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DESCRIPTION

Description

[0001] The present disclosure relates in general to rotary machines, and more particularly to
systems and methods for detecting damage in such rotary machines.

[0002] Wind power is considered one of the cleanest, most environmentally friendly energy
sources presently available, and wind turbines have gained increased attention in this regard.
A modern wind turbine typically includes a tower, a generator, a gearbox, a nacelle, and one or
more rotor blades. The rotor blades capture kinetic energy of wind using known foil principles.
The rotor blades transmit the kinetic energy in the form of rotational energy so as to turn a low-
speed main shaft coupling the rotor blades to a gearbox, or if a gearbox is not used, directly to
the generator. For example, the generator may be coupled to the low-speed main shaft such
that rotation of the shaft drives the generator. For instance, the generator may include a high-
speed generator shaft rotatably coupled to the main shaft through the gearbox. The generator
then converts the mechanical energy from the rotor to electrical energy that may be deployed
to a utility grid.

[0003] In addition, modern wind turbines include a plurality of high-speed and low-speed
bearings to provide rotation of the various components thereof. For example, the low-speed
main shaft typically includes one or more main bearings mounted at a forward and rearward
end thereof to allow the low-speed main shaft to rotate about an axis. Further, the gearbox
generally includes a gearbox housing containing a plurality of gears (e.g., planet, ring and/or
sun gears) connected via one or more planetary carriers and bearings, in addition to parallel
gears connected via shafts and bearings, for converting the low speed, high torque input of the
rotor shaft to a high speed, low torque output for the generator.

[0004] Detection of damaged components in a wind turbine (or any rotary machine) is
essential in minimizing unplanned downtime of the turbine and increasing turbine availability.
Current detection algorithms for gearbox gear damage (specifically, the ring gear, planet gear,
and low-speed intermediate stage gear) do not consistently trend gear damage energy with
enough separation from healthy gears. Lack of separation in the trends from healthy to
damaged gears results in missed diagnosis of failing components and increased probability of
false positive events for healthy components. Visual detection of failing gear sideband and
harmonic energy patterns has proven successful in locating damaged components; however,
this approach relies on the consistent manual inspection of the spectrums. Such inspection is
inherently time consuming and can result in missed detection of failed components. In addition,
although manual inspection methods have been utilized with success, such methods do not
provide a scalable option and result in reduced monitoring efficiency. US 2014/257714 A1
relates to a system for condition monitoring of gearboxes including processing equipment that
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is configured to receive data that contains information of a spectrum of mechanical vibrations
measured from a gearbox being monitored. The processing equipment is configured to carry
out actions to form an interestingness figure: computing a total vibration level from the
spectrum of mechanical vibrations, where the total vibration level can be the root-mean-square
"RMS" value of the vibration represented by the whole spectrum; setting the interestingness
figure to be the total vibration level, extracting, from the spectrum of mechanical vibrations,
spikes that are unknown in the sense that they do not correspond to any of the phenomenon-
specific frequencies relating to the phenomena under consideration; for each unknown spike,
adding, to the interestingness figure L, a value that depends on the ratio of that unknown spike
and background vibration level prevailing in the frequency domain in the surroundings of that
unknown spike, where the background vibration level can be formed by filtering the amplitudes
over frequency with a sliding window average filter. WO 2017/168226 A1 relates to monitoring
of a machine by an acoustic monitor which acquires, through an acoustic sensor, acoustic
signals from a vicinity of the machine, while the machine is operative. US 2002/169569 A1
relates to a method for analyzing vibration signals.

[0005] For at least the aforementioned reasons, the detection of component damage of rotary
machines has proven difficult to automate using traditional detection analytics and/or trending
techniques. Accordingly, improved systems and methods for detecting damage in such rotary
machines would be desired in the art.

[0006] Various aspects and advantages of the invention will be set forth in part in the following
description, or may be clear from the description, or may be learned through practice of the
invention.

[0007] In one aspect, the present disclosure is directed to a method for detecting damage in a
component of a rotary machine according to claim 1. A method includes collecting, via one or
more sensors, vibration data relating to the component. The method also includes identifying
at least one low-energy region within the vibration data. The method further includes identifying
energy of at least one harmonic or sideband series within the at least one region indicative of a
damaged component and identifying energy within the at least one region excluding the at
least one harmonic or sideband series. Further, the method includes determining at least one
damage ratio based on at least one region damage value.

[0008] Moreover, the method includes calculating a damage factor of the component as a
function of, at least, the at least one damage ratio. In addition, the method includes comparing
the damage factor to a predetermined damage threshold, wherein a damage factor exceeding
the predetermined damage threshold is indicative of a damaged component.

