessary p.-on=w,
control, as could be provided by the equipment
used in the present study.

Single-phase induction motors of the type
employed in the present inveatigation, are widely
used in sizes ranging from about 1/50 horse power
to a few horse power. An experimental study based
on the present work, 1s needed to ascertain the
influence of size and associated parameter

variations.



APPENDICES

1. REVIEW OF POSSIBLE METHODS OF DETECTING TRANSIENT
TORQUE

The total torque deyeloped by an electriocal
machine du?ing a t:ansient'period is madg vp of three
componsnts, namely, the accelerating torque = presenﬁ
only when the machine speed is not constant, the
transmitted torque and the f:iction and windage torque,
The friction and windage torque 1is generally sc small
that 1§ can be neglected. Therefors the total daveloped
torque, also known as the alir-gap or el@ct:omagnetic
torque, can be taken to be approximately equal to the

sum of the accelerating and transmitted torques.

Any satisfactory mathod of obtaining the
electromagnetio or air-gap torque would meet the require«
menﬁs dﬁlboth phases Sf fhb presentﬁstﬁdya Howevef, for
the éaéé'df free rotor‘it may be preferable to consider
the direct msthod 1.e., recording of acceleration.

Since the study 1s limited to unloaded conditions, 1%
might appear tp‘be unnecessary to consider transmltted
torque devices. A little consideration shows that

this is not necessarily true. A device for observing

14
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transmitted torque could be qsed as a basis of a
scheme for obtaining stalled-rotor torque. Further-
more, if the addition of external inertia together
with a compensating increase in supply voltage can

be considered such devices can also be used for
obtaining acceleration torque. Thus, it is neocessary
to consider methods of detecting alr-gap torque,

acceleration torque, and transmitted torque.

JIol. Alr-gap Torque:

The total electromagnetic torque is produced
by the interaction of the alr-gap flux in one axis
with the rotor current in the axis in quadrature. Thus,

for a two-axis machine, we have torque
T ol (¢q.1d2 -;éd 1%)

To obtain a signal corresponding to the airugap.torque,
1t would be necessary to locate probes in the d- and q=-
axes of the alr-gap to obtain signals which when
integrated would represent the flux along these axes,
Sighals proportibnal to the d- and q- axes rotor currents
are also required, and, since these axes are fixed in

space, suitable signais can be obtained only from a rotor
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with a commutatér winding. Alternatively, the
commtator can be avoided by using signals proportional
to stator currents in these axes. Though ideal in
theory, the special constructional features required
make this likely to be quite difficult in practice.

In any case, a good approximation to the total
developed torque can be readily obtained by the stator

reaction torque.

Stator reaction torque 1s equal to the total
electromagnetic torque less the friction torque and,
if the rotor 13 free to rotate, part of the windage
torque., The essential requirement of such a system
is a freely suspended stator and force-sensing devices
which can faithfully follow variations in pressure up
to at least twice the supply frequency. It is convenient
to use these force-sensing devices exclusively in
compression and therefore it is essential to preload
the sensors sufficlently so that possible negative
torques are catered for. Certain types of pressure
transducers such as load cells may be suitable for

this purpose and worth considering.



I.2. Acceleration Torque:

Methods of measuring angular acceleration may
be classified broadly into two types, continuous and
discontinuous. Preliminary tests on the starting time
of the motor showed that the motor reaches running speed
in about one-third of a revolution at full voltage and
about one and a half revolutiogs at half voltage. It
therefore appsars that the torque transients will be
associated with 1ittle angular displacement and thus
discontinuous methods, for example, thoss based on
dlgital recording of shaft position are likely to be

inadequate and need not be considered further.

Continuous methods mway again be subdivided into
direct and indirect methods. The indirect methods obtain
a speed aighal and differentiate 1%t., A speed signal
could be obtained from, say, a homopolar 4.c. gensrator
but minor voltage variations are llable to ogour
'continuéualyg independent of speed variation. These
varlations, though small in themselves, can when differ-
entlated, result in unreliable signals. Direct methods

of measuring acceleration are therefore preferable.



One method of measuring acceleration direotly
is to use a Piezo-electric crystal,zz The particular
properﬁy of such a crystal is that, if 1t 1s subjected
to force along its mechanical axis, an electrical P.D.
proportional to force, 1s developed along its electrical
axis. Therefore, if a Plezo-slectric orystal 1s sultably
attached to a rotating dise¢, then the output aignal will
bs proportional to ths angular acceleration. However,
in order to measurs and recor&‘the gsignal from the
erystal, a slip-ring and brush-gear assembly will be-
necessary. This, together with the fact that the output
of the grystal is small and dependent uvon temperature
and airegap size, makes this technique of doubtful
suitabllity.

