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METHOD AND APPARATUS FOR
ANALYSING THE CONDITION OF A
MACHINE HAVING A ROTATING PART

INCORPORATION BY REFERENCE TO ANY
PRIORITY APPLICATIONS

[0001] Any and all applications for which a foreign or
domestic priority claim is identified in the Application Data
Sheet as filed with the present application are hereby incor-
porated by reference under 37 CFR 1.57.

BACKGROUND OF THE INVENTION

Technical Field of the Invention

[0002] The present invention relates to a method for
analysing the condition of a machine, and to an apparatus for
analysing the condition of a machine. The invention also
relates to a system including such an apparatus and to a
method of operating such an apparatus. The invention also
relates to a computer program for causing a computer to
perform an analysis function.

Description of Related Art

[0003] Machines with moving parts are subject to wear
with the passage of time, which often causes the condition
of the machine to deteriorate. Examples of such machines
with movable parts are motors, pumps, generators, compres-
sors, lathes and CNC-machines. The movable parts may
comprise a shaft and bearings.

[0004] In order to prevent machine failure, such machines
should be subject to maintenance, depending on the condi-
tion of the machine. Therefore the operating condition of
such a 1nachine is preferably evaluated from time to time.
The operating condition can be determined by measuring
vibrations emanating from a bearing or by measuring tem-
perature on the casing of the machine, which temperatures
are dependent on the operating condition of the bearing.
Such condition checks of machines with rotating or other
moving parts are of great significance for safety and also for
the length of the life of such machines. It is known to
manually perform such measurements on machines. This
ordinarily is done by an operator with the help of a mea-
suring instrument performing measurements at measuring
points on one or several machines.

[0005] A number of commercial instruments are available,
which rely on the fact that defects in rolling-element bear-
ings generate short pulses, usually called shock pulses. A
shock pulse measuring apparatus may generate information
indicative of the condition of a bearing or a machine.
[0006] WO 03062766 discloses a machine having a mea-
suring point and a shaft with a certain shaft diameter,
wherein the shaft can rotate when the 1nachine is in use. WO
03062766 also discloses an apparatus for analysing the
condition of a machine having a rotating shaft. The disclosed
apparatus has a sensor for producing a measured value
indicating vibration at a measuring point. The apparatus
disclosed in WO 03062766 has a data processor and a
memory. The memory may store program code which, when
run on the data processor, will cause the analysis apparatus
to perform a Machine Condition Monitoring function. Such
a Machine Condition Monitoring function may include
shock pulse measuring.

Aug. 8, 2019

[0007] U.S. Pat. No. 6,053,047 discloses an accelerometer
used as vibration sensor collecting analog vibration data
which is delivered to an A/D-converter which provides
digital vibration data to a processor 90. According to U.S.
Pat. No. 6,053,047 the processor performs digital bandpass
filtering of digital vibration data, rectifying the filtered
signal, and low pass filtering the rectified signal to produce
a low frequency signal. The low frequency signal is passed
through a capacitor to produce a demodulated signal. An
FFT is performed on the demodulated signal 116 to produce
a vibration spectrum. U.S. Pat. No. 6,053,047 also teaches to
calculate the resonant frequency of each physical path from
the accelerometer to various vibration sources in the motor
and U.S. Pat. No. 6,053,047 teaches to perform this cali-
bration step before the motor leaves the factory. Alterna-
tively, such calibration of each physical path from the
various vibration sources to the accelerometer must be
performed using a calibrated hammer, according to U.S. Pat.
No. 6,053,047.

SUMMARY

[0008] An aspect of the invention relates to an apparatus
for analysing the condition of a machine having a part
rotating with a speed of rotation, comprising:

[0009] a first sensor adapted to generate an analogue
electric measurement signal (S,) dependent on
mechanical vibrations emanating from rotation of said
part;

[0010] an analogue-to-digital converter (44) for sampling
said analogue measurement signal at a sampling frequency
(f5) so as to generate a digital measurement data signal
(Spzp) in response to said received analogue measurement
data; said digital measurement data signal (S,,,) having a
first Signal-to-Noise-Ratio level;

[0011] a first decimator for performing a decimation of
the digital measurement data signal (S,,,, Sz;) s as
to achieve a first digital signal (S,,5, Szyy) having a
first reduced sampling frequency (fz,);

[0012] a second decimator (470, 470A, 470B), said
second decimator (470, 470A, 470B) having
[0013] a first input for receiving said first digital

signal (S,,, Sza) and

[0014] asecond input for receiving a signal indicative
of a variable speed of rotation (f; ;) associated with
said part;

[0015] a third input for receiving a signal indicative
of an output sample rate setting signal;

[0016] said second decimator (470, 470A, 470B)
being adapted to generate a second digital signal
(Sgeps) having a second reduced sampling fre-
quency (fsz,) in response to

[0017] said first digital signal (S,,5, Szap)s

[0018] said signal indicative of a relevant speed of
rotation (fz,,) and

[0019] said signal indicative of an output sample rate
setting signal such that the number of sample values
per revolution of said rotating part is kept at a
substantially constant value; and

[0020] an enhancer having an input for receiving said
second digital signal (Szz,,,); said enhancer being adapted
to receive a first plurality (I;zygrz) of sample values,
wherein said second digital signal (Szzp,) represents
mechanical vibrations emanating from rotation of said part
for a duration of time;
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[0021] said enhancer being adapted to perform a correla-
tion so as to produce an output signal sequence (O) wherein
repetitive signals amplitude components are amplified in
relation to stochastic signal components.

[0022] an evaluator (230) for performing a condition
analysis function (F1, F2, Fn) for analysing the condition of
the machine dependent on said second digital signal
(Szzp2)-

[0023] According to an embodiment of the apparatus said
first decimator is adapted to reduce the sampling rate by an
integer factor (M).

[0024] An aspect B1 of the invention relates to a computer
program for causing a computer to analyse the condition of
a machine having a slowly rotating part, the computer
program comprising:

[0025] computer readable code means which, when run
on a computer, causes the computer to generate an
analogue electric measurement signal (S.,) dependent
on mechanical vibrations emanating from rotation of
said shaft;

[0026] computer readable code means which, when run
on a computer, causes the computer to sample said
analogue measurement signal at a sampling frequency
(f5) so as to generate a digital measurement data signal
(S,.p) 1n response to said received analogue measure-
ment data;

[0027] computer readable code means which, when run
on a computer, causes the computer to perform a
decimation of the digital measurement data signal
(S,zp) 80 as to achieve a digital signal (Sz.,,) having a
reduced sampling frequency (fsz;, fszo);

[0028] computer readable code means which, when run
on a computer, causes the computer to control the
reduced sampling frequency (fyz;, fsz,) such that the
number of sample values per revolution of the shaft (8)
is kept at a substantially constant value; and

[0029] computer readable code means which, when run
on a computer, causes the computer to perform a
condition analysis function (F1, F2, Fn) for analysing
the condition of the machine dependent on said digital
signal (SRED) having a reduced sampling frequency
(Esr1s Tora)s

[0030] A computer program product comprising

[0031] a computer readable medium; and

a computer program according to claim aspect B1,

said computer program being recorded on said computer
readable medium.

[0032] The invention also relates to a condition monitor-
ing system comprising

[0033] A shock pulse measuring sensor associated with
an epicyclic gear system (700) for generating an ana-
logue signal;

[0034] An A/D converter coupled to receive said ana-
logue signal;

[0035] A plurality of signal processing functions (94,
240, 250, 310, 470, 320)

[0036] The invention also relates to a method of operating
a finite impulse response filter having an input (480) for
receiving detected input data values (S(j)) of a digital
measurement data signal (S,,,) dependent on mechanical
vibrations emanating from rotation of a shaft, said digital
measurement data signal (S,,,) having a sampling fre-
quency (fsz,); and an input for receiving a signal indicative
of a speed of rotation of a monitored rotating part at a time
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associated said detection of said input data values (S(j)); and
amemory (604) adapted to receive and store said data values
(S(j)) and information indicative of the corresponding speed
of rotation (f;,;); and a value generator (606) adapted to
generate a fractional value (D); and; a plurality of FIR filter
taps having individual filter values; the method comprising
the step of interpolating a filter value.

BRIEF DESCRIPTION OF THE DRAWINGS

[0037] For simple understanding of the present invention,
it will be described by means of examples and with reference
to the accompanying drawings, of which:

[0038] FIG. 1 shows a schematic block diagram of an
embodiment of a condition analyzing system 2 according to
an embodiment of the invention.

[0039] FIG. 2A is a schematic block diagram of an
embodiment of a part of the condition analyzing system 2
shown in FIG. 1.

[0040] FIG. 2B is a schematic block diagram of an
embodiment of a sensor interface.

[0041] FIG. 2C is an illustration of a measuring signal
from a vibration sensor.

[0042] FIG. 2D illustrates a measuring signal amplitude
generated by a shock pulse sensor.

[0043] FIG. 2E illustrates a measuring signal amplitude
generated by a vibration sensor.

[0044] FIG. 3 is a simplified illustration of a Shock Pulse
Measurement sensor according to an embodiment of the
invention.

[0045] FIG. 4 is a simplified illustration of an embodiment
of the memory 60 and its contents.

[0046] FIG. 5 is a schematic block diagram of an embodi-
ment of the analysis apparatus at a client location with a
machine 6 having a movable shaft.

[0047] FIG. 6 illustrates a schematic block diagram of an
embodiment of the pre-processor according to an embodi-
ment of the present invention.

[0048] FIG. 7 illustrates an embodiment of the evaluator
230.

[0049] FIG. 8 illustrates another embodiment of the evalu-
ator 230.

[0050] FIG. 9 illustrates another embodiment of the pre-
processor 200.

[0051] FIG. 10A is a flow chart that illustrates embodi-

ments of a method for enhancing repetitive signal patterns in
signals.

[0052] FIG. 10B is a flow chart illustrating a method of
generating a digital output signal.

[0053] FIG. 11 is a schematic illustration of a first memory
having plural memory positions.

[0054] FIG. 12 is a schematic illustration of a second
memory having plural memory positions t.

[0055] FIG. 13 is a schematic illustration of an example
output signal S, comprising two repetitive signals signa-
tures.

[0056] FIG. 14A illustrates a number of sample values in
the signal delivered to the input of the decimator 310.
[0057] FIG. 14B illustrates output sample values of the
corresponding time period.

[0058] FIG. 15A illustrates a decimator according to an
embodiment of the invention.

[0059] FIG. 15B illustrates another embodiment of the
invention.
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[0060] FIG. 16 illustrates an embodiment of the invention
including a decimator and an enhancer, as described above,
and a fractional decimator.

[0061] FIG. 17 illustrates an embodiment of the fractional
decimator.
[0062] FIG. 18 illustrates another embodiment of the

fractional decimator.

[0063] FIG. 19 illustrates decimator and another embodi-
ment of fractional decimator.

[0064] FIG. 20 is a block diagram of decimator and yet
another embodiment of fractional decimator.

[0065] FIG. 21 is a flow chart illustrating an embodiment
of' a method of operating the decimator and the fractional
decimator of FIG. 20.

[0066] FIGS. 22A, 22B & 22C describe a method which
may be implemented as a computer program.

[0067] FIG. 23 is a front view illustrating an epicyclic gear
system.
[0068] FIG. 24 is a schematic side view of the epicyclic

gear system 700 of FIG. 23, as seen in the direction of the
arrow SW in FIG. 23.

[0069] FIG. 25 illustrates an analogue version of an exem-
plary signal produced by and outputted by the pre-processor
200 (see FIG. 5 or FIG. 16) in response to signals detected
by the at least one sensor 10 upon rotation of the epicyclic
gear system.

[0070] FIG. 26 illustrates an example of a portion of the
high amplitude region 702A of the signal shown in FIG. 25.
[0071] FIG. 27 illustrates an exemplary frequency spec-
trum of a signal comprising a small periodic disturbance 903
as illustrated in FIG. 26.

[0072] FIG. 28 illustrates an example of a portion of the
exemplary signal shown in FIG. 25.

[0073] FIG. 29 illustrates yet an embodiment of a condi-
tion analyzing system according to an embodiment of the
invention.

[0074] FIG. 30 is a block diagram illustrating the parts of
the signal processing arrangement of FIG. 29 together with
the user interface and the display.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

[0075] In the following description similar features m
different embodiments may be indicated by the same refer-
ence numerals.

[0076] FIG. 1 shows a schematic block diagram of an
embodiment of a condition analyzing system 2 according to
an embodiment of the invention. Reference numeral 4
relates to a client location with a machine 6 having a
movable part 8. The movable part may comprise bearings 7
and a shaft 8 which, when the machine is in operation,
rotates. The operating condition of the shaft 8 or of a bearing
7 can be determined in response to vibrations emanating
from the shaft and/or bearing when the shaft rotates. The
client location 4, which may also he referred to as client part
or user part, may for example be the premises of a wind
farm, i.e. a group of wind turbines at a location, or the
premises of a paper mill plant, or some other manufacturing
plant having machines with movable parts.

[0077] An embodiment of the condition analyzing system
2 is operative when a sensor 10 is attached on or at a
measuring point 12 on the body of the machine 6. Although
FIG. 1 only illustrates two measuring points 12, it to be
understood that a location 4 may comprise any number of
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measuring points 12. The condition analysis system 2 shown
in FIG. 1, comprises an analysis apparatus 14 for analysing
the condition of a machine on the basis of measurement
values delivered by the sensor 10.

[0078] The analysis apparatus 14 has a communication
port 16 for bi-directional data exchange. The communica-
tion port 16 is connectable to a communications network 18,
e.g. via a data interface 19. The communications network 18
may be the world wide internet, also known as the Internet.
The communications network 18 may also comprise a public
switched telephone network.

[0079] A server computer 20 is connected to the commu-
nications network 18. The server 20 may comprise a data-
base 22, user input/output interfaces 24 and data processing
hardware 26, and a communications port 29. The server
computer 20 is located on a location 28, which is geographi-
cally separate from the client location 4. The server location
28 may be in a first city, such as the Swedish capital
Stockholm, and the client location may be in another city,
such as Stuttgart, Germany or Detroit in Michigan, USA.
Alternatively, the server location 28 may be in a first part of
a town and the client location may be in another part of the
same town. The server location 28 may also be referred to
as supplier part 28, or supplier part location 28.

[0080] According to an embodiment of the invention a
central control location 31 comprises a control computer 33
having data processing hardware and software for surveying
aplurality of machines at the client location 4. The machines
6 may be wind turbines or gear boxes used in wind turbines.
Alternatively the machines may include machinery in e.g. a
paper mill. The control computer 33 may comprise a data-
base 22B, user input/output interfaces 24B and data pro-
cessing hardware 26B, and a communications port 29B. The
central control location 31 may he separated from the client
location 4 by a geographic distance. By means of commu-
nications port 29B the control computer 33 can be coupled
to communicate with analysis apparatus 14 via port 16. The
analysis apparatus 14 may deliver measurement data being
partly processed so as to allow further signal processing
and/or analysis to be performed at the central location 31 by
control computer 33.

[0081] A supplier company occupies the supplier part
location 28. The supplier company may sell and deliver
analysis apparatuses 14 and/or software for use in an analy-
sis apparatus 14. The supplier company may also sell and
deliver analysis software for use in the control computer at
the central control location 31. Such analysis software
94,105 is discussed in connection with FIG. 4 below. Such
analysis software 94,105 may be delivered by transmission
over said communications network 18.

[0082] According to one embodiment of the system 2 the
apparatus 14 is a portable apparatus which may be con-
nected to the communications network 18 from time to time.
[0083] According to another embodiment of the system 2
the apparatus 14 is connected to the communications net-
work 18 substantially continuously. Hence, the apparatus 14
according to this embodiment may substantially always be
“on line” available for communication with the supplier
computer 20 and/or with the control computer 33 at control
location 31.

[0084] FIG. 2A is a schematic block diagram of an
embodiment of a part of the condition analyzing system 2
shown in FIG. 1. The condition analyzing system, as illus-
trated in FIG. 2A, comprises a sensor unit 10 for producing
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a measured value. The measured value may be dependent on
movement or, more precisely, dependent on vibrations or
shock pulses caused by bearings when the shaft rotates.
[0085] An embodiment of the condition analyzing system
2 is operative when a device 30 is firmly mounted on or at
a measuring point on a machine 6. The device 30 mounted
at the measuring point may be referred to as a stud 30. A stud
30 can comprise a connection coupling 32 to which the
sensor unit 10 is removably attachable. The connection
coupling 32 can, for example comprise double start threads
for enabling the sensor unit to be mechanically engaged with
the stud by means of a %4 turn rotation.

[0086] A measuring point 12 can comprise a threaded
recess in the casing of the machine. A stud 30 may have a
protruding part with threads corresponding to those of the
recess for enabling the stud to be firmly attached to the
measuring point by introduction into the recess like a bolt.
[0087] Alternatively, a measuring point can comprise a
threaded recess in the casing of the machine, and the sensor
unit 10 may comprise corresponding threads so that it can be
directly introduced into the recess. Alternatively, the mea-
suring point is marked on the casing of the machine only
with a painted mark.

[0088] The machine 6 exemplified in FIG. 2A may have a
rotating shaft with a certain shaft diameter dl. The shaft in
the machine 24 may rotate with a speed of rotation V1 when
the machine 6 is in use.

[0089] The sensor unit 10 may be coupled to the apparatus
14 for analysing the condition of a machine. With reference
to FIG. 2A, the analysis apparatus 14 comprises a sensor
interface 40 for receiving a measured signal or measurement
data, produced by the sensor 10, The sensor interface 40 is
coupled to a data processing means 50 capable of controlling
the operation of the analysis apparatus 14 in accordance with
program code. The data processing means 50 is also coupled
to a memory 60 for storing said program code.

[0090] According to an embodiment of the invention the
sensor interface 40 comprises an input 42 for receiving an
analogue signal, the input 42 being connected to an ana-
logue-to-digital (A/D) converter 44, the digital output 48 of
which is coupled to the data processing means 50. The A/D
converter 44 samples the received analogue signal with a
certain sampling frequency f, so as to deliver a digital
measurement data signal S,,, having said certain sampling
frequency f, and wherein the amplitude of each sample
depends on the amplitude of the received analogue signal at
the moment of sampling.

[0091] According to another embodiment of the invention,
illustrated in FIG. 2B, the sensor interface 40 comprises an
input 42 for receiving an analogue signal S, from a Shock
Pulse Measurement Sensor, a conditioning circuit 43
coupled to receive the analogue signal, and an A/D converter
44 coupled to receive the conditioned analogue signal from
the conditioning circuit 43. The A/D converter 44 samples
the received conditioned analogue signal with a certain
sampling frequency fs so as to deliver a digital measurement
data signal S,,,, having said certain sampling frequency fs
and wherein the amplitude of each sample depends on the
amplitude of the received analogue signal at the moment of
sampling.

