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Method and system for performance testing of rotating machines

FIELD OF THE INVENTION

This invention relates generally to the accurate measurement of
angular rotation and, in particular, to the performance testing of rotating
machines.

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
derive standard motor performance characteristics as set out in the appropriate
IEEE standards, for example. Such characteristics invariably rela_tc 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 Mdmce with
Newton’s Second Law of Motion. Additionally, so-called “signature™ tests as
well as load tests are performed, although in all cases the effects of
fluctuations are eliminated.
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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 agamst which production line motors may be assessed.
Load tests measure tlie motor’s performance undet 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 moto_i sp_eed in analog form
and suffers from loiav iqsoluﬁon_ and severe noise contamination. For 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 veloclty of motor shafts and the like. Many such methods still
employ what are wsenually analog transducers to derive the speed signal and
then digitize the speed signal using A/D converters, so as to allow subsequent
processing to be performed digitally.

R. Szabados ef 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.
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 measin‘ed data is then processed digitally
to remove the noise, perform dynamic average filtering to eliminate
extraneous coupling vibrations and to détermine the relative torque profile
from the time deriﬁtive 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 ﬁltenng the raw speed data is an inherent
feature of the method proposed m this article. |
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Indeed, it is fiirther shown that the raw speed HatHjs 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 filtering algorithms

s which are presented.

U.S. Patent No. 5,218,860 (Storar) assigned to Automation
Technology, Inc. discloses an altemative 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

10 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 on 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:

15

7=1% ®
dt

where: T = Torque,
I=1Inertia of flywheel,
20 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

25 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
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speed. The inertia of the fiywheel 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.

5 The digital rotary encoder as described U.S. Patent No. 5,218,860
offers a sigrﬁﬁcant'improvement over analog fransducers, and allows the
measurement .of certain .'motor characteristics that were previously not easily
obtained. However, ghe resolution of the device is still relatively poor since, in
effect, a very large number of pulses are averaged during each sample time

10 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. Assummg an average motor speed of 10,000 rpm, this means that
the number of pulses p:_:dduced per 16.67 ms time period is néarly 70,000. The
actual number of pulses is counted by a binary counter so as to provide an

15 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 advmﬁge in employing a
rotary encoder having such a high iesoluﬁon, as well as cost, given that such a

20 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

25 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 éll_pw measurement of the dynafnic performance of the

moftor.
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The present favéntor has found that the dynanpioyperformance of the

motor provides invaluable information about the mot;>r, such that without a
kndwledge of the dynamic performance of the motor it is impossible to derive
fundamental behavior of the motor. However, for the reasons set out above,

5 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

10 prevailing technology and price constraints, any improvement is limited 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.

20 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

25 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.
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U.S. Patent No_ 4,535,288 to Joseph L.Vitulli, Jr. discloses a method
for determining the rotatmnal speed of a moving shaft in a spatially limited
environment, wherein the time between a sequentially successive pair of
encoder (transducer) puises is used to determine the spéed. Updated rotational
speed is computed ﬁ'om a further pair of sequentially successive pulses,
which are non-sequgnﬁgl to the earlier pulses. The rotary encoder described
by Vitulli can be hkened to a toothed wheel having sixty equally spaced teeth,
each of which givwfn'_s_e: to an output signal having a first voltage level when
rotating past a pick_up'.-' When the space between adjaceht teeth passes the
pickup, an output signal having a second voltage level is produced. Typically,
the first and second voltage leveis translate to digital signals having logic
HIGH and LOW leve]s,::éspecﬁvely, such that a pulse train is produced. Thus,
assuming that there:'a_re provided sixty equally spaced teeth which give the

- same angular for the hxgh and low levels, the angle of rotation corresponding

to each logic HIGH lﬂél is 2/120 radians. By measuring the time duration of
each logic HIGH level, the angular speed can thereby be calculated.

In practice, however, even the best rotary encoders have a duty cycle
accuracy of only + 10%, which reans that whilst the distance between the
start of adjacent teeth (corresponding to the period of the pulse train) is
constant, the width of each tooth is subject to an accuracy of + 10%. Since
angular speed is cal@ate‘d on the basis of the measured time for each tooth
passing the pickup; it is clear thatthls is dependent on the actual width of

each tooth and is thus sﬁbject to a maximum error of 20%.

SUMMARY OF THE INVENTION

It is thereforé an object of the invention to provide a method and
system for measuring rotational speed m which the drawbacks associated with
hitherto-proposed are substantially improved or eliminated.
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Such an objétiVe is realized in accordance withith broad aspect of the
invention by providing a2 method for measuring an angular rotation of a
rotating shaft, the method comprising the steps of:

(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, and

(¢) measuring an accumulated elapsed time interval between successive
pairs of logic states generated by the digital rotary encoder so as to
allow 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
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 subject 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
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 No. 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
quality encoder (with duty cycle error in the order of +10%) will give rise to a
measured speed inaccuracy of +10%.

The method according to the invention finds particular application for
testing a performance of a rotating machine or a component thereof, the

method comprising the steps of:
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(a) attaching a shaft of the rotating machine to a digital rotary encoder
which genefateé opposing binary logic states for a knowh angular
rotation of the eleclncal machine, | |

(b) supplying power to the rotating machine at a specxﬁed time, and

(c) measuring and accumulating respective time periods of successive
logic state$ generated by the digital rotary encoder from
approximately the application of power to the rotating machine until
the rotating machme reaches a desired speed so as to allow derivation
of a dynamic speed characteristic of the Totating machine.

Preferably, th ere is further mcluded the step of:

(d) calculating a torque of the rotating machine by reference to a
predetennin’é.d moment of inertia of a rotor thereof and the measured
speed charactenstlc of the rotating machine.

The inventidﬂalso contemplates an apparatus for determxmng dynamic
and static speed-tlme 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 dlﬁ“erent
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.

It will thus be understood that the method and apparatus according' to
the invention allow dynamxc and static performance data to be derived
without requiring the connectlon of an external inertial load to the machine’s
axis. This allows the machine to reach steady state (i.c. non-transient)
operation more quickly and allows calibration of the machine to be effected
more quickly. This is of particular importance when small machines are
mass-produced aﬁd m_ilst be tested on the pr_oductioh liné. Moreover, it allows

the measurement of ﬂuctuat:ions.'= which have hitherto eluded measurement.
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It is admittedly Suggested in U.S. Patent No. 52181860 [col. 1, line 29]
that for Iarger motors, the mass of the ammature may be sufficiently 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
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 deliberately to slow down the time to
reach steady state speed and thus allow sufficient 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 for small motors, since a major object of the invention is
to reduce, rather than increase, the time to reach steady state speed.

