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system for performance testing of rotating machines FIELD OF THE INVENTION
This invention relates generally to the performance testing of rotating
machines, for instance using accurate measurement of angular rotation.
BACKGROUND OF THE INVENTION Conventional approaches to the performance
testing of electric motors generally measure steady state performance of
the motor after the elimination of transient effects. To this end, motor
speed data is collected as a function of time and the data is filtered so
as to remove fluctuations in order thereby to ' -,1 ~ derive standard motor
performance characteristics as set out in the appropriate t o IEEE
standards, for example. Such characteristics invariably relate to the
torque-speed performance of the motor at no load whereby the motor is
accelerated from rest under no load conditions, and the torque is derived
as a function of the time derivative of the speed curve in accordance with
Newton's Second Law of Motion. Additionally, so-called "signature" tests as
~ s well as load tests axe performed, although in all cases the effects of
fluctuations are eliminated. I~d1~91191   16 DECEMBER 2002 WO 99I66335
PCT/IL99I00290 -2 Signature testing is an extension of no-load testing that
utilizes faster measuring techniques and processing in order to compare a
specific motor's no-load performance with that of a pre-calibrated
``master" motor which serves as a yardstick against which production line
motors may be assessed. s Load tests measure the motor's performance under
operating conditions whereby a specific torque is applied to the running
motor under test, and the resulting speed, current and power are measured.
Typically, the motor speed is measured using a tachometer coupled to the
motor's axis. This allows acquisition of the motor speed in analog form and
suffers from low resolution and severe noise contamination. F or this
reason, digital methods are preferred and significant effort has been,
expended during the last two or three decades to allow more accurate
digital sampling of the rotational velocity of motor shafts and the like.
Many such methods still employ what are essentially analog transducers to
derive the speed signal and 1 s then digitize the speed signal using AID
converters, so as to allow subsequent processing to be performed digitally.
R. Szabados et al. describe such a technique in "Measurement of the
Torque-Speed Characteristic of Induction Motors using an improved new
digital approach" appearing in Transaction on Energy Conversion, Vol. 5,
No. 1 



20 3, September 1990. Their method uses a fast data acquisition system to
sample the output of a d.c. tachometer as well as other relevant parameters
such as line current and voltage. The measured data is then processed
digitally to remove the noise, perform dynamic average filtering to
eliminate extraneous coupling vibrations and to detem~ine the relative
torque profile 2s from the time derivative of the speed curve using
Newton's Law. Since the removal of noise also eliminates the fluctuations,
it thus emerges that the elimination of fluctuations by filtering the raw
speed data is an inherent feature of the method proposed in this article.
16 DECEMBER 2002 WO 99I66335 -3  which are presented. U.S. Patent No.
5,218,860 (Storar) assigned to Automation Indeed, it is further shown that
the raw speed data is contaminated and that the first task of the data
processing phase involves removing the extraneous signals without
distorting the speed profile. A major contribution of the above-referenced
paper resides in the improved f ltering algorithms Technology, Inc.
discloses an alternative approach wherein, rather than measure the speed
using analog transducers, a digital gray scale (incremental) encoder is
used. Fig. 1 shows pictorially a motor test bed 10 wherein a motor
PCT/IL99100290 l0 11 is mechanically coupled to a test system according to
U.S. Patent No. 5,218, 860 via a test fixture consisting of a rotating
shaft 12 supported on high-quality bearings 13. Mounted oa the shaft 12 are
a flywheel 14 of known inertia and a high-resolution rotary digital encoder
15. The flywheel 14 acts as an inertial load whereby torque may be
determined according to the equation: i5 T=r.d'' dt cl) where: T = Torque,
1= Inertia of flywheel, 2o v = speed, and t = time. As explained in U.S.
Patent No. 5,218,860, the torque-speed characteristics are sampled at
regular known time intervals during the time it takes for the motor to
reach full speed from standstill. The measurement time 2s interval is fixed
by a crystal oscillator and is usually 16.67 ms, corresponding to the
period of one 60-Hz power Line cycle. The change in speed is determined by
the rotary encoder which resolves as little as 0.0072 of angular
displacement. Torque and speed are computed for each 16.67 ms period from
the time power is applied until it reaches its maximum no-load   16
DECEMBER 2002 WO 99I66335 -4 PCT/IL99/00290 speed. The inertia of the
flywheel attached to the motor is so selected that the motor reaches full
speed in about 4 seconds, this being the time it takes to sample some 240
torque and speed results, enough to describe the entire torque-speed curve
from standstill to full speed. s The digital rotary encoder as described
U.S. Patent No. 5,218,860 



offers a significant improvement over analog transducers, and allows the
measurement . of certain motor characteristics that were previously not
easily obtained. However, the resolution of the device is still relatively
poor since, in effect, a very large number of pulses are averaged during
each sample time period. Specifically, it is stated in U.S. Patent No.
5,218,860 that the incremental encoder produces 25,000 pulses during each
full rotation of the motor shaft. Assuming an average motor speed of 10,000
rpm, this means that the number of pulses produced per 16.67 ms time period
is nearly 70,000. The actual number of pulses is counted by a binary
counter so as to provide an accurate indication of the angular speed of the
motor. However, during a sampling period as large as 16.67 ms, the
fluctuations are no longer measurable: thus allowing only the smoothed
characteristics to be determined. Moreover, there would appear to be no
particular advantage in employing a _ rotary encoder having such a high
resolution, as well as cost, given that such a 2o coarse sampling interval
is employed. Theoretically, the resolution could be improved simply by
sampling at smaller time periods. However, in practice it is difficult to
achieve this accurately and inexpensively using current technology.
Moreover, the flywheel attached to the motor shaft loads the motor 2s and,
whilst this does not derogate from the static performance of the motor, it
substantially eliminates the fluctuations to which the transient effects
are subjected. Consequently, loading the motor as taught in U.S. Patent No.
5,218,860 does not allow measurement of the dynamic performance of the
motor.   16 DECEMBER 2002 WO 99/66335 PCTIIL99100290 -5 The present
inventor has found that the dynamic performance of the motor provides
invaluable information about the motor, such that without a knowledge of
the dynamic performance of the motor it is impossible to derive fundamental
behavior of the motor. However, for the reasons set out above, s the
dynamic performance data is unattainable during a sample period as large as
16 ms, since during this time period most of the fluctuations on the
transient part of the curve are lost. Even regardless of the actual
magnitude of the sampling time period, and bearing in mind that some
improvement can clearly be achieved by reducing the sampling time period
conducive with tp prevailing technology and price constraints, any
improvement is linuted in scope. This follows from the fact that counting
pulses during a fixed time period, however small, can never allow optimum
results to be achieved. Thus, even if the sampling time period could be
reduced indefinitely (which, of course, it cannot) it can never be reduced
to less than the period of a single 15 pulse since, in such case, no data
would be obtained during the sample period. On the other hand, whilst
increasing the sampling time period ensures that sample data will be
obtained, it does so at the cost of producing multiple data per sample.
This means that the resolution thereby obtained is inevitably less than the
theoretical maximum. 2o Furthermore, in order_to obtain a sufficient number
of sample points using the approach disclosed by U.S. Patent No. 5,218,860,
it is necessary to ensure that the time required for the motor to attain
full speed is extended to several seconds. This is achieved by means of the
flywheel having sufficient inertia to delay the steady state response of
the motor. It would obviously be 2s preferable to allow the relevant speed
characteristics to be derived in less time without, of course, compromising
on the number of sample points and, at the same time, providing details of
the fluctuations on the transient performance which disappear when the
motor is loaded.   -os- a'o r 16 DECEMB~Ra~900290 _g_ U.S. Patent No
~.,53~,288 to Joseph L.Ytulli, Jr, discloses a method for determining the
rotational speed of a moving sl>~ in a spatially limited environment,
vuherein the time between a sequentially successive pair of 



encoder (~ca~nsducer) pulses is used to determine the speed. Updated
rotational s speed is computed from a furthex pair of sequentially
successive pulses, rwhich are nnn-sequential to the earlier pulses. ~'bc
rotary encoder described by VituTIi cam 6e likened to a toothed wheel
having sixty equally spaocd txth, each of which gives rise to an output
signal haviztg a first voltage level when rotating past a pickup, When the
space between adjacent teeth passes the t o pimp, ~ output signal having a
second voltage level is produced. 'fypicaily, the first end second voltage
levels translate to digital signals having lagc s~e~x aad tow levels,
respectively, such that a pulse train. is produced. 'I7~t~ts, assunai~ag
that the are provided sixip equally spaced teeth which give the same
angular for the high and low levels, the angXe of rotation corresponding 3
to each logic ~~H level is 2/120 radians. B~ measuring the time duration of
each, logic ~~$ level, fihe angular speed can thcxeby be calculated. In
practice) however even the best rotary encoders have a duty cycle accw.-acy
of only t 1Q!o, which mcaxts that whilst the distance between the starE of
adjacent teeth (corresponding to the period of the pulse tram) is 20'
~~st~nt) the width of each tooth is subject to au, accuracy of ~ 10!o.
Since angular speed is ca3,eulaxed an the basis of the measured tztrte for
oath tooth passing the piakup, it is clear that this is dependent on the
a~etual width of tech tooth and is thus subj ect to a ma~cin~um error of
20!0. JP 59 16Q766 (Fanuc) discloses a speed detecting device of a servo-
2s motor is d4term.ined using a rotary caoad~x in a manner similar to thax
descn'bed in U.S. Patent No 4,535,2$$ and thus subject to the same problems
of a~accu;a~cies owing to duty cyole error. There xs moxaover no suggestion
to test the machine whey unloaded. AMENDED SHEET   a4-06 .`_`:i~0 sa  16
DECEMBER 2002 (L 009900290 GB ~. 127 549 discloses a test bed for
supporting a motor during measurement of the motor's torque. The system
disclosed thereby appears to bo very Similar to U.S. Paxont No. 5,218.860
discussed at length above and is subject to fhe same deficiencies.
Specifically, it is to be noted that the motor s whose stoady state and
traosiertt torque are mtasured by GB 2127 549 is loaded in order to reduce
the ac~celtration of the motor (loading the mQtox causrs all the dynamic
phnomenon spoiren gt the present application to disappear) . It is clear
from the description in GB 2 I27 549 on page I, lines 48 to 53 that such
loading is necessary in order to record the ~ansieat to torque-speed
characteristics of the z~notor startiang from 2~ro speed to full speed, It
vtrill be apparent that. reducing the acceleration of ttie motor as
suggested by GB 2 127 549 militates against the derivation of the ruotor's
transient characteris~ies whose correct: determiz~ataon is an essential ~
of the pr~aat invention. 