[0092] The sampling theorem guarantees that bandlimited
signals (i.e., signals, which have a maximum frequency) can
be reconstructed perfectly from their sampled version, if the
sampling rate s is more than twice the maximum frequency
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fozamar OF the analogue signal S, to be monitored. The
frequency equal to one-half of the sampling rate is therefore
a theoretical limit on the highest frequency that can be
unambiguously represented by the sampled signal S, ,,,, This
frequency (half the sampling rate) is called the Nyquist
frequency of the sampling system. Frequencies above the
Nyquist frequency f,, can be observed in the sampled signal,
but their frequency is ambiguous. That is, a frequency
component with frequency f cannot be distinguished from
other components with frequencies B*f,+f, and

Bifof

for nonzero integers B. This ambiguity, known as aliasing
may be handled by filtering the signal with an anti-aliasing
filter (usually a low-pass filter with cutoff near the Nyquist
frequency) before conversion to the sampled discrete rep-
resentation.

[0093] In order to provide a safety margin for in terms of
allowing a non-ideal filter to have a certain slope in the
frequency response, the sampling frequency may be selected
to a higher value than 2. Hence, according to embodiments
of the invention the sampling frequency may be set to

S5 sE tmax

wherein
[0094] Kk is a factor having a value higher than 2.0
[0095] Accordingly the factor k may be selected to a value

higher than 2.0. Preferably factor k may be selected to a
value between 2.0 and 2.9 in order to provide a good safety
margin while avoiding to generate unnecessarily many
sample values. According to an embodiment the factor k is
advantageously selected such that 100*k/2 renders an inte-
ger. According to an embodiment the factor k may be set to
2.56. Selecting k to 2.56 renders 100%k=256=2 raised to 8.
[0096] According to an embodiment the sampling fre-
quency f. of the digital measurement data signal S, ,,, may be
fixed to a certain value {, such as e.g. £=102 kHz

[0097] Hence, when the sampling frequency fs is fixed to
a certain value f;, the maximum frequency fgz,,,.. of the
analogue signal S, will be:

JsEamax Tk

wherein fyz ... 1s the highest frequency to be analyzed in
the sampled signal

[0098] Hence, when the sampling frequency {; is fixed to
a certain value £;=102 400 Hz, and the factor k is set to 2.56,
the maximum frequency fsz ;... of the analogue signal S,
will be:

Fsbtmen=fs/k=102 400/2,56=40 kHz

[0099] Accordingly, a digital measurement data signal
S,/» having a certain sampling frequency {, is generated in
response to said received analogue measurement signal S ,.
The digital output 48 of the A/D converter 44 is coupled to
the data processing means 50 via an output 49 of the sensor
interface 40 so as to deliver the digital measurement data
signal SMn to the data processing means 50.

[0100] The sensor unit 10 may comprise a vibration trans-
ducer, the sensor unit being structured to physically engage
the connection coupling of the measuring point so that
vibrations of the machine at the measuring point are trans-
ferred to the vibration transducer. According to an embodi-
ment of the invention the sensor unit comprises a transducer
having a piezo-electric element. When the measuring point
12 vibrates, the sensor unit 10, or at least a part of it, also
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vibrates and the transducer then produces an electrical signal
of which the frequency and amplitude depend on the
mechanical vibration frequency and the vibration amplitude
of the measuring point 12, respectively. According to an
embodiment of the invention the sensor unit 10 is a vibration
sensor, providing an analogue amplitude signal of e.g., 10
mV/g in the Frequency Range 1.00 to 10000 Hz. Such a
vibration sensor is designed to deliver substantially the same
amplitude of 10 mV irrespective of whether it is exerted to
the acceleration of 1 g (9.82 m/s®) at 1 HZ, 3 Hz or 10 HZ.
Hence, a typical vibration sensor has a linear response in a
specified frequency range up to around 10 kHz. Mechanical
vibrations in that frequency range emanating from rotating
machine parts are usually caused by imbalance or misalign-
ment. However, when mounted on a machine the linear
response vibration sensor typically also has several different
mechanical resonance frequencies dependent on the physi-
cal path between sensor and vibration source.

[0101] A damage in a roller bearing causes relatively sharp
elastic waves, known as shock pulses, travelling along a
physical path in the housing of a machine before reaching
the sensor. Such shock pulses often have a broad frequency
spectrum. The amplitude of a roller hearing shock pulse is
typically lower than the amplitude of a vibration caused by
imbalance or misalignment.

[0102] The broad frequency spectrum of shock pulse
signatures enables them to activate a “ringing response” or
a resonance at a resonance frequency associated with the
sensor. Hence, a typical measuring signal from a vibration
sensor may have a wave form as shown in FIG. 2C, i.e. a
dominant low frequency signal with a superimposed higher
frequency lower amplitude resonant “ringing response”.
[0103] In order to enable analysis of the shock pulse
signature, often emanating from a bearing damage, the low
frequency component must be filtered out. This can be
achieved by means of a high pass filter or by means of a band
pass filter. However, these filters must be adjusted such that
the low frequency signal portion is blocked while the high
frequency signal portion is passed on. An individual vibra-
tion sensor will typically have one resonance frequency
associated with the physical path from one shock pulse
signal source, and a different resonance frequency associ-
ated with the physical path from another shock pulse signal
source, as mentioned in U.S. Pat. No. 6,053,047. Hence,
filter adjustment aiming to pass high the frequency signal
portion requires individual adaptation when a vibration
sensor is used.

[0104] When such filter is correctly adjusted the resulting
signal will consist of the shock pulse signature(s). However,
the analysis of the shock pulse signature(s) emanating from
a vibration sensor is somewhat impaired by the fact that the
amplitude response as well as resonance frequency inher-
ently varies dependent on the individual physical path from
the shock pulse signal sources.

[0105] Advantageously, these drawbacks associated with
vibration sensors may be alleviated by the use of a Shock
Pulse Measurement sensor. The Shock Pulse Measurement
sensor is designed and adapted to provide a pre-determined
mechanical resonance frequency, as described in further
detail below.

[0106] This feature of the Shock Pulse Measurement sen-
sor advantageously renders repeatable measurement results
in that the output signal from a Shock Pulse Measurement
sensor has a stable resonance frequency substantially inde-
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pendent on the physical path between the irrespective
between the shock pulse signal source and the shock pulse
sensor. Moreover, mutually different individual shock pulse
sensors provide a very small, if any, deviation in resonance
frequency.

[0107] An advantageous effect of this is that signal pro-
cessing is simplified, in that filters need not be individually
adjusted, in contrast to the case described above when
vibration sensors are used. Moreover, the amplitude
response from shock pulse sensors is well defined such that
an individual measurement provides reliable information
when measurement is performed in accordance with appro-
priate measurement methods defined by S.P.M. Instrument
AB.

[0108] FIG. 2D illustrates a measuring signal amplitude
generated by a shock pulse sensor, and FIG. 2E illustrates a
measuring signal amplitude generated by a vibration sensor.
Both sensors have been exerted to the same series of
mechanical shocks without the typical low frequency signal
content. As clearly seen in FIGS. 2D and 2E, the duration of
a resonance response to a shock pulse signature from the
Shock Pulse Measurement sensor is shorter than the corre-
sponding resonance response to a shock pulse signature
from the vibration sensor.

[0109] This feature of the Shock Pulse Measurement sen-
sor of providing distinct shock pulse signature responses has
the advantageous effect of providing a measurement signal
from which it is possible to distinguish between different
mechanical shock pulses that occur within a short time span.
[0110] According to an embodiment of the invention the
sensor is a Shock Pulse Measurement sensor. FIG. 3 is a
simplified illustration of a Shock Pulse Measurement sensor
10 according to an embodiment of the invention. According
to this embodiment the sensor comprises a part 110 having
a certain mass or weight and a piezo-electrical element 120.
The piezo-electrical element 120 is somewhat flexible so
that it can contract and expand when exerted to external
force. The piezo-electrical element 120 is provided with
electrically conducting layers 130 and 140, respectively, on
opposing surfaces. As the piezo-electrical element 120 con-
tracts and expands it generates an electric signal which is
picked up by the conducting layers 130 and 140. Accord-
ingly, a mechanical vibration is transformed into an ana-
logue electrical measurement signal S, which is delivered
on output terminals 145, 150.

[0111] The piezo-electrical element 120 may be positioned
between the weight 110 and a surface 160 which, during
operation, is physically attached to the measuring point 12,
as illustrated in FIG. 3.

[0112] The Shock Pulse Measurement sensor 10 has a
resonance frequency that depends on the mechanical char-
acteristics for the sensor, such as the mass m of weight part
110 and the resilience of piezo-electrical element 120.
Hence, the piezo-electrical element has an elasticity and a
spring constant k. The mechanical resonance frequency fy,,
for the sensor is therefore also dependent on the mass m and
the spring constant k.

[0113] According to an embodiment of the invention the
mechanical resonance frequency fy,, for the sensor can be
determined by the equation following equation:

SV Qm)V (k/m) (eql)

[0114] According to another embodiment the actual
mechanical resonance frequency for a Shock Pulse
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Ivleasurement sensor 10 may also depend on other factors,
such as the nature of the attachment of the sensor 10 to the
body of the machine 6.

[0115] The resonant Shock Pulse Measurement sensor 10
is thereby particularly sensitive to vibrations having a fre-
quency on or near the mechanical resonance frequency f,,
The Shock Pulse Measurement sensor 10 may be designed
so that the mechanical resonance frequency fyz,, is some-
where in the range from 28 kHz to 37 kHz. According to
another embodiment the mechanical resonance frequency
frar 18 somewhere in the range from 30 kHz to 35 kHz.
[0116] Accordingly the analogue electrical measurement
signal bas an electrical amplitude which may vary over the
frequency spectrum. For the purpose of describing the
theoretical background, it may be assumed that if the Shock
Pulse Measurement sensor 10 were exerted to mechanical
vibrations with identical amplitude in all frequencies from
e.g. 1 Hz to e.g. 200 000 kHz, then the amplitude of the
analogue signal Sz, from the Shock Pulse Measurement
Sensor will have a maximum at the mechanical resonance
frequency fy,,, since the sensor will resonate when being
“pushed” with that frequency.

[0117] With reference to FIG. 2B, the conditioning circuit
43 receives the analogue signal S, ,. The conditioning circuit
43 may be designed to be an impedance adaption circuit
designed to adapt the input impedance of the A/D-converter
as seen from the sensor terminals 145,150 so that an
optimum signal transfer will occur. Hence, the conditioning
circuit 43 may operate to adapt the input impedance Z,,, as
seen from the sensor terminals 145, 150 so that a maximum
electric power is delivered to the A/D-converter 44. Accord-
ing to an embodiment of the conditioning circuit 43 the
analogue signal S, is fed to the primary winding of a
transformer, and a conditioned analogue signal is delivered
by a secondary winding of the transformer. The primary
winding has nl turns and the secondary winding has n2
turns, the ratio n1/n2=n,,. Hence, the A/D converter 44 is
coupled to receive the conditioned analogue signal from the
conditioning circuit 43. The A/D converter 44 has an input
impedance Z,,, and the input impedance of the A/D-con-
verter as seen from the sensor terminals 145, 150 will be
(n1/n2)**Z,,, when the conditioning circuit 43 is coupled in
between the sensor terminals 145, 150 and the input termi-
nals of the A/D converter 44.

[0118] The AID converter 44 samples the received condi-
tioned analogue signal with a certain sampling frequency fs
so as to deliver a digital measurement data signal S,,,
having said certain sampling frequency fs and wherein the
amplitude of each sample depends on the amplitude of the
received analogue signal at the moment of sampling.
[0119] According to embodiments of the invention the
digital measurement data signal S, is delivered to a means
180 for digital signal processing (See FIG. 5).

[0120] According to an embodiment of the invention the
means 180 for digital signal processing comprises the data
processor 50 and program code for causing the data proces-
sor 50 to perform digital signal processing. According to an
embodiment of the invention the processor 50 is embodied
by a Digital Signal Processor. The Digital Signal Processor
may also be referred to as a DSP.

[0121] With reference to FIG. 2A, the data processing
means 50 is coupled to a memory 60 for storing said
program code. The program memory 60 is preferably a
non-volatile memory. The memory 60 may be a read/write

Aug. 8, 2019

memory, i.e. enabling both reading data from the memory
and writing new data onto the memory 60. According to an
embodiment the program memory 60 is embodied by a
FLASH memory. The program memory 60 may comprise a
first memory segment 70 for storing a first set of program
code 80 which is executable so as to control the analysis
apparatus 14 to perform basic operations (FIG. 2A and FIG.
4). The program memory may also comprise a second
memory segment 90 for storing a second set of program
code 94. The second set of program code 94 in the second
memory segment 90 may include program code for causing
the analysis apparatus to process the detected signal, or
signals, so as to generate a pre-processed signal or a set of
pre-processed signals. The memory 60 may also include a
third memory segment 100 for storing a third set of program
code 104, The set of program code 104 in the third memory
segment 100 may include program code for causing the
analysis apparatus to perform a selected analysis function
105. When an analysis function is executed it may cause the
analysis apparatus to present a corresponding analysis result
on user interface 106 or to deliver the analysis result on port
16 (See FIG. 1 and FIG. 2A and FIGS. 7 and 8).

[0122] The data processing means 50 is also coupled to a
read/write memory 52 for data storage. Moreover, the data
processing means 50 may be coupled to an analysis appa-
ratus communications interface 54. The analysis apparatus
communications interface 54 provides for bi-directional
communication with a measuring point communication
interface 56 which is attachable on, at or in the vicinity of
the measuring point on the machine.

[0123] The measuring point 12 may comprise a connec-
tion coupling 32, a readable and writeable information
carrier 58, and a measuring point communication interface
56.

[0124] The writeable information carrier 58, and the mea-
suring point communication interface 56 may be provided in
a separate device 59 placed in the vicinity of the stud 30, as
illustrated in FIG. 2, Alternatively the writeable information
carrier 58, and the measuring point communication interface
56 may be provided within the stud 30. This is described in
more detail in WO 98/01831, the content of which is hereby
incorporated by reference.

[0125] The system 2 is arranged to allow bidirectional
communication between the measuring point communica-
tion interface 56 and the analysis apparatus communication
interface 54. The measuring point communication interface
56 and the analysis apparatus communication interface 54
are preferably constructed to allow wireless communication.
According to an embodiment the measuring point commu-
nication interface and the analysis apparatus communication
interface are constructed to communicate with one another
by radio frequency (RF) signals. This embodiment includes
an antenna in the measuring point communication interface
56 and another antenna the analysis apparatus communica-
tion interface 54.

[0126] FIG. 4 is a simplified illustration of an embodiment
of the memory 60 and its contents. The simplified illustra-
tion is intended to convey understanding of the general idea
of storing different program functions in memory 60, and it
is not necessarily a correct technical teaching of the way in
which a program would be stored in a real memory circuit.
The first 1nemory segment 70 stores program code for
controlling the analysis apparatus 14 to perform basic opera-
tions. Although the simplified illustration of FIG. 4 shows
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pseudo code, it is to be understood that the program code 80
may be constituted by machine code, or any level program
code that can be executed or interpreted by the data pro-
cessing means 50 (FIG. 2A).

[0127] The second memory segment 90, illustrated m FIG.
4, stores a second set of program code 94. The program code
94 in segment 90, when run on the data processing means
50, will cause the analysis apparatus 14 to perform a
function, such as a digital signal processing function. The
function may comprise an advanced mathematical process-
ing of the digital measurement data signal S, ,, According
to embodiments of the invention the program code 94 is
adapted to cause the processor means 50 to perform signal
processing functions described in connection with FIGS. 5,
6, 9 and/or FIG. 16 in this document.

[0128] As mentioned above in connection with FIG. 1, a
computer program for controlling the function of the analy-
sis apparatus may be downloaded from the server computer
20. This means that the program-to-be-downloaded is trans-
mitted to over the communications network 18. This can be
done by modulating a carrier wave to carry the program over
the communications network 18. Accordingly the down-
loaded program may be loaded into a digital memory, such
as memory 60 (See FIGS. 2A and 4). Hence, a signal
processing program 94 and or an analysis function program
104, 105 may be received via a communications port, such
as port 16 (FIGS. 1 & 2A), so as to load it into memory 60.
Similarly, a signal processing program 94 and or an analysis
function program 104, 105 may be received via communi-
cations port 29B (FIG. 1), so as to load it into a program
memory location in computer 26B or in database 22B.
[0129] An aspect of the invention relates to a computer
program product, such as a program code means 94 and/or
program code means 104, 105 loadable into a digital
memory of an apparatus. The computer program product
comprising software code portions for performing signal
processing methods and/or analysis functions when said
product is run on a data processing unit 50 of an apparatus
for analysing the condition of a machine. The term “run on
a data processing unit” means that the computer program
plus the data processing unit carries out a method of the kind
described in this document.

[0130] The wording “a computer program product, load-
able into a digital memory of a condition analysing appa-
ratus” means that a computer program can be introduced
into a digital memory of a condition analysing apparatus so
as achieve a condition analysing apparatus programmed to
be capable of, or adapted to, carrying out a method of the
kind described above. The term “loaded into a digital
memory of a condition analysing apparatus” means that the
condition analysing apparatus programmed in this way is
capable of, or adapted to, carrying out a method of the kind
described above.

[0131] The above mentioned computer program product
may also be loadable onto a computer readable medium,
such as a compact disc or DVD. Such a computer readable
medium may be used for delivery of the program to a client.
[0132] According to an embodiment of the analysis appa-
ratus 14 (FIG. 2A), it comprises a user input interface 102,
whereby an operator may interact with the analysis appara-
tus 14. According to an embodiment the user input interface
102 comprises a set of buttons 104. An embodiment of the
analysis apparatus 14 comprises a user output interface 106.
The user output interface may comprise a display unit 106.
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The data processing 1neans 50, when it runs a basic program
function provided in the basic program code 80, provides for
user interaction by means of the user input interface 102 and
the display unit 106. The set of buttons 104 may be limited
to a few buttons, such as for example five buttons, as
illustrated in FIG. 2A. A central button 107 may be used for
an ENTER or SELECT function, whereas other, more
peripheral buttons may be used for moving a cursor on the
display 106. In this manner it is to be understood that
symbols and text may be entered into the apparatus 14 via
the user interface. The display unit 106 may, for example,
display a number of symbols, such as the letters of alphabet,
while the cursor is movable on the display in response to
user input so as to allow the user to input information.
[0133] FIG. 5 is a schematic block diagram of an embodi-
ment of the analysis apparatus 14 at a client location 4 with
a machine 6 having a movable shaft 8. The sensor 10, which
may be a Shock Pulse Measurement Sensor, is shown
attached to the body of the machine 6 so as to pick up
mechanical vibrations and so as to deliver an analogue
measurement signal SEA indicative of the detected mechani-
cal vibrations to the sensor interface 40. The sensor interface
40 may he designed as described in connection with FIG. 2A
or 2B. The sensor interface 40 delivers a digital measure-
ment data signal S,,, to a means 180 for digital signal
processing.