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, 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
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)
and y-axis (torque and speed) thus allowing the device to be used as a rotating
machine analyzer.
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BRIEF DESCRIPTION OF THE DRAWINGS

. 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
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
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. 5 to 13 show graphically typical a.c. PSC induction motor
characteristics measured or computed with the motor test system accordmg to
the invention; '

 Figs. 14 to 19 show graphically further applications of the invention
for highlighting faults on steady state condmon, '

Figs. 20 to 23 show graphically further applications of the invention
for highlighting faults with an air-conditioning fan; and

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 EMBODIMENTS

Fig. 2 shows functionally a motor test system depicted generally as 20
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 motor 21 rotates, the shaft encoder 23
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produces logic levels that are sampled by a sampling unit 24 that measures the
elapsed time for the logical states to change from LOW to HIGH and back to
LOW or vice versa. The successive time intervals are fed to a computer 25
that processes the time data 5o as to derive the dynamic speed characteristic of
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. Cormected to the computer 25
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 (CLK) of a first counter 32
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 33 whose output
is ajso fed to the computer 25. Likewise, the reset terminal (RST) of the first
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
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 BIGH 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
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the first counter 32 and, after inversion, are fed to the enable input of the
second counter 33. Consequently, Be_tween suocwéive ENABLE 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
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
feeding a reset signal to the respective RST 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 HIGH. 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 HIGH. 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 en'coder 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 puISes per minute. Thus, each
pulse has a period of approximately 10 ps, 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 shgﬂ'encoder 23 will output nearly 1,667 pulses
each of which is a sampling point, as opposed to the single sampling point
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 nmch longer time
interval for measuring the accumulated angular rotation of the shaft. As
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explained above, thxsmllrtates against determinatioi; o% dynamic response of
the machine.

" On the other hand, U.S. Patent No. 4,535,288 to Joseph L.Vitulli, Jr.
does siiggest time measurement of a single pulse only and therefore prima
faéie 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. If the duty cycle is specified as being 50%, then the time for each
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
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
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 shaft
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
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 waming signal may, of course, be rendered
andible or visual in known manner. Optionally, as will be explained in greater
detail below, the fluctuations on the transient effects produced during
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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
5 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
10 approximately 0.04s, 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
15' the rotary encoder and are missed altogether in hitherto proposed methods
~ based on averaging data over a large 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:

Mp =Q%a: +IH) ')
20 where: M(f) = instantaneous Torqué at time ¢,
O =Moment of Inertia of rotor,
® = angular speed of motor, and
.. L(t) = instantaneous external load at time 2.
Since no load is comnected to the motor 21, L(?) is zero and 'equaﬁon

25 (2) simplifies to:

| do
MH=0~ ®
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_ 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 extemal load and the dynamic speed characteristic
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 27/60 to convert to the equivalent
angular speed in radians per second relate to the dynamic torque from starting
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 practice, the motor was started at the point in the a.c. cycle where
the voltage climbed through 0 volt.

The run-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 dynamic characteristics allow identification of motor faults not
detectable from static data only as well as permitting classification of motor
characteristics. Moreover, it has been found that:

() 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
acceleration;

(i) 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.
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The above discussion has concentrated, so far, on the dynamic
chgracteristics of the motor during run-up. However, if desired ﬂucmaﬁons 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
conventional torque-speed characteristic (shown in 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
comprises a main coil and an auxiliary coil which may be switched in paraliel
with the main coil, then the rotor will rotate only when current is fed to both
coils. Therefore, mitially 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

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. voitage supply cycle.

~ Yet another way to neutralize the fluctuations of transients is to process
the dynamic épeed characterisﬁc-bf the motor using a suitable algorithm. To
this end, the dynamic speed characteristic shown in Fig. 5 is sampled so as to
determine changes in speed as a function of time during acceleration of the
motor. The resulting signal is Fourier .traxisfonned 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
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 reés_olutio_n is sufficiently high in the time
domain. Hitherto-proposed methods employing coarse time resolution are not
capable of resolving the frequency spectrum. |
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Yet another ﬁ;pmach to canceling the fludtuations in the transient
effects of the stator current is to rotate the shaft in an opposite direction to the
ndrmal rotation direction and then, during the time that the motor changes
direction, commencing sampling of the acceleration (i.e. speed-time)
characteristics. Such a technique is well known and is described, for example,
in U.S. Patent No. 5,440,915 also assigned to Automation Technology, Inc.
and entitled “A Method and Apparatus for Measuring Friction Torque™. The
contents of both U.S. Patent Nos. 5,218,860 and 5,440,915 are hereby
incorporated herein by reference. The subsequent processing is similar to that
described above for deriving the dynamic speed characteristic, but produces
the static speed characteristic since the transient component is no longer
present.

Fig. 8 shows graphically the change in speed for an unloaded 4-pole
PSC induction motor idling at steady state. Fig. 9 shows the result of
transforming the speed characteristics of the motor to the frequency domain.
The frequency spectrum shown in Fig. 9 provides clearer information
regarding the motor than may be resolved in the time domain. Specifically,
clearer information is derived regarding torque and speed fluctuations.