A method which combines the advantages of
continuous and direct measurement with the reliability
of a brushless device, uses a two-phase drag-cup

induction generatorozs-

Such a device 1s normally used
with a.c. excitation of a certa;n fixed frequency and
gives an output of the same frequency but with an
amplitude proportional to the speed of the drag-cup

rotor. If, however, d.c. excitation is used (Fig. I.l)



the main flux a%.vill be constant and rotation will
produce e.m.f.'s which because of the negligible rotor
1nduotancg24‘w111 result in currents distributed at
all times, as shown. These rotor currents give rise
to a cross_lflux @qdependent on speed., This flux will
link the q-axis stétor winding and prpvida a signal
only when speed is changing. As drag-cup rotors have
high resistance, the effect of armaturs reaction will
be negligible and, in any case, this must effect speed
3ignals in the same way as acceleration signals.,
Commerclal typss of drag-cup tacho-generators are
designed to have speed linearities of the order of

4 0.5% and so can be expected to give, with d.c.

excltatlion, acoeleration signals of the same accuraasy.

I1.5. Transmitted Torque:

Commercial types of ftorquemeters' generally
give transmitted or 'shaft! torque§25,26;27 The
possibility of using one such scheme or of devising
a sultable system using, for'example,'atrain gauges or
capacitive displacement pick-ups, is worth considering,

particularly for the stalled-rotor case,
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I.4. Cholce of Systems:

After a general oonsideration of the relative
merits of the various systems in relation to their

partiocular requirements, it was decided to adopt,

(a) a d.c., excited drageoup induction generator

for the free-rotor case, and
(b) a stator reaction measuring scheme using a

precision load cell for the stalled-rotor

case.



= 89 =

I. CALIBRATION OF THE DRAG-CUP ACCELEROMETER

w—

The accelerometer was calibrated both by
direct experimental methods and by calculation from
experimentally determined speed sensitivity. At first
an attempt was made to achieve constant values of
acceleration of known magnitude by mesans of a system
of falling weights, Due %to the effests of viscous
and aerodynamiq.frictiong stretching of the chord,
vibpation, etc., no satisfactory result was achieved
and attention was transferred to mothods of obtaining
periodically varying accelsration. Two methods were
used, one employing an elsctromagnetic vibration

generator and the othsy a simple 1link mechanism,

II.1l., Celibration using an Elegtromagnetio

Vibration Generator:

v - The vibration genermtor used, produces linear
SeH.M, up to an amplitude of % 3/16". Beyond this the
motion ceases to be simple harmonic, When connested
to the periphery of a4sméll dise fitted on the shaft
of the acoelerometer (Pig. II.l) angular S,H.M. was

obtained provided the diamétér'of the disc 18 so
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chosen that the maximum angular displacement in

within 15°.

The frgquenoy pf oscillation was get at exact
multiples and submultiples of mains value, The linear
amplitude of vibration was msasured using a microscope
and a sitrehboscops (F'ig° IT-1). A mark was made on the
ermature and the frequency of the stroboflash was
adjusted to be slightly different from the frequengcy
of vibration, Thé mark now appeared to move vary
slowly between the extremities of its travel. The
distance between these two poslitions was msasured by
the microscope. The corresponding output from the

accelerometer was rsgorded.

For an S.M.M., the equation of motion 1a
X = a 8in Wwt, Where Qa’ is the amplitﬁde and equals
half the tqtal_travel measured by the microscope.
Differentiating this twice, the linear acoeleration

is obtained as

X = - u>2a sin wWt.
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Therefore, the peak angular acoceleration is

or ¥
Omax = max _ aw’
r r

where"r' is the radius of the disc attached to the

accelerometer,

The results (Fig. II.2) show reasonable
linearity but there 1s appreciable socatter. This
was thought to be due to the difficulty in maintaining

proper alignment.

IT,2. Calibration using a Link Mechanism:

If two discs, one smaller in radius than the
other are coupled by a rigid 1ink and if the smaller
disc is rotated at & constant angular velocity o,
then the ldrger dise will undergo angular oscillations,
Ogcillatory motion, not necessary sinusoldal, was
achieved in this way (Fig, II.3). The design (Fig. II.4.)

was chosen to simplify the associated mathematios.

