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(54) Blade monitoring system

(57) In one embodiment, a blade monitoring system
(120) includes: at least one computing device configured
to monitor a compressor (4) during a load change by
performing actions comprising: extracting a dynamic
component of a blade time-of-arrival (TOA) deviation sig-
nal in response to the load change on the compressor
(4); calculating, using the dynamic component, at least
one of: a natural frequency of the GT compressor blade

(10) during the load change, an overshoot of the GT com-
pressor blade (10) during the load change, a rise time of
the compressor blade during the load change, a damping
factor of the compressor blade during the load change,
or a settling time of the GT compressor blade (10) after
the load change; and determining whether the GT com-
pressor blade (10) is damaged based upon the at least
one of: the natural frequency, the overshoot, the rise time,
the damping factor, or the settling time.
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Description

BACKGROUND OF THE INVENTION

[0001] The subject matter disclosed herein relates to
a blade monitoring system. Specifically, the subject mat-
ter disclosed herein relates to a system for monitoring
the health of compressor blades.
[0002] Compressors, such as gas turbine compres-
sors, receive inlet air from an air source and compress
that air so that it may be later combined with fuel in a
combustion chamber. The gas created from combustion
of the compressed air and fuel mixture is then used to
force rotation of blades within the gas turbine, and cor-
respondingly, perform mechanical work on a shaft cou-
pled to those blades. Over time, portions of the gas tur-
bine compressor may become damaged. Gas turbine
compressor blades may become damaged, for example,
by particles, foreign objects, and/or corrosive elements
in the inlet air, as well as excessive high cycle and low-
cycle fatigue during compressor operation. Damage to
gas turbine compressor blades may cause inefficiencies
in gas turbine operation and/or unwanted vibrations in
the compressor. In some cases, compressor blade dam-
age may cause liberation of one or more blades, resulting
in catastrophic damage to the compressor..

BRIEF DESCRIPTION OF THE INVENTION

[0003] A system for monitoring a compressor is dis-
closed. In one embodiment, the system includes: a sen-
sor system for sensing a blade passing signal (BPS) of
a passing compressor blade; and a blade monitoring sys-
tem connected to the sensor system, the blade monitor-
ing system performing actions comprising: obtaining the
BPS and extracting a time-of-arrival (TOA) signal from
the BPS indicating a time-of-arrival (TOA) of the com-
pressor blade; calculating a time-of-arrival (TOA) devia-
tion signal by comparing the TOA signal with an expected
time-of-arrival (TOA) signal for the compressor blade;
extracting a dynamic component of the TOA deviation
signal in response to a load change on the compressor;
calculating, using the dynamic component, at least one
of: a natural frequency of the compressor blade during
the load change, an overshoot for the compressor blade
during the load change, a rise time of the compressor
blade during the load change, a damping factor of the
compressor blade during the load change, or a settling
time of the compressor blade after the load change; and
determining whether the compressor blade is damaged
based upon the at least one of: the natural frequency,
the overshoot, the rise time, the damping factor, or the
settling time.
[0004] A first aspect of the invention includes a system
for monitoring a compressor is disclosed. In one embod-
iment, the system includes: a sensor system for sensing
a blade passing signal (BPS) of a passing compressor
blade; and a blade monitoring system connected to the