[0134] The digital measurement data signal S,,, has a
sampling frequency fg, and the amplitude value of each
sample depends on the amplitude of the received analogue
measurement signal S, at the moment of sampling. Accord-
ing to an embodiment the sampling frequency fs of the
digital measurement data signal S,,, may be fixed to a
certain value fg, such as e.g. =102 kHz. The sampling
frequency fs may be controlled by a clock signal delivered
by a clock 190, as illustrated in FIG. 5. The clock signal may
also be delivered to the means 180 for digital signal pro-
cessing. The means 180 for digital signal processing can
produce information about the temporal duration of the
received digital measurement data signal S, in response to
the received digital measurement data signal S, ,,, the clock
signal and the relation between the sampling frequency fo
and the clock signal, since the duration between two con-
secutive sample values equals Ts=1/1;.

[0135] According to embodiments of the invention the
means 180 for digital signal processing includes a pre-
processor 200 for performing a pre-processing of the digital
measurement data signal S,,, so as to deliver a pre-pro-
cessed digital signal S, ,,,» on an output 210. The output 210
is coupled to an input 220 of an evaluator 230. The evaluator
230 is adapted to evaluate the pre-processed digital signal
Samop 80 as to deliver a result of the evaluation to a user
interface 106. Alternatively the result of the evaluation may
be delivered to a communication port 16 so as to enable the
transmission of the result e.g. to a control computer 33 at a
control site 31 (See FIG. 1).

[0136] According to an embodiment of the invention, the
functions described in connection with the functional blocks
in means 180 for digital signal processing, pre-processor
200 and evaluator 230 may be embodied by computer
program code 94 and/or 104 as described in connection with
memory blocks 90 and 100 in connection with FIG. 4 above.
[0137] A user may require only a few basic monitoring
functions for detection of whether the condition of a
machine is normal or abnormal. On detecting an abnormal
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condition, the user may call for specialized professional
maintenance personnel to establish the exact nature of the
problem, and for performing the necessary maintenance
work The professional maintenance personnel frequently
needs and uses a broad range of evaluation functions making
it possible to establish the nature of, and/or cause for, an
abnormal machine condition. Hence, different users of an
analysis apparatus 14 may pose very different demands on
the function of the apparatus. The term Condition Monitor-
ing function is used in this document for a function for
detection of whether the condition of a machine is normal or
somewhat deteriorated or abnormal. The term Condition
Monitoring function also comprises an evaluation function
1naking it possible to establish the nature of, and/or cause
for, an abnormal machine condition.

Examples of Machine Condition Monitoring functions
[0138] The condition monitoring functions F1, F2 . . . Fn
includes functions such as: vibration analysis, temperature
analysis, shock pulse measuring, spectrum analysis of shock
pulse measurement data, Fast Fourier Transformation of
vibration measurement data, graphical presentation of con-
dition data on a user interface, storage of condition data in
a writeable information carrier on said machine, storage of
condition data in a writeable information carrier in said
apparatus, tachometering, imbalance detection, and mis-
alignment detection.

[0139] According to an embodiment the apparatus 14
includes the following functions:

[0140] Fl=vibration analysis;

[0141] F2=temperature analysis,

[0142] F3=shock pulse measuring,

[0143] F4=spectrum analysis of shock pulse measurement
data,

[0144] F5=Fast Fourier Transformation of vibration mea-
surement data,

[0145] Fo6=graphical presentation of condition data on a
user interface,

[0146] F7=storage of condition data in a writeable

infomlation carrier on said machine,
[0147] F8=storage of condition data in a writeable infor-
mation carrier 52 in said apparatus,

[0148] F9=tachometering,

[0149] Fl10=imbalance detection, and

[0150] F1l=misalignment detection.

[0151] F12=Retrieval of condition data from a writeable

information earner 58 on said machine.

[0152] F13=Performing vibration analysis function F1 and
performing function F12 “Retrieval of condition data from
a writeable information carrier 58 on said machine” so as to
enable a comparison or trending based on current vibration
measurement data and historical vibration measurement
data.

[0153] F14=Performing temperature analysis F2; and per-
forming function “Retrieval of condition data from a write-
able information carrier 58 on said machine” so as to enable
a comparison or trending based on current temperature
measurement data and historical temperature measurement
data.

[0154] F15=Retrieval of identification data from a write-
able information carrier 58 on said machine.

[0155] Embodiments of the function F7 “storage of con-
dition data in a writeable information carrier on said
machine”, and F13 vibration analysis and retrieval of con-
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dition data is described in more detail in WO 98/01831, the
content of which is hereby incorporated by reference.

[0156] FIG. 6 illustrates a schematic block diagram of an
embodiment of the pre-processor 200 according to an
embodiment of the present invention. In this embodiment
the digital measurement data signal S,,, is coupled to a
digital band pass filter 240 having a lower cutoff frequency
to, an upper cutoff frequency f,,- and passband bandwidth
between the upper and lower cutoff frequencies.

[0157] The output from the digital band pass filter 240 is
connected to a digital enveloper 250. According to an
embodiment of the invention the signal output from the
enveloper 250 is delivered to an output 260. The output 260
of the pre-processor 200 is coupled to output 210 of digital
signal processing means 180 for delivery to the input 220 of
evaluator 230.

[0158] The upper and lower cutoff frequencies of the
digital band pass filter 240 may selected so that the fre-
quency components of the signal S,,, at the resonance
frequency {fy,, for the sensor are in the passband bandwidth.
As mentioned above, an amplification of the mechanical
vibration is achieved by the sensor being mechanically
resonant at the resonance frequency fy,, Accordingly the
analogue measurement signal S, reflects an amplified value
of the vibrations at and around the resonance frequency fx,,.
Hence, the band pass filter according to the FIG. 6 embodi-
ment advantageously suppresses the signal at frequencies
below and above resonance frequency f;,,, so as to further
enhance the components of the measurement signal at the
resonance frequency f,,. Moreover, the digital band pass
filter 240 advantageously further reduces noise inherently
included in the measurement signal, since any noise com-
ponents below the lower cutoff frequency f; ., and above
upper cutoff frequency f,,, are also eliminated or reduced.
Hence, when using a resonant Shock Pulse Measurement
sensor 10 having a mechanical resonance frequency fz,, in
a range from a lowest resonance frequency value f,,, to a
highest resonance frequency value fy,,., the digital band
pass filter 240 may be designed to having a lower cutoff
frequency f, ~fz,,;, and an upper cutoff frequency
T c=tras According to an embodiment the lower cutoff
frequency f; =fz,,,=28 kHz, and the upper cutoff frequency
fc=tran =37 kHz.

[0159] According to another embodiment the mechanical
resonance frequency fj,,is somewhere in the range from 30
kHz to 35 kHz, and the digital band pass filter 240 may then
be designed to having a lower cutoff frequency f; =30 kHz
and an upper cutoff frequency f,, =35 kHz.

[0160] According to another embodiment the digital band
pass filter 240 may he designed to have a lower cutoff
frequency f; . being lower than the lowest resonance fre-
quency value f3,,, and an upper cutoff frequency f,, being
higher than the highest resonance frequency value f;, .. For
example the mechanical resonance frequency f,, may be a
frequency in the range from 30 kHz to 35 kHz, and the
digital band pass filter 240 may then he designed to having
a lower cutoff frequency f; =17 kHz, and an upper cutoff
frequency f,,=36 kHz.

[0161] Accordingly the digital hand pass filter 240 deliv-
ers a passband digital measurement data signal S having an
advantageously low noise content and reflecting mechanical
vibrations in the passband. The passband digital measure-
ment data signal S is delivered to enveloper 250.
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[0162] The digital enveloper 250 accordingly receives the
passband digital measurement data signal Sp which may
reflect a signal having positive as well as negative ampli-
tudes. With reference to FIG. 6, the received signal is
rectified by a digital rectifier 270, and the rectified signal
may be filtered by an optional low pass filter 280 so as to
produce a digital envelop signal Sz~

[0163] Accordingly, the signal Sy, is a digital represen-
tation of an envelope signal being produced in response to
the filtered measurement data signal S;. According to some
embodiments of the invention the optional low pass filter
280 may be eliminated. One such embodiment is discussed
in connection with FIG. 9 below. Accordingly, the optional
low pass filter 280 in enveloper 250 may be eliminated when
decimator 310, discussed in connection with FIG. 9 below,
includes a low pass filter function.

[0164] According to the FIG. 6 embodiment of the inven-
tion the signal Sp.; is delivered to the output 260 of
pre-processor 200. Hence, according to an embodiment of
the invention the pre-processed digital signal S,,,,, deliv-
ered on the output 210 (FIG. 5) is the digital envelop signal
SENV'

[0165] Whereas prior art analogue devices for generating
an envelop signal in response to a measurement signal
employs an analogue rectifier which inherently leads to a
biasing error being introduced in the resulting signal, the
digital enveloper 250 will advantageously produce a true
rectification without any biasing errors. Accordingly, the
digital envelop signal S .- will have a good Signal-to-Noise
Ratio, since the sensor being mechanically resonant at the
resonance frequency in the passband of the digital band pass
filter 240 leads to a high signal amplitude and the signal
processing being performed in the digital domain eliminates
addition of noise and eliminates addition of biasing errors.
[0166] With reference to FIG. 5 the pre-processed digital
signal S, 5 is delivered to input 220 of the evaluator 230.
[0167] According to another embodiment, the filter 240 is
a high pass filter having a cut-off frequency f;.. This
embodiment simplifies the design by replacing the band-
pass filter with a high-pass filter 240, thereby leaving the low
pass filtering to another low pass filter downstream, such as
the low pass filter 280. The cut-off frequency {; .. of the high
pass filter 240 is selected to approximately the value of the
lowest expected mechanical resonance frequency value
fraser Of the resonant Shock Pulse Measurement sensor 10.
When the mechanical resonance frequency fy,, is some-
where in the range from 30 kHz to 35 kHz, the high pass
filter 240 may be designed to having a lower cutoff fre-
quency f; =30 kHz. The high-pass filtered signal is then
passed to the rectifier 270 and on to the low pass filter 280.
[0168] According to an embodiment it should be possible
to use sensors 10 having a resonance frequency somewhere
in the range from 20 kHz to 35 kHz. In order to achieve this,
the high pass filter 240 may be designed to having a lower
cutoff frequency f; .~20 kHz.

[0169] FIG. 7 illustrates an embodiment of the evaluator
230 (See also FIG. 5). The FIG. 7 embodiment of the
evaluator 230 includes a condition analyser 290 adapted to
receive a pre-processed digital signal S,/ indicative of the
condition of the machine 6. The condition analyser 290 can
he controlled to perform a selected condition analysis func-
tion by means of a selection signal delivered on a control
input 300. The selection signal delivered on control input
300 may he generated by means of user interaction with the
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user interface 102 (See FIG. 2A). When the selected analysis
function includes Fast Fourier Transform, the analyzer 290
will be set by the selection signal 300 to operate on an input
signal in the frequency domain.

[0170] Dependent on what type of analysis to be per-
formed the condition analyser 290 may operate on an input
pre-processed digital signal S, in the time domain, or on
an input pre-processed digital signal S, in the frequency
domain. Accordingly, dependent on the selection signal
delivered on control input 300, the FFT 294 may be included
as shown in FIG. 8, or the signal S, ., may be delivered
directly to the analyser 290 as illustrated in FIG. 7.

[0171] FIG. 8 illustrates another embodiment of the evalu-
ator 230. In the FIG. 8 embodiment the evaluator 230
includes an optional Fast Fourier Transformer 294 coupled
to receive the signal from input 220 of the evaluator 230.
The output from the FF Transformer 294 may he delivered to
analyser 290.

[0172] In order to analyze the condition of a rotating part
it is desired to monitor the detected vibrations for a suffi-
ciently long time to be able to detect repetitive signals.
Certain repetitive signal signatures are indicative of a dete-
riorated condition of the rotating part. An analysis of a
repetitive signal signature may also be indicative of the type
of deteriorated condition. Such an analysis may also result
in detection of the degree of deteriorated condition.

[0173] Hence, the measurement signal may include at
least one vibration signal component S,, dependent on a
vibration movement of the rotationally 1novable part 8;
wherein said vibration signal component has a repetition
frequency f,, which depends on the speed of rotation f , . of
the rotationally movable part 8. The vibration signal com-
ponent which is dependent on the vibration movement of the
rotationally movable part 8 may therefore be indicative of a
deteriorated condition or a damage of the monitored
Inachine. In fact, a relation between repetition frequency £,
of the vibration signal component S,, and the speed of
rotation f,, of the rotationally movable part 8 may be
indicative of which mechanical part it is that has a damage.
Hence, in a machine having a plurality of rotating parts it
may be possible to identify an individual slightly damaged
part by means of processing the measurement signal using
an analysis function 105, including a frequency analysis.
[0174] Such a frequency analysis may include fast fourier
transformation of the measurement signal including vibra-
tion signal component S, The fast fourier transformation
(FFT), uses a certain frequency resolution. That certain
frequency resolution, which may be expressed in terms of
frequency bins, determines the limit for discerning different
frequencies. The term “frequency bins” is sometimes
referred to as “lines”. If a frequency resolution providing 7
frequency bins up to the shaft speed is desired, then it is
necessary to record the signal during X revolutions of the
shaft.

[0175] In connection with the analysis of rotation parts it
lnay be interesting to analyse signal frequencies that are
higher than the rotation frequency fz ;- of the rotating part.
The rotating part may include a shaft and bearings. The shaft
rotation frequency fy - is often referred to as “order 1”. The
interesting bearing signals may occur about ten times per
shaft revolution (Order 10), i.e. a damage repetition fre-
quency f,, (measured in Hz) divided by rotational speed f
(measured in rps) equals 10 Hz/rps, i.e. order y=f /{5 ,,~10
Hz/tps. Moreover, it may be interesting to analyse overtones
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of the bearing signals, so it may be interesting to measure up
to order 100. Referring to a maximum order as Y, and the
total number of frequency bins in the FFT to be used as Z,
the following applies: Z=X*Y. Conversely, X=7/Y, wherein
[0176] X is the number of revolutions of the monitored
shaft during which the digital signal is analysed; and
[0177] Y is a maximum order; and
[0178] Z is the frequency resolution expressed as a
number of frequency bins
[0179] Consider a case when the decimated digital mea-
surement signal S, (See FIG. 5) is delivered to the FFT
analyzer 294, as described in FIG. 8: In such a case, when
the FFT analyzer 294 is set for Z=1600 frequency bins, and
the user is interested in analysing frequencies up to order
Y=100, then the value for X becomes X=7/Y=1600/100=16.
[0180] Hence, it is necessary to measure during X=16
shaft revolutions when Z=1600 frequency bins is desired
and the user is interested in analysing frequencies up to order
Y=100.
[0181] The frequency resolution Z of the FFT analyzer
294 may be settable using the user interface 102, 106 (FIG.
2A).
[0182] Hence, the frequency resolution value Z for the
condition analysis function 105 and/or signal processing
function 94 (FIG. 4) may be settable using the user interface
102, 106 (FIG. 2A).
[0183] According to an embodiment of the invention, the
frequency resolution Z is settable by selecting one value Z
from a group of values. The group of selectable values for
the frequency resolution Z may include

[0184] Z=400
[0185] Z=800
[0186] Z=1600
[0187] Z=3200
[0188] Z=6400
[0189] As mentioned above, the sampling frequency fg

may be fixed to a certain value such as e.g. =102 400 kHz,
and the factor k may be set to 2.56, thereby rendering the
maximum frequency to be analyzed foz ... to be:

Ssramax=fsk=102 400/2,56=40 kHz

[0190] For a machine having a shaft with rotational speed
fror=1715 rpm=28.58 rps, a selected order value Y=100
renders a maximum frequency to he analyzed to be

Fror*T=28.58 rps*100=2858 Hz.

[0191] The FFTransformer 294 may be adapted to perform
Fast Fourier Transform on a received input signal having a
certain number of sample values. It is advantageous when
the certain number of sample values is set to an even integer
which may be divided by two (2) without rendering a
fractional number.

[0192] Accordingly, a data signal representing mechanical
vibrations emanating from rotation of a shaft may include
repetitive signal patterns. A certain signal pattern may thus
be repeated a certain number of times per revolution of the
shaft being monitored. Moreover, repetitive signals may
occur with mutually different repetition frequency.

[0193] In the book “Machinery Vibration Measurements
and Analysis” by Victor Wowk (ISBN 0-07-071936-5), there
is provided a couple of examples of mutually different
repetition frequencies on page 149:

[0194] “Fundamental train frequency (FTF)

[0195] Ball spin (BS) frequency

Aug. 8, 2019

[0196] Outer Race (OR)
[0197] Inner Race (IR)”
[0198] The book also provides formulas for calculating

these specific frequencies on page 150. The content of the
book “Machinery Vibration Measurements and Analysis” by
Victor Wowk, is hereby incorporated by reference. In par-
ticular the above mentioned formulas for calculating these
specific frequencies are hereby incorporated by reference. A
table on page 151 of the same book indicates that these
frequencies also vary dependent on bearing manufacturer,
and that

[0199] FTF may have a hearing frequency factor of 0.378;
[0200] BS may have a bearing frequency factor of 1.928;
[0201] OR may have a bearing frequency factor of 3.024;
and

[0202] IR may have a bearing frequency factor of 4.976
[0203] The frequency factor is multiplied with the rota-

tional speed of the shaft to obtain the repetition frequency.
The book indicates that for a shaft having a rotational speed
of 1715 rpm, i.e., 28.58 Hz, the repetition frequency for a
pulse emanating from the Outer Race (OR) of a bearing of
standard type 6311 may be about 86 Hz.; and the FTF
repetition frequency may be 10.8 Hz.

[0204] When the monitored shaft rotates at a constant
rotational speed such a repetition frequency may be dis-
cussed either in terms of repetition per time unit or in terms
of repetition per revolution of the shaft being monitored,
without distinguishing between the two, However, if the
machine part rotates at a variable rotational speed the matter
is further complicated, as discussed below in connection
with FIGS. 16, 17 and 20.