1s U.S. PatGnt No. 4,169,37I ~tschi et al.) discloses a method and
apparatus far measuring the torque and/or power of a drive s~stcm in
dynamic operation based on the time di~'e~atiation of the speed of the
drive aystern to determine acceleration. The systcai is loaded. and it is
therefore apparent that the dynamic characteristics whose determination is
the principal ob,~eoti~re of 24__the present invention, are lost. U.S.
Patent No. 5,63I,411 (arms et al.) discloses an angina monitoring apparatus
that calculates the speed of a motor, It is clear front Fig, t ttaat an
inertial, load (i.e. a f7.ywheol) is camieeted to the motor and therefore
here, too, the dynamic characteristics vehose det~inataon is the principal
2s objective aftb~e pt~esent invention are lost. F~ 457 086 discloses an
apparatus far the cautactless measur~nart of the local dragged-is torque in
a warm macbdn e, At least: two position sensors or pro~ty switches are
axraaged in the worm casing. lhu7ng th.e rotation of the worm shad, the
sensors scan the wornn shank surfa,ee and, on the basis of AMENDED SHEET
11-09 200 -6b 16 DECEMB~~ ~~~900290 detected characteristics, generate
n~easurernent pulses wlaich, together with a speed signal, are suppliable
to an elecixonic analysis circuit, which calculates tile local dzagged-itr
torque in a segment of the worna shank, within the ptaduct space. The
apparatus operates ire conjunction ~,vith. a device far s measuring the
iotEg~I torque being azranged betaTeen the worm shank drive and the product
apace of the warm machine. There xs x~a suggestion here either to measure
taxque of an unloaded machine. U.S. Patent No, 5,394g45 (Down} discloses an
apparatus for measuring torsional ~n'brations of zvtating machinery wherein
a wheel having to a plurality of spaced apart teeth is connected to the
xotat~g maclezy. A sensor detECts the speed of wlieel rotation and
responsively produces a speed signal daat has a fireque~ncy proportional to
the tx~tational ~~eel speed. A taming dot~ae receives the speed signal,
determines the peziod of the most recent pulse of 'the speed signal, end
responsively produces a instantaneous is period signal tliat has a value
representative of. the determined period >J'.S. latent No. 4,992,730
{~agiya) discloses a method of computing the rotating speed of a rotating
body by setting speed cat~ut~iaon reference time periods with respect to ~a
g-alse train signal obtained i~ram the output of a rota>;ing speed sensor;
measuring tiiae length from the test pulse edge in the 2o proviaus speed
computation raferen.ce time period to the Iast pulse edge in the current
speed computation reference time period; and computing the rotating speed
a;f the rotating body on ~e basis of the result of the thno leagtli
~easurem~nt. S~"1~MA~tY of THE ~NT~U~ 2s It is therefore an obj ect of the
invention to pmvide a method and 



system for measuring zotati,onal speed in wliich the drav,~baclcs
associai~eed witli l,~.ithcrto-proposed arc substmitially improved ax
eliminated. AMENDED SHEET   16 DECEMBER 2002 -7 Such an objective is
realized in accordance with a broad aspect of the invention by providing a
method for testing an electric motor or a component thereof, the method
characterized by the steps of (a) attaching an unloaded shaft of the
electric motor to a digital rotary s encoder which generates opposing
binary logic states such that any pair of sequential logic states
corresponds to a known angular rotation of the rotating electric motor, (b)
measuring an accumulated elapsed time period of successive pairs of logic
states generated by the digital rotary encoder during rotation of the
electric motor so as to allow derivation of a dynamic speed-time
characteristic of the rotating electric motor or a function thereof, and
(c) using the dynamic speed-time characteristic of the unloaded rotating
electric motor to derive static torque speed or dynamic torque speed or
oscillating torque during steady state or speed and torque spectrum ~s
during steady state of the unloaded rotating electric motor. Preferably,
there is further included the step of (d) calculating a torque of the
rotating machine by reference to a predetermined moment of inertia of a
rotor thereof and the measured ) speed characteristic of the rotating
machine. 2o The invention also contemplates an apparatus for determining
dynamic and static speed-time, torque-time and speed-torque characteristics
of a rotating machine or of a component thereof. By using a pre-calibrated
rotor, tests may be performed on identical machines using different stators
so as to provide relative performance data (both static and dynamic) of the
different 2s stators. Likewise, using a pre-calibrated stator, tests may be
performed on identical machines using different rotors so as to provide
relative performance data (both static and dynamic) of the different
rotors. The above method can use, in step (b), a method for measuring an
angular rotation of a rotating shaft, which comprises the steps of a   16
DECEMBER 2002 _8_ (a) attaching to the shaft a digital rotary encoder which
successively generates opposing binary logic states such that any pair of
sequential logic states corresponds to a known angular rotation of the
shaft, (b) rotating the shaft, 5 (c) separately measuring a respective time
period associated with each successive logic state generated by the digital
rotary encoder, and (d) summing said respective time periods associated
with each successive logic state so as to derive an accumulated elapsed
time interval of successive pairs of logic states generated by the digital
1 o rotary encoder thereby allowing derivation of the angular rotation or a
function thereof of the shaft. The invention thus allows an improved
approach to testing motor or engine speed according to the time that
elapses during a known angular rotation of the shaft. According to such an
approach, the elapsed time is 15 measured for the logical states to change
from LOW to HIGH and back to Low or vice versa. Although the time interval
during which the logic state remains 



either Low or HIGH is subj ect to duty cycle error, the combined time
interval for sequential logic states is an accurate reflection of a known
angular rotation. Thus measuring the accumulated elapsed time interval
between 2o successive pairs of logic states avoids duty cycle errors
affecting the speed results whilst reflecting any change in speed on the
fly Consider, for example, a rotary encoder that produces 60 pulses per
revolution. In the case of U.S. Patent INTO. 4,535,288, the shaft
revolutions per minute (rpm) can be determined in a one second degree
interval, and in the case of a very high 25 quality encoder (with duty
cycle error in the order of 10%) will give rise to a measured speed
inaccuracy of t10%.   16 DECEMBER 2002 WO 99/6633 PCT/IL99100290 -9 It is
admittedly suggested in U.S. Patent No. 5,218.860 [col. l, line 29] that
for larger motors, the mass of the armature may be suffciently large to
provide ~a proper inertial load. That is to say U.S. Patent No. 5,218,860
also allows for the external inertial load to be dispensed with, albeit for
large s motors only. However, this may be only be done because large
motors, being inherently inertial, in any case take a relatively long time
to reach steady state speed, thus allowing sufficient sample points to be
obtained. This is not the case for small low-inertia motors where the
external inertial load is mandatory in U.S. Patent No. 5,218,860 in order
deiiberately to slow down the time to I o reach steady state speed and thus
allow su~cient sample points to be obtained. It is thus clear that U.S.
Patent No. 5,218,860 does not allow extrapolation to the present invention
which allows for the flywheel to be dispensed with even fox small motors,
since a major object of the invention is to reduce, rather than increase,
the time to reach steady state speed. I s The invention also allows
measurement of oscillating torque and speed during steady state condition
so as to derive speed-time and torque-time characteristics in both the time
and $equency domains. In such case, a flywheel may be used to slow down the
time for the machine to reach steady state, thereby producing steady state
oscillating torque and speed phenomena 2o during the acceleration. This
allows faults with the machine to be highlighted that would not otherwise
be apparent. The invention also permits greater flexibility of testing the
rotating machine. A user can control the sampling time and the time from
which the sampling begins. The user can likewise control x-axis (time and
frequency) 2s and y-axis (torque and speed) thus allowing the device to be
used as a rotating machine analyzer.   16 DECEMBER 2002 WO 99I66335 - 10
BRIEF DESCRIPTION OF THE DRAWINGS PCTJIL99/OOZ90 In order to understand the
invention and to see how it may be carried out in practice, a preferred
embodiment will now be described, by way of 