For the arrangemsnt chosen, the angular

oscillations are givenlby the following expression:
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12 = (x-!»r2 sin § ~ ry sin wt)2s (r, cos g - r, cos W£)2
ceo  ooo  oeo (IIo1)
Hence,

. rl [-x cos Wt + 1y sin(wt - #)]
at r, [-xcos § + 1) sin(Wt - §)]

oo  oceo  ooe (II.2)

ana )
g _ 0
at® Ty

[-x cosﬂ+r1 sin(wt-g) ][xw ein W+ 1, cos(t-4) .(Ld-gjg‘f )}j

= [=x coawt+rgsin(a)‘t=’¢)][x 8M£+ﬁOMW‘ﬂ)(w“ déjw

[-x coa 4 + r; sin wt - Qg)la

o000 ©ocoC 0e0 (IIOB}

To obtain the value of Wt corresbonding to maximum .
acceleration, it would be neoessar'y to differentiate
again and equate -—-g to zero. As the resulting
equaticn is goling to be a function of expressions
(I1.1), (II.2), and (II.3), & purely analytical

solution was not attempted.
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By grarhical means a curve relating o)t and g
was determined, From this displacement curve, the
acoeleration curve was derived by numerical double
differentiation using the formula

ﬁn,+2 + ”npz ~24

n = 5 2 cooo (II.4)

4T

where Tf corresponds teo tha tims interval at which the
values of @ are measured. The acceleratlon curve for
T equal to unity s shown in Fig, II.5 along with the

displacement curve.

Since the maximum values of acceleration
obtained by grapho-numerical differentiation are not
likely to be of the requirsd orxder of accuracy, the
values of wt alone corresponding to psak accelerations
were.taken from Fig. II.5. These va;ueg were substituted
in edu&tiqna‘(IIel), (I1.2), and (II.3), to obtain

reliable values of acceleration at any given speed.
The driviné-d;déféaa attached to the shaft of
a d.c. motor (Fig, 110359 the spesed of whioh was controlled

by a Ward-Leonard syatem. As the output waveform
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(Fig. II.6) remains independent of speed and agrees
well with the theoretloal form, it can be concluded
that the of focts of speed are negligible. The device
1s quite linear (Fig. II.7) and has.a sensitivity of

0.24 mV per radian per seceu

IT.3. Csalculation of Accseleration Sensitivity

from Expsrimentally Determined Speed

Sensidivity .28

The experimental confirmation of the expected
linearity of the output signal permits the caleoulation
of an acceleration sensitivity value on the basls of a

known or measured speed semnsitivity.

When the generator is used with alternating

current excitation,

©d 1 d(a.o) , 8ince demagnetizing

effects are negligible. Furthermore, k, 1s a oconstant

since there is no saturation (verified experimentally),

A
Also @q = kz w éd

‘ A
and o= KW @ ”
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Thus €q = ky kp k3 W, w j'd(s,.,cz)

or Eg = [k ky W@ T4(a,e,)
. t
e 5

-y
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q
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d
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k
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The value of the output e.m.f. per radlan
per second, K, was measured for a selected exclitation
(02 A) and was found to be 0,0785 V/rad. per sec.
It was'alsqifound that the output was linear up to
3000 re.pem., which 1s twice the‘Speed of the motor
beling studied. Therefore the acceleration ssnsitlvity

is 0,25 mV/rad. per s86,°.

IT1.4. Discussion of Results:

Acceleration
Sensitivity Method used

2
mV/rad. per sec .

0.27 : Vibration Generator

0.24 Link Mechanism

0.25 Caloulation from Spesd
Senaitivity

The two direct experimental methods give
somewhat different values and it is negessary to consider
their relative merits., The first method did not give
completely satisfactory rssult, there being apprecisbls
scatter (Fig. II.2). In contrast with this the link
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mechanism glves almost psrfectly linear output
(Fig. II.7). It is therefore considered that the
first method is not sufficiently reliable and the
value obtained from it will be ignored. Thus the
final value is taken to be the averags of the value
obtained by caloulation from speed sensitivity and
that obtained by the link mechanism, i.e.