Machinery Presenting Sudden Damages

[0205] Some types of machinery may suffer complete
machine failure or breakdown very abruptly. For some
machine types, such as rotating parts in a wind power
station, breakdown has been known to occur suddenly and
as a complete surprise to the maintenance personnel and to
the machine owner. Such sudden breakdown causes a lot of
costs to the machine owner and may cause other negative
side effects e.g. if machine parts fall off as a result of
unexpected mechanical failure.

[0206] The inventor realized that there is a particularly
high noise level in the mechanical vibrations of certain
machinery, and that such noise levels hamper the detection
of machine damages. Hence, for some types of machinely,
conventional methods for preventive condition monitoring
have failed to provide sufficiently early and/or reliable
warning of on-coming deteriorating conditions. The inven-
tor concluded that there 1nay exist a mechanical vibration
VMD indicative of a deteriorated condition in such machin-
ery, but that conventional methods for measuring vibrations
may hitherto have been inadequate.

[0207] The inventor also realized that machines having
slowly rotating parts were among the types of machinery
that seem to be particularly prone to sudden failure.
[0208] Having realized that a particularly high noise level
in the mechanical vibrations of certain machinery hampers
the detection of machine damages, the inventor came up
with a method for enabling detection of weak mechanical
signals in a noisy environment. As mentioned above, the
repetition frequency f,, of vibration signal component S, in
measuring signal S, depends on a mechanical vibration
V. which is indicative of an incipient damage of a rota-
tional part 8 of the monitored machine 6. The inventor
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realized that it may be possible to detect an incipient
damage, i.e. a damage that is just starting to develop, if a
c01Tesponding weak signal can be discerned.

[0209] Hence, the measurement signal may include at
least one vibration signal component S,, dependent on a
vibration movement of the rotationally movable part 8;
wherein said vibration signal component has a repetition
frequency f,,, which depends on the speed of rotation fy,,
of the rotationally movable part 8. The existence of a
vibration signal component which is dependent on the
vibration movement of the rotationally movable part 8 may
therefore provide an early indication of a deteriorating
condition or an incipient damage of the monitored machine.
[0210] In a wind turbine application the shaft, whose
bearing is analyzed may rotate at a speed of less than 120
revolutions per minute, i.e. the shaft rotational frequency
fror 18 less than 2 revolutions per second (rps). Sometimes
such a shaft to be analyzed rotates at a speed of less than 50
revolutions per minute (rpm), i.e. a shaft rotational fre-
quency fror of less than 0.83 rps. In fact the speed of
rotation may typically be less than 15 rpm. Whereas a shaft
having a rotational speed of 1715 rpm, as discussed in the
above mentioned book, produces 500 revolutions in just
17.5 seconds; a shaft rotating at 50 revolutions per minute
takes ten minutes to produce 500 revolutions. Certain large
wind power stations have shafts that may typically rotate at
12 RPM=0.2 rps.

[0211] Accordingly, when a bearing to be analyzed is
associated with a slowly rotating shaft, and the bearing is
monitored by a detector generating an analogue measure-
ment signal Sz, which is sampled using a sampling fre-
quency f; of about 100 Khz, the number of sampled values
associated with one full revolution of the shaft becomes very
large. As an illustrative example, it takes 60 million (60 000
000) sample values at a sampling frequency of 100 kHz to
describe 500 revolutions when the shaft rotates at 50 rpm.
[0212] Moreover, performing advanced mathematical
analysis of the signal requires a lot of time when the signal
includes so many samples. Accordingly it is desired to
reduce the number of samples per second before further
processing of the signal Sz,

[0213] FIG. 9 illustrates another embodiment of the pre-
processor 200. The FIG. 9 embodiment of the pre-processor
200 includes a digital band pass filter 240 and a digital
enveloper 250 as described above in connection with FIG. 6,
As mentioned above, the signal S, is a digital represen-
tation of an enveloped signal which is produced in response
to the filtered measurement data signal Sj.

[0214] According to the FIG. 9 embodiment of the pre-
processor 200, the digital enveloped signal S, is delivered
to a decimator 310 adapted to produce a digital signal SRED
having a reduced sampling frequency fz,. The decimator
310 operates to produce an output digital signal wherein the
temporal duration between two consecutive sample values is
longer than the temporal duration between two consecutive
sample values in the input signal. The decimator is described
in more detail in connection with FIG. 14, below. According
to an embodiment of the invention the optional low pass
filter 280 may be eliminated, as mentioned above. When, in
the FIG. 9 embodiment, the signal produced by the digital
rectifier 270 is delivered to decimator 310, which includes
low pass filtering, the low pass filter 280 may be eliminated.
[0215] An output 312 of the decimator 310 delivers the
digital signal Sy, to an input 315 of an enhancer 320. The
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enhancer 320 is capable of receiving the digital signal SRED
and in response thereto generating an output signal S,,-.
The output signal S,,,,» is delivered to output port 260 of
pre-processor 200.

[0216] FIG. 10A is a flow chart that illustrates embodi-
ments of a method for enhancing repetitive signal patterns in
signals. This method may advantageously he used for
enhancing repetitive signal patterns in signals representing
the condition of a machine having a rotating shaft. An
enhancer 320 may be designed to operate according to the
method illustrated by FIG. 10A.

[0217] Method steps S1000 to S1040 in FIG. 10A repre-
sent preparatory actions to be taken in order to make settings
before actually generating the output signal values. Once,
the preparatory actions have been executed, the output
signal values may be calculated, as described with reference
to step S1050.

[0218] FIG. 10B is a flow chart illustrating a method of
generating a digital output signal. More particularly, FIG.
10B illustrates an embodiment of a method to generate a
digital output signal when preparatory actions described
with reference to steps S1000 to S1040 in FIG. 10A have
been performed.

[0219] With reference to step S1000 in FIG. 10A, a
desired length O; sy of an output signal S, is deter-
mined.

[0220] FIG. 11 is a schematic illustration of a first memory
having plural memory positions i. The memory positions i of
the first memory hold an example input signal I comprising
a sequence of digital values. The example input signal is
used for calculating the output signal S,,,» according to
embodiments of the invention. FIG. 11 shows some of many
consecutive digital values for the input signal 1. The digital
values 2080 in the input signal I only illustrate a few of the
digital values that are present in the input signal. In FIG. 11
two neighbouring digital values in the input signal are
separated by a duration t,;,,. The value t,,,, is the inverse
of a sampling frequency f ; of the input signal received by
the enhancer 320 (See FIG. 9 & FIG. 16).

[0221] FIG. 12 is a schematic illustration of a second
memory having plural memory positions t. The memory
positions t of the second memory bold an example output
signal S,,,» comprising a sequence of digital values. Hence,
FIG. 12 illustrates a portion of a memory having digital
values 3090 stored in consecutive memory positions. FIG.
12 shows consecutive digital values for the output signal
Samop- The digital values 3090 in the output signal S,
only illustrate a few of the digital values that are present in
the output signal. In FIG. 12 two neighbouring digital values
in the output signal may be temporally separated by the
duration t,,,,,.

[0222] With reference to step S1000 in FIG. 10, the
desired length O; 577 3010 of the output signal S, ,,» may
be chosen so that it is possible to use the output signal S,
for analysing certain frequencies in the output signal. If for
instance lower frequencies are of interest a longer output
signal is required than if higher frequencies are of interest.
The lowest frequency that can be analysed using the output
signal is 1/(0; pygrer tiena), Where O; zoc oy 1s the number
of sample values in the output signal. If f; is the sampling
rate of the input signal I, then the time t,,,,, between each
digital sample value will be 1/f;;. As mentioned above,
repetitive signal patterns may occur in a data signal repre-
senting mechanical vibrations. Accordingly, a measurement
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signal, such as signal S, delivered by the envelopper 250
and signal SRED delivered to enhancer 320 may include at
least one vibration signal component S,, dependent on a
vibration movement of the rotationally movable part 8;
wherein said vibration signal component S, has a repetition
frequency f,, which depends on the speed of rotation 5, of
the rotationally movable part 8. Hence, in order to be certain
to detect the occurrence of a repetitive signal pattern having
a repetition frequency fp-r,=fr=1/(0; cnere tiens) the out-
put signal S,,,, must include at least O;znery digital
values, when consecutive digital values in the output signal
S,mop are separated by the duration t,,,,.

[0223] According to an embodiment, the user may input a
value representing a lowest repetition frequency fg.,,,, to
be detected as well as information about a lowest expected
speed of rotation of the shaft to be monitored. The analysis
system 2 (FIG. 1) includes functionality for calculating a
suitable value for the variable O; o7z in response to these
values.

[0224] Alternatively, with reference to FIG. 2A, a user of
an analysis apparatus 14 may set the value O, zn 7z 3010 of
the output signal S,,,,» by means of inputting a correspond-
ing value via the user interface 102.

[0225] In a next step S1010 a length factor L is chosen.
The length factor L determines how well stochastic signals
are suppressed in the output signal S,,,,-. A higher value of
L gives less stochastic signals in the output signal S, than
a lower value of L. Hence, the length factor . may be
referred to as a Signal-Noise Ratio improver value. Accord-
ing to one embodiment of the method L is an integer
between 1 and 10, but L can also he set to other values.
According to an embodiment of the method, the value L can
be preset in the enhancer 320. According to another embodi-
ment of the method the value L is inputted by a user of the
method through the user interface 102 (FIG. 2A). The value
of the factor L. also has an impact on calculation time
required to calculate the output signal. A larger value of L
requires longer calculation time than a lower value of L.
[0226] Next, in a step S1020, a starting position Sgz, 718
set. The starting position Sg,,z7 1 a position in the input
signal 1.

[0227] The starting position Sgz,z7 is set to avoid or
reduce the occurrence of non-repetitive patterns in the
output signal S, ,,,,. When the starting position Sg;, -, 1s set
so that a part 2070 of the input signal before the starting
position has a length which corresponds to a certain time
interval Tsyocmasrre arax then stochastic signals with the a
corresponding frequency fo,pczrisarc sy and higher fre-
quencies will be attenuated in the output signal O, S,,,,».
[0228] Inanext step S1030 the required length of the input
data signal is calculated. The required length of the input
data signal is calculated in the step S1030 according to
formula (1) below:

I enotH=Orenc 1o LA Sstartt Oreno T (6]

[0229] Next, in a step S1040, a length C, 7 in the
input data signal is calculated. The length C; g7 is the
length over which the calculation of the output data signal is
performed. This length C; ;yvg7z i calculated according to
formula (3) below.

CLENGTH:ILENGTH_SSTART_OLENGZH (3)

[0230]

L envorer CranvorertSsrurtOrenere

Formula (3) <can also be written as
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[0231] The output signal is then calculated in a step
S1050. The output signal is calculated according to formula
(5) below. In formula (5) a value for the output signal is
calculated for a time value tin the output signal.

i=CLENGTH [©)]
Supp®= Y, 1@+ Ssarr +
i=1

where | <7< Orpyvara

[0232] The output signal S,,,,» has a length O; zyvcrs, as
mentioned above. To acquire the entire output signal S,,,»
a value for each time value from t=1 to t=0; o,z has to be
calculated with formula (5). In FIG. 11 a digital value 2081
illustrates one digital value that is used in the calculation of
the output signal. The digital value 2081 illustrates one
digital value that is used in the calculation of the output
signal where i=1. The digital value 2082 illustrates another
digital value that is used in the calculation of the output
signal. Reference numeral 2082 refers to the digital value
I(14Sgz 4z ) in formula (5) above, when i=1 and t=1.
Hence, reference numeral 2082 illustrates the digital sample
value at position number P in the input signal:

P=1+Ssparr+1=Ssrarr+2.

[0233] In FIG. 12, reference numeral 3091 refers to the
digital sample value S,,,5(t) in the output signal where t=1.
[0234] Another embodiment of the method for operating
the enhancer 320 for enhancing repetitive patterns in signals
representing the condition of a machine having a rotating
shaft will now be described. According to an embodiment
the length O, ysy may be preset in the enhancer 320.
According to other embodiments of the method the length
O, znverr May be set by user input through the user interface
102 (FIG. 2A). According to a preferred embodiment of the
method the variable O; ;7 15 set to an even integer which
may be divided by two (2) without rendering a fractional
number. Selecting the variable O; zyer according to this
rule advantageously adapts the number of samples in the
output signal so that it is suitable for use in the optional Fast
Fourier Transformer 294. Hence, according to embodiments
of the method the variable O; ;g7 may preferably be set
to a number such as e.g. 1024, 2048, 4096.

[0235] In a particularly advantageous embodiment the
value Sy, ,»7 15 set, in step S1020, so that the part 2070 of
the input signal before the starting position has the same
length as the output signal 3040, i.e. Scry 27O envGrer-
[0236] As mentioned in connection with equation (1)
above, the required length of the input data signal is

=, *
ILENGTHioLENGZH L+0LENGTH

[0237] Hence, setting Sor, 27O znvarz i €q (1) renders

= *
I enerer=Orenor "L+Orenorrt
— * *k
Orenerar=Orenora L+ O encm™2

[0238] Accordingly, the required length of the input signal
can be expressed in terms of the length of the output signal
according to equation (6) below.

I enora=LA2)* Orgnora (6)

[0239] where L is the length factor discussed above, and
O; zvere 18 the number of digital values in the output signal,
as discussed above.



US 2019/0243334 Al

[0240] The length C; vz can be calculated, in this
embodiment of the invention, according to formula (7)
below.

Crenere=L*Orenora @]

[0241] When the preparatory actions described with ref-
erence to steps S1000 to S1040 in FIG. 10A have been
performed, the digital output signal may be generated by
means of a method as described with reference to FIG. 10B.
According to an embodiment of the invention, the method
described with reference to FIG. 10B is performed by means
of a DSP 50 (FIG. 2A).

[0242] In a step S1100 (FIG. 10B) the enhancer 320
receives a digital input signal I having a first plurality
1; evere 0f sample values on an input 315 (See FIG. 9 and/or
FIG. 16). As noted above the digital input signal I may
represent mechanical vibrations emanating from rotation of
a shaft so far as to cause occurrence of a vibration having a
period of repetition Tj.

[0243] The received signal values are stored (Step S1120)
in an input signal storage portion of a data memory associ-
ated with the enhancer 320, According to an embodiment of
the invention the data memory may be embodied by the
read/write memory 52 (FIG. 2A).

[0244] In a step S1130 the variable t, used in equation (5)
above, is set to an initial value. The initial value may be 1
(one),

[0245] In step S1140 an output sample value S, ,(t) is
calculated for sample number t. The calculation may employ
the below equation:

i=CLENGTH

Supp(D) = Z

i=1

1(i) (i + Ssparr + 1)

[0246] The resulting sample value S, (1) is stored (Step
S1150, FIG. 10B) in an output signal storage portion of the
memory 52 (See FIG. 12).

[0247] In a step S1160 the process checks the value of
variable t, and if the value oft represents a number lower
than the desired number of output sample values O; zncrer
a step S1160 is performed for increasing the value of
variable t, before repeating steps S1140, S1150 and S1160.

[0248] If, in step S1160, the value oft represents a number
equal to the desired number of output sample values
O; zvere @ step S1180 is performed.

[0249] In step S1180 the output signal O, S, 5 is deliv-
ered on output 260 (See FIG. 9 and/or FIG. 16).

[0250] As mentioned above, a data signal representing
mechanical vibrations emanating from rotation of a shaft
may include repetitive signal signatures, and a certain signal
signature may thus be repeated a certain number of times per
revolution of the shaft being monitored. Moreover, several
mutually different repetitive signal signatures may occur,
wherein the mutually different repetitive signal signatures
may have mutually different repetition frequency. The
method for enhancing repetitive signal signatures in signals,
as described above, advantageously enables simultaneous
detection of many repetitive signal signatures having mutu-
ally different repetition frequency. This advantageously
enables the simultaneous detection of e.g., a Bearing Inner
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Race damage signature and a Bearing Outer Race damage
signature in a single measuring and analysis session, as
described below.

[0251] FIG. 13 is a schematic illustration of an example
output signal S, ., comprising two repetitive signals signa-
tures 4010 and 4020. The output signal S, may comprise
more repetitive signals signatures than the ones illustrated in
FIG. 13, but for illustrative purpose only two repetitive
signal signatures are shown. Only some of many digital
values for the repetitive signals signatures 4010 and 4020
are shown in FIG. 13.

[0252] In FIG. 13 the Outer Race (OR) frequency signal
4020 and the Inner Race (IR) frequency signal 4010 are
illustrated. As can be seen in FIG. 13 the Outer Race (OR)
frequency signal 4020 has a lower frequency than the Inner
Race (IR) frequency signal 40HI. The repetition frequency
for the Outer Race (OR) frequency signal 4020 and the Inner
Race (IR) frequency signal 4010 is 1/T , respectively 1/T,,.
[0253] In the above described embodiments of the method
of operating the enhancer 320 for enhancing repetitive signal
patterns the repetitive signal patterns are amplified when
calculating the output signal in step S1050. A higher ampli-
fication of the repetitive signal patterns is achieved if the
factor L is given a higher value, in step S1010, than if L is
given a lower value. A higher value of . means that a longer
input signal I, zyvsr i required in step S1030. A longer
input signal LENGTH therefore results in a higher ampli-
fication of the repetitive signal patterns in the output signal.
Hence, a longer input signal LENGTH renders the effect of
better attenuation of stochastic signals in relation to the
repetitive signal patterns in the output signal.

[0254] According to an embodiment of the invention the
integer value I, 57 may be selected in response to a
desired amount of attenuation of stochastic signals. In such
an embodiment the length factor L. may be determined in
dependence on the selected integer value 1; zygrz-

[0255] Now consider an exemplary embodiment of the
method for operating the enhancer 320 for enhancing repeti-
tive signal patterns where the method is used for amplifi-
cation of a repetitive signal pattern with a certain lowest
frequency. In order to be able to analyse the repetitive signal
pattern with the certain lowest frequency a certain length of
the output signal is required.

[0256] As mentioned above, using a longer input data
signal in the calculation of the output signal results in that
the repetitive signal pattern is amplified more than if a
shorter input data signal is used. If a certain amplification of
the repetitive signal pattern is required it is therefore pos-
sible to use a certain length of the input signal in order to
achieve this certain amplification of the repetitive signal
pattern.