non-limiting example only, with reference to the accompanying drawings, in
s which: Fig,1 shows pictorially a prior art motor test bed; Fig. 2 is a
block diagram showing functionally a motor test system according to the
invention; Fig. 3 is a block diagram showing a detail of the motor test
system 1 o depicted in Fig. 2; Fig. 4 is a flow diagram showing the
principal steps for operating the motor test system shown in Fig. 2; Figs.
~ to 33 show graphically typical a.c. PSC induction motor characteristics
measured or computed with the motor test system according to 15 the
invention; Figs. 14 to 19 show graphically further applications of the
invention for highlighting faults on steady state condition; Figs. 20 to 23
show graphically further applications of the invention for highlighting
faults with an air-conditioning fan; and zo Fig. 24 is a block diagram
showing functionally a dynamic torque and speed analyzer for displaying
speed or torque characteristics of a rotating shaft derived according to
the invention. DETAILED DESCRIPTION OF PREFERRED EMBOD11VIEN'I`S Fig. 2
shows functionally a motor test system depicted generally as 20 2s
comprising an induction motor 21 having a shaft 22 thereof coupled to a
digital shaft encoder 23 of known type. The shaft encoder 23 does not
require very high resolution and, in practice, may generate 5,000 pulses
per revolution of the motor shaft. As the motox 21 rotates; the shaft
encoder 23   16 DECEMBER 2002 WO 99I66335 PCT/IL99100290 -11 produces logic
levels that are sampled by a sampling unit 24 that measures the elapsed
time for the logical states to change tom Low to HIGA and back to Low or
vice versa. The successive time intervals are fed to a computer 25 that
processes the time data so as to derive the dynamic speed characteristic of
s the motor 21 as a function of the elapsed time and store in a memory
thereof. The motor 21 is actuated via a control unit 26 that is
responsively coupled to the computer 25 so that, for example, power to the
motor 21 may be interrupted once the motor 21 has achieved full steady
state speed, thus signifying the completion of the test procedure.
Connected to the computer 25 to is a display device 27 such as a display
monitor or plotter. The motor 21 is energized by a power supply 28 which
may be actuated at a precisely known time. Fig. 3 shows a timing circuit 30
within the sampling unit 24 comprising an oscillator 31 fed to the clock
input (CLx) of a first counter 32 1s and a second counter 33. The output of
the shaft encoder 22 is fed to the enable input (ENABLE) of the first
counter 32 whose output is fed to the computer 25. The output of the shaft
encoder 22 is inverted by an inverter 34 and fed to the enable input
(ENABLE) of the second counter 3 3 whose output ~ is also fed to the
computer 25. Likewise, the reset terminal (~tsT) of the first 2o counter 32
is responsively coupled to the computer 25 and also the reset terminal
(RST) of the second counter 33 is responsively coupled to the computer 25
so as to enable the first counter 32 and the second counter 33 to be reset
thereby, as will now be explained. The operation of the timing circuit 30
is as follows. The oscillator 31 2s based on a quartz crystal produces high
frequency pulses having a known, stable frequency. As the shaft encoder 23
rotates together with the motor shaft, it produces sequential opposing
binary logical Low and HIGH states of lower frequency than that of the
oscillator 31. The relatively low frequency logic levels generated by the
shaft encoder 23 are fed to the enable input of 



16 DECEMBER 2002 WO 99I66335 PCT/IL99/00290 -12 the first counter 32 and,
after inversion, are fed to the enable input of the second counter 33.
Consequently, between successive EN~LE signals, the first counter 32
measures the number of relatively high frequency pulses produced by the
oscillator 31 when the encoder is at logic HIGH and the s second counter 33
measures the number of relatively high frequency pulses produced by the
oscillator 31 when the encoder is at logic LOw, both results being fed to
the computer 25. The computer 25 is responsive to a change in state of the
first counter ENABLE signal for capturing the data on the respective
outputs of the first counter 32 and the second counter 33 and 1 o feeding a
reset signal to the respective Rs7c inputs thereof. This clears the first
counter 32 when the encoder is at logic LOW and clears the second counter
33 when the encoder is at logic HIGg. The output of the first counter 32
between successive ENABLE signals is thus accurately representative of the
time taken for the shaft encoder 23 to remain at logic sIGH. Likewise, the
output of the second counter 32 between successive ENABLE signals is
accurately represen tative of the time taken for the shaft encoder 23 to
remain at logic Low. Even assuming that the shaft encoder 23 has a
resolution of only 5,000 pulses per revolution and that the speed of the
motor 21 is as low as 1,000 > rpm, the shaft encoder 23 will output 5
million pulses per minute. Thus, each 2o pulse has a period of
approximately 10 l,~s, which is well within the capacity of the counter 32
to measure accurately. Moreover, by comparison with the system described in
above-referenced U.S. Patent No. 5,218,860, within a 16.67 ms time
interval, the shaft encoder 23 will output nearly 1,667 pulses each of
which is a sampling point, as opposed to the single sampling point 2s
contemplated by U.S. Patent No. 5,218,860. Since U.S. Patent No. 5,218,860
associates the measurement of time with many hundreds of pulses, any duty
cycle error associated with each pulse is effectively annulled, albeit at
the expense of requiring a much longer time interval for measuring the
accumulated angular rotation of the shaft. As   16 DECEMBER 2002 WO
99/66335 PCT/1L99100290 -13 explained above, this militates against
determination of dynamic response of the machine. On the other hand, U.S.
Patent No. 4,S35,288 to Joseph L.Vitulli, Jr. does suggest time measurement
of a single pulse only and therefore prima s facie does allow determination
of dynamic response. However, as noted, his approach is subject to duty
cycle errors which, for the sake of greater clarity, are now further
elaborated. The manufacturer of a rotary encoder specifies the number of
pulses per revolution of the rotary encoder and also specifies the duty
cycle. Tf the duty cycle is specified as being 50%, then the time for each
1 o pulse measured by Vitulli, Jr. actually corresponds to half the nominal
angular 



increment during each pulse of the encoder. For example, if there are 3,600
pulses per revolution, this corresponds to ten pulses per degree rotation
of the encoder. Vitulli, Jr. measures the time for one nominal half cycle
of a single pulse and calculates from this the nominal time period of each
encoder pulse t s based on the duty cycle specified by the manufacturer.
However, this is subject to inaccuracies owing to the inevitable errors in
the duty cycle specified by the manufacturer, which are currently in the
order of  10%. Thus, whilst Vitulli, Jr. provides a nominal angular
rotation in a single pulse of the rotary encoder, thereby allowing
calculation of angular velocity ;) 2o during a single pulse thereof, the
actual result is inaccurate. Fig. 4 is a flow diagram showing the operation
of the motor test system 20. Thus, initially the motor 21 is energized and
the output of the sha$ encoder 23 is sampled as explained above. The
sampled data is collected and processed by the computer 25 and the
processed data is displayed on the 2s display device 26. Any departure from
an accepted performance range is calculated and allows a warning signal to
be output by the computer 25 for warning of a faulty motor. Such a warning
signal may, of course, be rendered audible or visual in known manner.
Optionally, as will be explained in greater detail below, the fluctuations
on the transient effects produced during   16 DECEMBER 2002 WO 99/66335 -14
PCT/IL99/00290 acceleration of the motor 21 may be removed so as to produce
the conventional static speed characteristic. Fig. 5 shows graphically the
dynamic motor speed characteristic for an a.c. PSC induction motor as
computed from the measured successive time s periods of pulses produced by
the shaft encoder 23. Thus, the incremental motor speed between successive
pulses may be calculated since the angular rotation commensurate with each
pulse is known. It is noted that the motor speed and therefore torque do
not continually increase with time but, rather, climb and then fall for a
short time, whereafter they again climb. After 1 o approximately 0.04 s,
this effect ceases and the motor speed and torque increase with time until
the steady state condition is approached. In particular, it is to be noted
that even when the motor reaches steady state, there are still continuous
fluctuations in its speed. These fluctuations are only apparent by
measuring the angular rotation of the motor as a function of pulse period
of the rotary encoder and are missed altogether in hitherto proposed
methods based on averaging data over a laxge number of pulses. It has
already been noted that no flywheel need be connected to 'the motor 21.
Instead, motor torque may be calculated from a knowledge of the moment of
inertia of the rotor in accordance with Newton's Law, as follows:
~'1Ct)~~+ut) 2 dt 2o where: M(t) = instantaneous Torque at time t, Q =
Moment of Inertia of rotor, ~ = angular speed of motor, and 



