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signals are measured and filtered into discreet vector components associated with machine operating frequency. The filtered vec-
tors are then evaluated to obtain a mean and standard deviation, whereupon a further value is obtained and compared to the prior
values. Trip conditions may be set to initiate certain actions based on the meeting of the conditions. Additional data related to op-
erating conditions of the machine may be analyzed in conjunction with the vibration data to be considered as providing a cause for
vibration anomalies that may be observed. The operating conditions of the machine may be displayed on a computer display in as-
sociation with the discreet vector components, for example in a second level folder to the first level folder of the discreet vector
components.



WO 2011/149869 PCT/US2011/037641

MACHINE VIBRATION MONITORING

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of the filing
date of United States Provisional Patent Application
No. 61/347,990 filed May 25, 2010, the disclosure of which is

hereby incorporated herein by reference.

BACKGROUND OF THE INVENTION

[0002] The present invention relates to the monitoring of
vibration signals from machines with rotating elements. It is
well known that rotating elements within machinery may subject
the machinery to vibrations at different vectors related to
operating frequency, yet most vibration monitors collect data
as a composite for all vectors. As such, a single composite
vibration wvector is measured even though it results from a
composite of, for example, 1X operating frequency, 2X
operating frequency, and 3X operating frequency vibration
vectors. Conventionally, this composite frequency wvector is
analyzed as such by hand in analyzation methods that are
painstakingly slow. While this technique has been useful, it
limits the ability of machine users to analyze and predict the
true effects of vibration signals in a more refined manner,
for example as separate 1X, 2X, and 3X vectors, and therefore

represents a limited approach to machine vibration analysis.

BRIEF SUMMARY OF THE INVENTION

[0003] It would be advantageous to enable a wuser to
quickly and efficiently analyze vibration data which 1is
filtered into 1ts individual vectors. It would also be
advantageous to then compare that filtered data real-time, or
close thereto, with various operating conditions of the

machine. Deviations from expected norms may then be
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identified and accounted for in heretofore unimaginable speed
and precision.

[0004] To achieve these results, the present invention
provides, in one embodiment, for a system for monitoring
vibrations in a machine having a rotating element. In such
embodiment, the system comprises a vibration measurement
device, the vibration measurement device adapted to measure
composite vibrations in the machine and output composite
digital +vibration signals corresponding to the composite
vibrations measured, an operating condition sensor, the
operating condition sensor measuring operating conditions of
the machine, a processor, the processor adapted to receive and
filter the composite digital vibration signals into first
vibration vector signals and second vibration vector signals,
the processor also adapted to receive the measured operating
conditions, a storage unit, the storage unit storing the first
vibration signals, the second vibration signals, and the
operating conditions, and a display device, the display device
displaying the first vibration signals in association with the
operating conditions.

[0005] The display device may display the second wvibration
signals in association with the operating conditions.

[0006] A plurality of composite vibration measurements
equaling N may be measured over time Dby the vibration
measurement device, the N measurements being output as N
composite digital vibration signals. The processor may
thereby receive and filter the N measurements into N first
vibration vector signals and N second vibration wvector
signals, the processor determining a mean value and standard
deviation of the N first vibration vector signals. In such a
system, the processor may receive and filter an N+1 composite
vibration measurement measured at a later time into an N+1
first vibration wvector signal and an N+1 second vibration

vector signal. Upon the occurrence of the N+1 first vibration
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vector exceeding a first threshold wvalue related to the mean
value and standard deviation of the N first vibration vector
signals, the processor may activate a first action. The first
action may be an audible alarm. Upon the occurrence of the
N+1 first vibration vector exceeding a second threshold wvalue
related to the mean value and standard deviation of the N
first vibration vector signals, the processor may activate a
second action, the second threshold value representing a
greater deviation from the mean value than the first threshold
value. The second action may be one of a machine operation
change or machine shut down procedure. The N measurements may
be measured at equal time increments.

[0007] The first threshold wvalue may be related to the
operating conditions, and the operating conditions may be one
of a speed input, megawatt input, field current input, or
clutch position input.

[0008] The first vibration vector signals and second
vibration vector signals may be 1X and 2X signals,
respectively.