[0257] To illustrate the above mentioned embodiment
consider the following example:

[0258] A repetitive signal pattern with a lowest repetition
frequency f; is of interest. In order to ensure detection of
such a repetitive signal, it will be necessary to produce an
output signal capable of indicating a complete cycle, i.e. it
needs to represent a duration of T,~=1/f,, When consecutive
output signal sample values are separated by a sample period
101, the minimum number of sample values in the output
signal will be Oy, . pin= 1 tuesra

[0259] As mentioned above, the amount of amplification
of the repetitive signal will increase with the length of the
input signal.
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[0260] As mentioned above, the method described with
reference to FIGS. 10 to 13 above operates to enhance
repetitive signal signatures in a sequence of measurement
data emanating from a rotating shaft. The wording “repeti-
tive signal signature” is to be understood as being sample
values [x(1), x(t+7T), x, (t+42T), . . . x(t+nT)] including an
amplitude component having a non-stochastic amplitude
value, and, wherein a duration T between these sample
values is constant, as long as the shaft rotates at a constant
speed of rotation. With reference to FIG. 13 it is to he
understood that digital values 4010 result from enhancing
plural repetitive signal values in the input signal I (See FIG.
11), wherein the input signal values are separated in time by
a duration T,z. Hence, in that case it can be deduced that the
“repetitive signal signature” relates to a damage at the inner
ring of the bearing assembly, when the period of repetition
T, corresponds to a ball pass rate at the inner ring. Of course
this presumes knowledge of the shaft diameter and the speed
of rotation. Also, when there is such a “repetitive signal
signature” signal component, there may be a repetitive
signal component value x such that x(t) has similar ampli-
tude as x(t+1) which has similar amplitude as x(t+27T),
which has similar amplitude as x(t+n7T)x, and so on. When
there is such a “repetitive signal signature” present in the
input signal, it may advantageously be detected using the
above described method, even when the repetitive signal
signature is so weak as to generate an amplitude component
smaller than that of the stochastic signal components.
[0261] The method described in connection with FIGS.
10-13 may be performed by the analysis apparatus 14 when
the processor 50 executes the corresponding program code
94, as discussed in conjunction with FIG. 4 above. The data
processor 50 may include a central processing unit for
controlling the operation of the analysis apparatus 14, as
well as a Digital Signal Processor (DSP). The DSP may he
arranged to actually run the program code 90 for causing the
analysis apparatus 14 to execute the program 94 causing the
process described above in connections with FIGS. 10-13 to
be executed. The Digital Signal Processor may he e.g., of the
type TMS320C6722, manufactured by Texas Instruments. In
this manner the analysis apparatus 14 may operate to
execute all signal processing functions 94, including filter-
ing function 240, enveloping function 250, decimation func-
tion 310 & 470 and enhancing function 320. According to
another embodiment of the invention, the signal processing
may be shared between the apparatus 14 and the computer
33, as mentioned above. Hence, apparatus 14 may receive
the analogue measurement signal SEA and generate a cor-
responding digital signal S, ,,,, and then deliver the digital
signal S,,, to control computer 33, allowing further signal
processing functions 94 to be performed at the control
location 31.

Decimation of Sampling Rate

[0262] As discussed above in connection with FIG. 9, it
may be desirable to provide a decimator 310 to reduce the
sampling frequency of the digital signal before delivery to
the enhancer 320. Such a decimator 310 advantageously
reduces the number of samples in the signal to be analyzed,
thereby reducing the amount of memory space needed for
storing the signal to be used, The decimation also enables a
faster processing in the subsequent enhancer 320.

[0263] FIG. 14A illustrates a number of sample values in
the signal delivered to the input of the decimator 310, and
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FIG. 14B illustrates output sample values of the correspond-
ing time period. The signal being input to decimator 310
may have a sampling frequency f;. As can be seen the output
signal is has a reduced sample f, The decimator 310 is
adapted to perform a decimation of the digitally enveloped
signal S~ so as to deliver a digital signal SRED having a
reduced sample rate foz; such that the output sample rate is
reduced by an integer factor M as compared to the input
sample rate fg.

[0264] Hence, the output signal SRED includes only every
M:th sample value present in the input signal Sg,,. FIG.
14B illustrates an example where M is 4, but M could be any
positive integer. According to an embodiment of the inven-
tion the decimator may operate as described in U.S. Pat. No.
5,633,811, the content of which is hereby incorporated by
reference.

[0265] FIG. 15A illustrates a decimator 310 according to
an embodiment of the invention. In the embodiment 310A of
decimator 310 according to FIG. 15A, a comb filter 400
filters and decimates the incoming signal at a ratio of 16:1.
That is, the output sampling rate is reduced by a first integer
factor M1 of sixteen (M1=16) as compared to the input
sampling rate. A finite impulse response (FIR) filter 401
receives the output of the comb filter 400 and provides
another reduction of the sampling rate by a second integer
factor M2. If integer factor M2=4, the FIR filter 401 renders
a 4:1 reduction of the sampling rate, and therefore decimator
310A rendera a total decimation of 64:1.

[0266] FIG. 15B illustrates another embodiment of the
invention, wherein embodiment 310B of the decimator 310
includes a low pass filter 402, followed by a sample selector
403. The sample selector 403 is adapted to pick every M:th
sample out of the signal received from the low pass filter
402. The resulting signal Szz,; has a sample rate of
for1=f/M where f; is the sample rate of received signal
Sz~ The cutoft frequency of the low pass filter 402 is
controlled by the value M.

[0267] According to one embodiment the value M is
preset to a certain value. According to another embodiment
the value M may be settable. The decimator 310 may be
settable to make a selected decimation M:1, wherein M is a
positive integer. The value M may be received on a port 404
of decimator 310.

[0268] The cut-off frequency of low pass filter 402 is
foz1/(G*M) Hertz. The factor G may be selected to a value
of two (2.0) or a value higher than two (2.0). According to
an embodiment the value G is selected to a value between
2.5 and 3. This advantageously enables avoiding aliasing.
The low pass filter 402 may be embodied by a FIR filter.
[0269] The signal delivered by low pass filter 402 is
delivered to sample selector 403. The sample selector
receives the value M on one port and the signal from low
pass filter 402 on another port, and it generates a sequence
of sample values in response to these inputs. The sample
selector is adapted to pick every M:th sample out of the
signal received from the lowepass filter 402. The resulting
signal Sz, has a sample rate of f5,=1/M*{,, where {; is
the sample rate of a signal Sz, received on a port 405 of the
decimator 310.

A Method for Compensating for Variable Shaft Speed

[0270] As mentioned above, a repetitive signal signature
being present in the input signal may advantageously be
detected using the above described method, even when the
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repetitive signal signature is so weak as to generate an
amplitude component smaller than that of the stochastic
signal components.

[0271] However, in certain applications the shaft rota-
tional speed may vary. Performing the 1nethod described
with reference to FIGS. 10-13 using an input measurement
sequence wherein the speed of shaft rotation varies leads to
deteriorated quality of the resulting output signal S, .
[0272] Accordingly an object of an aspect of the invention
is to achieve equally high quality of the resulting block Y
when the rotational speed of the shaft varies as when the
rotational speed of the shaft is constant during the complete
measuring sequence.

[0273] FIG. 16 illustrates an embodiment of the invention
including a decimator 310 and an enhancer 320, as described
above, and a fractional decimator 470.

[0274] According to an embodiment of the invention,
whereas the decimator 310 operates to decimate the sam-
pling rate by M:1, wherein M is an integer, the FIG. 16
embodiment includes a fractional decimator 470 for deci-
mating the sampling rate by U/N, wherein both U and N are
positive integers. Hence, the fractional decimator 470
advantageously enables the decimation of the sampling rate
by a fractional number. According to an embodiment the
values for U and N may be selected to be in the range from
2 to 2000. According to an embodiment the values for U and
N may be selected to be in the range from 500 to 1500.
According to yet another embodiment the values for U and
N may be selected to be in the range from 900 to 1100.
[0275] In the FIG. 16 embodiment the output signal from
the decimator 310 is delivered to a selector 460. The selector
enables a selection of the signal to be input to the enhancer
320. When condition monitoring is made on a rotating part
having a constant speed of rotation, the selector 460 may be
set in the position to deliver the signal SRED having sample
frequency fi;; to the input 315 of enhancer 320, and
fractional decimator 470 may he disabled. When condition
monitoring is made on a rotating part having a variable
speed of rotation, the fractional decimator 470 may be
enabled and the selector 460 is set in the position to deliver
the signal Sz, having sample frequency f.z, to the input
315 of enhancer 320.

[0276] The fractional decimator 470 has an input 480. The
input 480 may be coupled to receive the signal output from
decimator 310. The fractional decimator 470 also has an
input 490 for receiving information indicative of the rota-
tional speed of the shaft 8.

[0277] A speed detector 420 (See FIG. 5) may he provided
to deliver a signal indicative of the speed of rotation f,,of
the shaft 8. The speed signal may be received on a port 430
of the processing means 180, thereby enabling the process-
ing means 180 to deliver that speed signal to input 490 of
fractional decimator 470. The speed of rotation f;,, of the
shaft 8 may be provided in terms of rotations per second, i.e.
Hertz (Hz).

[0278] FIG. 17 illustrates an embodiment of the fractional
decimator 470 enabling the alteration of the sample rate by
a fractional number U/N, wherein U and N are positive
integers. This enables a very accurate control of the sample
rate foz, to be delivered to the enhancer 320, thereby
enabling a vely good detection of weak repetitive signal
signatures even when the shaft speed varies.

[0279] The speed signal, received on input 490 of frac-
tional decimator 470, is delivered to a Fractional Number
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generator 500. The Fractional Number generator 500 gen-
erates integer number outputs U and N on outputs 510 and
520, respectively. The U output is delivered to an upsampler
530. The upsampler 530 receives the signal SRED (See FIG.
16) via input 480. The upsampler 530 includes a sample
introductor 540 for introducing U-1 sample values between
each sample value received on port 480. Each such added
sample value is provided with an amplitude value. Accord-
ing to an embodiment each such added sample value is a
zero (0) amplitude.

[0280] The resulting signal is delivered to a low pass filter
550 whose cut-off frequency is controlled by the value U
delivered by Fractional Number generator 500. The cut-off
frequency of low pass filter 550 is fo,/(K*U) Hertz. The
factor K may he selected to a value of two (2) or a value
higher than two (2).

[0281] The resulting signal is delivered to a Decimator
560. The Decimator 560 includes a low pass filter 570 whose
cutoff frequency is controlled by the value N delivered by
Fractional Number generator 500. The cut-off frequency of
low pass filter 570 is f5,/(K*N) Hertz. The factor K may be
selected to a value of two (2) or a value higher than two (2).
[0282] The signal delivered by low pass filter 570 is
delivered to sample selector 580. The sample selector
receives the value N on one port and the signal from low
pass filter 570 on another port, and it generates a sequence
of sample values in response to these inputs. The sample
selector is adapted to pick every N:th sample out of the
signal received from the low pass filter 570. The resulting
signal S has a sample rate of z2=U/N*{,,, where f;, is
the sample rate of a signal SRED received on port 480. The
resulting signal S.,, is delivered on an output port 590.
[0283] The low pass filters 550 and 570 may he embodied
by FIR filters. This advantageously eliminates the need to
perform multiplications with the zero amplitude values
introduced by sample introductor 540.

[0284] FIG. 18 illustrates another embodiment of the
fractional decimator 470, The FIG. 18 embodiment advan-
tageously reduces the amount of calculation needed for
producing the signal Sz,,.

[0285] In the FIG. 18 embodiment the low pass filter 570
has been eliminated, so that the signal delivered by low pass
filter 550 is delivered directly to sample selector 580. When
the fractional decimator 470 is embodied by hardware the
FIG. 18 embodiment advantageously reduces an amount of
hardware, thereby reducing the cost of production.

[0286] When the fractional decimator 470 is embodied by
software the FIG. 18 embodiment advantageously reduces
an amount of program code that need to be executed, thereby
reducing the load on the processor and increasing the
execution speed.

[0287] With reference to FIGS. 17 and 18, the resulting
signal Szz,,, which is delivered on the output port of
fractional decimator 470, has a sample rate of f;2=U/
N*{or;, where for; is the sample rate of a signal SRED
received on port 480. The fractional value U/N is dependent
on a rate control signal received on input port 490. As
mentioned above, the rate control signal may be a signal
indicative of the speed of rotation of the shaft 8, which may
be delivered by speed detector 420 (See FIG. 1 and/or FIG.
5). The speed detector 420 may he embodied by an encoder,
providing a pulse signal with a suitably selected resolution
so0 as to enable the desired accuracy of the speed signal. In
one embodiment the encoder 420 delivers a full revolution
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marker signal once per full revolution of the shaft 8. Such a
revolution marker signal may be in the form of an electric
pulse having an edge that can be accurately detected and
indicative of a certain rotational position of the monitored
shaft 8. According to another embodiment, the encoder 420
may deliver many pulse signals per revolution of the moni-
tored shaft so as to enable detection of speed variations also
within one revolution of the shaft.

[0288] According to an embodiment, the Fractional Num-
ber generator 500 controls the values of U and N so that the
reduced sample rate Fgz, has such a value as to provide a
signal Sz, wherein the number of samples per revolution
of the shaft 8 is substantially constant, irrespective of any
speed variations of the shaft 8. Accordingly: The higher the
values of U and N, the better the ability of the fractional
decimator 470 at keeping the number of sample values per
revolution of the shaft 8 at a is substantially constant value.
[0289] The fractional decimation as described with refer-
ence to FIGS. 17 and 18 may be attained by performing the
corresponding method steps, and this may be achieved by
Ineans of a computer program 94 stored in memory 60, as
described above. The computer program may be executed by
a DSP 50. Alternatively the computer program may be
executed by a Field Programmable Gate Array circuit
(FPGA).

[0290] The method described in connection with FIGS.
10-13 and the decimation as described with reference to
FIGS. 17 and 18 may he performed by the analysis apparatus
14 when the processor 50 executes the corresponding pro-
gram code 94, as discussed in conjunction with FIG. 4
above. The data processor 50 may include a central pro-
cessing unit 50 for controlling the operation of the analysis
apparatus 14, as well as a Digital Signal Processor (DSP)
SOR The DSP SOB may be arranged to actually run the
program code 90 for causing the analysis apparatus 14 to
execute the program 94 causing the process described above
in connections with FIGS. 10-13 to be executed. According
to another embodiment the processor 50B is a Field pro-
grammable Gate Array circuit (FPGA).

[0291] FIG. 19 illustrates decimator 310 and another
embodiment of fractional decimator 470. Decimator 310
receives the signal S;,,- having a sampling frequency fs on
a port 405, and an integer M on a port 404, as described
above. Decimator 310 delivers a signal S, having a
sampling frequency fgz; on output 312, which is coupled to
input 480 of fractional decimator 470A. The output sam-
pling frequency fg, is

Jsrr /M

wherein M is an integer.

[0292] Fractional decimator 470A receives the signal
Szepr having a sampling frequency fgz,, as a sequence of
data values S(j), and it delivers an output signal Sy, as
another sequence of data values R(q) on its output 590.
[0293] Fractional decimator 470 A may include a memory
604 adapted to receive and store the data values S(j) as well
as information indicative of the corresponding speed of
rotation fr,, of the monitored rotating part Hence the
memory 604 may store each data value S(j) so that it is
associated with a value indicative of the speed of rotation of
the monitored shaft at time of detection of the sensor signal
Sz, value corresponding to the data value S(j).

[0294] When generating output data values R(q) the frac-
tional decimator 470A is adapted to read data values S(j) as
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well as information indicative of the corresponding speed of
rotation fg,, from the memory 604.

[0295] The data values S(j) read from the memory 604 are
delivered to sample introductory 540 for introducing U-1
sample values between each sample value received on port
480. Each such added sample value is provided with an
amplitude value. According to an embodiment each such
added sample value is a zero (0) amplitude.

[0296] The resulting signal is delivered to a low pass filter
550 whose cut-off frequency is controlled by the value U
delivered by Fractional Number generator 500, as described
above.

[0297] The resulting signal is delivered to the sample
selector 580. The sample selector receives the value N on
one port and the signal from low pass filter 550 on another
port, and it generates a sequence of sample values in
response to these inputs. The sample selector is adapted to
pick every N:th sample out of the signal received from the
low pass filter 550. The resulting signal S .,,, has a sample
rate of f,=UN*{z,, where fi;, is the sample rate of a
signal S, received on port 480. The resulting signal Sz,
is delivered on output port 590.

[0298] Hence, the sampling frequency fsR2 for the output
data values R(q) is lower than input sampling frequency f,,,
by a factor D. D can be set to an arbitrary number larger than
1, and it may be a fractional number. According to preferred
embodiments the factor D is settable to values between 1.0
to 20.0. In a preferred embodiment the factor D is a
fractional number settable to a value between about L3 and
about 3.0. The factor D may be obtained by setting the
integers U and N to suitable values. The factor D equals N
divided by U:

D=N/U

[0299] According to an embodiment of the invention the
integers U and N are settable to large integers in order to
enable the factor D=N/U to follow speed variations with a
minimum of inaccuracy. Selection of variables U and N to
be integers larger than 1000 renders an advantageously high
accuracy in adapting the output sample frequency to track-
ing changes in the rotational speed of the monitored shaft.
So, for example, setting N to 500 and U to 1001 renders
D=2,002.

[0300] The variable D is set to a suitable value at the
beginning of a measurement and that value is associated
with a certain speed of rotation of a rotating part to be
monitored. Thereafter, during the condition monitoring ses-
sion, the fractional value D is automatically adjusted in
response to the speed of rotation of the rotating part to be
monitored so that the signal outputted on port 590 provides
a substantially constant number of sample values per revo-
Iution of the monitored rotating part.

[0301] As mentioned above, the encoder 420 may deliver
a full revolution marker signal once per full revolution of the
shaft 8, Such a full revolution marker signal may be in the
form of an electric pulse having an edge that can be
accurately detected and indicative of a certain rotational
position of the monitored shaft 8. The full revolution marker
signal, which may be referred to as an index pulse, can be
produced on an output of the encoder 420 in response to
detection of a zero angle pattern on an encoding disc that
rotates when the monitored shaft rotates. This can be
achieved in several ways, as is well known to the person
skilled in this art. The encoding disc may e.g. be provided
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with a zero angle pattern which will produce a zero angle
signal with each revolution of the disc. The speed variations
may be detected e.g., by registering a “full revolution
marker” in the memory 604 each time the monitored shaft
passes the certain rotational position, and by associating the
“full revolution marker” with a sample value s(j) received at
the same instant. In this manner the memory 604 will store
a larger number of samples between two consecutive full
revolution markers when the shaft rotates slower, since the
A/D converter delivers a constant number of samples f per
second.