L(t) = instantaneous external load at time t. Since no load is connected to
the motor 21, L(t) is zero and equation 2s (2) simplifies to: ~.~t~ - Q dcv
J dt   16 DECEMBER 2002 WO 99I66335 PCT/IL99/00290 -15 Fig. 6 shows
graphically the run-up torque characteristics which are derived from the
speed characteristics of the motor 21 as follows. The motor 21 is operated
without any external load and the dynamic speed characteristic s is derived
and stored in the computer 25. The time derivative of the dynamic speed
characteristic is then calculated and the result multiplied by the known
moment of inertia of the rotor. Seeing that the speed is determined in rpm,
the result must be further multiplied by a factor 2g160 to convert to the
equivalent angular speed in radians per second relate to the dynamic torque
from starting 1 o the unloaded motor to its reaching full speed. This
characteristic is repeatable providing that care is taken always to start
the motor at a predetermined point in the a.c. cycle of the supply voltage.
For example, in a particular system reduced to prdctice, the motor was
started at the point in the a.c. cycle where the voltage climbed through 0
volt. Is The rua-up no-load torque characteristic of the motor shown in
Fig. 6 allows determination of dynamic motor characteristics which are
unattainable with conventional systems providing static speed and torque
characteristics only. The dynanuc characteristics allow identification of
motor faults not detectable from static data only as well as permitting
classification of motor 2o characteristics. Moreover, it has been found
that: (i) The dynamic torque characteristic gives an indication of the
noise amplitude in the motor torque during acceleration thereof; and
likewise provides an indication of the strength of mechanical noise in the
motor arising from changes in the torque during 25 acceleration; (ii) The
dynamic torque characteristic gives an indication of any imbalance in the
rotating parts of the motor; (iii) The dynamic torque characteristic offers
a particularly sensitive diagnostic tool for identifying motor faults.   16
DECEMBER 2002 WO 99I66335 PCT/IL99/00290 - 16 The above discussion has
concentrated, so far) on the dynamic characteristics of the motor during
run-up. However, if desired fluctuations in the transient effects can be
removed so as to provide the smoothed speed-time 



characteristic shown graphically in Fig. 7, from which may be derived the s
conventional torque-speed characteristic {shown iii Fig. 11 ). Removal of
fluctuations in the transient effects can be achieved in several ways. The
motor shaft can be mechanically locked and released only when the stator
current achieves a steady state value. Alternatively, if the motor 21 is a
Permanent Split Capacitor (PSC) type induction motor wherein the stator to
comprises a main coil and an auxiliary coil which may be switched in
parallel with the main coil, then the rotor will rotate only when current
is fed to both coils. Therefore, initially current is fed to the main coil
only and the auxiliary coil is switched in circuit only when the currents
in the main coil have stabilized. ,Again, it should be noted that both the
main and auxiliary stator t s coils are switched in circuit only when the
a.c, supply voltage equals zero on its upward climb. More generally,
repeatability may be ensured by supplying power at any other known angle in
the a.c. voltage supply cycle. Yet another way to neutralize the
fluctuations of transients is to process the dynamic speed characteristic
of the motor using a suitable algorithm. To 2o this end, the dynamic speed
characteristic shown in Fig. 5 is sampled so as to deter mine changes in
speed as a function of time during acceleration of the motor. The resulting
signal is Fourier transformed from the time domain to the frequency domain
so as to derive the frequency spectrum. The frequency spectrum is filtered
so as to remove the higher frequency harmonics and the 2s resulting
spectrum is transformed back to the time domain. In this connection it
should be noted that obtaining the frequency spectrum is rendered possible
by virtue of the fact that the time resolution is sufficiently high in the
time domain. Hitherto-proposed methods employing coarse time resolution axe
not capable of resolving the frequency spectrum.   04-OFD 16 DECEMB~~
e900290 _ 17 . Yet another approach to canceling the ffuctuadoirs in the
transient eff~ect~ of the stator current is to rotate the shaft in an
apposite du~e~ion to the nvxmal. xotat~ion direction and thcu, du~ag the
tirno that the motor changes directiioz~, conataeneiag saax~,pliwg of the
accclczation (x.e. speed-time) 5 characteristics. Such a technique is well
known and is described, for example, in U,S. Pattnt No. 5,440,91 also
assigaed to Automation Technology, Inc, and entitled "A Meti~od arid
Apparatus for Measuring Friotio~n 'po~rque'~. The subsequent processing is
similar to that described above for derioi~g the dynamic speed
charact~etistzc, but produces the static speed characteristic t 'r ) to
since the transient component is no longer present. Fig. 8 shows
graphically the change in speed for an unloaded 4-pole FSC iaductioa
naoto~r idling at steady state, Fig, 9 shows the result of transfaorming
the speed characteristics of the motor to the frequency domain. The
frequency speclnun slior~m in Fig. 9 provides clearer uofom~atian t$
regarding the motor than may be resolved in. the time damai.n, Specif
tally, clearer information is derived regarding torque and speed
~.ttctuations. The moment of inertia of the rotor may be determined by
deriving two separate speed charactea.-istics: one foot the unloaded motor,
and the othez wherein a lrnawm inertial load is applied. to t)se motor
shaft. Thug, the zo foIlowiaag steps are performed: (i) deriving the speed
time cl~raat~tistic of the unloaded motor and 



a 'Dafang the effects of fluctuations in, the transients thoreo~ (f l)
couple to the rnotor as inertial load of l~avvn moment of inertia, (fi~~
deriving the speed time charactarlstic of the loaded motor and zs
eliminating the ~~~cts of ilucluations in ttze txansiauts thereof, and yv)
processing the respective sped characteristics derived in Vii) and (iii) so
as to determine the moment of inertia ofthe z~otor. AMENDED SHEET   16
DECEMBER 2002 WO 99/66335 - lg  The calculations are based on the following
equations: For the unloaded motor M , dw max , where: ~llm~ is the maximum
motor torque, Q is the moment of inertia of the motor's rotor (to be
calculated), and ~ is the angular velocity of the motor. to (4) For the
motor loaded with a known inertial load e~ Mmax =~+Qt)- dcv (5) dt t s The
maximum motor torque (~I~I",~) is constant and independent of any load
applied thereto. Therefore: Q. dcv =~Q+y)~ drv ( ) dt ~"a,~Z dt m~ 2o from
which it can be derived that: d cv dt _ ~Q1 drv _ dcv dt ~~ t dt
PCT/IL99/00290   16 DECEMBER 2002 WO 99I66335 _19_ PCTIIL99/00290 The motor
test system 10 also allows derivation of the ripple torque of the motor
when idling, i.e. under no-load steady-state conditions. For example, an
indication of the magnitude of the strength of magnetic noise created by an
a.c. PSC induction motor when idling, may be thus determined. s During
idling, the motor runs at a basically constant speed having superimposed
thereon a slight ripple on account of the changing torques created by the
varying rotating magnetic field. Fig. 10 shows graphically the product of
the time derivative of the speed-time characteristic with the moment of
inertia of the rotor indicative of I o the strength of the changing ~
torque created by the motor when idling under steady state conditions. 



The motor test system 10 also allows derivation of the varying torque of
the loaded motor at working speed giving, for example, an indication of the
magnitude of the strength of magnetic noise created by the motor when
running at working speed. Likewise, this provides an indication of the
magnitude of the strength of mechanical noise resulting from impacts
against the load resulting from variations in motor torque. The speed of
the motor and applied load vary owing to the variations in torque arising
from: _ (i) the motor, 20 (ii) the load, and (iii) poor coupling between
the two. The product of the time derivative of the speed characteristic
with the moment of inertia of the rotor added to that of the eternal load
gives an indication of the strength of the changing torque created by the
loaded motor zs when running at working speed. The varying torque also
provides an indication of the magnitude of the strength of electrical and
mechanical noise at working conditions of the loaded motor. Fig. 11 shows
graphically the static torque-speed characteristic of the unloaded motor.
At the end of every production cycle, an external load is   16 DECEMBER
2002 WO 99I66335 -20 PCT/IL99/00290 coupled to the motor and the speed-time
characteristics of the loaded motor is determined. The time derivative of
this curve, after removal of transient effects, and subsequent
multiplication by the total moment of inertia of the rotor and external
load together gives the static torque-speed characteristic of s the motor
less the load. This can be shown as follows: (8) dt where:Mis the unloaded
motor torque, to Ql is the moment of inertia of the rotor, Q~, is the
moment of inertia of the external load, and Mc is the load torque. Fig. 12
shows graphically the static torque-speed characteristic depicted in Fig.
11 together with the speed-torque characteristic of the load, is ML, being
an air-conditioner fan. For such a load, the speed-torque characteristic is
generally parabolic in shape, passes through the origin and intersects the
motor torque-speed characteristic at the actual working speed of the motor.
Fig. 13 plots the difference between motor torque-speed characteristic
shown in Fig. 11 and the torque-speed characteristic of the load 2o shown
in Fig. 12 so as to derive: ~ - ~L = W +QL~d~ (9) dt The graph shown in
Fig. 13 is derived during acceleration of the motor 2s from startup to its
full working speed under load. This characteristic is repeatable in respect
of like loaded motors providing that the motor is started from the same
point in the a.c. cycle of the supply voltage. For example, in a particular
system reduced to practice, the motor was started at the point in the a.c.
cycle where the voltage climbed through 0 volt. Thus, the characteristic
16 DECEMBER 2002 WO 99/6335 -21  PC'TlIL99/00290 shown in Fig. 13 serves as
an excellent tool far effecting a Go-NOGO test of a batch of similar loaded
motors, so as to indicate which motor-load couples (air conditioner , water
pumps, etc.) meet the design specification It should be noted that no
previous use of the characteristic shown in Fig. 13 is known for
establishing the functionality of a loaded machine. 