[0009] In the invention, the step of determining the damage ratio(s) based on the energy of at
least one harmonic or sideband series within the at least one region indicative of the damaged
component and the energy within the at least one region excluding the at least one harmonic
or sideband series may include determining an average amplitude of the energy of at least one
harmonic or sideband series within the at least one region indicative of the damaged
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component, determining an average amplitude of the identifying energy within the at least one
region excluding the at least one harmonic or sideband series, determining at least one
amplitude ratio by dividing the average amplitude of the energy of at least one harmonic or
sideband series within the at least one region indicative of the damaged component by the
average amplitude of the identifying energy within the at least one region excluding the at least
one harmonic or sideband series, and subtracting one from the at least one amplitude ratio to
obtain at least one region damage value.

[0010] In an embodiment, the method may further include amplifying the amplitude ratio(s)
based on a sensitivity factor. For example, in one embodiment, the step of amplifying the
amplitude ratio(s) based on the sensitivity factor may include raising the region damage

value(s) to an nf" power. In further embodiments, the method may include summing a plurality
of region damage values, and dividing the sum by a total number of low-energy regions.
Further, the method may include identifying the low-energy regions based on kinematic
information.

[0011] In additional embodiments, the method may further include determining a sum of the
energy of the at least one harmonic or sideband series within the at least one region indicative
of the damaged component for a plurality of regions of the at least one region. More
specifically, in one embodiment, the step of determining the sum of the energy of the at least
one harmonic or sideband series within the at least one region indicative of the damaged
component for the plurality of regions of the at least one region may include summing an
amplitude of each of the plurality of regions, summing the sums of the amplitude from each of
the plurality of regions, and amplifying the sum of the sums based on a sensitivity factor.

[0012] Accordingly, the step of calculating the damage factor of the component may include
multiplying the at least one damage ratio by the sum of the energy of the at least one harmonic
or sideband series within the at least one region indicative of the damaged component. In
further embodiments, the method may include calculating the damage factor for multiple time
periods and trending the damage factor over time.

[0013] In several embodiments, the component may include, for example, a gear or a bearing.
Further, in certain embodiments, the rotary machine may be a wind turbine.

[0014] In another aspect, the present disclosure is directed to a system for detecting damage
in a gear of a rotary machine according to claim 11.

[0015] A system includes one or more sensors for collecting vibration data relating to the gear
and a controller communicatively coupled to the one or more sensors. The controller is
configured to perform one or more operations, including identifying energy of at least one
harmonic or sideband series within the at least one region indicative of a damaged gear and
identifying energy within the at least one region excluding the at least one harmonic or
sideband series. Further, the operations include determining at least one damage ratio based
on at least one region damage value. ,
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[0016] Moreover, the operations include calculating a damage factor of the gear as a function
of, at least, the at least one damage ratio. In addition, the method includes comparing the
damage factor to a predetermined damage threshold, wherein a damage factor exceeding the
predetermined damage threshold is indicative of a damaged gear. It should also be
understood that the system may further include any of the additional features and/or steps
described herein.

[0017] Various features, aspects and advantages of the present invention will become better
understood with reference to the following description and appended claims. The
accompanying drawings, which are incorporated in and constitute a part of this specification,
illustrate embodiments of the invention and, together with the description, serve to explain the
principles of the invention.

[0018] In the drawings:

FIG. 1 illustrates a perspective view of a wind turbine according to one embodiment of the
present disclosure;

FIG. 2 illustrates a perspective, internal view of a nacelle of a wind turbine according to one
embodiment of the present disclosure;

FIG. 3 illustrates a cross-sectional view of one embodiment of a drivetrain system of a wind
turbine according to the present disclosure;

FIG. 4 illustrates a block diagram of one embodiment of suitable components that may be
included in a wind turbine controller according to the present disclosure;

FIG. 5 illustrates a flow diagram of one embodiment of a method for detecting damage in a
component of a rotary machine according to the present disclosure;

FIG. 6 illustrates a graph of one embodiment of vibration data according to the present
disclosure;

FIG. 7 illustrates a graph of a low-energy region of vibration data of a component without
damage according to the present disclosure;

FIG. 8 illustrates a graph of a low-energy region of vibration data of a component with damage
according to the present disclosure;

FIG. 9 illustrates a graph of a low-energy region of vibration data of a component, particularly
illustrating extracted energy of a damage indication pattern according to the present
disclosure;

FIG. 10 illustrates a graph of a low-energy region of vibration data of a component, particularly
illustrating remaining energy according to the present disclosure; and

FIG. 11 illustrates a plurality of graphs depicting vibration data for a healthy component of a
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rotary machine, an early-stage damaged component, and a late-stage damaged component
according to the present disclosure.

[0019] Reference now will be made in detail to embodiments of the invention, one or more
examples of which are illustrated in the drawings. Each example is provided by way of
explanation of the invention, not limitation of the invention. In fact, it will be apparent to those
skilled in the art that various modifications and variations can be made in the present invention
without departing from the scope of the invention. For instance, features illustrated or
described as part of one embodiment can be used with another embodiment to yield a still
further embodiment. Thus, it is intended that the present invention covers such modifications
and variations as come within the scope of the appended claims.