The moment of inertia of the rotor may be determined by deriving two
separate speed characteristics: one for the unloaded motor, and the other
wherein a known inertial load is applied to the motor shaft. Thus, the
following steps are performed:

(i) deriving the speed-time characteristic of the unloaded motor and
eliminating the effects of fluctuations in the transients thereof,

(i) couple to the motor an inertial load of known moment of inertia,

(iii) deriving the speed-time characteristic of the loaded motor and
eliminating the effects of fluctuations in the transients thereof, and

(iv) processing the respective speed characteristics derived in (i) and

(iii) so as to determine the moment of inertia of the rotor.
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The calculations are based on the following equations:

o For the unloai_led motor | :
M =0-|—
5 o max_ Q ( dt )max l

where: My, is the maximum motor torque,
Q is the moment of inertia of the motor’s rotor (to be
calculated), and '
o is thé angular velocity of the motor.

o _ - _

For the motor loaded with a known inertisl load 9,

- &)
—=e+ar(%) .
15 " The maximum motor torque (M,,,,J is constant and independent of any
~ load apphed thereto. Therefore:" |
)(42) - (4o
Q'.(Tdt_);m, oo ©

. 20 from which it can be derived that:

()

0= 2 X0

(i‘."_) _ (i“_’_) )
dt max 1 dt max ., -
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The motor tést system 10 aiso allows derivatidhi 8t the ripple torque of
the motor when idling, i.e. under no-load steady-state conditions. For
exainple, 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.
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
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) themotor,
(ii) theload, 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 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.

Fig. 11 shows graphically the static torque-speed characteristic of the
unloaded motor. At the end of every production cycle, an external load is
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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
the motor less the load. This can be shown as follows:

:_ d
M= (Q1 +0, )"'21 +M, ®

where: M is the unloaded motor torque,

Oy is the moment of inertia of the rotor,

O is the moment of inertia of the external load, and

M, 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,
M;, 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
shown in Fig. 12 so as to derive:

d
-M—ML=(Q,1+QL-&?_ )]

The graph shown in Fig. 13 is derived during acceleration of the motor
from starfup 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
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shown in Fig. 13 serves as an excellent tool for eﬁ'ecﬁng{a GO-NOGO test of a
batch of similar loaded motors, so as to indicate which motor-load conples
(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
5 establishing the functionality of a loaded machine.

Having computed the loaded motor torque-speed characteristic shown
in Fig. 13, 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.

0 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
explained above and its time derivative is computed. Multiplication of the

15 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.

20 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 tﬁe motor plus load during acceleration
from startup. Likewise, no prior use of this characteristic is known for
obtaining an .indication of mechanical noise resulting from variations in

25 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:
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() themotor,
() theload, and
(iii) poor eoupling 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 external load gives an
indication of the sn'ength of the changing torque created by the loaded motor
when running at workmg 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 mofqr.

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 machme by companson 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
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 substmmng different stators, the performance of the stators may be
compared. '

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 machme until steady sate is reached. Thus,
by measuring the actual time ofeachpulse, it has been demonstrated that the
speed-time or speed-torque charactetistics can be determined with much finer
resolution than can be resolved by measuring the average rotation in a fixed
time period. As a result, ﬂuctuatlons which occur during the transient part of
the motor characteristics can aléo be ,re’solved, thus providing information
regarding motor performance which has eluded hitherto proposed approaches.
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It has also Vébh explained that, even whéit'fhe 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.

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
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 Tonger 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
machine after reaching steady state in real time, in order to detive 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
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
threshold, 2 wamning 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
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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 aeliberately to sléw down the time to reach steady-state. In such case,
steady state oscillating torque and speed phenomena will appear during the
acceleration, these being discernible owing to the fact that many more
sampling points are qvaﬂable 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 charactensnm of a motor when a
flywheel having a high moment of inertia is coupled to its shaft. The motor
speed climbs slowly from zero reachmg 1dlmg speed after approximately 0.35
sec as against 0.1sec 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
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 stea_dy-state m_btor speed. This curve
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 specﬁ'u;n indicates a findamental frequency of
100 Hz, this corresponding to twiée 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 mbment of inertia of the flywheel and motor.
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The figure showssxmﬂar oscillations in torque §§” ire 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
more clearly the periodic rise and fall in steady-state motor torque. As seen
from Fig. 14, the motor reaches a speed of 1,260 rpm at time ¢ = 0.3 sec. Fig.
18 is thus derived by zooming in on the motor torque-time characteristics
centered around ¢ = 0.3 sec. This curve serves as a yardstick for categorizing
8 -state performance of a loaded motor at a speed of 1,260 rpm.

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
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 time characteristic for an
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
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.
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Fig. 24isa blgck diagram showing functionally a dynamic torque and
speed analyzer 40 for displaying speed or torque characteristics of a rotating
shaft 41 as derived according to the invention. The dynamic torque and speed
analyzer 40 compnses a sampling unit 42 for sampling measured speed or
torque over a time mterval and ﬁ'om an initial sampling time both selected by
the user. A display 43 is coupled to the sampling unit 42 for displaying
sampled speed and/or torque charactenstlcs A control panel 44 allows
control of a first x-axis scale in respect of time or frequency, and of a second
orthogonal y-axis scgle in r&spect of torque or speed. Typically, the x-axis is
horizontal and the y-axis is vertical, although this is a niatter-of convention
and, if desired, the axes may be reversed. The control panel 44 allows the
sampling time interval of the sampling unit 42 to be adjusted by the user, thus
providing greater ﬂexiblhty, since the longer the: samplmg time interval, the
more samples are obtained.

It will be apparent that modifications may be made to the preferred . -
embodiments withoﬁt departing from the spirit of the invention. Thus, whilst
the preferred embodiments have been described with particular regard to an
a.c. PSC induction motor, the invention is equally well suited for use with
other types of ac. .and d.c. motor. Obviously, the actual speed-time and
speed-torque characteristics of different types of machine will be different;
although the characteristics of a given type of machine afford a good indicator
of unacceptable depattu_re from the manufacturer’s design specification,

It should also be noted that whilst obviously electrical motors are most
amenable to testing as described, the motors need not be powered by
electricity in order to benefit from the particular advantages of the invention.
Thus, for example, the dynamic péffonnance of steam-powered engines as
well as petrol and diesel and other fuel engines can be advantageously

measured using the invention in order to provide valuable information that is

lost using conventional methods. ' -
| - et Has Been Replaced
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Likewise, inthid preferred embodiments the tifiig®eriods of successive
pulses generated by the rotary shaft encoder are measured. However, seeing
tha.t the invéntion typically offers a thousand-fold improvement in resolution
of the dynamic effects of the speed and torque characteristics over
conventional methods, it is clear that significant improvement is still
achieved, even if the periods of only every second or third pulse are
measured, for example.

Finally, whilst the invention has been described with particular
example to the performance testing of rotating machines, it is to be
understood that the invention affords better resolution of the measurement of
angular rotation regardless of amy specific application to which this is
directed.