Having computed the loaded motor torque-speed characteristic shown in Fig.
I3, the static torque-speed characteristic of the motor shown in Figs. 11
and 12 may be subtracted in order to derive the torque-speed characteristic
of the load shown graphically in Fig. 12. t o The run-up state torque-speed
characteristic of the loaded motor before the removal of fluctuations on
the transient part of the characteristic has a generally similar shape to
that of the unloaded motor as shown in Fig. 6 and is derived as follows.
The dynamic speed characteristic is derived directly as e.cplained above
aad its time derivative is computed. Multiplication of the is time
derivative by the total moment of inertia of the rotor and external load
together gives the dynamic torque-speed characteristic of the motor less
the load, as is clear from equation (9). Thus, this characteristic serves
as an excellent tool for comparing the dynamic performance of a batch of
similar - } motors. \` 2o It should be noted that no previous use of this
characteristic is known for establishing the functionality of a loaded
machine and for obtaining an indication of the magnetic noise of the motor
plus load during acceleration from startup. Likewise, no pzior use of this
characteristic is known for obtaining an .indication of mechanical noise
resulting firom variations in 2s torque acceleration from startup. During
normal working conditions of the loaded motor, the motor and load move at a
speed which varies slightly owing to variations in torque arising from:
16 DECEMBER 2002 WO 99I66335 -22 (i) the motor, (ii) the load, and (iii)
poor coupling between the two. PCT/IL99/00290 The product of the tune
derivative of the speed characteristic with the s moment of inertia of the
rotor added to that of the external load gives an indication of the
strength of the changing torque created by the loaded motor when running at
working speed. The varying torque also provides an indication of the
magnitude of the strength of electrical and mechanical noise at working
conditions of the loaded motor. t o Most of the tests described above
relate to the complete motor, either loaded or unloaded. However, the
invention also contemplates the testing of components of a machine by
comparison to a nominal "ideal" machine. For example, in order to test
different rotors, a pre-calibrated, high performance stator is used and the
above tests may be performed so as to derive both the is static and dynamic
performance of the motor. By repeating these tests in respect of the same
motor using different rotors, the performance of the rotors may be
compared. Likewise, by employing a pre-calibrated, high performance rotor
and substituting different stators, the performance of the stators may be
compared. ;- . 2o So far, the methods which have been described relate to
the measurement of the transient part of the speed-time or speed torque
characteristics, from start up of the machine until steady sate is reached.
Thus, by measuring the actual time of each pulse, it has been demonstrated
that the speed-time or speed-torque characteristics can be determined with
much finer 2s resolution than can be resolved by measuring the average
rotation in a fixed tune period. As a result, fluctuations which occur
during the transient part of the motor characteristics can also be
resolved, thus providing information regarding motor performance which has
eluded hitherto proposed approaches.   16 DECEMBER 2002 WO 99/66335
PCTIIL99100290 - 23  It has also been explained that, even when the
unloaded machine reaches steady state, the nominally constant speed or
torque is also subjected 



to perturbations or ripple which become measurable when the characteristics
are determined according to the invention. s However, it has been found by
the inventor that, even when the loaded machine reaches steady state under
actual working conditions, the nominally constant speed or torque is also
subjected to perturbations or ripple which become measurable when the
characteristics are determined according to the invention. This, too,
provides invaluable information which is completely lost to when the
speed-time or speed-torque characteristics are derived using conventional
methods. In this case, of course, there is no need to measure the speed of
the machine from startup and it is no longer relevant to know, for an a.c.
machine, when in the a.c. voltage cycle power was supplied to the machine.
All that is required is to measure the speed-time characteristic of the t s
machine after reaching steady state in real time, in order to derive what
is, in effect, a real time dynamic speed-time characteristic of the machine
at steady state. The nominally constant speed is found to have a dynamic
ripple component which serves as a valuable indicator of the performance of
the motor and applied load. Specifically, too much ripple is indicative of
a ,) 2o working motor which is improperly functioning and therefore the
amount of ripple serves as a yardstick as to whether the performance of the
working motor is acceptable or not. Therefore, by constantly monitoring the
steady state performance of the loaded motor under working conditions and
comparing the magnitude of the ripple component to a predetermined 2s
threshold, a warning can be given in the event that the loaded motor or any
component thereof does not meet the design specification. The invention
also allows measurement of oscillating torque and speed during steady state
condition so as to derive speed-time and torque-time characteristics in
both the time and frequency domains. In such case, it is   16 DECEMBER 2002
WO 99I66335 -24 PCTlIL99/00290 possible either to wait until the rotating
shaft has reached to its steady state speed or, alternatively, to couple a
high inertia flywheel to the rotating shaft so as deliberately to slow down
the time to reach steady-state. In such case, steady state oscillating
torque and speed phenomena will appear during the s acceleration, these
being discernible owing to the fact that many more sampling points are
available than in hitherto-proposed test beds. It has been found that the
dynamic ripple highlights faults with the machine that would not otherwise
be apparent Fig. 14 shows the speed-time characteristics of a motor when a
I o flywheel having a high moment of inertia is coupled to its shaft. The
motor speed climbs slowly from zero reaching idling speed after
approximately 0.3 5 sec as against 0.1 sec without the flywheel. It will be
noticed that superimposed on the steady state speed-time characteristics
are oscillations depicted small changes in the steady state speed of the
motor. These are t s always present but are unnoticeable when the motor
speed rises to steady state speed 'quickly. Fig. 15 shows the effect of
zooming the motor speed-time characteristics shown in Fig. 14 centered at a
speed of 1,260 rpm, showing more clearly the periodic rise and fall in
steady-state motor speed. This curve a ) 2o serves as a yardstick for
categorizing steady state performance of a loaded motor at a speed of 1,260
rpm. Fig. 16 shows the speed spectrum derived from the speed-time
characteristics shown in Fig. 15 centered around a speed of 1,260 rpm. It
will be noticed that the speed spectrum indicates a fundamental frequency
of 2s 100 Hz, this corresponding to twice the frequency of the a.c. supply.
Fig. 17 shows the torque-time characteristics derived by differentiating
the speed-time characteristics shown in Fig. 14 with respect to time and
multiplying by the combined moment of inertia of the flywheel and motor.   



16 DECEMBER 2002 WO 99l66335 PCTlIL99/00290 -25 The figure shows similar
oscillations in torque as are observed in the speed-time curve of Fig. 14.
Fig. 18 shows the effect of zooming the motor torque-time characteristics
shown in Fig. 17 centered at a speed of 1,260 rpm, showing s more clearly
the periodic rise and fall in steady-state motor torque. As seen from Fig.
14, the motor reaches a speed of Z,260 rpm at time t = 0.~ sec. Fig. 18 is
thus derived by zooming in on the motor torque-time characteristics
centered around t = 0.3 sec. This curve serves as a yardstick for
categorizing steady-state performance of a loaded motor at a speed of 1,260
rpm, to Fig. 19 shows the torque spectrum derived :from the torque-time
characteristics shown in Fig. 18 centered around a speed of 1,260 rpm. It
will again be noticed that the torque spectrum indicates a fundamental
frequency of 100 Hz, this corresponding to twice the frequency of the a.c.
supply. Fig. 20 the steady state frequency speed spectrum curve for an air
t s conditioner displaying a gust problem, which manifests itself as a
large 3Hz component. Fig. 21 shows the steady state frequency speed
spectrum curve for a good air conditioner showing a small 3Hz component.
Fig. 22 shows the regular steady state speed tune characteristic for an 2o
air conditioner produced by repeatedly adjusting the shutter and deriving
and displaying the speed-time characteristic of the fan for different
shutter positions. This shows that fluctuations in the speed of the fan are
small, indicative of high quality performance of the air conditioner. Fig.
23 shows the speed time characteristic for a faulty air conditioner 2s
produced by repeatedly adjusting the shutter and deriving and displaying
the speed-time characteristic of the fan for different shutter positions.
In this case, sharp fluctuations in the speed of the fan are shown,
indicative of low quality performance of the air conditioner.   11-0~'JO 16
DECEMBE~2~~900290 Fig. 2~. xs a block diagram sk~pwi~.g ~lI~C't1011$~~,~' a
djc toxque and speed analyzer 40 for displaying speed or torque
characteristics of a rotating shaft as derived a,ccordiug to the inv
ention. Tl~ dynamic torque anal speed analyzex 40 comprises a sampling
uz~xt 41 for sarx~plix~g zz~easwred speed or s torque over a time interval
and from an initial sampling tiruo both selected by the urea. A display 42
is coupled to the sampling unit 41 far dishlayina 



sampled speed and/or torque cl~e~ractcristlcs. A control panel 43 allows
control of a first x-axis scale in respect of time or frequency, cad of a
saoor~d orthogonal y-axis scale in respect of torque or speed. Typically,
the x-axis is i0 hoxizontal a,~ad the y-axis is vertical., although this is
a matter of convention and, i f desired; tla,E axes rnay be zevcrscd. The
control panel 43 allows the sampling time interval of the sampling omit 41
to be adjusted by the user, thus providing grezter flexibility, sutce the
lor~ex the sampling tixoe anrenal, the maze satnpl es are obtained, ' t3 Zt
will be apparent that modifications may be made to the preferred
embodiments witbput departing frann the scope of the invention as def ned
in the claims. 'Thus, whilst the prefen:ed anbodimant~ have been desa~ed
with pa ' . tar regard to an a.c. PSO ir~dttction mat~cu, iho invonrion is
exiually well suited for use with other types of ac. and dc. motaar.
Obviously, the actual speed-~ za time and speed-~orguc chuacteristics of
diffwent types of machine will. be diffe~nt; although tUe characteristics
of a given type of machine afford a good indicatbr ofunacceptnble depa~rc~
from the maaufacfiuer's design specification. Li)cewise, in the preferred
embodiments the time periods of successive pusses generated by the rotary
shaft encoder are measured. Howevea; seeing 25 tliat the invention
typically offers a thousand-fold impmveme~nt a~ xcso(t~ion of the dyn.araic
effects of the speed and torque charact~isti,cs over comventional ivethods,
it is clear that significant improvement is still aclv:e~red, even if the
periods of only every second or third pulse are n~easut~ad) for example.
AMENDED SHEET   11-0; _~u0 _ 27 . 16 DECEMBER 2002 IL 009900290 Fi~.ally,
wliust the invention has been described with particular example to the
penomnance testing of rocati~~g maclunes, it is to be understood that the
invention affords better resolution of the measurement of axxgulai rotation
regardless of rzny speu~.c application to which this is s directed. In the
method claims ti~at follow, alphabetic characters used to designate clairx~
steps are provided for convenience only and do not imply any particular
ordex of pecwforming the steps. AMFNf7Ff7 SHEET   16 DECEMBER 2002 -28
CLAIMS 1. A method for testing an electric motor (21 ) or of a component
thereof, the method characterized by the steps of . s (a) attaching an
unloaded shaft (22) of the electric motor (21 ) to a digital rotary encoder
(23) which generates opposing binary logic states such 