[0302] FIG. 20 is a block diagram of decimator 310 and
yet another embodiment of fractional decimator 470, This
fractional decimator embodiment is denoted 470B. Frac-
tional decimator 4708 may include a memory 604 adapted to
receive and store the data values S(j) as well as information
indicative of the corresponding speed of rotation f, . of the
monitored rotating part Hence the memory 604 may store
each data value S(j) so that it is associated with a value
indicative of the speed of rotation of the monitored shaft at
time of detection of the sensor signal SEA value correspond-
ing to the data value S(j).

[0303] Fractional decimator 470B receives the signal
Szzp1, having a sampling frequency fy,, as a sequence of
data values S(j), and it delivers an output signal Sgzps,
having a sampling frequency fs,, as another sequence of
data values R(q) on its output 590.

[0304] Fractional decimator 470B may include a memory
604 adapted to receive and store the data values S(j) as well
as information indicative of the corresponding speed of
rotation fr,, of the monitored rotating part. Memory 604
may store data values S(j) in blocks so that each block is
associated with a value indicative of a relevant speed of
rotation of the monitored shaft, as described below in
connection with FIG. 21.

[0305] Fractional decimator 470B lnay also include a
fractional decimation variable generator 606, which is
adapted to generate a fractional value D, The fractional
value D may be a floating number. Hence, the fractional
number can he controlled to a floating number value in
response to a received speed value fr,, so that the floating
number value is indicative of the speed value f;,, with a
certain inaccuracy. When implemented by a suitably pro-
grammed DSP, as mentioned above, the inaccuracy of
floating number value may depend on the ability of the DSP
to generate floating number values.

[0306] Moreover, fractional decimator 470B may also
include a FIR filter 608, The FIR filter 608 is a low pass FIR
filter having a certain low pass cut off frequency adapted for
decimation by a factor D, . The factor D, , may he set
to a suitable value, e.g. 20,000. Moreover, fractional deci-
mator 470B may also include a filter parameter generator
610.

[0307] Operation of fractional decimator 470B is
described with reference to FIGS. 21 and 22 below.
[0308] FIG. 21 is a flow chart illustrating an embodiment
of a method of operating the decimator 310 and the frac-
tional decimator 470B of FIG. 20.

[0309] In a first step S2000, the speed of rotation F,, of
the part to be condition monitored is recorded in memory
604 (FIGS. 20 & 21), and this may be done at substantially
the same time as measurement of vibrations or shock pulses
begin. According to another embodiment the speed of rota-
tion of the part to be condition monitored is surveyed for a
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period of time. The highest detected speed Fz, 7, and the
lowest detected speed Fro7.:,, may be recorded, e.g. in
memory 604 (FIGS. 20 & 21).

[0310] In step S2010, the recorded speed values are ana-
lysed, for the purpose of establishing whether the speed of
rotation varies. If the speed is determined to he constant, the
selector 460 (FIG. 16) may be automatically set in the
position to deliver the signal S, having sample frequency
fsx, to the input 315 of enhancer 320, and fractional deci-
mator 470, 4708 may he disabled. If the speed is determined
to be variable, the fractional decimator 470, 470B may be
automatically enabled and the selector 460 is automatically
set in the position to deliver the signal S, having sample
frequency f., to the input 315 of enhancer 320.

[0311] In step S2020, the user interface 102,106 displays
the recorded speed value fr,, or speed values fr,zms
frormars and requests a user to enter a desired order value
Ov. As mentioned above, the shaft rotation frequency fy,,
is often refeffed to as “order 1”. The interesting signals may
occur about ten times per shaft revolution (Order 10).
Moreover, it may be interesting to analyse overtones of some
signals, so it may be interesting to measure up to order 100,
or order 500, or even higher. Hence, a user may enter an
order number O, using user interface 102.

[0312] Instep S2030, a suitable output sample rate fg, is
determined. According to an embodiment output sample rate
fors 15 set to £522=C*O *{ 5 rmin

[0313] wherein
[0314] C is a constant having a value higher than 2.0
[0315] Ov is a number indicative of the relation

between the speed of rotation of the monitored part and
the repetition frequency of the signal to be analysed.
[0316] fr,7., 1S @ lowest speed of rotation of the
monitored part to expected during a forthcoming mea-
surement session. According to an embodiment the
value 57, 18 @ lowest speed of rotation detected in
step S2020, as described above.
[0317] The constant C may be selected to a value of 2.00
(two) or higher in view of the sampling theorem. According
to embodiments of the invention the Constant C may he
preset to a value between 2.40 and 2.70.

[0318] wherein
[0319] k is a factor having a value higher than 2.0
[0320] Accordingly the factor k may be selected to a value

higher than 2.0. According to an embodiment the factor C is
advantageously selected such that 100*C/2 renders an inte-
ger. According to an embodiment the factor C may be set to
2.56. Selecting C to 2.56 renders 100*C=256=2 raised to 8.

[0321] In step S2040, the integer value M is selected
dependent on the detected speed of rotation f;,, of the part
to be monitored. The value of M may be automatically
selected dependent on the detected speed of rotation of the
part to be monitored such that the intermediate reduced
sampling frequency fsz, will be higher than the desired
output signal sampling frequency f;,, The value of the
reduced sampling frequency fqz, is also selected depending
on how much of a variation of rotational speed there is
expected to be during the measuring session. According to
an embodiment the sample rate f of the A/D converter may
be 102.4 kHz. According to an embodiment, the integer
value M may be settable to a value between 100 and 512 so
as to render intermediate reduced sampling frequency f,,,,
values between 1024 Hz and 100 Hz.
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[0322] In step S2050, a fractional decimation variable
value D is determined. When the speed of rotation of the part
to be condition monitored varies, the fractional decimation
variable value D will vary in dependence on momentary
detected speed value.

[0323] According to another embodiment of steps S2040
and S2050, the integer value M is set such that intermediate
reduced sampling frequency f,,; is at least as many percent
higher than f 4, (as determined in step S2030 above) as the
relation between highest detected speed value fr,LOTm3X
divided by the lowest detected speed value 5, ,,,,,- Accord-
ing to this embodiment, a maximum fractional decimation
variable value D, is set to a value of D, =Trormaed
frormies and a minimum fractional decimation variable
value D, is set to 1.0. Thereafter a 1nornentary real time
measurement of the actual speed value f,,,is made and a
momentary fractional value D is set accordingly.

[0324] {;,; is value indicative of a measured speed of
rotation of the rotating part to be monitored.

[0325] In step S2060, the actual measurement is started,
and a desired total duration of the measurement may be
determined. This duration may be determined in dependence
on the degree of attenuation of stochastic signals needed in
the enhancer. Hence, the desired total duration of the mea-
surement may be set so that it corresponds to, or so that it
exceeds, the duration needed for obtaining the input signal
1; everen @s discussed above in connection with FIGS. 10A
to 13. As mentioned above m connection with FIGS. 10A to
13, a longer input signal I; ;.7 renders the effect of better
attenuation of stochastic signals in relation to the repetitive
signal patterns in the output signal.

[0326] The total duration of the measurement may also be
determined in dependence on a desired number of revolu-
tions of the monitored part.

[0327] When measurement is started, decimator 310
receives the digital signal Sy,,-at a rate f s and it delivers a
digital signal Sz, at a reduced rate fo, ~f/M to input 480
of the fractional decimator. In the following the signal Sz .,
is discussed in terms of a signal having sample values S(j),
where j is an integer.

[0328] In step S2070, record data values S(j) in memory
604, and associate each data value with a speed of rotation
value £, According to an embodiment of the invention the
speed of rotation value fy,, is read and recorded at a rate
frz=1000 times per second. The read & record rate frill may
be set to other values, dependent on how much the speed
fror of the 1nonitored rotating part varies.

[0329] In a subsequent step S2080, analyze the recorded
speed of rotation values, and divide the recorded data values
S(j) into blocks of data dependent on the speed of rotation
values. In this manner a number of blocks of block of data
values S(j) may be generated, each block of data values S(j)
being associated with a speed of rotation value. The speed of
rotation value indicates the speed of rotation of the moni-
tored part, when this particular block data values S(j) was
recorded. The individual blocks of data may be of mutually
different size, i.e. individual blocks may hold mutually
different numbers of data values S(j).

[0330] If, for example, the monitored rotating part first
rotated at a first speed f,,, during a first the period, and it
thereafter changed speed to rotate at a second speed {57
during a second, shorter, time period, the recorded data
values S(j) may be divided into two blocks of data, the first
block of data values being associated with the first speed
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value fp,,, and the second block of data values being
associated with the second speed value f, ;. In this case the
second block of data would contain fewer data values than
the first block of data since the second time period was
shorter.

[0331] According to an embodiment, when all the
recorded data values S(j) have been divided into blocks, and
all blocks have been associated with a speed of rotation
value, then the method proceeds to execute step S2090.

[0332] In step S2090, select a first block of data values
SG), and determine a fractional decimation value D corre-
sponding to the associated speed of rotation value tz,
Associate this fractional decimation value D with the first
block of data values S(i). According to an embodiment,
when all blocks have been associated with a corresponding
fractional decimation value D, then the method proceeds to
execute step S2090. Hence, the value of the fractional
decimation value D is adapted in dependence on the speed
fROT’

[0333] Instep S2100, select a block of data values S(j) and
the associated fractional decimation value D, as described in
step S2090 above.

[0334] In step S2110, generate a block of output values R
in response to the selected block of input values S and the
associated fractional decimation value D. This may be done
as described with reference to FIG. 22.

[0335] In step S2120, Check if there is any remaining
input data values to be processed. If there is another block
of input data values to be processed, then repeat step S2100.
If there is no remaining block of input data values to be
processed then the measurement session is completed.

[0336] FIGS. 22A, 22B and 22C illustrate a flow chart of
an embodiment of a method of operating the fractional
decimator 470B of FIG. 20.

[0337] In a step S2200, receive a block of input data
values S(j) and an associated specific fractional decimation
value D. According to an embodiment, the received data is
as described in step S2100 for FIG. 21 above. The input data
values S(j) in the received block of input data values S are
all associated with the specific fractional decimation value
D

[0338] In steps S2210 to S2390 the FIR-filter 608 is
adapted for the specific fractional decimation value D as
received in step S2200, and a set of corresponding output
signal values R(q) are generated. This is described more
specifically below.

[0339] In a step S2210, filter settings suitable for the
specific fractional decimation value D are selected. As
mentioned in connection with FIG. 20 above, the FIR filter
608 is a low pass FIR filter having a certain low pass cut off
frequency adapted for decimation by a factor D, ,,. The
factor D,,,, may be set to a suitable value, e.g. 20.

[0340] A filter ratio value FR is set to a value dependent
on factor D, - and the specific fractional decimation value
D as received in step S2200. Step S2210 may be performed
by filter parameter generator 610 (FIG. 20).

[0341] Ina step S2220, select a starting position value X in
the received input data block s(j). It is to be noted that the
starting position value x does not need to be an integer. The
FIR filter 608 has a length F; .7+ and the starting position
value x will then be selected in dependence of the filter
length F; 7 and the filter ratio value FR, The filter ratio
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value FR is as set in step S2210 above. According to an
embodiment, the starting position value x may be set to
X=F pvoralFr-

[0342] Ina step S2230 a filter sum value SUM is prepared,
and set to an initial value, such as e.g. SUM:=0.0

[0343] In a step S2240 a position j in the received input
data adjacent and preceding position x is selected. The
position j may be selected as the integer portion of x.
[0344] In a step S2250 select a position Fpos in the FIR
filter that corresponds to the selected position j in the
received input data. The position Fpos may be a fractional
number. The filter position Fpos, in relation to the middle
position of the filter, may be determined to be

Fpos=[(x=/)*Fgl

[0345] wherein Fj is the filter ratio value.

[0346] In step S2260, check if the determined filter posi-
tion value Fpos is outside of allowable limit values, i.e.
points at a position outside of the filter. If that happens, then
proceed with step S2300 below. Otherwise proceed with step
S2270.

[0347] In a step S2270, a filter value is calculated by
means of interpolation. It is noted that adjacent filter coef-
ficient values in a FIR low pass filter generally have similar
numerical values. Hence, an interpolation value will be
advantageously accurate. First an integer position value
IFpos is calculated:

[0348] IFpos: =Integer portion of Fpos

The filter value Fval for the position Fpos will be:

Fval" A(IFpos)+[A(IFpos+1)-A(IFpos)]*[Fpos-Ifpos]
wherein A(IFpos) and A(IFpos+1) are values in a reference

filter, and the filter position Fpos is a position between these
values.

[0349] In a step S2280, calculate an update of the filter
sum value SUM in response to signal position j:

SUM:=SUM-+Fval*S(j)

[0350] In a step S2290 move to another signal position:
Set ji=j-1

[0351] Thereafter, go to step S2250.

[0352] In a step 2300, a position j in the received input

data adjacent and subsequent to position x is selected. This
position j may be selected as the integer portion of x. plus
1 (one), i.e., j:==1+Integer portion of x

[0353] In a step S2310 select a position in the FIR filter
that corresponds to the selected position j in the received
input data. The position Fpos may be a fractional number.
The filter position Fpos, in relation to the middle position of
the filter, may be determined to be

Fpos=[(-x)*Fz]

[0354] wherein Fj is the filter ratio value.

[0355] In step S2320, check if the determined filter posi-
tion value Fpos is outside of allowable limit values, i.e.
points at a position outside of the filter. If that happens, then
proceed with step S2360 below. Otherwise proceed with step
S2330.

[0356] In a step S2330, a filter value is calculated by
means of interpolation. It is noted that adjacent filter coef-
ficient values in a FIR low pass filter generally have similar
numerical values. Hence, an interpolation value will be
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advantageously accurate. First an integer position value
IFpos is calculated:

IFpos:=integer portion of Fpos

[0357]

Fval(Fpos)=A(IFpos)+[4(IFpos+1)-A(IFpos)]*
[Fpos—Ifpos]

wherein A(IFpos) and A(IFpos+1) are values in a reference
filter, and the filter position Fpos is a position between these
values.

[0358] In a step S2340, calculate an update of the filter
sum value SUM in response to signal position j:

The filter value for the position Fpos will be:

SUM:=SUM+Fval*S(j)

[0359] In a step S2350 move to another signal position:
Set j=j+1

[0360] Thereafter, go to step S2310.

[0361] In a step S2360, deliver an output data value R(j).

The output data value R(j) may be delivered to a memory so
that consecutive output data values are stored in consecutive
memory positions. The numerical value of output data value
R() is:

R(i):=SUM
[0362]

x:=x+D
[0363]

Ji=iH
[0364] In a step S2390, check if desired number of output
data values have been generated. If the desired number of
output data values have not been generated, then go to step
S2230. If the desired number of output data values have
been generated, then go to step S2120 in the method
described in relation to FIG. 21.
[0365] In effect, step S2390 is designed to ensure that a
block of output signal values R(q), corresponding to the
block of input data values S received in step S2200, is
generated, and that when output signal values R correspond-
ing to the input data values S have been generated, then step
S2120 in FIG. 21 should be executed.
[0366] The method described with reference to FIG. 22
may be implemented as a computer program subroutine, and
the steps S2100 and S2110 may be implemented as a main
program.
[0367] According to yet an embodiment of the invention,
the compensation for variable shaft speed may be achieved
by controlling the clock frequency delivered by the clock
190. As mentioned above, a speed detector 420 (See FIG. 5)
may he provided to deliver a signal indicative of the speed
of rotation fg,, of the shaft 8. The speed signal may be
received on a port 430 of the processing means 180, thereby
enabling the processing means 180 to control the clock 190.
Accordingly, processing means 180 may have a port 440 for
delivering a clock control signal. Hence, the processing
means 180 may be adapted to control the clock frequency in
response to the detected speed of rotation
[0368] As mentioned in connection with FIG. 2B, the
sampling rate of the A/D-converter is dependent upon a
clock frequency. Hence, the apparatus 14 may be adapted to
control the clock frequency in response to the detected speed
of rotation fg,, so that the number of sample values per

In a step S2370, update position value x:

In a step S2380, update position value j
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revolution of the monitored rotating part is kept at a sub-
stantially constant value even when the speed of rotation
varies.

[0369] According to yet another embodiment of the inven-
tion, the enhancer functionality 320, 94 may be achieved by
a method for producing autocorrelation data as described in
U.S. Pat. No. 7,010,445, the content of which is hereby
incorporated by reference. In particular the digital signal
processor 50 may include functionality 94 for performing
successive Fourier Transform operations on the digitized
signals to provide autocorrelation data.

Monitoring Condition of Gear Systems

[0370] It should be noted that embodiments of the inven-
tion may also be used to survey, monitor and detect the
condition of gear systems. Some embodiments provide
particularly advantageous effects when monitoring epicyclic
gear systems comprising epicyclic transmissions, gears and/
or gear boxes. This will be described more in detail below.
Epicyclic transmissions, gears and/or gear boxes may also
be referred to as planetary transmissions, gears and/or gear
boxes.

[0371] FIG. 23 is a front view illustrating an epicyclic gear
system 700. The epicyclic gear system 700 comprises at
least one or more outer gears 702, 703, 704 revolving around
a central gear 701. The outer gears 702, 703, 704 are
commonly referred to as planet gears, and the central gear
701 is commonly referred to as a sun gear. The epicyclic
gear system 700 may also incorporate the use of an outer
ring gear 705, commonly also referred to as an annulus. The
planet gears 702, 703, 704 may comprise P number of teeth
707, the sun gear 701 may comprise S number of teeth 708,
and the annulus 705 may comprise A number of teeth 706.
The A number of teeth on the annulus 705 are arranged to
mesh with the P number of teeth on the planet gears 702,
703, 704, which in turn are also arranged to mesh with the
S number of teeth on the sun gear 701. It should however be
noted that the sun gear 701 is normally larger than the planet
gears 702, 703, 704, whereby the illustration shown in FIG.
23 should not be constructed as limiting in this respect.
When there are different sizes on the sun gear 701 and the
planet gears 702, 703, 704, the analysis apparatus 14 may
also distinguish between detected conditions of different
shafts and gears of the epicyclic gear system 700, as will
become apparent from the following.

[0372] In many epicyclic gear systems, one of these three
basic components, that is, the sun gear 701, the planet gears
702, 703, 704 or the annulus 705, is held stationary. One of
the two remaining components may then serve as an input
and provide power to the epicyclic gear system 700. The last
remaining component may then serve as an output and
receive power from the epicyclic gear system 700. The ratio
of input rotation to output rotation is dependent upon the
number of teeth in each gear, and upon which component is
held stationary.