[0020] Generally, the present disclosure is directed to systems and methods for detecting
damaged components in rotary machines, such as wind turbine, that utilize vibration spectrum
data to trend the energy of patterns associated with component damage. More specifically,
algorithms of the present disclosure generate a scalar value, or damage factor, which can be
trended over time to indicate damage propagation in the components of the rotary machines.
For example, for wind turbine gearboxes, the present disclosure detects damage of the
planetary stage gears (e.g. the ring gear, planet gears, and sun gear), as well as higher-speed
parallel gear stages by lowering the output of healthy components while amplifying the output
of damaged components to allow for earliest possible automated threshold detection with
minimal false positive events. Such separation between damaged and healthy components
allows for lower thresholds to be set to alert technicians of damaged components. Thus, the
present disclosure increases machine availability by reducing unplanned downtime, prolonging
component life, reducing potential secondary damage, and increasing monitoring efficiency for
accurate component damage detection.

[0021] Referring now to the drawings, FIG. 1 illustrates a perspective view of one embodiment
of a wind turbine 10 according to the present disclosure. Though the present disclosure is
described with reference to wind turbines, it should be understood that the systems and
methods of the present disclosure may be applicable to any rotary machines (e.g., gas
turbines, steam turbines, or any other turbine system for power generation). As shown, the
wind turbine 10 includes a tower 12 extending from a support surface 14, a nacelle 16
mounted on the tower 12, and a rotor 18 coupled to the nacelle 16. The rotor 18 includes a
rotatable hub 20 and at least one rotor blade 22 coupled to and extending outwardly from the
hub 20. For example, in the illustrated embodiment, the rotor 18 includes three rotor blades
22. However, in an alternative embodiment, the rotor 18 may include more or less than three
rotor blades 22. Each rotor blade 22 may be spaced about the hub 20 to facilitate rotating the
rotor 18 to enable kinetic energy to be transferred from the wind into usable mechanical
energy, and subsequently, electrical energy. For instance, the hub 20 may be rotatably coupled
to drivetrain system 28 (FIG. 2) positioned within the nacelle 16 to permit electrical energy to
be produced.
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[0022] Referring now to FIG. 2, a simplified, internal view of one embodiment of the nacelle 16
of the wind turbine 10 housing the drivetrain system 28 therein is illustrated. As shown, the
drivetrain system 28 includes, at least, a generator 24 disposed within the nacelle 16. In
general, the generator 24 may be coupled to the rotor 18 of the wind turbine 10 for generating
electrical power from the rotational energy generated by the rotor 18. For example, the rotor
18 may include a main shaft 30 coupled to the hub 20 for rotation therewith. The generator 24
may then be coupled to the main shaft 30 such that rotation of the main shaft 30 drives the
generator 24. For instance, in the illustrated embodiment, the generator 24 includes a
generator shaft 29 rotatably coupled to the main shaft 30 through a gearbox 34. However, in
other embodiments, it should be appreciated that the generator shaft 29 may be rotatably
coupled directly to the main shaft 30. Alternatively, the generator 24 may be directly rotatably
coupled to the main shaft 30. It should be appreciated that the main shaft 30 may generally be
supported within the nacelle 16 by a support frame or bedplate 36 positioned atop the wind
turbine tower 12.

[0023] As shown in FIGS. 1 and 2, the wind turbine 10 may also include a turbine control
system or a turbine controller 26 within the nacelle 16. For example, as shown in FIG. 2, the
turbine controller 26 is disposed within a control cabinet 38 mounted to a portion of the nacelle
16. However, it should be appreciated that the turbine controller 26 may be disposed at any
location on or in the wind turbine 10, at any location on the support surface 14 or generally at
any other location. The turbine controller 26 may generally be configured to control the various
operating modes (e.g., start-up or shut-down sequences) and/or components of the wind
turbine 10.

[0024] Each rotor blade 22 may also include a pitch adjustment mechanism 40 configured to
rotate each rotor blade 22 about its pitch axis 42 via pitch bearing 44. Similarly, the wind
turbine 10 may include one or more yaw drive mechanisms 46 communicatively coupled to the
controller 26, with each yaw drive mechanism(s) 46 being configured to change the angle of
the nacelle 16 relative to the wind (e.g., by engaging a yaw bearing 48 of the wind turbine 10 to
rotate the nacelle 16 about yaw axis 50).

[0025] In addition, as shown in FIG. 2, the wind turbine 10 may further include one or more
sensors 52, 54 for monitoring various vibrations thereof. For example, as shown, the illustrated
sensors 52, 54 may be gearbox sensors configured to monitor vibrations of the gearbox 34
and/or any other components of the drivetrain system 28 so as to detect damage of one or
more of the components described herein. As such, the sensors 52, 54 may be any suitable
sensor capable of detecting such vibration signals. In addition, it should be understood that the
wind turbine 10 may include any suitable number of sensors for detecting such vibrations.