that any pair of sequential logic states corresponds to a known angular
rotation of the rotating electric motor, (b) measuring an accumulated
elapsed time period of successive pairs of 10 logic states generated by the
digital rotary encoder during rotation of the electric motor so as to allow
derivation of a dynamic speed-time characteristic (Fig. 5) of the rotating
electric motor or a function thereof, and (c) using the dynamic speed-time
characteristic of the unloaded rotating 1 s electric motor to derive static
torque speed (Fig. 11 ) or dynamic torque speed (Fig. 6) or oscillating
torque during steady state (Fig. 10) or speed and torque spectrum (Fig. 9)
during steady state of the unloaded rotating electric motor. 20 2. A method
for testing an electric machine comprising an electric motor (21) and
attached load, the method characterized by the steps of (a) attaching a
shaft (22) of the electric motor plus load to a digital rotary encoder (23)
which generates opposing binary logic states such that any pair of
sequential logic states corresponds to a known angular 2s rotation of the
rotating electric motor plus load, (b) measuring an accumulated elapsed
time interval of successive pairs of logic states generated by the digital
rotary encoder during rotation of the electric motor plus load so as to
allow derivation of a speed   16 DECEMBER 2002 _29_ time characteristic of
the rotating electric motor plus load or a function thereof, and (c) using
the speed-time characteristic of the rotating electric motor plus load to
derive a combined static torque-speed (Fig. 12) or a steady s state
combined oscillating torque-speed or steady state speed spectrum (Figs. 20
and 21) or steady state combined torque spectrum of the rotating electric
motor plus load, where the combined torque of the electric motor plus load
is equal to the torque of the electric motor minus the torque of the load.
io 3. The method according to Claim 1, wherein step (c) includes: (i)
computing the time derivative of the dynamic speed-time characteristic
(Fig. 5), and (ii) multiplying the time derivative obtained in (i) by a
moment of t s inertia of the unloaded electric motor so as to derive a
dynamic speed-torque characteristic (Fig. 6) of the unloaded electric
motor. 4. The method according to Claim 1 for determining oscillating
torque during steady state of the electric motor after it has reached
steady state speed, 2o wherein step (c) includes: (i) computing the time
derivative of the dynamic speed-time 



characteristic (Fig. 8) during steady state of the electric motor, and (ii)
multiplying the time derivative obtained in (i) by a moment of inertia of
the unloaded electric motor so as to derive a dynamic 2s speed-torque
characteristic (Fig. 10) of the unloaded electric motor in steady state. 5.
The method according to Claim 1, wherein step (c) includes: (i) removing
fluctuations on a transient part of the dynamic speed   16 DECEMBER 2002
-30 time characteristic (Fig. 5) during acceleration of the electric motor
until it reaches steady state speed so as to obtain a static speed-time
characteristic (Fig. 7), (ii) computing the time derivative of the static
speed-time s characteristic (Fig. 7), and (iii) multiplying the time
derivative obtained in (ii) by a moment of inertia of the unloaded electric
motor so as to derive a static speed torque characteristic (Fig. 11 ) of
the unloaded electric motor. to 6. The method according to Claim 2, wherein
step (c) includes: (i) removing fluctuations on a transient part of the
dynamic speedtime characteristic during acceleration of the electric motor
plus load until it reaches steady state speed so as to obtain a static
speed-time characteristic of the electric motor plus load, t s (ii)
computing the time derivative of the static speed-time characteristic of
the electric motor plus load, and (iii) multiplying the time derivative
obtained in (ii) by a moment of inertia of the combined electric motor plus
load so as to derive a combined static speed-torque characteristic (Fig.
12) of the electric 2o motor plus load. 7. The method according to Claim 5,
wherein step (i) of removing fluctuations on the transient effects during
acceleration of the electric motor until it reaches steady state speed,
includes: 2s (1) locking the shaft of the electric motor, (2) monitoring
the stator current of the electric motor, and (3) releasing the shaft of
the electric motor when the stator current achieves a steady state value.
16 DECEMBER 2002 -31 8. The method according to Claim 5 for use with a PSC
type a.c. induction motor having a stator comprising a main coil and an
auxiliary coil which may be switched in parallel with the main coil,
wherein step (i) of removing fluctuations on the transient effects during
acceleration of the s electric motor until it reaches steady state speed,
includes: (1) feeding current initially to the main coil only at a known
angle in the a.c. supply voltage cycle, (2) monitoring the stator current
in the main coil, and (3) switching the auxiliary coil in circuit when the
stator current in io the main coil achieves a steady state value at the
same known angle in the a.c. supply voltage cycle. 



9. The method according to Claim 5, wherein step (i) of removing
fluctuations on the transient effects during acceleration of the electric
motor ~s until it reaches steady state speed, includes: (1) rotating the
shaft in an opposite direction to a normal rotation direction, and (2)
during the time that the rotating electric motor changes direction,
commencing sampling of the speed-time 2o characteristics. 10. The method
according to Claim 5, wherein step (i) of removing fluctuations on the
transient effects during acceleration of the electric motor until it
reaches steady state speed, includes: 2s (1) Fourier transforming the
speed-time of the rotating electric motor during acceleration (2) filtering
the frequency spectrum so as to remove higher frequency components, and (3)
transforming the resulting spectrum back to the time domain.   16 DECEMBER
2002 -32 11. The method according to Claim 6, further including: (iv)
subtracting the combined static speed-torque characteristic of the rotating
electric motor plus load from the speed-torque s characteristic of the
electric motor derived in claim 1 so as to derive the torque-speed
characteristic of the load. 12. The method according to Claim 6, further
including: (v) performing a Go-NOGO of the electric motor plus load as a to
function of the combined static speed-torque characteristic (Fig. 12)
thereof. 13. The method according to Claim 1 or 5, for testing relative
performance characteristics of stators for use in the electric motor, said
1 s method further comprising: (d) providing a pre-calibrated rotor for
said electric motor, (e) providing successive stators and repeating steps
(a) to (c) in respect of said stators so as to obtain respective
stator-dependent characteristics of the motor. 20 14. The method according
to Claim 1 or 5, for testing relative performance characteristics of rotors
for .use in the electric motor, said method further comprising: (d)
providing a pre-calibrated stator for said electric motor, 2s (e) providing
successive rotors and repeating steps (a) to (c) in respect of said stators
so as to obtain respective rotor-dependent characteristics of the motor.
15. The method according to Claim 1 or 5, further including:   16 DECEMBER
2002 -33 (d) deriving a static torque-speed characteristic of the rotating
electric 



motor with an inertial load ( 14) having a known moment of inertia coupled
to the motor shaft, and (e) processing the respective torque-speed
characteristics of the unloaded s electric motor and of the electric motor
plus inertial load so as to determine the moment of inertia of a rotor of
the electric motor. 16. The method according to Claim 3 or 4, wherein
variations in speed or torque are used as a measure of electric motor
noise. io 17. The method according to Claim 3 or 4, wherein variations in
speed or torque are used as a measure of electric motor imbalance and
vibration. 18. The method according to any one of the Claims 1 to 17,
further ~s including: (fJ Fourier transforming the speed-time
characteristic of the rotating electric motor or electric machine so as to
derive a speed frequency spectrum, and (g) analyzing the speed frequency
spectrum of the electric motor or 2o electric motor plus load for
determining vibration, unbalance, air noise, and oscillating torque of the
electric motor or the electric motor plus load. 19. The method according to
any one of the Claims 1 to 17, further 2s including: (6) Fourier
transforming the torque-time characteristic of the rotating electric motor
or electric machine so as to derive a torque frequency spectrum, and (i)
analyzing the torque frequency spectrum of the electric motor or   16
DECEMBER 2002 -34 electric motor plus load for determining vibration,
unbalance, airnoise, and oscillating torque of the electric motor or the
electric motor plus load. s 20. The method according to Claim 2 for
determining oscillating torque during steady state of the electric motor
plus load after it has reached steady state speed, wherein step (c)
includes: (i) computing the time derivative of the dynamic speed-time
characteristic during steady state of the electric motor plus load, to and
(ii) multiplying the time derivative obtained in (i) by a moment of inertia
of the electric motor plus load so as to derive a dynamic speed-torque
characteristic of the electric motor plus load in steady state. is 21. The
method according to any one of Claims l, 3 or 4, including deriving an
oscillating speed characteristic during a build-up to steady state speed of
the rotating electric motor, comprising the steps of: 