In the method claims that follow, alphabetic characters used to
designate claim steps are provided for convenience only and do not imply any
particular order of performing the steps.

—_—
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1. A method for measuring an angular rotation of a rotating shaft (22),
the method compnsmg the steps of:
(a) attaching to the shaft a digital rotary encoder (23) which successively
5 generates opposing binary logic states such that any pair of sequential
logic states corresponds to a known angular rotation of the shaﬁ,
(b) rotating the shaﬁ, and
(¢) measuring an accumulated elapsed time interval between successive
pairs of loglc states generated by the digital rotary encoder 50 as to
10 allow denvatlon of the angular rotation or a function thereof of the
2. A method for testing a performance of a rotating machine (21) or of a.
component thereof, the method oompnsmg the steps of:
(a) attaching a shaft (22) of the rotating machine (21) to a digital rotary
1S encoder (23) which generates oppesing binary logic states such that

any pair of sequential logic states corresponds to a known angular
rotation of the rotating machine, énd
(b) measuring an accumulated eiapsed time interval between successive
pairs of logic ‘states generated by the digital rotary encoder during
20 rotation of the machine s_(} as to allow derivation of a speed-time
characteristic of the rotating machine or a function thereof.
3. The method according to Claim 2 for testing a dynamic performance
of the rotating machine; Whereinf -
(a) power is supplied to the rotating machine at a specified time, and
25 (b) the respective time periods of sucoessxve logic states generated by the
digital rotary encoder are measwred from approximately the
application of power to the rotating machine until the rotating

machine reaches a desired speed.

/_'_
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4 Themethod hecording to Claim 2 or 3, furthef fi¥fuding:

(d) caleulating a torque of the rotating machine by reference to a
predetermined moment of inertia of the rotating machine and the
measured speed-time characteristic of the rotating machine.

5. The method according to Claim 2 for determining the dynamic
performance of the rotating machine after it has reached steady state speed,
further including:

(d) determining a dynamic torque-speed characteristic of the rotating
machine from a predetermined moment of inertia of the rotating
machine, said dynamic torque-speed characteristic having a constant
static level with a ripple component superimposed thereon.

6. The method according to Claim 3, further including:

(¢) removing fluctuations on the transient part of the speed-time
characteristic, and

(f) determining a static torque-speed characteristic of the rotating
machine from the moment of inertia of the rotating machine.

7. The method according to Claim 6 for removing fluctuations on the
transient effects during acceleration of an electrical machine until it reaches
steady state speed, including:

(a) locking the shaft of the electrical machine,

(b) monitoring the stator current of the electrical machine, and

(©) releasing the shaft of the electrical machine when the stator current
achieves a steady state value.

8. The method according to Claim 6 for removing fluctuations on the
transient effects-during acceleration of a PSC type a.c. induction motor baving
a stator comprising a main coil and an auxiliary coil which may be switched
in paralle] with the main coil, the method including:

(a) feeding current initially to the main coil only at a known angle in the
a.c. supply voltage cycle,

B
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(b) monitoring the stator current in the main coil, and

(©

9.

switching the auxiliary coil in circuit when the stator current in the
main coil adhieves a steady state value at the same known angle in
the a.c. supply voltage cycle.

The method according to Claim 6 for removing fluctuations on the

transient effects during acceleration of a rotating machine until it reaches
steady state speed, including:

(@)

®)

10.

(@)
)

11.
(@)
®)

©

rotating the ';shaft in an opposite direction to a normal rotation
direction, and |

during the time that the rotating machine changes direction,
commencing sampling of the speed-time characteristics.

The method according to Claim 6, including:

computing th§: tir_he derivative of thé static speed-time characteristic,
multiplying the time derivative obtained in (a) by a total moment of
inertia of thé-rotdting machine and a combined external load so as to
derive a speed-torque characteristic of the loaded machine, and
subtracting the static speed-torque characteristic of the rotating
machine from the speed-torque characteristic of the loaded machine
derived in (b) so as to derive the torque-speed characteristic of the
load. |

The method aécording to Claim 6, including:

computing the time derivative of the static speed-time characteristic,
multiplying the time deriir&tive obtained in (a) by a total moment of
inertia of the rotating machine and a combined external load so as to
derive a speéd-tbrque charactenstlc of the loaded machine, and
performing a GO-NOGO < )f the loaded machine as a function of the

PCT/11.99/00290

speed-torque characteristic thereof.
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12.  The method according to Claim 3, wherein th Sulhting machine s an

electrical motor having a rotor and a pre-calibrated stator and steps (a) to (c)
are repeated in respect of different rotors so as to test relative performance
characteristics of the rotors.

13.  The method according to Claim 3 or 6, wherein the rotating machine

is an electrical motor having a rotor and a pre-calibrated stator and steps (a)
and (b) are repeated in respect of different rotors so as to test relative
performance characteristics of the rotors.

14.  The method according to Claim 3, wherein the rotating machine is an

electrical motor having a stator and a pre-calibrated rotor and steps (a) to (¢)
are repeated in respect of different stators so as to test relative performance
characteristics of the stators.

15.  The method according to Claim 3 or 6, wherein the rotating machine

is an electrical motor having a stator and a pre-calibrated rotor and steps (a)
and (b) are recpeated in respect of different stators so as to test relative
performance characteristics of the stators.

16.  The method according to Claim 3, further including:

(6) adding to the shaft of the rotating machine an inertial load (14)
having a known moment of inertia,

(d) deriving respective speed characteristics of the rotating machine with
and without the inertial load, and

(&) processing the respective speed characteristics derived in (d) so as to
determine the moment of inertia of the rotating machine’s rotor.

17.  The method according to Claim 2 or 3, frther including:

(f) determining from the dynamic speed-time characteristic of the
rotating machine varying torque thereof prior to attainment of steady
state performance.

18.  The method according to Claim 5 or 17, wherein variations in speed

or torque are used as a measure of machine noise.

S
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19.  The method according to Claim S or 17, wherein variations in speed
or torque are used as a measure of machine imbalance or vibration. |
20.  The method according to any one of the Claims 3 to 19, further
including:

() Fourier transformmg the speed-tlme characteristic of the rotating .
machine so as th derive a frequency spectrum thereof.