[0026] Referring now to FIG. 3, a detailed, cross-sectional view of the drivetrain system 28 of
the wind turbine 10 is illustrated to further depict the various components thereof. As
mentioned, the drivetrain system 28 includes, at least, the generator 24 and the gearbox 34.
Further, as shown, the generator 24 includes a generator rotor 25 and a generator stator 27.
As is generally known in the art, the generator rotor 25 is a generally movable component of
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the generator 24, while the stator 27 is a generally stationary component of the generator 24.
Further, in certain embodiments, the generator 24 may be a doubly-fed induction generator
(DFIG). However, it should be understood that the generator 24 according to the present
disclosure is not limited to DFIG generators, and may include any generator suitable for
powering the wind turbine 10 of the present disclosure. In general, the rotor blades 16 rotate
the generator rotor 25 of the generator 24. As such, the generator rotor 25 may be operably
connected to the hub 18. Accordingly, operation of the rotor blades 16 rotates the rotor hub 18,
which rotates the generator rotor 25 and thus operates the generator 24.

[0027] Further, as shown, the low-speed main shaft 30 is configured to provide an input
rotational speed to the gearbox 34. For example, the hub 18 may be mounted to the main
shaft 30. As shown, the main shaft 30 may include a main flange 41 configured to engage a
mating flange (not shown) on the hub 18 to mount the hub 18 to the main shaft 30. Thus,
during operation of the wind turbine 10, the rotational speed of the rotor blades 16 may be
directly transmitted through the hub 18 to the main shaft 30 as an input rotational speed.

[0028] The main shaft 30 may extend through and be supported by at least one support
housing 35 or a plurality of support housings 35. For example, a forward housing 37 and, in
some embodiments, an aft housing (not shown), may be provided to support the main shaft
30. In addition, the housings 35 may include one or more bearings 39 configured to interact
with the main shaft 30. For example, as shown, the forward housing 37 may include a locating
bearing 39 (also referred to herein as a main shaft bearing 39) configured therein, while the aft
housing may include a floating bearing (not shown) configured therein. It should be understood
that the present disclosure is not limited to locating bearings and floating bearings positioned in
housings as described above and the figures are provided for illustrative purposes only.
Further, as shown, the main shaft bearing(s) 39 may include an inner race 31, an outer race
32, and a plurality roller elements 33 configured therebetween.

[0029] Still referring to FIG. 3, the gearbox 34 as described herein may be a planetary gearbox
34. As such, the gearbox 34 may be configured to convert the input rotational speed from the
main shaft 30 to an output rotational speed. In one embodiment, the output rotational speed
may be faster than the input rotational speed. Alternatively, however, the output rotational
speed may be slower than the input rotational speed. In one embodiment, the gearbox 34 may
be a single stage gearbox. Thus, the input rotational speed may be converted to the output
rotational speed through a single stage of various mating gears, as discussed below.
Alternatively, however, the gearbox 34 may be a multiple stage gearbox, and the input
rotational speed may be converted to the output rotational speed through multiple stages of
various mating gears.

[0030] More specifically, the illustrated embodiment of the planetary gearbox 34 includes a
stationary ring gear 45 and a plurality of rotatable gears. As such, the stationary ring gear 45
supports the various rotatable gears configured therein. In addition, the stationary ring gear 45
includes various axes for the rotatable gears to rotate about. In certain embodiments, the
planetary gearbox 34 may also include a stationary ring gear 45, one or more rotatable
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planetary gears 47, and a rotatable sun gear 49. For example, in one embodiment, the
planetary gearbox 34 may include four planetary gears 47. However, it should be understood
that more or less than four planetary gears 47 are within the scope and spirit of the present
disclosure. In addition, each of the rotatable gears in the planetary gearbox 34 includes a
plurality of gear teeth (not shown). As such, the teeth may mesh together such that the various
gears 45, 47, 49 engage each other.

[0031] In several embodiments, the carrier 43 may drive the planetary gearbox 34. Thus, the
carrier 43 and the main shaft 30 may be coupled such that the input rotational speed of the
main shaft 30 is provided to the carrier 43. For example, a gearbox disk may connect the
carrier 43 and main shaft 30, or the carrier 43 and main shaft 30 may be otherwise suitably
connected. Alternatively, however, the ring gear 45 or the sun gear 49 may drive the planetary
gearbox 34.

[0032] Referring still to FIG. 3 and as mentioned, the drivetrain system 28 of the present
disclosure may further include an output or generator shaft 29. More specifically, as shown, the
generator shaft 29 may be coupled with the gearbox 34, and configured to rotate at the output
rotational speed. In particular embodiments, for example, the generator shaft 29 may be the
sun gear 49. Thus, the sun gear 49 may engage the planetary gears 47 and may further
extend from the planetary gearbox 34 towards the generator 24. In other embodiments, the
generator shaft 29 may be coupled to the sun gear 49 or other output gear of the planetary
gearbox 34 or other suitable gearbox such that the generator shaft 29 may rotate at the output
rotational speed.