[0009] In another embodiment of the present invention, a
method of monitoring vibrations in a machine having a rotating
element may be provided, where the method comprises measuring
N composite vibrations in the machine over time, outputting N
composite digital wvibration signals corresponding to the N
composite vibrations measured to a processor, receiving the N
composite digital wvibration signals corresponding to the N
composite vibrations measured, filtering each of the N
composite digital vibration signals into N first wvibration
vector signals and N second vibration wvector signals,
calculating a mean value and standard deviation of the N first
vibration vector signals, measuring operating conditions of
the machine, and displaying at 1least one of the N first
vibration vector signals 1in association with at least one

operating condition.
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[0010] The N first wvibration wvector signals and N second
vibration vector signals may be 1X and 2X vibration signals,
respectively.

[0011] The step of displaying at least one of the N first
vibration vector signals 1in association with at least one
operating condition may display the N first wvibration wvector
signals in a fist level folder of a computer and the at least
one operating condition in a second level folder of a
computer.

[0012] The method may further comprise measuring an N+1
composite vibration in the machine, outputting an N+1
composite digital vibration signal corresponding to the N+1
composite vibration measured to a processor, receiving the N+1
composite digital vibration signal corresponding to the N+1
composite vibration measured, filtering the N+1 composite
digital wvibration signal into an N+1 first vibration wvector
signal and an N+1 second vibration wvector signals, and
comparing the N+1 first wvibration wvector signal to a first
threshold wvalue related to the mean value and standard
deviation of the N first wvibration wvector signals. When the
step of comparing the N+1 first vibration vector signal to a
first threshold value exceeds the first threshold wvalue, a
first action may be commenced. The method may further
comprise comparing the N+1 first vibration vector signal to a
second threshold wvalue related to the mean value and standard
deviation of the N first wvibration wvector signals. When the
step of comparing the N+1 first vibration vector signal to a
second threshold wvalue exceeds the second threshold wvalue, a
second action 1is commenced. The first action may be an
audible alarm and the second action may be one of a machine

operation change or machine shutdown.
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BRIEF DESCRIPTION OF THE DRAWING

[0013] The above description, as well as further objects,
features and advantages of the present invention will be more
fully understood with reference to the following detailed
description of the vibration monitoring system and methods
when taken in conjunction with the accompanying drawing,
wherein:

[0014] Fig. 1 depicts a schematic view of a vibration
monitoring system.

DETATILED DESCRIPTION

[0015] In describing the preferred embodiments of the
subject matter illustrated and to be described with respect to
the drawing, specific terminology will be resorted to for the
sake of clarity. However, the invention is not intended to be
limited to the specific terms so selected, and it is to be
understood that each specific term includes all technical
equivalents which operate in a similar manner to accomplish a
similar purpose.

[0016] Described herein are embodiments of the vibration
monitoring system and method of the present invention. In
general, the invention is designed to obtain lateral vibration
signals measured by accelerometers or proximiters, or
torsional wvibration signals measured by magnetic pickups or
optical sensors, from a machine with rotating elements or a
single rotating element. These vibration signals represent a
combination of wvectors, for example those at 1X, 2X, and 3X
operating speed. The signals may then be filtered to obtain
the individual vibration vectors, for example individual
vectors for the 1X, 2X, and 3X operating speeds. This
filtering process may be conducted by a computer programmed in
accordance with known methods such as Fourier transform
analysis. The computer processor may then calculate the mean
value and standard deviation value of the individual vibration

vectors, against the backdrop of which warning and trip limits
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(first action and second action items) may be set based on
historical machine vibration vector trending and, possibly,
certain operating conditions of the machine.

[0017] These warning and trip 1limits are ©preferably
designed to prevent catastrophic failure of the machine by
warning an operator of possible issues with the machine or
possibly by automatically shutting down the machine. The
warning limits and trip limits are not fixed values and may be
calculated or determined based on historical trending, being
updated automatically as additional wvibration readings are
taken over time.

[0018] In this regard, the present invention provides for
condition-based protection for machines with rotating
elements, protecting against structural failures that may
result from rotor cracks, loose parts, broken parts, etc.
[0019] It is known that structural changes or failures of
such machines change the vibration vector. Thus, when a
vibration vector changes, the amplitude of the vibration may
increase, stay unchanged, or decrease. Traditional vibration
monitoring uses the amplitude of unfiltered signals to setup
the alarm/trip conditions for increasing amplitude conditions
only, and also only uses predetermined fixed values for the
alarm/trip conditions. Because of this, the traditional
methods can only account for increases in vibration amplitude,
missing those situations where damage/failures result in
unchanged or even decreasing amplitude. In addition, prior
methods only set alarm/trip conditions at one vibration
reading, and cannot evaluate changes in trending up to those
readings.