21.  The method according to Claim 20 for removing fluctuations on the
transient effects during acceleration of the rotating machine until it reaches
steady state speed, fu_i'ther including:

(h) filtering the frequency spectrum so as to remove higher frequency
components, and '

() transforming the resulting spectrum back to the time domain.

22. Themethodaccordmgto any one ofClanns4 5, 10, 11 and 17,
further including: '

(2) Fourier transforming the torque-time charactenstlc of the rotanng
machine so as to derive a torque frequency spectrum and speed
frequency spectrum thereof.

23.  The method according to any one of Claims 2 to 4, including deriving
an oscillating speed characteristic at a steady state speed of the rotating
machine, comprising the steps of:

(e) allowing the rotating machine to reach its steady state speed, and

(f) deriving the steady-state speed curve having superimposed thereon
said oscillating speed characteristic.

24.  The method according to any one of Claims 3 to 4, including deriving
an oscillating speed characteristic during a build-up to steady state speed of
the rotating machine, comprising the steps of:

(g) coupling a high merna flywheel to the rotating shaft so as deliberately
to slow down the time to reach steady-state,

T R |
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(h) deriving a"?:;ét:efédy—state speed-time charac%%ﬁ%c of the rotating
machine varying speed thereof subsequent to attainment of steady
state performance, and

() zooming in on a desired range of speeds of the rotating machine so as
to derive for a limited time frame the speed-time characteristics
having superimposed thereon said oscillating speed characteristic.

25.  The method according to Claim 23 for deriving an oscillating torque
characteristic at a steady state speed of the rotating machine, further
comprising the step of:

(g) differentiating the speed-time curve with respect to time and mmiti-
plying by a moment of inertia of the rotating machine so as to derive
varying torque as a function of time.

26.  The method according to Claim 24 for deriving an oscillating torque

. characteristic at a steady state speed of the rotating machine, further

comprising the step of:

(h) differentiating the speed-time curve with respect to time and multi-
plying by a moment of inertia of the rotating machine so as to derive
varying torque as a function of time.

27.  The method according to Claim 23 or 24, further including the step
of:

() Fourier transforming the torque-time or speed-time characteristic of
the rotating machine so as to derive a frequency torque spectrum or
frequency speed spectrum thereof.

28.  The method according to Claim 25 or 26, further including the step
of:

(k) Fourier transforming the torque-time or speed-time characteristic of

the rotating machine so as to derive a frequency torque spectrum or
frequency speed spectrum thereof.
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29. The method according to Claim 3 for testing a steady state
performance of a rotating machine or of a component thereof in real time,
wherein: |

(a) said shaft remains coupled to the digital rotary encoder for a desired
time duration, and

(b) said respective time periods of pulses generated by the digital rotary
encoder dunng rotation of the machine are constantly measured in
real time during said desired time duration.

30. The method acf_:cdrding to Claim 29, wherein:

(a) said time duration is selected to be short so as to obtain an initial
performance characteristic of the rotating machine when operating at
acceptable des_ign conditions, and

" (b) during actual working of the machine the time duration is selected to

' be unlimited so as to detect a departure from the acceptable design
conditions.

31.  The method according to Claim 2 or 3, for testing an operational
performance of an air-conditioner, wherein the rotating machine is a motor
coupled with a fan _of the air-conditioner, and there are included the steps of:

(a) allowing the fan to reach steady-state speed,

(b) deriving the speed-time characteristic of the fan, and

(©) Fourier transforming the speed-time or torque-time characteristic of
the rotating machine so as to derive a frequency speed spectrum or
frequency torﬁlue spectrum thereof;
whereby a frequency harmonic in the speed or torque of the fan

having a high amphtude indicative of low quality performance thereof, is
highlighted.

32.  The method according to Claim 2 or 3, for testing an operational
performance of an air-conditioner having an adjustable shuiter for adjusting a
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direction of aif‘filoiv, wherein the rotating ma "§ is a fan of the air-
-conditioner, and there are included the steps of:
(a) allowing the fan to reach steady-state speed, and
(b) repeatedly adjusting the shufter and deriving and displaying the
5 speed-time characteristic of the fan for different shutter positions;
whereby sharp fluctuations in the speed of the fan, indicative of low
quality performance thereof, are highlighted. |
33. A method for displaying speed or torque characteristics of a rotating
shaft derived according to any one of the preceding Claims, further including

1o the steps of:

(a) sampling measured speed or torque at regular time intervals from a
known initial sampling time,

(b) displaying measured speed or torque samples versus time or
frequency,

15 (c) controlling a first x-axis scale in respect of time or frequency, and

(d) controlling a second orthogonal y-axis scale in respect of torque or
speed.
34.  An apparatus (20) for measuring an angular rotation of a rotating
shaft (22), the apparatus comprising:

20 (a) a coupling unit for attaching to the shaft a digital rotary encoder (23)
which generates opposing binary logic states for a known angular
rotation of the shaft, such that any pair of sequential logic states
corresponds to a known angular rotation of the shaft, and

(b) a timer (31, 32) for measuring and accumulating respective time
25 periods of successive opposing binary logic states generated by the
digital rotary encoder so as to allow derivation of the angular rotation

or a fanction thereof of the shaft.

35.  An apparatus (20) for testing a performance of a rotating machine

(21) or of a component thereof, the system comprising:
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(2) a coupling unit for attaching a shaft (22) of the rotating machine to a
digital rotary encoder (23) which generates opposing binary logic
states for a known angular rotation of the machine, such that aﬁy pair
of sequential logic states corresponds to a known éngular rotation of

5 the machine, _ __

(b) a power supply (28) for supplying power to the rotating machine at a
specified time, | |

(¢) atimer (31, 32) for measuring respective time periods of successive
opposing binary logic states generated by the dlgr(al rotary encoder

10 from approximately the application of power to the rotating machine
until the rotatmg machine reaches a desired speed, and

(d) a computer (25) coupled to the timer for accumulating respective
time periods of the successive opposing binary logic states generated
by the digital rotary encoder so as to allow 'de_tivation of a dynamic