[0033] In addition, various bearings 39, 70, 72 may surround the various rotatable components
of the drivetrain system 28 to facilitate relatively efficient rotation of such rotatable components.
For example, as shown, a plurality of carrier bearings 70 may surround the planetary carrier 43
and a plurality of planet bearings 72 may surround the planetary gears 47 and/or additional
bearings which support the sun gear or sun gear shaft (not shown). Such bearings 70, 72 may
be roller bearings, and include various roller elements arranged in generally annular arrays, or
may be journal bearings or any other suitable bearings. In addition, the bearings 39, 70, 72 as
described herein may also be referred to as low-speed bearings.

[0034] Referring now to FIG. 4, there is illustrated a block diagram of one embodiment of
suitable components that may be included within the controller 26 (or a separate controller)
according to the present disclosure. As shown, the controller 26 may include one or more
processor(s) 56 and associated memory device(s) 58 configured to perform a variety of
computer-implemented functions (e.g., performing the methods, steps, calculations and the
like and storing relevant data as disclosed herein). Additionally, the controller 26 may also
include a communications module 60 to facilitate communications between the controller 26
and the various components of the wind turbine 10. Further, the communications module 60
may include a sensor interface 62 (e.g., one or more analog-to-digital converters) to permit
signals transmitted from the vibration sensors 52, 54 to be converted into signals that can be
understood and processed by the processors 56. It should be appreciated that the sensors 52,
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54 may be communicatively coupled to the communications module 64 using any suitable
means. For example, as shown in FIG. 4, the sensors 52, 54 are coupled to the sensor
interface 62 via a wired connection. However, in other embodiments, the sensors 52, 54 may
be coupled to the sensor interface 62 via a wireless connection, such as by using any suitable
wireless communications protocol known in the art.

[0035] In additional embodiments, the vibration sensors 52, 54 may also be coupled to a
separate controller that may or may not be located in the control cabinet 38. As such, the
sensors 52, 54 may provide related information to the turbine controller 26 and/or the separate
controller. It should also be appreciated that, as used herein, the term "monitor" and variations
thereof indicates that the various sensors of the wind turbine 10 may be configured to provide
a direct measurement of the parameters being monitored and/or an indirect measurement of
such parameters. Thus, the sensors described herein may, for example, be used to generate
signals relating to the parameter being monitored, which can then be utilized by the controller
26 to determine the condition.

[0036] As used herein, the term "processor" refers not only to integrated circuits referred to in
the art as being included in a computer, but also refers to a controller, a microcontroller, a
microcomputer, a programmable logic controller (PLC), an application specific integrated
circuit, and other programmable circuits. Additionally, the memory device(s) 58 may generally
comprise memory element(s) including, but not limited to, computer readable medium (e.g.,
random access memory (RAM)), computer readable non-volatie medium (e.g., a flash
memory), a floppy disk, a compact disc-read only memory (CD-ROM), a magneto-optical disk
(MOD), a digital versatile disc (DVD) and/or other suitable memory elements. Such memory
device(s) 58 may generally be configured to store suitable computer-readable instructions that,
when implemented by the processor(s) 56, configure the controller 26 to perform various
functions including, but not limited to, transmitting suitable control signals to implement
corrective action(s) in response to a distance signal exceeding a predetermined threshold as
described herein, as well as various other suitable computer-implemented functions.

[0037] Referring now to FIG. 5, the turbine controller 26 is further configured to implement an
algorithm to detect damage of one or more of the components of the wind turbine 10. For
example, in one embodiment, the controller 26 is configured to implement a method 100 for
detecting damage in one or more of the gears 45, 47, 49 of the wind turbine 10. Thus, as
shown, the system and methods of the present disclosure are designed to lower the output of
healthy components while amplifying the output of damaged components to allow for earliest
possible automated threshold detection with minimal false positive events.

[0038] As shown at 102, the method 100 includes collecting vibration data 74 relating to the
component via the sensors 52, 54. More specifically, as shown in FIG. 6, the turbine controller
26 is configured to collect vibration data 74 relating to the gears 45, 47, 49 via the sensors 52,
54. Further, as shown, the vibration data 74 may include regions of high energy 76 and
regions of low energy 78. Thus, referring back to FIG. 5, as shown at 104, the method 100
includes identifying at least one low-energy region 78 within the vibration data 74. As shown at
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106, the method 100 includes identifying energy of at least one harmonic or sideband series
within at least one of the low-energy regions 76 of the vibration data 74 indicative of a
damaged component, including but not limited to gears (such as gears 45, 47, 49), shafts
(such as main shaft 30), and/or bearings 39, 70, 72. Moreover, as shown at 108, the method
100 includes identifying energy within the vibration data 74 excluding the at least one harmonic
or sideband series. For example, as shown in FIG. 6, two low-energy regions 78 are identified,
i.e. regions a and b. In additional embodiments, it should be understood that any number of
regions may be identified including more than two and less than two regions. Further, as
shown, the top graph illustrates a healthy component, whereas the bottom graph illustrates a
damaged graph. More specifically, as shown in FIG. 7, a low-energy region 78 illustrating
vibration data 74 from a healthy component is illustrated. In contrast, as shown in FIG. 8, a
low-energy region 78 illustrating vibration data 74 from a damaged component (i.e. containing
a sideband or harmonic series also referred to herein as a damage indication pattern 84) is
illustrated. More specifically, FIG. 9 illustrates the extracted energy 86 of the damage indication
pattern 84 from the low-energy region 78 and FIG. 10 illustrates the low-energy region 78
excluding the extracted energy 86 of the damage indication pattern 84 as indicated by
reference character 88.