[0020] Depicted as Fig. 1 is a schematic representation of
a system 100 for monitoring vibration characteristics of a
machine (M) with rotating elements. As shown, attached to the
machine (M) 1is a conventional lateral vibration measurement

device 102, such as an accelerometer or proximiter (it will be
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appreciated that remaining ©portions of this disclosure
generally refer to lateral vibration signals for convenience,
but it is to be understand that lateral, torsional, or other
vibrations are included in the scope of the invention). This
device may be a part of the machine (M) or added as part of
the inventive system. The lateral vibration measurement
device 102 measures composite vibrations at predetermined time
intervals. As such, a total of N readings may be taken over
time. Solely as an example, readings may be taken every hour
for 24 hours, producing N=24 discreet composite vibration
readings. As another example, readings may be taken once per
day for a vyear, for a total of N=365 discreet composite
vibration readings.

[0021] Associated with the lateral vibration measurement
device 102 is an analog to digital converter 104 to convert
the readings from analog signals to digital signals. This
unit may also be a part of the machine (M) or part of the
inventive system. Those signals are then sent as composite
digital wvibration signals 106 from the converter 104 to a
computer processor 108 in any number of manners, including
direct cabling or wireless technologies. The signals may be
sent locally or over the internet as well.

[0022] The computer processor 108 accepts the signals 106
and applies a Fourier transform to convert the composite
digital vibration signals 106 into separate vibration vectors
of amplitude and phase related to the operating frequency of
the machine (M). These separate vibration vectors may relate
to the 1X, 2X, or 3X operating frequencies, but may also be
associated with intermediate increments, such as 1.5X. The
processor 108 then calculates a mean value and standard
deviation for each separate vector. For ease of discussion,
an assumed 1X vector will be considered.

[0023] For this 1X wvector, the processor 108 will have

determined amplitudes for N readings, N being equal to the
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number of readings taken. For these N readings, the processor
will then calculate a mean value and standard deviation.

[0024] The next reading, reading number N+1, will then be
sent to the processor by the lateral vibration measurement
device 102 and subsequent analog to digital converter 104.
When the processor receives this signal and filters out the
individual 1X wvector, that reading is compared to the previous
readings. If the value exceeds a first preset value based on
the standard deviation, a first action may be taken by the
processor 108. Examples of first actions are audible alarms
or visual indications, the visual indications being displayed
on a display device 110 associated with the processor 108.
Similarly, if the wvalue exceeds a second preset value based on
the standard deviation, a second action may be taken by the
processor 108. Examples of second actions may include machine
operation change right up to full stoppage of the machine.
The preset values may be adjusted over time by the operator as
trending analysis of the readings is undertaken.

[0025] It will be appreciated that current vibration
monitoring systems are generally only tripped, where the
processor takes an action, when a preset vibration limit is
measured. These limits are generally associated with industry
norms and machine design guidelines, and are often associated
with limits approaching catastrophic machine failure. With
the inventive system, an operator can observe trending as, for
example, that upper limit is approached. If the trending is
consistent over time, the operator can evaluate the reasoning
for such trending and may not take any action independent of
the actions that may be taken by the processor. However, the
operator may take action as well. This level of analysis was
not previously possible.

[0026] Additionally, even where trending is considered,
there may be a swift change in the readings which is outside

the trend, vet still below the level that would trip a prior
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art system. In this case, given the increased data available
under the current system, the operator can evaluate the
machine (M) to determine if action needs to be taken, even
before the vibrations approach a level that would require the
processor 108 to trip the machine (M).

[0027] To evaluate the trending over time, and to enable
an operator to review past vibration wvalues, the processor 108
may be associated with a storage unit 112, such as a hard
drive or other memory device, that stores the vibration wvalues
obtained by the processor.

[0028] In addition to the vibration signals evaluated by
the processor 108, the system may also include one or more
operating condition sensors (OC). These sensors may sense and
report to the processor 108 conditions in and around the
machine (M), such as temperature conditions, speed of machine
components, megawattage produced by the machine or used by the
machine, field current through a generator, clutch position of
various components of the machine, among others. This data
114 may also be stored in the storage unit 112 and displayed
by the display device 110 automatically with each N vibration
reading or as prompted by the operator. In this manner,
vibration trending can easily be compared to other operating
conditions to assist with determining the cause of any change
in vibration trending.