15 speed characteristic of the rotating machine and for storing in a
memory thereof for further processing, as required.
36. The apparatus according to Claim 35, further including a display
device (27) coupled to the computer for displaying graphically the dynamic
speed characteristic of the rotating machine or a function thereof after |
20 processing.
37.  The apparatus :accord.ing to Claim 35 or 2, being adapted to remove
transient effects so as to derive static speed characteristics of the rotating
machine.
38.  The apparatus according to any one of Claims 35 to 3, wherein the
25 timer comprises: |
an oscillator (31) for producing high frequency clock pulses of known
frequency at an output thereof, and
first and second counters (32, 33) each having a clock input (CLX)
coupled to the output of the oscillator, each having an énable input (ENABLE)
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coupled to the shaft encoder (23) for receiving successive encoder pulses
during sequential logm states of the encoder and being coupled to the
computer for feedmg :thereto respective logic states of the shaft encoder, and
each having a reset terminal (RST) responsively coupled to the computer so as
to enable the first and seconds counters to be reset thereby;

whereby each of the counters eouuts a number of clock pulses between
successive encoder pulses during a :e_'spective logic state of the encoder and
the computer accumulates respective time intervals during successive logic
states of the encoder by multiplying the number of clock pulses during the
Tespective logic states during each s_ucce_ssive logic state by the clock
ﬁrqmamyandamiﬁmmnMgsﬁdnwpanWBﬁmmhmuvds
39.  The apparatus (40) according to any one of Claims 34 to 4 for
displaying speed or torque charactensucs of a rotating shaft, further
including: ' :

a sampling unit (41) for samphng ‘measured speed or torque at regular
mmeumnwﬂsﬁmmakmmmnmﬂml&mqmngUHm, : .

a display (42) for dlsplaymg sampled speed and/or torque
characteristics, and -

a control panel (43) for allowing control of a first x-axis scale in
respect of time or ﬁ'equency, and for allowing control of a second orthogonal
y-axis scale in respect of torque or speed
-40.  The apparatus according to Claim 5, wherein the control includes a
control for ad_]ustmg said time intervals.

41. The apparatus accordmg to Claim 5, wherein the control includes a
control for adJustmg the mmal samplmg time.

-
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.. . AMENDED CLAIMS T
[received by the International Bureau on 26 October 18941(26.10.99);
Original claims 1-41 replaced by new claims 1-80 (11 pages)]

19.  The method according to Claim § or 17, wherein variations in speed
or torque are used as a measure of maching imbalance.

20.  The method according to any one of the Claims 3 to 19, further
including:

(®) Fourler transforming the speed-time characteristic of the rotating
machine so as to derive a frequency spectrum thereof,

21.  The method according to Claim 20 for removing fluctuations on the
transient effects during acceleration of the rotating machine until it reaches
steady state speed, further including:

(b) filtering the frequency spectrum so as to remove higher frequency
components, and

@ transforming the resulting spectrum back to the time domain,

22.  The method according to any one of Claims 4, S, 10, 11 and 17,
further incinding:

(g) Fourier transforming the torque-time characteristic and the speed—
time characteristic of the rotating machine so as to derive a torque
frequency spectrum and speed frequency spectrum thereof.

23.  The method according to any one of Claims 2 to 4, including deriving
an oscillating speed characteristic at a steady state speed of the rotating
machine, comprising the steps of:

(e) allowing the rotating machine to reach its steady state speed, and

(f) deriving the steady-state speed curve having supetimposed thercon
said oscillating speed characteristic.

24. The method according to Claim 3 or 4, including deriving an
oscillating speed characteristic during a build-tp to steady state speed of the
rotating machine, comprising the steps of*

(®) coupling a high inertia flywheel to the rotating shafi so as deliberately
to slow down the tune to reach steady-state,

AMENDED SHEET (ARTICLE 19)
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() 2 coupling unit for attaching a shaft (22) of the rotating machine to a
digital rotary encoder (23) which gemerates opposing binary logic
states for a known angular rotation of the machine, such that any pair
of sequential logic states corresponds to a8 known angular rotation of

5 the machine,

(b) a power supply (28) for supplying power to the rotating machine at a
specified time,

(c) a timer (31, 32) for measuring respective time penods of successive
opposing binary logic states generated by the digital rotary encoder

10 from approximately the application of power to the rotating machine
until the rotating machine reaches a desired speed, and

(d) a computer (25) coupled to the timer for accumulating respective
time periods of the successive opposing binary logic states generated
by the digital rotary encoder so as to allow derivation of a dynamic

15 speed characteristic of the rotating machinc and for storing in a
memory thereof for further processing, as required.
36. The apparatus according to Claim 35, further including a display
device (27) coupled 1o the computer for displaying graphitally the dynamic
speed characteristic of the rotating machine or a fimction thereof after
20 processing.
37.  The apparatus according to Claim 35 or 36, being adapted to remove
transient effects so as to derive static speed characteristics of the rotating
machine.
38.  The apparatus according to any one of Claims 35 to 37, wherein the
25 timer comprises: '
an oscillator (31) for producing high frequency clock pulses of known
frequency at an output thereof, and
first and second counters (32, 33) each having a clock input (CLK)
coupled to the output of the oscillator, cach having an enable input (ENABLE)
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coupled to the shaft encoder (23) for receiving successive encoder pulses
" during sequential logic states of the emcoder and being coupled to the
computer for feeding thereto respective logic states of the shaft encoder, and
each having a reset terminal (RST) responsively coupled to the computer so as
s 1o enable the first and seconds counters to be reset thereby;
whereby each of the counters counts a number of clock pulses between
successive encoder pulses during a respective logic state of the encoder and
the computer accumulates respective time intervals during successive logic
states of the encoder by multiplying the number of clock pulses during the
10 ftespective logic states during each successive logic state by the clock
frequency and accumulating said respective time intervals.
39. Theapparaws(40)acoordmgtomwoneofCla1m534m38 for
displaying speed or torque - characteristics of a rotating shaft, further
including: : '
1s a sampling unit (41) for sampling measured speed or torque at regular
time intervals from a known initial sampling time, |
a display (42) for displaying sampled speed andior torque
characteristics, and - o
a control panel (43) for aﬂcnvnng control of a first x-axis scale in
20 respect of time or frequency, and for allowing control of a second orthogonal
y-axis scale in respect of torque or speed.
40,  The apparatus according to Claim 39, wherein the contro] includes a
control for adjusting said time intervals.
41.  The apparatus according to Claim 39, wherein the control includes a
25 control for adjusting the initial sampling time.
42. A method for dynamic testing of an unioaded rotating machine (21),
the method comprising the steps of:
(8) deriving a dynamic speed-time characteristic of the machine, and