[0039] In addition, the regions of low energy 78 may be identified using kinematic information.
Thus, to extract the desired energy of damaged components, the controller 26 is configured to
utilize the kinematic information to avoid energy content from components operating normally
(i.e. not damaged). Such vibration sources are typically inherent in all gearboxes of this design
and are removed from the design factor calculation to allow for separation from healthy and
damaged components. The kinematic information as described herein may include any of the
following: the number of gear teeth of one or more gears of the gearbox 34, a rotating speed,
the number of planet gears of a planetary state of the gearbox 34, a pitch diameter of the
bearing 39, 70, 72, a roller-element or ball diameter of the bearing 39, 70, 72, a contact angle
of the bearing 39, 70, 72, or combinations thereof.

[0040] In addition, the controller 26 may be configured to store the vibration data 74 in the
memory device(s) 58. Once the vibration data 74 is collected and optionally stored, as shown
at 110, the controller 26 is configured to determine a damage factor based on the presence of
a sideband or harmonic series indicative of a failed component, e.g. the damage indication
pattern 84, within the low energy region(s) 78 in comparison to the remaining energy 88 within
the region(s) excluding the sideband or harmonic series. In the invention, as shown in FIG. 6,
to determine the damage factor, the controller 26 first determines an average amplitude of the
energy of at least one harmonic or sideband series within the vibration data 74 indicative of the
damaged gear and an average amplitude of the energy excluding the damage indication
pattern 84.

[0041] Thus, as shown in Equation (1), the controller 26 can then determine at least one
amplitude ratio by dividing the average amplitude of the region(s) of the damage indication
pattern 84 by the average amplitude of the energy excluding the damage indication pattern 84.

oo ai
Amplitude Ratio, = F“ﬂ

[ .
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SAdVE0I— ULP,d
Equation (1)

where faqdip.a IS the average amplitude of region a of the energy in the damage indication

pattern 84, and

favg.non-dip,a IS the average amplitude of region a of the energy excluding the damage indication

pattern 84.

[0042] Further, as shown in Equation (2) below, the controller 26 may subtract one from each
of the amplitude ratios to obtain at least one region damage value. In addition, as shown in
Equation (s), the controller may amplify the amplitude ratios based on a sensitivity factor S. For
example, as shown, the controller 26 may raise the amplitude ratios to an nth power, such as
e.g. 2, 3,4, and soon.
Region Damage Value, = (Amplitude Ratio, — 1)°

Equation (2)

[0043] In addition, the controller 26 may sum a plurality of region damage values and divide
the sum by a total number of low-energy regions 78 to calculate the damage ratio. In the
illustrated embodiment of FIG. 6, for example, there are two low energy regions 78 labeled a

and b, respectively.
Region Damage Value, + Region Damage Valuey,
2

Damage Ratio =

Equation (3)

[0044] Referring back to FIG. 5, as shown at 112, the method 100 further includes calculating
a damage factor of the component as a function of, at least, the at least one damage ratio. For
example, in one embodiment, the controller 26 may determine a sum of the energy of the
damage indication pattern(s) 84 for a plurality of regions from the vibration data 74 using
Equation (4) below. More specifically, as shown, the controller 26 may determine the sum of
the energy of the damage indication pattern 84 by summing an amplitude of each of the
plurality of regions of the energy of the damage indication pattern(s) 84, summing the sums of
the amplitude from each of the plurality of regions of the energy of the damage indication
pattern(s) 84, and amplifying the sum of the sums based on a sensitivity factor S.

az b2
Sum of Damage Indication Pattern Energy = (Z fi aip + Z fijdip)s
al b1

Equation (4)
where f; gip is the amplitude of the vibration data at the location of the damage indication

pattern(s) 84 in region a of the energy of the damage indication pattern 84.
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[0045] Accordingly, the method 100 may calculate the damage factor of the component by
multiplying the damage ratio by the sum of the energy of the damage indication pattern(s) 84

energy using Equation (5) below.
Damage Factor = Damage Ratio * Sum of Damage Indication Pattern Energy

Equation (5)

[0046] In addition, the damage factor may be scaled by any suitable factor to produce an
output value within an acceptable range, i.e. to further amplify the difference between healthy
and damaged components.

[0047] Referring still to FIG. 5, as shown at 112, once the damage factor is calculated, the
method 100 includes comparing the damage factor to a predetermined damage threshold. A
damage factor exceeding the predetermined damage threshold is indicative of a damaged
component. Thus, as shown at 114, if the damage factor exceeds the predetermined
threshold, then the controller 26 may be implement a corrective action or otherwise indicate
that the component is damaged. For example, in certain embodiments, the controller 26 may
generate an alarm and/or send an alarm signal to an operator.