[0373] FIG. 24 is a schematic side view of the epicyclic
gear system 700 of FIG. 23, as seen in the direction of the
arrow SW in FIG. 23. An exemplary arrangement 800,
including the epicyclic gear system 700, may comprise at
least one sensor 10 and at least one analysis apparatus 14
according to the invention as described above. The arrange-
ment 800 may, for example, be used as gear box for wind
turbines.
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[0374] In an embodiment of the arrangement 800, the
annulus 705 is held fixed. A rotatable shaft 801 has plural
movable arms or carriers 801A, 801B, 801C arranged to
engage the planet gears 702, 703, 704. Upon providing an
input rotation 802 to the rotatable shaft 801, the rotatable
shaft 801 and the movable arms 801A, 801B, 801C and the
planet gears 702, 703, 704 may serve as an input and provide
power to the epicyclic gear system 700. The rotatable shaft
801 and the planet gears 702, 703, 704 may then rotate
relative to the sun gear 701. The sun gear 701, which may
be mounted on a rotary shaft 803, may thus serve as an
output and receive power from the epicyclic gear system
700. This configuration will produce an increase in gear ratio

As an example, the gear ratio G when used as a gear box in
a wind turbine may be arranged such that the output rotation
is about 5-6 times the input rotation. The planet gears 702,
703, 704 may be mounted, via bearings 7A, 7B and 7C,
respectively, on the movable amls or carriers 801A, 801B
and 801C (as shown in both FIGS. 23-24). The rotatable
shaft 801 may be mounted in bearings 7D. Similarly, the
rotary shaft 803 may be mounted in bearings 7E, and the sun
gear 701 may be mounted, via bearings 7F, on the rotary
shaft 803.

[0375] According to one embodiment of the invention, the
at least one sensor 10 may be attached on or at a 1neasuring
point 12 of the fixed annulus 705 of the epicyclic gear
system 700, The sensor 10 may also be arranged to com-
municate with the analysis apparatus 14. The analysis appa-
ratus 14 may be arranged to analyse the condition of the
epicyclic gear system 700 on the basis of 1neasurement data
or signal values delivered by the sensor 10 as described
above in this document. The analysis apparatus 14 may
include an evaluator 230 as above.

[0376] FIG. 25 illustrates an analogue version of an exem-
plary signal produced by and outputted by the pre-processor
200 (see FIG. 5 or FIG. 16) in response to signals detected
by the at least one sensor 10 upon rotation of the epicyclic
gear system 700 in the arrangement 800. The signal is shown
for a duration of Tgz,, which represents signal values
detected during one revolution of the rotatable shaft 801. It
is to be understood that the signal delivered by the pre-
processor 200 on port 260 (see FIG. 5 and FIG. 16) may he
delivered to input 220 of the evaluator 230 (see FIG. 8 or
FIG. 7).

[0377] As can be seen from the signal in FIG. 25, the
amplitude or signal output of the signal increases as each of
the planet gears 702, 703, 704 passes the measuring point 12
of the sensor 10 in the al Tangement 800. These portions of
the signal are referred to in the following as the high
amplitude regions 702A, 703A, 704 A, which may comprise
high amplitude spikes 901. It can also be shown that the total
amount of spikes 901, 902 in the signal over one revolution
of the rotatable shaft 801, i.e. during the time period Tz},
directly correlates to the amount of teeth on the annulus 705.
For example, if number of teeth on the annulus 705 is A=73,
the total number of spikes in the signal during a time period
Txzp will be 73; or if number of teeth on the annulus 705 is
A=T75, the total number of spikes in the signal during a time
period Ty, will be 75, etc. This has been shown to be true
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provided that there are no errors or faults in the gears 702,
703, 704, 705 of the arrangement 800.

[0378] FIG. 26 illustrates an example of a portion of the
high amplitude region 702A of the signal shown in FIG. 25.
This signal portion may he generated when the planet gear
702 passes its mechanically nearest position to the measur-
ing point 12 and the sensor 10 (see FIGS. 23-24). It has been
noted that small periodic disturbances or vibrations 903,
which are illustrated in FIG. 26, may sometimes occur. Here,
the small periodic disturbances 903 have been linked to the
occurrence of errors, faults or tears in the bearings 7A, as
shown in FIGS. 23-24, which may he mounted to one of the
1novable arms 801A. The small periodic disturbances 903
may thus propagate (or translate) from a bearing 7A through
the planet gear 702 of the epicyclic gear system 700, to the
annulus 705 where the small periodic disturbances 903 may
he picked up by the sensor 10 as described above e.g. in
connection with FIGS. 1-24. Similarly, errors, faults or tears
in the bearings 7B or 7C mounted to one of the movable
arms 801 B or 801 C may also generate such small periodic
disturbances 903 which in the same manner as above may be
picked up by the sensor 10. It should also be noted that the
small periodic disturbances 903 may also emanate from
errors, faults or tears in the bearings 7F which may be
mounted to the rotary shaft 803. The detection of these small
periodic disturbances in the signal may be indicative of the
bearings 7 A, 7B, 7C and/or 7F beginning to deteriorate, or
indicative of their being on the limit of their active lifespan,
This may, for example, be important since it may help
predict when the epicyclic gear system 700 and/or the
arrangement 800 are in need of maintenance or replacement.

[0379] According to an embodiment of the invention, the
condition analyser 290 in the evaluator 230 of the analysis
apparatus 14 may be arranged to detect these small periodic
disturbances 903 in the received signal from the sensor 10.
This is made possible by the previously described embodi-
ments of the invention. The small periodic disturbances 903
may also be referred to as shock pulses 903 or vibrations
903. According to an embodiment of the invention, the
analysis apparatus 14 employing an enhancer 320 as
described above enables the detection of these shock pulses
903 or vibrations 903 originating from bearings 7A (or 7B,
7C or 7F) using a sensor 10 mounted on the annulus 705 as
described above. Although the mechanical shock pulse or
vibration signal as picked up by the sensor 10 attached to
annulus 705 may be weak, the provision of an enhancer 320
as described above makes it possible to monitor the condi-
tion of bearings 7A (or 7B 7C or 7F) even though the
mechanical shock pulse or vibration signal bas propagated
via one or several of the planet gears 702, 703 or 704.

[0380] As previously mentioned and shown in FIGS. 7-9,
the condition analyser 290 may be attanged to perform
suitable analysis by operating on a signal in the time domain,
or a signal in the frequency domain. However, the detection
of the small periodic disturbances 903 in the received signal
from the sensor 10 is most fittingly described in frequency
domain, as shown in FIG. 27.

[0381] FIG. 27 illustrates an exemplary frequency spec-
trum of a signal comprising a small periodic disturbance 903
as illustrated in FIG. 26. The frequency spectrum of the
signal comprises a peak 904 at a frequency which is directly
correlated with the engagement or meshing of the teeth of
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the planet gears 702, 703, 704 and the annulus 705. In fact,
the frequency of the peak 904 in the frequency spectrum will
be located at Ax€2, where

[0382] Ais the total number of teeth of the annulus 705,
and
[0383] €2 is the number of revolutions per second by the

rotatable shaft 801, when rotation 802 occurs at a

constant speed of rotation.
[0384] In addition to the peak 904 in the frequency spec-
trum, the small periodic disturbance 903 as illustrated in
FIG. 26 may generate peaks 905, 906 at the frequencies f,
centred about the peak 904 in the frequency spectrum. The
peaks 905, 906 at the frequencies f}, f, f, may thus also be
referred to as a symmetrical sideband about the centre peak
904, According to an exemplary embodiment of the inven-
tion, the condition analyser 290 may be arranged to detect
the one or several peaks in the frequency spectrum, and thus
be arranged to detect small periodic disturbances in the
signal received from the sensor 10. It can also be shown that
the peaks 905, 906 at the frequencies f, f, relate to the
centre peak 904 according to the equations Eq. 1-2:

Si=(dx Q)= (fpxf702) (Eaq. 1)

So=(AxQ)~(fpxfr02)

wherein
[0385] A is the total number of teeth of the annulus 705;
[0386] <2 is the number of revolutions per second by the
rotatable shaft 801; and
[0387] £, is a repetition frequency of the repetitive
signal signature which may be indicative of a deterio-
rated condition; and
[0388] 1., is the number of revolutions per second by
the planet 702 around its own centre.
[0389] The repetition frequency f,, of the repetitive signal
signature is indicative of the one of the rotating parts which
is the origin of the repetitive signal signature. The repetition
frequency f,, of the repetitive signal signature can also be
used to distinguish between different types of deteriorated
conditions, as discussed above e.g. in connection with FIG.
8. Accordingly, a detected repetition frequency f,, of the
repetitive signal signature may be indicative of a Funda-
mental train frequency (FTF), a Ball spin (BS) frequency, an
Outer Race (OR) frequency, or an Inner Race (IR) frequency
relating to a bearing 7A, 7B, 7C or 7F in the epicyclic gear
system 700 in the arrangement 800 in FIG. 24.
[0390] Hence, as described above, a data signal represent-
ing mechanical vibrations emanating from rotation of one or
several shafts, such as, rotatable shaft 801 and/or rotary shaft
803 (see FIGS. 23-24), may include several repetitive signal
signatures, and a certain signal signature may thus be
repeated a certain number of times per revolution of one of
the monitored shafts, Moreover, several mutually different
repetitive signal signatures may occur, wherein the mutually
different repetitive signal signatures may have mutually
different repetition frequencies. The method for enhancing
repetitive signal signatures in signals, as described above,
advantageously enables simultaneous detection of many
repetitive signal signatures having mutually different repeti-
tion frequencies. This advantageously enables the simulta-
neous monitoring of several hearings 7A, 7B, 7C, 7F asso-
ciated with different shafts 801, 803 using a single detector
10. The simultaneous monitoring may also use the fact that
the size of the sun gear 701 and the planet gears 702, 703,
704 normally are of different sizes, which further may

(Eq. 2__
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enable an easy detection of which of the bearings 7A, 7B,
7C, 7F in FIGS. 23-24 it is that is generating the small
periodic disturbance 903, and thus which of the bearings 7A,
7B, 7C, 7F in FIGS. 23-24 may be in need of maintenance
or replacement The method for enhancing repetitive signal
signatures in signals, as described above, also advanta-
geously makes it possible to distinguish between e.g. a
Bearing Inner Race damage signature and a Bearing Outer
Race damage signature in a single measuring and analysis
session.

[0391] The relevant value for n, representing the speed of
rotation of the planet gears 702, 703, 704, can he indicated
by a sensor 420 (see FIG. 24). The sensor 420 may be
adapted to generate a signal indicative of rotation of the shaft
803 in relation to the annulus 705, and from this signal the
relevant value for n can be calculated when the number of
teeth of the annulus 705, the planet gears 702, 703, 704 and
the sun gear 701 are known.

[0392] FIG. 28 illustrates an example of a portion of the
exemplary signal shown in FIG. 25. This exemplary portion
demonstrates another example of an error or fault which the
condition analyser 290 also may be arranged to detect in a
similar manner as described above. If a tooth in the one or
several of the gears 701, 702, 703, 704, 705 should break or
be substantially worn down, the condition analyser 290 may
be arranged detect that a tooth is broken or worn down since
this will also generate a periodic disturbance, i.e. due to the
lack of tooth engagement or meshing of the missing or, worn
down tooth. This may be detectable by the condition analy-
ser 290 in, for example, the frequency spectrum of the signal
received from the sensor 10. It should also he noted that this
type of error or fault may be detected by the condition
analyser 290 in any type of gear and/or gear system. The
frequency of this type of teeth engagement error, or meshing
error, in a gear and/or gear system is often located at
significantly higher frequency than, for example, the fre-
quencies f,, f, in FIG. 27.

[0393] FIG. 29 illustrates yet an embodiment of a condi-
tion analyzing system 2 according to an embodiment of the
invention. The sensor 10 is physically associated with a
Inachine 6 which may include a gear system 700 having
plural rotational parts (See FIG. 1 & FIG. 29). The gear
system of FIG. 29 may be the epicyclic gear system 700 of
FIG. 24. The epicyclic gear system 700 may, for example, be
used as gear box for wind turbines.

[0394] The sensor unit 10 may be a Shock Pulse Mea-
surement Sensor adapted to produce an analogue signal S,
including a vibration signal component dependent on a
vibrational movement of a rotationally movable part in the
gear system 700. The sensor 10 is delivers the analogue
signal S, to a signal processing arrangement 920.

[0395] Signal processing arrangement 920 may include a
sensor interface 40 and a data processing means 50, The
sensor interface 40 includes an A/D converter 44 (FIG. 2A,
FIG. 2B) generating the digital measurement signal S, ;.
The A/D converter 44 is coupled to the data processing
Ineans 50 so as to deliver the digital measurement data
signal S, to the data processing means 50.

[0396] The data processing means 50 is coupled to a user
interface 102. The user interface 102 may include user input
means 104 enabling a user to provide user input. Such user
input may include selection of a desired analysis function
105, 290, 290T, 290F (FIG. 4, FIG. 7, FIG. 8), and/or
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settings for signal processing functions 94, 250, 310, 470,
470A, 470,B, 320, 294 (See FIG. 4, FIG. 30).

[0397] The user interface 102 may also include a display
unit 106, as described e.g. in connection with FIG. 2A an
FIG. 5.

[0398] FIG. 30 is a block diagram illustrating the parts of
the signal processing arrangement 920 of FIG. 29 together
with the user interface 102,104 and the display 106.
[0399] The sensor interface 40 comprises an input 42 for
receiving an analogue signal S, , from a Shock Pulse Mea-
surement Sensor and an A/D converter 44. A signal condi-
tioner 43 (FIG. 2B) lnay optionally also be provided. The
A/D converter 44 samples the received analogue signal with
a certain sampling frequency fg so as to deliver a digital
measurement data signal SI\m having said certain sampling
frequency f;.

[0400] The sampling frequency f; may be set to

S5 sE tmax

[0401] wherein

[0402] k is a factor having a value higher than 2.0
[0403] Accordingly the factor k may be selected to a value
higher than 2.0. Preferably factor k: may be selected to a
value between 2.0 and 2.9 in order to avoid aliasing effects.
Selecting factor k to a value higher than 2.2 provides a safety
margin in respect of aliasing effects, as mentioned above in
this document. Factor k may be selected to a value between
2.2 and 2.9 so as to provide said safety lnargin while
avoiding to generate unnecessarily many sample values.
According to an embodiment the factor k is advantageously
selected such that 100*k/2 renders an integer. According to
an embodiment the factor k: may be set to 2.56. Selecting k
to 2.56 renders 100*k=256=2 raised to 8.
[0404] According to an embodiment the sampling fre-
quency f of the digital measurement data signal S, ,,, may be
fixed to a certain value {, such as e.g. £=102.4 kHz
[0405] Hence, when the sampling frequency {; is fixed to
a certain value f, the frequency fgz,,,.. of the analogue
signal S, will be:

JsEamax Tk

[0406] wherein fyz,,,.. is the highest frequency to be
analyzed in the sampled signal.

[0407] Hence, when the sampling frequency {; is fixed to
a certain value £,~=102.4 kHz, and the factor k is set to 2.56,
the 1naximum frequency foz ... Of the analogue signal S,
will be:

Fsbtmen=fs/k=102 400/2,56=40 kHz

[0408] The digital measurement data signal S, having
sampling frequency {; is received by a filter 240. According
to an embodiment, the filter 240 is a high pass filter having
a cut-off frequency f,.. This embodiment simplifies the
design by replacing the band pass filter, described in con-
nection with FIG. 6, with a high-pass filter 240. The cutoff
frequency f; . of the high pass filter 240 is selected to
approximately the value of the lowest expected mechanical
resonance frequency value fg, ., of the resonant Shock Pulse
Measurement sensor 10. When the mechanical resonance
frequency f,,is somewhere in the range from 30 kHz to 35
kHz, the high pass filter 240 may be designed to having a
lower cutoft frequency f; =30 kHz. The high-pass filtered
signal is then passed to the rectifier 270 and on to the low
pass filter 280.
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[0409] According to an embodiment it should be possible
to use sensors 10 having a resonance frequency somewhere
in the range from 20 kHz to 35 kHz. In order to achieve this,
the high pass filter 240 may be designed to having a lower
cutoft frequency f; —20 kHz.

[0410] The output signal from the digital filter 240 is
delivered to a digital enveloper 250.

[0411] Whereas prior art analogue devices for generating
an envelop signal in response to a measurement signal
employs an analogue rectifier which inherently leads to a
biasing error being introduced in the resulting signal, the
digital enveloper 250 will advantageously produce a time
rectification without any biasing errors, Accordingly, the
digital envelop signal Sy,,;-will have a good Signal-to-Noise
Ratio, since the sensor being mechanically resonant at the
resonance frequency in the passband of the digital filter 240
leads to a high signal amplitude. Moreover, the signal
processing being performed in the digital domain eliminates
addition of noise and eliminates addition of biasing errors.
[0412] According an embodiment of the invention the
optional low pass filter 280 in enveloper 250 may be
eliminated. In effect, the optional low pass filter 280 in
enveloper 250 is eliminated since decimator 310 includes a
low pass filter function. Hence, the enveloper 250 of FIG. 30
effectively comprises a digital rectifier 270, and the signal
produced by the digital rectifier 270 is delivered to integer
decimator 310, which includes low pass filtering.

[0413] The Integer decimator 310 is adapted to perform a
decimation of the digitally enveloped signal S, so as to
deliver a digital signal Sy, having a reduced sample rate
fsz; such that the output sample rate is reduced by an integer
factor M as compared to the input sample rate fj.

[0414] The value M may be settable in dependence on a
detected speed of rotation fy,;. The decimator 310 may be
settable to make a selected decimation M:1, wherein M is a
positive integer. The value M may be received on a port 404
of decimator 310.

[0415] The integer decimation is advantageously per-
formed in plural steps using Low pass Finite Impulse
Response Filters, wherein each FIR Filter is settable to a
desired degree of decimation. An advantage associated with
performing the decimation in plural filters is that only the
last filter will need to have a steep slope. A steep slope FIR
filter inherently must have many taps, i.e. a steep FIR filter
must be a long filter. The number of FIR taps, is an
indication of

[0416] 1) the amount of memory required to implement
the filter,

[0417] 2) the number of calculations required, and

[0418] 3) the amount of “filtering” the filter can do; in

effect, more taps means more stopband attenuation, less
ripple, narrower filters, etc. Hence the shorter the filter
the faster it can be executed by the DSP 50. The length
of a FIR filter is also proportional to the degree of
achievable decimation. Therefore, according to an
embodiment of the integer decimator, the decimation is
performed in more than two steps.
[0419] According to a preferred embodiment the integer
decimation is performed in four steps: M1, M2, M3 & M4.
The total decimation Iv1 equals M1*M2*M3*M4 This may
achieved by providing a bank of different FIR filters, which
may be combined in several combinations to achieve a
desired total decimation M. According to an embodiment
there are eight different FIR filters in the bank.
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[0420] Advantageously, the maximum degree of decima-
tion in the last, 4:th, step is five (M4=5), rendering a
reasonably short filter having just 201 taps. In this manner
the FIR filters in steps 1, 2 and 3 can he allowed to have an
even lower number of taps. In fact this allows for the filters
in steps 1, 2 and 3 to have 71 taps each or less. In order to
achieve a total decimation of M=4000), it is possible to select
the three FIR-filters providing decimation M1=10, M2=10
and M3=10, and the FIR filter providing decimation
M4dccc4. This renders an output sample rate foz,=25.6, when
£~102400 Hz. and a frequency range of 10 Hz. These four
FIR filters will have a total of 414 taps, and yet the resulting
stop band attenuation is very good. In fact, if the decimation
of M=4000 were to be made in just one single step it would
have required about 160 000 taps to achieve an equally good
stop band attenuation.