(L

—_—
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() analyzing the dynamic speed-tine charactelisht of the mashine in
order fo derive a pexformance characteristic of the machine.
43.  The method according to Claim 42, wherein step (a) is performed
whilst accelerating the machine (21) under no-load condition from standstill
5 to steady state speed.
44, The method according to Claim 42, wherein step (8) is performed
after the machine (21) has reached steady state speed.
45,  The method according to Claim 43 or 44, further including:
(c) calculating a torque of the rotating machine by reference to a
10 predetermined moment of inertia of the rotating machine and the
measured speed-time characteristic of the rotating machine.
46, The method according to Claim 44 for determining the dynamic
performance of the rotating machine afier it has reached steady state speed,
further including: '
15 (¢) determining a dynamic torque-speed characteristic of the rotating
machine from a predetermined moment of inertia of the rotating
' machine, said dynamic torque-speed characteristic having a constant
static level with a tipple component superimpoéed thereon.
47.  The method according to Claim 43, further including:
20 () removing fluctuations on a transient part of the speed-time
characteristic, and
(d) determining a static torque-speed characteristic of the rotating
machine from the moment of inertia of the rotating machine,
48.  The method according to Claim 47 for removing fluctuations on the
25 transient effects during acceleration of an electrical machine until it reaches .
steady state speed, including: ' —

) g ot g i i A

() monitoring the stator current of the elettrical machine, and
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® releasingtheshaﬁoftheelecuicalmachinewhmthesmorment
achieves a steady state value.
49, Themeﬂlodaoco:dmgtoCIamﬂforranwingﬂucmaﬁonsmthe
transient effects during acceleration of a PSC type a.c. induction motor having
5 a stator comprising 2 main coil and an auxiliary coil which may be switched
in parallel with the main coil, the method including:
(&) feeding current initially to the main coil only at a known angle in the
a.c. supply voltage cycle,
(0 monitoring the stator curxent in the main ¢oil, and
10 () switching the auxiliary coil in circuit when the stator current in the
maineoilachievesamndystatevalueatme'samébownanglein
the a.c. supply voltage cycle. _ :
50.  The method according to Claim 47 for rémoving fiuctuations on the
transient effects during acceleration of a rotating machine until it reaches
15 steady state speed, including: '
(e) rotadngtheshaﬁmanoppos:tedmecuontoanomalromuon
direction, and :
o dunngﬂxetamethattherotatmgmachmechangesdlrecuon,
‘commencing sampling of the speed-time characteristics,
20 51.  The method according to Claim 47, including: -
(¢) computing the time derivative of the static speed-time characteristic,
(® multiplying the time derivative obtained in (e) by a total moment of
inertia of the rotating machine and a combined external load so as to
decive a speed-torque characteristic of the loaded machine, and
25 (g)subu'acﬁng’ﬂxestaﬁcspeed-torquecharacteﬁsﬁcoftherotaﬁng
machine. from the speed-tordue characteristic of the loaded machine
derived in (f) so as to detive the torque-speed characteristic of the

load.
A O
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W
52.  Themethod according to Claim 47, nmmnhngﬁ\
- {e) canqnnnm;thetunﬁdkznnnnnsoffhesﬁmmcspeaiMknecmmnuﬂzlﬁﬁia
(0 multiplying the time detivative obtaitied in (e) by & totel moment of
inertia of the rotating machine and a combined external load so as to
derive a speed-torque characteristic of the loaded machine, and
(g) performing a GO-NOGO of the loaded machine as a fimction of the
speed-torque characteristic thereof, .
§3. The method according to Claim 43, wherein the rotating machine is
an electrical motor having a rotor and a pre-calibrated stator and steps (e) to
(g)arerepeatedinmpectofdiﬁ'erehtmtorssoaswtmtehﬁveperfommce
characteristics of the rotors.
54, The method according to Claim 43 or 47, wherein the rotating
machine is an electrical motor having a rotor and a pre-calibrated stator and
steps () and (f) are repeated in respect of different rotors so as to.test relative
performance characteristics of the rotors.
55,  The method according to Claim 43, wherein the rotating machine is
an electrical motor having a stator and a pre-calibrated rotor and steps (e) to
(2) arc repeated in respect of different stators so as to test relative
performance characteristics of the stators.
56. The method according to Claim 43 or 47, wherein the rotating
machipe is an electrical motor having a stator and a pre-calibrated rotor and
steps (e) and (f) are repeated in respect of different stators so as to test relative
performance characteristics of the stators.
57.  The method according to Claim 43, further including;
() adding to the shaft of the rotating machine an inertial load (14)
having a known moment of inertia, .
(5) deriving respective speed characteristics of the rotating machine with

and without the inertial load, and | m "J mm"!u "ﬂsl I l"l
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(@ processing the respective speed characteristics derived in (d) so as to -
' denmmnhm=fhzzncmnentoiinzniaofthetouningznadhhu?stnmun
§8.  The method according to Claim 43 or 44, further including:

(m) determining from the dynamic speed-time characteristic of the

5 rotanngmmhinevatymgtorquethmofpdm'toamammentofsteady

' state performance,
§9.  The method according to Claim 46 or 58, wherein variations in speed
orunqueameusedasalnemnmeofnmmﬁﬁnsnoﬁuh
60.  The method according to Claim 46 or 58, wherein variations in speed

10 Or torque are used as a measure of machine imbalance.

61. The method according to any one of Claims 43 to 60, further
including: . . | _
(n) Fourier transforming the speed-time characteristic of the rotating
~machine 50 asto derive a frequency spectrum thereof. -

15 62.  The method according to Claim 61 for removing fluctuations on the
transient effects dunng:umehxanomtoffhelxuaungznachnusunmﬂxtramﬂms“
steady state speed, firther including: |

(o) filtering the frequency spectrum so as to remove higher frequency
components, and .

2. (@ tnnndtmnnngiher&nﬂﬁngspecuumnbanktoﬂhcunmedonmnn.