[0048] In further embodiments, the controller 26 may also be configured to continuously
calculate and store the damage factor for multiple time periods. As such, the turbine controller
26 is further configured to trend the damage factor over time. Such trending further separates
the damage factor values between healthy and damaged components to allow for automated
threshold detection.

[0049] Advantages of the present disclosure can be further understood with respect to FIG. 11.
More specifically, as shown, the first or top row of vibration data 74 represents a healthy
component, the second row of vibration data 74 represents an early damaged component, and
the third row of vibration data 74 represents a late damaged component. Component damage
increases the damage indication pattern energy through the entire spectrum, therefore,
comparing damage indication pattern energy to non-damage indication pattern energy outside
of normal operation, high energy regions, provides a larger different between damaged and
healthy components of the rotary machine. Thus, as shown, the difference between the
average amplitude of the damage indication pattern energy 80 and the average energy of the
remaining energy 82 is less for healthy components and increases as the component becomes
damaged. This written description uses examples to disclose the invention, including the
preferred mode, and also to enable any person skilled in the art to practice the invention,
including making and using any devices or systems and performing any incorporated methods.
The scope of the invention is defined by the claims
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KRAV

1. En fremgangsmadde (100) til at detektere beskadigelse i en komponent af en roterende maskine,
hvilken fremgangsmdde (100) omfatter:

10

15

20

25

indsamling (102) via en eller flere sensorer (52, 54) af vibrationsdata (74) relateret til

komponenten;

identifikation (104) af mindst ét lavenergiomrdde (78) inden for vibrationsdataene (74); hvor
vibrationsdataene omfatter mindst ét hgjenergiomrdde og det mindst ene lavenergiomrdde,
hvor kinematisk information anvendes til at undgd, at energiindhold fra komponenter, der
fungerer normalt, bliver tildelt det mindst ene lavenergiomrdde for derved at udtreekke
gnsket energi af beskadigede komponenter for det mindst ene lavenergiomrade;

identifikation (106) af energi (86) af mindst én harmonisk serie eller sidebdndsserie inden
for det mindst ene lavenergiomrdde (78), der indikerer en beskadiget komponent;

identifikation (108) af energi (88) inden for det mindst ene lavenergiomrdde (78) ekskluderet
energien (86) af den mindst ene harmoniske serie eller sidebdndsserie;

bestemmelse (110) af mindst ét skadesforhold baseret pd mindst én regionsskadeveerdi;

beregning af et skadesforhold for komponenten som en funktion af i det mindste det mindst
ene skadesforhold; og

sammenligning (112) af skadesforholdet med en forudbestemt skadetaerskel, hvor et
skadesforhold, der overstiger den forudbestemte skadetzerskel, er indikativ for den
beskadigede komponent;

hvor bestemmelse af mindst ét skadesforhold baseret pd den mindst ene regionsskadevaerdi
yderligere omfatter:

bestemmelse af en gennemsnitlig amplitude (80) af energien (86) af mindst én
harmonisk eller sidebdndsserie inden for det mindst ene lavenergiomrdde (78), der
indikerer den beskadigede komponent;

bestemmelse af en gennemsnitlig amplitude (82) af energien (88) inden for det
mindst ene lavenergiomrdde (78) ekskluderet den mindst ene harmoniske serie eller
sidebdndsserie;
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bestemmelse af mindst ét amplitudeforhold ved at dividere den gennemsnitlige
amplitude (80) af energien (86) af mindst én harmonisk eller sidebdndsserie inden
for det mindst ene lavenergiomrdde (78), der indikerer den beskadigede komponent,
med den gennemsnitlige amplitude (82) af identifikationsenergien (88) inden for det
mindst ene lavenergiomrdde (78) ekskluderet den mindst ene harmoniske serie eller
sidebdndsserie; og,

subtraktion af en fra det mindst ene amplitudeforhold for at opnd den mindst ene

regionsskadeveerdi.

2. Fremgangsmdde (100) ifglge krav 1, yderligere omfattende forsteerkning af det mindst ene
amplitudeforhold baseret pd en falsomhedsfaktor.

3. Fremgangsméde (100) ifglge krav 2, hvor forstaerkning af det mindst ene amplitudeforhold
baseret pd folsomhedsfaktoren yderligere omfatter at haeve det mindst ene amplitudeforhold til en

n® potens.

4. Fremgangsmade (100) ifglge et hvilket som helst af kravene 1 til 3, yderligere omfattende:
summering af en flerhed af regionskadeveerdier; og

division af summen med et samlet antal lavenergiomrdder (78).

5. Fremgangsméde (100) ifglge et hvilket som helst af de foregdende krav, yderligere omfattende
bestemmelse af en sum af energien (86) af den mindst ene harmoniske serie eller sidebdndsserie
inden for det mindst ene lavenergiomrdde (78), der indikerer den beskadigede komponent for en
flerhed af omrdder (78) af vibrationsdataene (74).