[0421] Output 312 of integer Decimator 310 is coupled to
fractional decimator 470 and to an input of a selector 460.
The selector enables a selection of the signal to be input to
the enhancer 320.

[0422] When condition monitoring is made on a rotating
part having a constant speed of rotation, the selector 460
may be set in the position to deliver the signal S, having
sample frequency f, to the input 315 of enhancer 320, and
fractional decimator 470 may he disabled. When condition
monitoring is made on a rotating part having a variable
speed of rotation, the fractional decimator 470 may he
enabled and the selector 460 is set in the position to deliver
the signal S, having sample frequency f.z, to the input
315 of enhancer 320.

[0423] The fractional decimator 470 1nay be embodied by
fractional decimator 470B, 94 including an adaptable FIR
filter 608, as described in connection with FIGS. 20, 21 and
22 and FIG. 4.

[0424] The fractional decimator 470 is coupled to deliver
a decimated signal S, ., having the lower sample rate fgz,
to the selector 460, so that when the condition analyzer is set
to monitor a machine with variable speed of rotation, the
output from fractional decimator 470B is delivered to
enhancer 320.

[0425] Enhancer 320, 94 may be embodied as described in
connection with FIGS. 10A, 10B, 11, 12 and 13 and FIG. 4.
The measuring signal input to the enhancer 320 is the signal
Szzp (See FIG. 30), which is also illustrated in FIG. 11 as
having LENGTH sample values. The signal Sz, is also
referred to as I and 2060 in the description of FIG. 11, The
Enhancer signal processing involves discrete autocorrelation
for the discrete input signal Sz .,,. The output signal O, also
referred to as S,,p is illustrated in FIGS. 12 and 13.
[0426] The measurement signal S5, Sgeps 10 be input
to the enhancer, may include at least one vibration signal
component S,, dependent on a vibration movement of said
rotationally movable part; wherein said vibration signal
component has a repetition frequency f,, which depends on
the speed of rotation fg,, of said first part. The repetition
frequency f,, of signal component S, may be proportional to
the speed of rotation fr ;- of the monitored rotating part.
[0427] Two different damage signatures SD1, SD2 may
have different frequencies fd1, fd2 and still be enhanced, i.e.
SNR-improved, by the enhancer. Hence, the enhancer 320 is
advantageously adapted to enhance different signatures
SD1, SD2 having mutually different repetition frequencies
f,, and f,,,, Both of the repetition frequencies f,,, and f,, are
proportional to the speed of rotation fz,, of the monitored
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rotating part, while f,, is different from f,,, (f,,; <>f,,,). This
may be expressed mathematically in the following manner:

JD1=k1%fpor, and

SD2=k2*fror, Wherein

[0428] k1 and k2 are positive real values, and
[0429] k1< >k2, and
[0430] k1 greater than or equal to one (1), and
[0431] k2 greater than or equal to one (1)
[0432] The enhancer delivers an output signal sequence to

an input of time domain analyzer 290T, so that when a user
selects, via user interface 102,104 to perform a time domain
analysis, the time domain analyzer 2907, 105 (FIG. 30 &
FIG. 4) will execute the selected function 105 and deliver
relevant data to the display 106. An advantage with the
enhancer 320 is that it delivers the output signal in the time
domain. Hence, condition monitoring functions 105, 290T
requiring an input signal in the time domain can be set to
operate directly on the signal values of the signal output
illustrated in FIGS. 12 and 13.

[0433] When a user selects, via user interface 102,104 to
perform a frequency domain analysis, the enhancer will
deliver the output signal sequence to Fast Fourier Trans-
former 294, and the FFTransformer will deliver the resulting
frequency domain data to the frequency domain analyzer
290F, 105 (FIG. 30 & FIG. 4). The frequency domain
analyzer 290F, 105 will execute the selected function 105
and deliver relevant data to the display 106.

[0434] In the embodiment shown in FIGS. 29 and 30, it is
advantageously easy for a user to do perform an analysis
employing the enhancer and the fractional decimator.

The Below is an Example of Parameter Settings:

[0435] In order to perform an analysis in the frequency
domain the user may input the following data via user
interface 102,104:

[0436] 1) Information indicative of the highest repeti-
tion frequency f,, of interest The repetition frequency
f,, is repetition frequency a signature S, of interest.
This information may be input in the form of a fre-
quency or in the form an ordersnumber O, 4, indica-
tive of the highest repetition frequency of damage
signature SD of interest.

[0437] 2) Information indicative of the desired
improvement of the SNR value for repetitive signal
signature S, This information may he input in the form
the SNR Improver value L. The SNR Improver value L.
is also discussed below, and in connection with FIG.
10A above.

[0438] 3) Information indicative of the desired fre-
quency resolution in the FFT 294, when it is desired to
perform an FFT of the signal output from enhancer.
This may be set as value Z frequency bins. According
to an embodiment of the invention, the frequency
resolution Z is settable by selecting one value Z from
a group of values. The group of selectable values for the
frequency resolution Z may include

[0439] Z=400
[0440] Z=800
[0441] Z=1600
[0442] Z=3200
[0443] Z=6400
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[0444] Hence, although the signal processing is quite
complex, the arrangement 920 has been designed to provide
an advantageously simple user interface in terms of infor-
mation required by the user. When the user inputs or selects
values for the above three parameters, all the other values
are automatically set or preset in the arrangement 920.

The SNR Improver Value L

[0445] The signal to be input to the enhancer may include
a vibration signal component dependent on a vibration
movement of the rotationally movable part; wherein said
vibration signal component has a repetition frequency f,
which depends on the speed of rotation f ,-of said first part;
said measurement signal including noise as well as said
vibration signal component so that said measurement signal
has a first signal-to-noise ratio in respect of said vibration
signal component. The enhancer produces an output signal
sequence (0) having repetitive signal components corre-
sponding to said at least one vibration signal component so
that said output signal sequence (O) has a second signal-to-
noise ratio value in respect of said vibration signal compo-
nent. The inventor bas established by measurements that the
second signal-to-noise ratio value is significantly higher than
the first signal-to-noise ratio when the SNR Improver value
L is set to value one (1).

[0446] Moreover, the inventor has established by mea-
surements that when the SNR Improver value L is increased
to =4, then the resulting SNR value in respect of said
vibration signal component in the output signal is doubled as
compared to the SNR value associated with [L.=1. Increasing
the SNR Improver value L. to =10 appears to render an
improvement of the associated SNR value by a factor 3 for
the vibration signal component in the output signal, as
compared to the SNR value for same input signal when [.=1.
Hence, when increasing SNR Improver value L from [.1=1
to L2 the resulting SNR value may increase by the square
root of L2.

[0447] Additionally the user may input a setting to have
the alTangement 920 keep repeating the measurement. The
user may set it to repeat the measurement with a certain
repetition period T,,,, i.e. to always start a new measure-
ment when the time T, has passed. T,,, may be set to be
a one week, or one hour or ten minutes. The value to select
for this repetition frequency depends on the relevant mea-
suring conditions.

[0448] Since the enhancer method requires a lot of data
input values, i.e. the number of input sample values may be
high, and it is suited for measuring on slowly rotating parts,
the duration of the measurement will sometimes be quite
long. Hence there is a risk that the user settings for the
frequency of repetition of measurements is incompatible
with the duration of measurements. Therefore, one of the
steps performed by the arrangement 920, immediately after
receiving the above user input, is to calculate an estimate of
the expected duration of measurements T,,.

[0449] The duration T, is:
TM:ILengt}/fSRza
[0450] Wherein 1, ,,,,, is the number of samples in the

signal to be input into the enhancer in order to achieve
measurements according to selected user settings as defined
below, and fgz, is as defined below.

[0451] The arrangement 920 is also adapted to compare
the duration of measurements T,, with the repetition period
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value Tp,, as selected by the user. If the repetition period
value T,,, is shorter or about the same as the expected
duration of measurements T,,, a parameter controller 930 is
adapted to provide a warning indication via the user inter-
face 102,106 e.g. by a suitable text on the display. The
warning may also include a sound, or a blinking light.
[0452] According to an embodiment the arrangement 920
is adapted to calculate a suggested minimum value for the
repetition period value T,,, is dependence on the calculated
estimate of duration of measurements T,,.

[0453] Based on the above user settings, the parameter
controller 930 of signal processing arrangement 920 is
capable of setting all the parameters for the signal process-
ing functions 94 (FIG. 4), i.e. integer decimator settings and
enhancer settings. Moreover the parameter controller 930 is
capable of setting all the parameters for the fractional
decimator when needed. The parameter controller 930 is
capable of setting the parameter for the FFT 294 when a
frequency analysis is desired.

The Following Parameter May be Preset in the Arrangement
920 (FIG. 30):

[0454]
The Following Parameter May be Measured: f,,

[0455] As mentioned above, the parameter value f,,,may
be measured and stored in association with the correspond-
ing sample values of the signal S, whose sample values
are fed into the fractional decimator 470B.

sample frequency fg of A/D converter 40,44.

The Following Parameters May be Automatically Set in the
Arrangement 920:

[0456]
320:

Sample rate in the signal output from enhancer

SSR2=C*Ov¥oor

[0457)
[0458]

[0459] Ov is the order number input by the user, or
calculated in response to a highest frequency value to
be monitored as selected by the user

[0460] £.,, is the momentary measured rotational
speed of the rotating part during the actual condition
monitoring;

[0461] M=The integer decimator value for use in deci-
mator 310 is selected from a table including a set of
predetermined values for the total integer decimation.
In order to select the most suitable value M, the
parameter controller 930 (FIG. 30) first calculates a
fairly close value M_calc=f/fz»*Tr o rmind T oTmar

[0462]

[0463]

[0464] £ 7./ Trorma: 15 @ Value indicative of the rela-
tion between lowest and highest speed of rotation to be
allowed during the measurement.

[0465] Based on the value M_calc the selector then choses
a suitable value M from a list of preset values. This may e.g.,
be done by selecting the closest value M which is lower than
M_calc from the table mentioned above.

[0466] f.z,=the sample rate to be delivered from the
integer decimator 310. fSR1 is set to {5, =f¢/M

wherein
C is a constant of value higher than 2.0

wherein
fs & iz, are defined above, and
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[0467] D is the fractional decimator value for fractional
decimator. D may be set to D=fsrl/fsr2, wherein fsrl
and fsr2 are as defined above.

Orenea=C*Z

[0468] wherein

[0469] C is a constant of value higher than 2.0, such as e.g.
2.56 as mentioned above

[0470] Z is the selected number of frequency bins, i.e.
information indicative of the desired frequency resolution in
the FFT 294, when it is desired to perform an FFT of the
signal output from enhancer.

[0471] Sg7,270r zvere OF @ value higher than O; zycrzr
wherein O; zyver 18 as defined immediately above.

- %*
1 engtn=OrencTr " L+SstarttOrencta

CLength :ILENGTH_SSTAR 7 OLENGTH

[0472] SMDP(t)=the values of the samples of the output
signal, as defined in equation (5) (See FIG. 10A).
[0473] Hence, the parameter controller 930 is adapted to
generate the corresponding setting values as defined above,
and to deliver them to the relevant signal processing func-

tions 94 (FIG. 30 & FIG. 4).

[0474] Once an output signal has been generated by
enhancer 320, the condition analyser 290 can be controlled
to perform a selected condition analysis function 105, 290,
2907, 290F by means of a selection signal delivered on a
control input 300 (FIG. 30). The selection signal delivered
on control input 300 may be generated by means of user
interaction with the user interface 102 (See FIGS. 2A & 30).
When the selected analysis function includes Fast Fourier
Transform, the analyzer 290F will be set by the selection
signal 300 to operate on an input signal in the frequency
domain.

[0475] The FFTransformer 294 may be adapted to perform
Fast Fourier Transform on a received input signal having a
certain number of sample values. It is advantageous when
the certain number of sample values is set to an even integer
which may be divided by two (2) without rendering a
fractional number.

[0476] According to an advantageous embodiment of the
invention, the number of samples O; ez in the output
signal from the enhancer is set in dependence on the
frequency resolution Z, The relation between frequency
resolution 7Z and the number of samples O, zngrz in the
output signal from the enhancer is:

Orenora=F*Z

[0477] wherein

[0478] O,y is the samples number of sample val-

ues in the signal delivered from the enhancer 320.

[0479] k is a factor having a value higher than 2.0
[0480] Preferably factor k may be selected to a value
between 2.0 and 2.9 in order to provide a good safety margin
while avoiding to generate unnecessarily many sample val-
ues. According to an embodiment the factor k is advanta-
geously selected such that 100*k/2 renders an integer. This
selection renders values for O; oy that are adapted to be
suitable as input into the FFTransformer 294. According to
an embodiment the factor k may be set to 2.56. Selecting k
to 2.56 renders 100*k=256=2 raised to 8.
[0481] Table A indicates examples of user selectable Fre-
quency resolution values Z and corresponding values for

Orenerr
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TABLE A
OTF (GIT
k zZ H
2.56 400 1024
2.56 800 2048
2.56 1600 4096
2.56 3200 8192
2.56 6400 16384
2.56 12800 32768
2.56 25600 65536
2.56 51200 131072

1.-3. (canceled)
4. A system for detecting an operating condition of a
machine including a machine part associated with a shaft
configured to rotate at a variable speed, the system com-
prising:
a vibration sensor configured to generate an analog mea-
surement signal responsive to mechanical vibration
emanating from the machine part during rotation of the
shaft;
an analog-to-digital converter configured to sample said
analog measurement signal at a first sampling fre-
quency, thereby generating a digital measurement sig-
nal;
a sensor configured to generate a signal indicative of the
variable speed; and
one or more hardware processors configured to:
generate a variable decimation factor based on the
signal indicative of the variable speed;

decimate the digital measurement signal based on the
variable decimation factor;

perform an autocorrelation of the decimated measure-
ment signal; and

detect said operating condition based on the auto-
correlated decimated measurement signal.

5. The system of claim 4, wherein the one or more
hardware processors are further configured to rectify said
digital measurement signal.

6. The system of claim 5, wherein the one or more
hardware processors are further configured to apply a low
pass filter to the rectified digital measurement signal,
thereby generating a low pass filtered and decimated digital
measurement signal.

7. The system according to claim 6, wherein the applica-
tion of low pass filter comprises emulating a low pass Finite
Impulse Response filter, the Finite Impulse Response filter
including a filter value, and adjusting said filter value based
on the variable decimation factor.

8. The system according to claim 7, wherein the one or
more hardware processors are configured to determine a
repetitive signal signature, said repetitive signal signature
being periodic with a repetition frequency, said repetition
frequency being indicative of the operating condition.

9. The system according to claim 8,

wherein said low pass filtered and decimated digital
measurement signal has a first signal-to-noise ratio
value in respect of said periodic signal signature,

wherein said auto-correlated decimated measurement sig-
nal has a second signal-to-noise ratio value in respect of
said periodic signal signature, and
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wherein the autocorrelation is performed such that said
second signal-to-noise ratio value is higher than said
first signal-to-noise ratio value.

10. The system of claim 4, wherein said machine part is
a bearing, said bearing including a rolling element placed
between an outer race bearing surface and an inner race
bearing surface so that, when the shaft rotates, the rolling
element moves between said outer and inner race bearing
surfaces thereby causing said mechanical vibration.

11. The system according to claim 4, wherein said oper-
ating condition includes an inner race bearing surface defect
or an outer race bearing surface defect.

12. The system according to claim 4, wherein said
machine part includes:

a first gear having first teeth, and

a second gear having second teeth that mesh with said first

teeth so that, when the shaft rotates, said meshing
causes said mechanical vibration,

and wherein said operating condition includes a gear

meshing defect

13. The system according to claim 4, wherein the variable
speed of the shaft is lower than 50 revolutions per minute.

14. The system according to claim 4, wherein said one or
more hardware processors are further configured to: gener-
ate, based on said detected operating condition, an output
signal indicative of whether said machine part condition is
any of normal, deteriorated, and abnormal.

15. The system according to claim 4, wherein the auto-
correlation is performed in time domain.

16. The system according to claim 4, wherein the auto-
correlation is performed in frequency domain.

17. The system according to claim 4, wherein the variable
decimation factor is set to a value before a measuring session
and dynamically adjusted based on said signal indicative of
the variable speed during the measuring session.

18. The system according to claim 4, wherein said one or
more hardware processors include a Digital Signal Proces-
sor.

19. The system according to claim 4, wherein said one or
more hardware processors include a Field Programmable
Gate Array circuit.

20. A procedure for detecting an operating condition of a
machine including a rotating machine part associated with a
shaft that rotates at a variable speed, comprising:

processing a digital signal that is responsive to mechani-

cal vibrations emanating from the machine part during
rotation of the shaft;

receiving a signal indicative of the variable speed;

determining a variable decimation factor based on the

variable speed;

decimating the digital signal based on the variable deci-

mation factor;

performing an autocorrelation of the decimated signal;

and

detecting said operating condition based on the auto-

correlated decimated signal.

21. The procedure according to claim 20, wherein the
processing includes rectifying said digital signal.

22. The procedure according to claim 21, wherein the
processing further includes low pass filtering of the rectified
digital signal, thereby generating a low pass filtered and
decimated digital signal.

23. The procedure according to claim 22, wherein the low
pass filtering comprises emulating a low pass Finite Impulse
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Response filter including a filter value, and wherein the
processing further includes adjusting said filter value based
on the variable decimation factor.

24. The procedure according to claim 20, wherein the
variable speed of the shaft is lower than 50 revolutions per
minute.

25. The procedure according to claim 20, wherein the
autocorrelation is performed in time domain.

26. The procedure according to claim 20, wherein the
autocorrelation is performed in frequency domain.

27. The procedure according to claim 20, wherein the
variable decimation factor is set to a value before a mea-
suring session and dynamically adjusted based on said signal
indicative of the variable speed during the measuring ses-
sion.