(d) coupling a high inertia flywheel to the rotating shaft so as
deliberately 2o to slow down the time to reach steady-state, (e) deriving a
steady-state speed-time characteristic of the rotating electric motor
varying speed thereof subsequent to attainment of steady state performance,
and (f~ zooming in on a desired range of speeds of the rotating electric
motor 2s so as to derive for a limited time frame the speed-time
characteristics having superimposed thereon said oscillating speed
characteristic. 22. The method according to Claim 1 or 4 for deriving an
oscillating torque characteristic at a steady state speed of the rotating
electric motor,   16 DECEMBER 2002 -35 fizrther comprising the step of (g)
differentiating the speed-time curve with respect to time and multi plying
by a moment of inertia of the rotating electric motor so as to derive
varying torque as a function of time. s 23. Use of the method according to
Claim 2 for testing in real time steady state vibration, unbalance, noise
or oscillating torque of a rotating electric motor plus load, including:
(i) maintaining said shaft coupled to the digital rotary encoder for a io
desired time duration, (ii) constantly measuring in real time during said
desired time duration said respective time periods of pulses generated by
-the digital rotary encoder during rotation of the electric motor plus
load, (iii) constantly deriving the steady state combined oscillating
torque~s speed or the steady state speed spectrum (Figs. 20 and 21) or the
steady state combined torque spectrum of the rotating electric motor plus
load, and (iv) determining a departure in any of the characteristics
derived in (iii) from a nominal rating thereof. 20 24. The method according
to Claim 2, for testing an operational performance of an air-conditioner,
wherein the electric motor is coupled to a fan of the air-conditioner, and
there are included the steps of: (b) allowing the fan to reach steady-state
speed, 2s (c) deriving the speed-time characteristic of the fan, and (d)
Fourier transforming the speed-time or torque-time characteristic of the
rotating electric motor plus fan so as to derive a frequency speed spectrum
or frequency torque spectrum for testing vibration, unbalance or air noise
oscillating torque;   16 DECEMBER 2002 -36 whereby a frequency harmonic
(Fig. 20) in the speed or torque of the air conditioner having a high
amplitude, indicative of low quality thereof, is highlighted. s 25. The
method according to Claim 2, for testing an operational performance of an
air-conditioner having an adjustable shutter for adjusting a direction of
airflow, wherein the electric motor is coupled to a fan of the
airconditioner, and there are included the steps of (e) allowing the fan to
reach steady-state speed, and to (f~ repeatedly adjusting the shutter and
deriving and displaying the speed-time characteristic of the fan for
different shutter positions; whereby sharp fluctuations (Fig. 23) in the
speed of the fan, 



indicative of low quality performance thereof, are highlighted. i s 26. A
method for displaying speed or torque characteristics of a rotating shaft
derived according to any one of Claims 1 to 25, further including the steps
of: (g) sampling measured speed or torque at regular time intervals from a
known initial sampling time, 20 (h) displaying at said regular time
intervals said measured speed or torque samples versus time or frequency in
an analogous way to using an oscilloscope or spectrum analyzer for voltage,
(i) controlling a first x-axis scale in respect of time or frequency while
sampling the speed or torque in an analogous way to using an 2s
oscilloscope or spectrum analyzer for voltage, and (j) controlling a second
orthogonal y-axis scale in respect of torque or speed amplitude in an
analogous way to using an oscilloscope or spectrum analyzer for voltage.
16 DECEMBER 2002 -37 27. The method of any one of the preceding claims,
wherein said step (b) of claim 1 or 2 uses a method for measuring an
angular rotation of said shaft (22) which comprises: (i) rotating the shaft
to generate successively opposing binary logic s states, (ii) sepatrately
measuring a respective time period associated with each successive logic
state generated by the digital rotary encoder, and (iii) summing said
respective time periods associated with each successive logic state so as
to derive an accumulated elapsed time t o interval of successive pairs of
logic states generated by the digital rotary encoder thereby allowing
derivation of the angular rotation or a function thereof of the shaft. 28.
A method for testing an electric motor (21 ) or of a component ~ s thereof,
the method characterized by the steps of (a) measuring a dynamic speed-time
characteristic (Fig. 5) of the unloaded rotating electric motor, and (b)
using the dynamic speed-time characteristic of the unloaded rotating
electric motor to derive static torque speed (Fig. 11) or dynamic 2o torque
speed (Fig. 6) or oscillating torque during steady state (Fig. 10) or speed
and torque spectrum (Fig. 9) during steady state of the unloaded rotating
electric motor. 29. A method for testing an electric machine comprising an
electric 2s motor (21 ) and attached load, the method characterized by the
steps of: (a) measuring a speed-time characteristic of the rotating
electric motor plus load, and (b) using the speed-time characteristic of
the rotating electric motor plus load to derive a combined static
torque-speed (Fig. 12) or a steady   16 DECEMBER 2002 -38 state combined
oscillating torque-speed or steady state speed spectrum (Figs. 20 and 21 )
or steady state combined torque spectrum of the rotating electric motor
plus load, where the combined torque of the electric motor plus load is
equal to the torque of the electric motor s minus the torque of the load.
30. The method according to Claim 28, wherein step (b) includes: 



(i) computing the time derivative of the dynamic speed-time characteristic
(Fig. 5), and i o (ii) multiplying the time derivative obtained in (i) by a
moment of inertia of the unloaded electric motor so as to derive a dynamic
speed-torque characteristic (Fig. 6) of the unloaded electric motor. 31.
The method according to Claim 28 for determining oscillating torque t s
during steady state of the electric motor after it has reached steady state
speed, wherein step (b) includes: (i) computing the time derivative of the
dynamic speed-time characteristic (Fig. 8) during steady state of the
electric motor, and (ii) multiplying the time derivative obtained in (i) by
a moment of 2o inertia of the unloaded electric motor so as to derive a
dynamic speed-torque characteristic (Fig. 10) of the unloaded electric
motor in steady state. 32. The method according to Claim 28, wherein step
(b) includes: 2s (i) removing fluctuations on a transient part of the
dynamic speedtime characteristic (Fig. 5) during acceleration of the
electric motor until it reaches steady state speed so as to obtain a static
speed-time characteristic (Fig. 7), (ii) computing the time derivative of
the static speed-time   16 DECEMBER 2002 -39 characteristic (Fig. 7), and
(iii) multiplying the time derivative obtained in (ii) by a moment of
inertia of the unloaded electric motor so as to derive a static speed
torque characteristic (Fig. 11 ) of the unloaded electric motor. s 33. The
method according to Claim 29, wherein step (b) includes: (i) removing
fluctuations on a transient part of the dynamic speed time characteristic
during acceleration of the electric motor plus load until it reaches steady
state speed so as to obtain a static ~o speed-time characteristic of the
electric motor plus load, (ii) computing the time derivative of the static
speed-time characteristic of the electric motor plus load, and (iii)
multiplying the time derivative obtained in (ii) by a moment of inertia of
the combined electric motor plus load so as to derive a 1 s combined static
speed-torque characteristic (Fig. 12) of the electric motor plus load. 34.
The method according to Claim 34, wherein step (i) of removing fluctuations
on the transient effects during acceleration of the electric motor 2o until
it reaches steady state speed, includes: (1) locking the shaft of the
electric motor, (2) monitoring the stator current of the electric motor,
and (3) releasing the shaft of the electric motor when the stator current
achieves a steady state value. 25 35. The method according to Claim 32 for
use with a PSC type a.c. induction motor having a stator comprising a main
coil and an auxiliary coil which may be switched in parallel with the main
coil, wherein step (i) of removing fluctuations on the transient effects
during acceleration of the   



16 DECEMBER 2002 -40 electric motor until it reaches steady state speed,
includes: (1) feeding current initially to the main coil only at a known
angle in the a.c. supply voltage cycle, (2) monitoring the stator current
in the main coil, and s (3) switching the auxiliary coil in circuit when
the stator current in the main coil achieves a steady state value at the
same known angle in the a.c. supply voltage cycle. 36. The method according
to Claim 32, wherein step (i) of removing t o fluctuations on the transient
effects during acceleration of the electric motor until it reaches steady
state speed, includes: (1) rotating the shaft in an opposite direction to a
normal rotation direction, and (2) during the time that the rotating
electric motor changes t s direction, commencing sampling of the speed-time
characteristics. 37. The method according to Claim 32, wherein step (i) of
removing fluctuations on the transient effects during acceleration of the
electric motor 2o until it reaches steady state speed, includes: (1)
Fourier transforming the speed-time of the rotating electric motor during
acceleration (2) filtering the frequency spectrum so as to remove higher
frequency components, and 2s (3) transforming the resulting spectrum back
to the time domain. 38. The method according to Claim 33, further
including: (vi) subtracting the combined static speed-torque characteristic
of the . rotating electric motor plus load from the speed-torque   16
DECEMBER 2002 -41 characteristic of the electric motor derived in claim 33
so as to derive the torque-speed characteristic of the load. 39. The method
according to Claim 33, further including: s (vii) performing a GO-NOGO of
the electric motor plus load as a function of the combined static
speed-torque characteristic (Fig. 12) thereof. 40. The method according to
Claim 28 or 32, for testing relative performance characteristics of stators
for use in the electric motor, said method further comprising: (f)
providing a pre-calibrated rotor for said electric motor, (g) providing
successive stators and repeating steps (a) to (c) in respect of said
stators so as to obtain respective stator-dependent is characteristics of
the motor. 41. The method according to Claim 28 or 32, for testing relative
performance characteristics of rotors for use in the electric motor, said
method further comprising: 