6. Fremgangsméde (100) ifglge krav 5, hvorved bestemmelse af summen af energien (86) af den
mindst ene harmoniske serie eller sidebdndsserie inden for det mindst ene lavenergiomrdde (78),
der indikerer den beskadigede komponent for flerheden af regioner (78) af den mindst ene
lavenergiregion (78), omfatter yderligere:

summering af en amplitude af hver af flerheden af omrdder (78);
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summering af summen af amplituden fra hver af flerheden af omrdder (78); og

forstaerkning af summen af summerne baseret pd en felsomhedsfaktor.

7. Fremgangsméde (100) ifglge krav 5 eller krav 6, hvor beregning af skadesforholdet for
komponenten yderligere omfatter:

multiplikation af det mindst ene skadesforhold med summen af energien (86) af den mindst ene
harmoniske serie eller sidebdndsserie inden for det mindst ene lavenergiomrdde (78), der indikerer
den beskadigede komponent for flerheden af omrdder (78) af den mindst ene lavenergiregion (78).

8. Fremgangsmdade (100) ifglge et hvilket som helst af de foregdende krav, yderligere omfattende
beregning af skadesforholdet for flere tidsperioder og trendering af skadesforholdet over tid.

9. Fremgangsmdde (100) ifglge et hvilket som helst af de foregdende krav, hvor komponenten
omfatter mindst ét af et tandhjul (45, 47, 49) eller et leje (39, 70, 72).

10. Fremgangsmdde (100) ifglge et hvilket som helst af de foregdende krav, hvor den roterende
maskine omfatter en vindmglle (10).

11. Et system til detektering af skader i et tandhjul (45, 47, 49) i en roterende maskine, hvilket
system omfatter:

en eller flere sensorer (52, 54) til at indsamle vibrationsdata (74) vedrgrende tandhjulet;

en controller (26), der er kommunikativt koblet til den ene eller flere sensorer (52, 54), hvor
controlleren (26) er konfigureret til at udfgre en eller flere operationer, den ene eller flere
operationer omfatter:

identifikation af mindst ét lavenergiomrdde (78) inden for vibrationsdataene; hvor
vibrationsdataene omfatter mindst ét hgjenergiomrdde og det mindst ene
lavenergiomrdde, hvor kinematisk information anvendes til at undgd, at energiindhold
fra komponenter, der fungerer normalt, bliver tildelt det mindst ene lavenergiomrdde
for derved at udtreekke gnsket energi af beskadigede komponenter for det mindst

ene lavenergiomrdde;
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identifikation af energi (86) af mindst én harmonisk serie eller sidebdndsserie inden
for det mindst ene lavenergiomrdde (78), der indikerer et beskadiget tandhjul (45,
47, 49);

identifikation af energi (88) inden for det mindst ene lavenergiomrdde (78)
ekskluderet den mindst ene harmoniske serie eller sideb&ndsserie;

bestemmelse af mindst ét skadesforhold baseret pd mindst én regionsskadevaerdi;

beregning af et skadesforhold for tandhjulet (45, 47, 49) som en funktion af i det
mindste det mindst ene skadesforhold; og

sammenligning af skadesforholdet med en forudbestemt skadetaerskel, hvor et
skadesforhold, der overstiger den forudbestemte skadetaerskel, er indikativ for det
beskadigede tandhjul (45, 47, 49);

hvor bestemmelse af det mindst ene skadesforhold baseret pd den mindst ene regions
skadeveerdi yderligere omfatter:

bestemmelse af en gennemsnitlig amplitude (80) af energien (86) af
mindst én harmonisk eller sidebdndsserie inden for det mindst ene
lavenergiomrdde (78), der indikerer det beskadigede tandhjul;

bestemmelse af en gennemsnitlig amplitude (82) af
identifikationsenergien (88) inden for det mindst ene lavenergiomrdde
(78) ekskluderet den mindst ene harmoniske eller sidebdndsserie;

bestemmelse af mindst ét amplitudeforhold ved at dividere den
gennemsnitlige amplitude (80) af energien (86) af mindst én
harmonisk eller sidebdndsserie inden for det mindst ene
lavenergiomrdde (78), der indikerer det beskadigede tandhjul (45, 47,
49) med den gennemsnitlige amplitude (82) af energien (88) inden for
det mindst ene lavenergiomrdde (78) ekskluderet den mindst ene
harmoniske eller sidebandsserie;

subtrahering af én fra det mindst ene amplitudeforhold for at opnd
mindst én regionsskadevaerdi.

12. System ifglge krav 11, hvor bestemmelse af det mindst ene skadesforhold baseret pd den mindst
ene regionsskadevaerdi yderligere omfatter:
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forstaerkning af det mindst ene amplitudeforhold baseret pd en felsomhedsfaktor.

13. System ifglge krav 11, hvor den ene eller flere operationer yderligere omfatter:
summering af en flerhed af regionskadeveerdier; og

division af summen med et samlet antal lavenergiomrdder (78).
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