[0029] For example, it may be noticed over time that
vibration at 1X of a particular machine (M) often increases by
just over one standard deviation when the external temperature
increases beyond a certain temperature reading. In such case,
upon the occurrence of a this standard deviation increase in
1X wvibration at the particular facility, an operator can
readily obtain the temperature data to determine 1if an
increase in temperature is causing the vibration increase. If
it is not, the operator can then run through other condition

parameter information to identify other possible correlations,
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or to identify whether there is an impending failure condition
of the machine (M).

[0030] Software associated with the processor 108 and
display device 110 may be provided to visually, on the display
device, show different "folders" associated with different
inputs and operating conditions for easy evaluation. For
example, a folder of wvibration readings at full operating
speed of the machine may be created. A "sub-folder" for each
operating condition may then be programmed to appear within
the general folder. In this regard, using temperature as an
example, a "sub-folder" for a first temperature and a "sub-
folder" for a second temperature may be created.

[0031] As the machine runs and the vibration signals are
collected, the data populates the folders for later
evaluation. Again using temperature as an example, there may
be a folder created for full operation speed. Under that
"folder," there may be a "sub-folder" for operation at 70°F
and a second "sub-folder"™ for operation at 80°F. When the
machine (M) is operated at full speed and the temperature is
70°F, data will populate the 70°F "sub-folder"™ under the "full
speed" folder. On the other hand, when the temperature rises
to 80°F, data will populate the 80°F "sub-folder"™ under the
"full speed" folder. An operator may thereafter easily view
data associated with certain operating conditions as
necessary. Of course, additional "sub-folders" under the main
"folder" may be created for other operating conditions.
Likewise, i1f programmed as such, third level "sub-folders" may
be created for other operating conditions. As an example, a
third level "sub-folder" may be created for full speed
operation (level one), at 70°F (level two), with a particular
clutch position of a given component (level three). of
course, other examples may be provided.

[0032] Although many methods may be provided for

collecting and evaluating vibration data, the following may be

_10_
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used as an example. In this method, N composite lateral
vibration 1levels in the machine may be measured over time.
Again, the time period may wvary, but typical examples may be
once per hour or once per day. As the number of measurements
N increases, it will be appreciated that the resulting
analysis precision also increases.

[0033] Those measured N composite lateral vibration levels
may then be output as digital signals (or otherwise and then
converted) where they are received by a processor. The
processor may then filter each of the N composite signals into
at least N first vibration wvector signals and N second
vibration vector signals. Filtering may be achieved using
Fourier transform analysis. Of course additional wvibration
vector signals can also be filtered out for increased
precision. As an example, the vectors that may be filtered
may be the 1X and 2X operating speed vectors.

[0034] Once filtering is completed, the N filtered wvectors
are analyzed for a mean and standard deviation. This may
include all of the sets of N filtered wvectors or Jjust
individual sets. Having then established that Dbaseline,
albeit a moving baseline based on the number N of measurements
taken, an N+1 measurement may be taken, filtered, and then
compared to the mean and standard deviation. If a first
threshold, or wvalue outside of a predetermined value based on
the mean and standard deviation, is exceeded, then the
processor may take a first action. Such actions may include
an audible alarm or visual alarm, among other actions.
Likewise, 1if a second threshold is exceeded, a second action
may be undertaken. This action generally accounts for a
larger discrepancy from the standard deviation and therefore
usually consists of more definitive actions, such as machine
operation changes or shut downs.

[0035] Through all of these occurrences, the N vibration

values may be stored on a storage unit and reviewed on a

_11_
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display device. They may also be compared to other operating
conditions of the machine, taken at the same time as each of
the N readings, as discussed above.

[0036] Although the invention herein has been described
with reference to particular embodiments, it 1s to Dbe
understood that these embodiments are merely illustrative of
the principles and applications of the present invention. It
is therefore to be understood that numerous modifications may
be made to the illustrative embodiments and that other
arrangements may be devised without departing from the spirit
and scope of the present invention as defined by the appended

claims.

_12_
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CLATMS

1. A system for monitoring vibrations 1in a machine
having a rotating element, the system comprising:

a vibration measurement device, the vibration measurement
device adapted to measure composite vibrations in the machine
and output composite digital wvibration signals corresponding
to the composite vibrations measured;

an operating condition sensor, the operating condition
sensor measuring operating conditions of the machine;

a processor, the processor adapted to receive and filter
the composite digital vibration signals into first wvibration
vector signals and second vibration vector signals, the
processor also adapted to receive the measured operating
conditions;

a storage unit, the storage unit storing said first
vibration signals, said second vibration signals, and said
operating conditions;

a display device, the display device displaying said
first wvibration signals 1in association with said operating

conditions.