20 (f) providing a pre-calibrated stator for said electric motor, (g)
providing successive rotors and repeating steps (a) to (c) in respect of
said stators so as to obtain respective rotor-dependent characteristics of
the motor. 2s 42. The method according to Claim 28 or 32, further
including: (j) deriving a static torque-speed characteristic of the
rotating electric motor with an inertial load ( 14) having a known moment
of inertia coupled to the motor shaft, and (k) processing the respective
torque-speed characteristics of the unloaded   16 DECEMBER 2002 -42
electric motor and of the electric motor plus inertial load so as to
determine the moment of inertia of a rotor of the electric motor. 43. T'he
method according to Claim 30 or 31, wherein variations in speed s or torque
are used as a measure of electric motor noise. 44. The method according to
Claim 30 or 31, wherein variations in speed or torque are used as a measure
of electric motor imbalance and vibration. ~0 45. The method according to
any one of the Claims 28 to 44, further including: (I) Fourier transforming
the speed-time characteristic of the rotating electric motor or electric
motor plus load so as to derive a speed frequency spectrum, and i s (m)
analyzing the speed frequency spectrum of the electric motor or electric
motor plus load for determining vibration, unbalance, air noise, and
oscillating torque of the electric motor or the electric motor plus load.
20 46. The method according to any one of the Claims 28 to 44, further
including: (n) Fourier transforming the torque-time characteristic of the
rotating electric motor or electric motor plus load so as to derive a
torque frequency spectrum, and 2s (o) analyzing the torque frequency
spectrum of the electric motor or electric motor plus load for determining
vibration, unbalance, air noise, and oscillating torque of the electric
motor or the electric motor plus load.   16 DECEMBER 2002 -43 47. The
method according to Claim 29 for determining oscillating torque during
steady state of the electric motor plus load after it has reached steady
state speed, wherein step (b) includes: (i) computing the time derivative
of the dynamic speed-time s characteristic during steady state of the
electric motor plus load, 



and (ii) multiplying the time derivative obtained in (i) by a moment of
inertia of the electric motor plus load so as to derive a dynamic
speed-torque characteristic of the electric motor plus load in steady ~ o
state. 48. The method according to any one of Claims 28, 30 or 31,
including deriving an oscillating speed characteristic during a build-up to
steady state speed of the rotating electric motor, comprising the steps of:
i s (g) coupling a high inertia flywheel to the rotating shaft so as
deliberately to slow down the time to reach steady-state, (h) deriving a
steady-state speed-time characteristic of the rotating electric motor
varying speed thereof subsequent to attainment of steady state performance,
and 20 (i) zooming in on a desired range of speeds of the rotating electric
motor so as to derive for a limited time frame the speed-time
characteristics having superimposed thereon said oscillating speed
characteristic. 49. The method according to Claim 28 or 31 for deriving an
oscillating 2s torque characteristic at a steady state speed of the
rotating electric motor, further comprising the step of (h) differentiating
the speed-time curve with respect to time and multiplying by a moment of
inertia of the rotating electric motor so as to derive varying torque as a
function of time.   16 DECEMBER 2002 -44 50. Use of the method according to
Claim 29 for testing in real time steady state vibration, unbalance, noise
or oscillating torque of a rotating electric motor plus load, including: s
(i) maintaining said shaft coupled to the digital rotary encoder for a
desired time duration, (ii) constantly measuring in real time during said
desired time duration said respective time periods of pulses generated by
the digital rotary encoder during rotation of the electric motor plus load,
10 (iii) constantly deriving the steady state combined oscillating
torquespeed or the steady state speed spectrum (Figs. 20 and 21 ) or the
steady state combined torque spectrum of the rotating electric motor plus
load, and (iv) determining a departure in any of the characteristics
derived in (iii) 15 from a nominal rating thereof. 51. The method according
to Claim 29, for testing an operational performance of an air-conditioner,
wherein the electric motor is coupled to a fan of the air~onditioner, and
there are included the steps of: 20 (k) allowing the fan to reach
steady-state speed, (1) deriving the speed-time characteristic of the fan,
and (m) Fourier transforming the speed-time or torque-time characteristic
of the rotating electric motor plus fan so as to derive a frequency speed
spectrum or frequency torque spectrum for testing vibration, 2s unbalance
or air noise oscillating torque; whereby a frequency harmonic (Fig. 20) in
the speed or torque of the air conditioner having a high amplitude,
indicative of low quality thereof, is highlighted.   16 DECEMBER 2002 -45
52. The method according to Claim 29, for testing an operational
performance of an air-conditioner having an adjustable shutter for
adjusting a direction of airflow, wherein the electric motor is coupled to
a fan of the air 



conditioner, and there are included the steps of s (n) allowing the fan to
reach steady-state speed, and (o) repeatedly adjusting the shutter and
deriving and displaying the speed-time characteristic of the fan for
different shutter positions; whereby sharp fluctuations (Fig. 23) in the
speed of the fan, indicative of low quality performance thereof, are
highlighted. io 53. A method for displaying speed or torque characteristics
of a rotating shaft derived according to any one of Claims 28 to 52,
further including the steps of: (p) sampling measured speed or torque at
regular time intervals from a ~ s known initial sampling time, (q)
displaying at said regular time intervals said measured speed or torque
samples versus time or frequency in an analogous way to using an
oscilloscope or spectrum analyzer for voltage, (r) controlling a first
x-axis scale in respect of time or frequency while 2o sampling the speed or
torque in an analogous way to using an oscilloscope or spectrum analyzer
for voltage, and (s) controlling a second orthogonal y-axis scale in
respect of torque or speed amplitude in an analogous way to using an
oscilloscope or spectrum analyzer for voltage. 25 54. The method of any one
of claims 28 to 53, wherein step (a) uses a method for measuring an angular
rotation of a rotating shaft (22), which comprises the steps of: (i)
attaching to the shaft a digital rotary encoder (23) which   16 DECEMBER
2002 -46 successively generates opposing binary logic states such that any
pair of sequential logic states corresponds to a known angular rotation of
the shaft, (ii) rotating the shaft, s (iii) separately measuring a
respective time period associated with each successive logic state
generated by the digital rotary encoder, and (iv) summing said respective
time periods associated with each successive logic state so as to derive an
accumulated elapsed time interval of successive pairs of logic states
generated by the digital to rotary encoder thereby allowing derivation of
the angular rotation or a function thereof of the shaft. 55. An apparatus
(20) for measuring an angular rotation of a rotating electric motor (21 )
or component thereof (22), the apparatus comprising: 1 s a coupling unit
for attaching a shaft (22) of the electric motor to a digital rotary
encoder (23) for accurately measuring an angular rotation of the shaft, a
power supply (28) for supplying power to the rotating electric motor at a
specified time, and 



a computer (25) coupled to the digital rotary encoder (23) for deriving a
2o speed characteristic of the rotating electric motor; characterized in
that: the computer measures a dynamic speed-time characteristic (Fig. 5) of
the unloaded rotating electric motor, and uses the dynamic speed-time
characteristic of the unloaded rotating electric motor to derive static
torque 2s speed (Fig. 11 ) or dynamic torque speed (Fig. 6) or oscillating
torque during steady state (Fig. 10) or speed and torque spectrum (Fig. 9)
during steady state of the unloaded rotating electric motor. 56. An
apparatus (20) for testing a rotating electric motor (21 ) plus load   16
DECEMBER 2002 -47 comprising: a coupling unit for attaching a shaft (22) of
the rotating electric motor plus load to a digital rotary encoder (23), a
power supply (28) for supplying power to the rotating electric motor at s a
specified time, and a computer (25) coupled to the digital rotary encoder
(23) for deriving a speed characteristic of the rotating electric motor;
characterized in that: the computer measures a dynamic speed characteristic
of the rotating electric motor plus load and uses the dynamic speed-time
characteristic of the rotating electric motor plus load to derive combined
static torque speed (Fig. 12) or a steady state combined oscillating
torque-speed or steady state speed spectrum (Figs. 20 and 21 ) or steady
state combined torque spectrum of the rotating electric motor plus load,
where the combined torque of the electric t s motor plus load is equal to
the torque of the electric motor minus the torque of the load. 57. The
apparatus according to Claim 55 or 56, further including a display device
(27) coupled to the computer for displaying graphically the 2o
characteristics computed thereby. 58. The apparatus according to Claim 55
being adapted to remove transient effects so as to derive static
torque-speed characteristics of the electric motor. 2s 59. The apparatus
according to Claim 56 being adapted to remove transient effects so as to
derive combined static torque-speed characteristics of the rotating
electric motor plus load.   16 D1~7G~MBER Q002 -48 



60. The apparatus (40) according to Claim 55 or 56 for displaying speed or
torque characteristics of a rotating shaft, further including: a sampling
unit (41 ) for sampling measured speed or torque at regular time intervals
from a known initial sampling time, 5 a display (42) for displaying at said
regular time intervals said measured speed or torque samples versus time or
frequency in an analogous way to using an oscilloscope or spectrum analyzer
for voltage, and a control panel (43) for controlling a first x-axis scale
in respect of time or frequency and a second orthogonal y-axis scale in
respect of torque or t o speed amplitude while sampling the speed or torque
in an analogous way to using an oscilloscope or spectrum analyzer for
voltage. 61. The apparatus according to Claim 60, wherein the control panel
includes a control for adjusting said time intervals. 15 62. The apparatus
according to Claim 60, wherein the control panel includes a control for
adjusting the initial sampling time. .A3h.AL.A
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