0,245 mV/rad, per sec.< The accuracy of this value

can be expected to be + 2%.
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ITI. DESIGN OF STATOR REACTION DETECTING SYSTEH

The main design feature of the gtator reaction
system 1s tﬁe cholce of the natural frequenay for the
system so that it has a satisfactory response up to at
least 100 ¢/s. Let the system have a natural frequency
of oscillation of 'fn' and consider 1t to be subjected
to forced vibrations by a disturbing force of frequenocy
fat. ‘The ratio of the amplitude under a periodically
varying disturbing force to the statical deflection 1s

called the ‘magnification factor!' and it 1s given by29

.1 CR eooe (IITel)
fa
1-"3

when damping 1s negligible.

It is reasonable to assume that the damping of
the éystem shown in Fig. 2.5 18 negligible. Even 1f
damping 1s present, its effect is only to bring the
magnification factor nearer unity since in that case

the magnification factor is given by

1
g = soso (IITo2)

/ _ £V N £a°r’
fn fnz




where 'r!' is a factor proportional to dampingo
To get a magnifleation factor as near unity as

? *
possible up to 1006/s, fn should be made as high

as posalible.

The natural frequency of Torsional oscilla-

tions 1s given as

fn= L /T © eees (III.3)
2% J

where 'T' is the %torque per unit twist and 'J' is the

mass moment of inertia about the axis of oscillation.

To obtain a high value for 'ﬂn', 7' must be made as

small as possible and 'T' must be made as large as

possible, The only possible reduction in the momsend

of inertia of the stator was by removal of the v

starting-winding capacitor from the stator frame.

With the capacitor removed, the moment of inertia of

the stator was determined as follows. In place of

the load cell and the ring shown in Fig. 2.5, two

light springs of known spring constants were introduced.

The system was then made to osclllate freely and ths

oscillation was recorded with the aid of the
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accelerometer, A, and compared with a 50-¢/s timing
wave. From the frequency of oscillation (9.03 o/s)
and the torque per unit twist (167.5 N-m), the

moment of inertia was cgalculated to be 0,062 kgam?o

The ma;imum displacgemsnt for the 100 1lb. load
cell used, 1is quoted by the manufacturer as 00015 inch.
The stiffness of the load ocell ia therefore 1,17 x 108 W/m,
If the whole of the restoring torque 1§ provided only
by the load cell, then the natural frequency will be
66 o/s. It 1s therefore necessary that the system
stiffness be increased many times. But as the total
stiffness 1s inoreased the load taken by the load cell
decreases, In other worda the sensitivity of the system
decreases. As the output of the load cell is already
small (16 mV at its rated capacity), the total stiffness
should not be_inoreasad more than 1s absolutely negessary.
A natural frequency of 450 o/s at least is required in
order to get a magnification factor of 1,01 at 50 /s
and 1,05 at 100 o/s. To obtain this order of natural
frequency, the total stiffneass has to be about
(450/55)° or 47 times that of the load cell. As any
type of stiffening column will be too thin to be used
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in compression, a ring design was adopted.

.The displacement in the direction of load

for a thin ring is given by Timoshenkod0 as

5 = 0,149 R | eee (II1.8)

EI

where 'P' 1s the load, 'R' the mean radlus; 'E' the
elastic modulus and 'I' is the moment of inertia of
the section of the ring. The design dimensions of
the stesl ring are shown in Fig. III.l. The defleoction
‘»of this ring at a load of 100 lbs was ocalgulated using

equation(ITT.4) and it 1s 0,322 x 107

ingh. This
gives a stiffnesa for the ring of 46.6 times that of
the load cell. With thils ring as the rejuired
stiffensr, the natural frequency of the system is

raised to about (./%47.7 x 66) i.e. 456 o/s.

An estimatlon of the deflection of the
U=channels treating thqm a8 ecoentriocally loaded
simply-supported beams, shows that their effective
stiffness is compareble with that of the rest of the
system. As this will bring down the natural frequency

if allowed to be présent, the ohénnels were supported
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by jacks directly urnder the points of loading.

Eleotrioal bpnpeotionsto the load cell are
as shown in Fig. III.2. The precision potentiometer
is introduced to enable measurements of static load
to be made and also to help maintain the trace on

the oscillograph scrsen.
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1V. NAME PILATE DETAILS OF THE MOTOR

CP. 344

GRYPHON (Brook Motors Ltd,)
No. Cl447 0Z

50 ™), Type - PROT.

240 volts

Continuous Rating

1 phase, RPM 1426

5.4 PoLo Amps

0.5 HoPoy 50°C Rise

BoSo 170 39 233
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