2. The system of claim 1, wherein said display device
displays said second vibration signals in association with

said operating conditions.

3. The system of c¢laim 1, wherein a plurality of
composite vibration measurements equaling N are measured over
time by the vibration measurement device, the N measurements
being output as N composite digital vibration signals;

the processor thereby receiving and filtering said N
measurements into N first vibration wvector signals and N
second vibration vector signals, the processor determining a
mean value and standard deviation of said N first vibration

vector signals.

_13_
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4, The system of claim 3, wherein the ©processor
receives and filters an N+1 composite vibration measurement
measured at a later time into an N+1 first wvibration wvector

signal and an N+1 second vibration vector signal.

5. The system of claim 4, whereby upon the occurrence
of said N+1 first vibration vector exceeding a first threshold
value related to said mean value and standard deviation of
said N first wvibration wvector signals, said processor

activates a first action.

6. The system of claim 5, wherein said first action is

an audible alarm.

7. The system of claim 5, whereby upon the occurrence
of said N+1 first wvibration vector exceeding a second
threshold wvalue related to said mean wvalue and standard
deviation of said N first vibration wvector signals, said
processor activates a second action, said second threshold
value representing a greater deviation from said mean value

than said first threshold wvalue.

3. The system of claim 7, wherein said second action is
one of a machine operation change or machine shut down

procedure.

9. The system of claim 5, wherein said first threshold

value is related to said operating conditions.
10. The system of <c¢laim 9, wherein said operating

conditions are one of a speed input, megawatt input, field

current input, or clutch position input.

_14_
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11. The system of claim 1, wherein said first vibration
vector signals and second vibration vector signals are 1X and

2X signals, regpectively.

12. The system of claim 3, wherein said N measurements

are measured at equal time increments.

13. A method of monitoring wvibrations in a machine
having a rotating element, the method comprising:

measuring N composite vibrations in the machine over
time;

outputting N composite digital vibration signals
corresponding to the N composite vibrations measured to a
processor;

receiving the N composite digital vibration signals
corresponding to the N composite vibrations measured;

filtering each of the N composite digital wvibration
signals into N first vibration wvector signals and N second
vibration vector signals; <calculating a mean value and
standard deviation of the N first vibration vector signals;

measuring operating conditions of the machine;

displaying at least one of the N first vibration vector

signals in association with at least one operating condition.

14. The method of claim 13, further comprising:

measuring an N+1 composite vibration in the machine;

outputting an N+1 composite digital vibration signal
corresponding to the N+1 composite vibration measured to a
processor;

receiving the N+1 composite digital vibration signal
corresponding to the N+1 composite vibration measured;

filtering the N+1 composite digital vibration signal into
an N+1 first wvibration wvector signal and an N+1 second

vibration vector signals;

_15_
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comparing the N+1 first vibration wvector signal to a
first threshold value related to the mean value and standard

deviation of the N first vibration vector signals.

15. The method of claim 14, wherein when said step of
comparing the N+1 first wvibration wvector signal to a first
threshold wvalue exceeds the first threshold wvalue, a first

action is commenced.

16. The method of claim 15, further comprising comparing
the N+1 first vibration vector signal to a second threshold
value related to the mean value and standard deviation of the

N first vibration vector signals.

17. The method of claim 16, wherein when said step of
comparing the N+1 first vibration vector signal to a second
threshold wvalue exceeds the second threshold wvalue, a second

action is commenced.

18. The method of claim 17, wherein the first action is
an audible alarm and the second action 1is one of a machine

operation change or machine shutdown.

19. The method of c¢laim 13, wherein the N first
vibration vector signals and N second vibration vector signals

are 1X and 2X vibration signals, respectively.

20. The method of claim 13, wherein the step of
displaying at least one of the N first vibration vector
signals in association with at least one operating condition
displays the N first vibration vector signals in a fist level
folder of a computer and said at least one operating condition

in a second level folder of a computer.

_16_



WO 2011/149869 PCT/US2011/037641

11
OC
110
[Tt ! 102 114 =
e
. _________________________ | ~104 108~ 112

FIG. 1



	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - claims
	Page 15 - claims
	Page 16 - claims
	Page 17 - claims
	Page 18 - drawings