63.  The method aceording to any ane of Claims 45, 46, 51, 52 and 58,

further including:
(b) Fourier transforming the torque-time characteristic and the speed—
time characteristic of the rotafing machine so as to detive a torque

25 frequency spectrum and speed frequency spectrum thereof.

64. The method according to any one of Claims 42 to 45, including
deriving an oscillating speed characteristic at a steady state speed of the
nNaﬁngnmmhﬁuacdnqxﬁﬁngthesupsoﬁ_

() allowing the rotating machine to reach its steadly state speed, and

R 0 R L
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(k) deriving the steady-state speed curve having supetimposed theteon
said oscillating speed characteristic.

65. The method according to Claim 43 to 44, including deriving an
oscillating speed characteristic during a build-up to stcady state speed of the
s rotating machine, comprising the steps of!
(@ coupling a high inertia flywheel to the rotating shaft so as deliberately
to slow down the time to reach steady-statz,
(m) deriving a steady-state speed-time chamacteristic of the rotating
machine varying speed thereof subsequent to attainment of steady
10 state performance, and
(m) zooming in on a desired range ofspeedsofthemtatingmachinesoas
to derive for a limited time frame the speed-time characteristics
having superimposed thereon said oscillating speed characteristic.
66.  The method according to Claim 64 for deriving an oscillating torque
1s characteristic at a steady state speed of the rotating machine, farther
comprising the step of:
() differentiating the speed-time curve with respect to time and multi-
plying by a moment of inertia of the rotating machine so as to detive
varying torque as a function of fime, S
20 67.  The method according to Claim 65 for deriving an oscillating torque
characteristic at a stéady state speed of the rotating machine, firrther
comprising the step of:
() differentiating the speed-time curve with respect to time and multi-
plying by & moment of inertia of the rotating machine so as to derive

? 68 mge;wmm:;iﬁ:.m 65, farther including the step
S f@”’!ﬂlll[lﬂgﬂlllylli[ll

I
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(D Fourier transforming the torque-time or speed-time characteristic of

memmﬁngmachinesoastode:iveaﬁeﬁtmcymrquespebnumor

69.  The method according to Claim 66 or 67, further including the step
s of a '

(m) Fourier transforming the tarque-time or speed-time characteristic of
therotnﬁngmachinesoastodeﬁveaﬁequmcytorquespectmnm
frequency speed spectrum thereof.

70. The method according to Claim 43 for testitg a steady state
10 performanoeofa.mtanngmachmeorofaeomponentthereofmrealhme,
whm . .
© smdsliaf(remains coupled to the digital rotary encoder for a desired
time duration, and |
(D said respective time periods of pulses generated by the digital rotary
15 encoder during rotation of the machine are constantly measured in
real time during said desired time duration.
71 The method according to Claim 70, wherein:

(¢) said time duration is selected to be short so as to obtain an initial

performance characteristic of the rotating machine when operating at
20 acceptable design conditions, and '

® durmgacmalworldngofthemachmeﬂieumedmauonisselectedm
belnﬂhnﬁzd so as to dz&xxztdepanumeibon!thc1xxwpuﬂﬂechﬁngn
conditions.

72.  The method according to Claim 42 or 43, for testing an operational
2s performance of an air-conditioner, wherein the rotating machine is a motor
coupled with a fan of the air-conditioner, and there are included the steps of:

(e) allowing the fan to reach steady-state speed,

@ deving hospesdsime chamteiioofthednend | AN INN W) IR AN
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(@) Fourier transforming the speed-time or torq\%;j’;me characteristic of
the rotating machine so as to derive a frequency speed spectrum or
frequency torque spectrum thereof;
whereby a frequency harmonic in the speed or torque of the fan
5 having a high amplitude, indicative of low quelity performance thereof, is
highlighted.
73.  The method according to Claim 42 or 43, for testing an operational
performance of an air-conditioner having en adjustable shutter for adjusting a
direction of airflow, wherein the rotating machine is a fan of the air-
10 conditioner, and there are included the steps oft
(&) allowing the fan to reach steady-state speed, and
(0 repeatedly adjusting the shutter and deriving and displaying the
speed-time characteristic of the fun for different shutter positions;
whereby sharp fluctuations in the speed of the fan, indicative of low
15 quality performance thereof, are highlighted. |
74. A metbod for displaying speed or torque characteristics of a rotating
shaft derivedacoordingtomyonedaims 42 to 73, further including the
steps of: o
(¢) sampling measured speed or torque at regular time infervals from a
20 known initial sampling time,
(© displaying measured speed or torque samples versus time or
frequency,
(2) controlling a first x-axis scale in respect of time or fiequency, and
(1) controlling a second orthogonal y-axis scale in respect of torque or
25 speed. |
75.  An apparatus (20) for testing & performiance of an unloaded rotating
machine (21) or of a component thereof, the system comprising; ‘

—
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() & coupling wit for attaching a shaft (22) of the rotating machine to a
digital rotary encoder (23) for accurately measuring an angular
rotation of the machine, |

(b) apower supply (28) for supplying power to the rotating machine at a

(¢) a computer (25) coupled to the digital rotary encoder for dexiving a
dynamic speed characteristic of the rotating machine and analyzing
the dynamic specd-time characteristics of the machine in order to
derive a performance characteristic of the machine.

76, TheapparatusaccordmgtoClmm75 ﬁmhermcludmgadxsplay

device (27) coupledtothecomptmafotdisplaymggmpMoaHythedymmxc
speed characteristic ofﬂaerotatmgmachme or a finction thereof after
processing. :
77.  The apparatus according to Claim 75 ot 76, being adapted to remove
tmnsnenteﬂ'ectssoastodmvestahcspeedchmctemﬂcsofﬂwwtahng'
machine. o -
78. 'Iheapparatus(w)accoxdmgtocmms75w77ford|splayingspwd
ortorquecharacmsiqcs 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, .

a display (42) for displaying sampled speed sndior torque
characteristics, and

a control panel (43) for allowing control of a first x-axis scale in
respect of time or frequency, and for allowing cantrol of a second orthogonal
ywaxis scale in respect of torque or speed. _ :
7. The apparatus according to Claim 78, \nrllexunthsoonirolmchudaa
control for adjusting said time intervals.
80.  The apparatus according to Claim 78, wherein the control includes a
control for adjusting the initial sampling time. '
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