sensor system, the blade monitoring system performing
actions comprising: obtaining the BPS and extracting a
time-of-arrival (TOA) signal from the BPS indicating a
time-of-arrival (TOA) of the compressor blade; calculat-
ing a time-of-arrival (TOA) deviation signal by comparing
the TOA signal with an expected time-of-arrival (TOA)
signal for the compressor blade; extracting a dynamic
component of the TOA deviation signal in response to a
load change on the compressor; calculating, using the
dynamic component, at least one of: a natural frequency
of the compressor blade during the load change, an over-
shoot for the compressor blade during the load change,
a rise time of the compressor blade during the load
change, a damping factor of the compressor blade during
the load change, or a settling time of the compressor
blade after the load change; and determining whether
the compressor blade is damaged based upon the at
least one of: the natural frequency, the overshoot, the
rise time, the damping factor, or the settling time.
[0005] A second aspect of the invention includes a
computer program comprising program code embodied
in at least one computer-readable storage medium,
which when executed, enables a computer system to im-
plement a method of monitoring a compressor during a
load change, the method comprising: extracting a dy-
namic component of a blade time-of-arrival (TOA) devi-
ation signal in response to the load change on the com-
pressor, the blade TOA deviation signal indicating a de-
viation in a time of arrival of a compressor blade; calcu-
lating, using the dynamic component, at least one of: a
natural frequency of the compressor blade during the
load change, an overshoot of the compressor blade dur-
ing the load change, a rise time of the compressor blade
during the load change, a damping factor of the compres-
sor blade during the load change, or a settling time of the
compressor blade after the load change; and determining
whether the compressor blade is damaged based upon
the at least one of: the natural frequency, the overshoot,
the rise time, the damping factor, or the settling time
[0006] A second aspect of the invention includes a sys-
tem comprising: a gas turbine including a compressor
having a plurality of blades; and at least one computing
device configured to monitor the compressor during a
load change by performing actions comprising: obtaining
a time-of-arrival (TOA) deviation signal indicating a de-
viation in a time-of-arrival (TOA) of one of the plurality of
blades; extracting a dynamic component of the TOA de-
viation signal in response to the load change on the com-
pressor; calculating, using the dynamic component, at
least one of: a natural frequency of the compressor blade
during the load change, an overshoot of the compressor
blade during the load change, a rise time of the compres-
sor blade during the load change, a damping factor of
the compressor blade during the load change, or a set-
tling time of the compressor blade after the load change;
and determining whether the compressor blade is dam-
aged based upon the at least one of: the natural frequen-
cy, the overshoot, the rise time, the damping factor, or
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the settling time.
[0007] A third aspect of the invention includes a com-
puter program comprising program code embodied in at
least one computer-readable storage medium, which
when executed, enables a computer system to imple-
ment a method of monitoring a compressor during a load
change, the method comprising: extracting a dynamic
component of a blade time-of-arrival (TOA) deviation sig-
nal in response to the load change on the compressor,
the blade TOA deviation signal indicating a deviation in
a time of arrival of a compressor blade; calculating, using
the dynamic component, at least one of: a natural fre-
quency of the compressor blade during the load change,
an overshoot of the compressor blade during the load
change, a rise time of the compressor blade during the
load change, a damping factor of the compressor blade
during the load change, or a settling time of the compres-
sor blade after the load change; and determining whether
the compressor blade is damaged based upon the at
least one of: the natural frequency, the overshoot, the
rise time, the damping factor, or the settling time.
[0008] A fourth aspect of the invention includes a com-
puter-implemented method for monitoring a compressor
during a load change, the method comprising: extracting
a dynamic component of a blade time-of-arrival (TOA)
deviation signal in response to the load change on the
compressor, the blade TOA deviation signal indicating a
deviation in a time of arrival of a compressor blade; cal-
culating, using the dynamic component, at least one of:
a natural frequency of the compressor blade during the
load change, an overshoot of the compressor blade dur-
ing the load change, a rise time of the compressor blade
during the load change, a damping factor of the compres-
sor blade during the load change, or a settling time of the
compressor blade during the load change; and determin-
ing whether the compressor blade is damaged based
upon the at least one of: natural frequency, rise time,
damping factor, the overshoot, and the settling time.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] These and other features of this invention will
be more readily understood from the following detailed
description of the various aspects of the invention taken
in conjunction with the accompanying drawings that de-
pict various embodiments of the invention, in which:

FIG. 1 shows a block diagram of an illustrative gas
turbine monitoring system and a schematic depiction
of a portion of a gas turbine.

FIG. 2 shows a process flow diagram of a method
according to an embodiment of the invention.

[0010] It is noted that the drawings of the invention are
not to scale. The drawings are intended to depict only
typical aspects of the invention, and therefore should not
be considered as limiting the scope of the invention. In

the drawings, like numbering represents like elements
between the drawings.

DETAILED DESCRIPTION OF THE INVENTION

[0011] Aspects of the invention provide for a blade
monitoring system. More specifically, aspects of the in-
vention provide for monitoring of the health of compres-
sor blades (e.g., gas turbine compressor blades) during
a change in the compressor’s load conditions. This sys-
tem may work in conjunction with, e.g., gas turbine com-
pressors having variable (movable) inlet guide vanes
(IGVs).
[0012] Compressors, e.g., gas turbine compressors,
operate by taking air from an air source (e.g., ambient
air) and compressing that air before it is combined with
a fuel source in a combustion chamber. Gas turbine com-
pressors are designed to run at an operational speed,
which is predetermined based upon the application of
the gas turbine (e.g., power generation applications, jet
engine applications, etc.), the size/output of the gas tur-
bine, and inlet conditions (e.g., pressure and temperature
of inlet air). Aside from start-up, shut-down, and "speed
sweep" conditions, a power generation gas turbine com-
pressor will run at a relatively constant operational speed.
Prior attempts to detect damage to gas turbine compres-
sor blades in power generation applications have relied
upon changes in the compressor’s speed (e.g., change
in the rotational speed of one or more blades) to detect
a change in the natural frequencies in those blades.
These approaches are limited by the fact that a base-
loaded gas turbine runs at a relatively constant opera-
tional speed over long periods of time, with few opera-
tional speed changes (e.g., startups and shutdowns).
That is, data gathered during speed changes in the gas
turbine compressor are limited to only a few conditions,
e.g., start-up, shut-down, or "speed sweep." As is known
in the art, the gas turbine compressor’s speed is in-
creased during start up, and is decreased during shut
down. "Speed sweeps" are be performed occasionally
on a gas turbine by taking the unit "off-line" (disconnect-
ing from the power grid which it is supplying), and inten-
tionally varying the speed of the gas turbine compressor
to check parameters such as overspeed protection safe-
guards. These approaches using speed changes are not
applicable when the gas turbine compressor is operating
at a constant speed (e.g., running speed).
[0013] Aspects of the invention use changes in the gas
turbine compressor load, instead of speed changes, to
determine whether a compressor blade is damaged. Gas
turbine compressor load may be measured, for example,
by determining the pressure drop from the inlet of the
compressor to the outlet of the compressor. As power
demands (load) of a gas turbine system vary, so does
the amount of compressed air required from a gas turbine
compressor. In order to modify the amount of com-
pressed air provided by the compressor, the position of
inlet guide vanes (IGVs) are manipulated to introduce
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more or less air into the compressor. Manipulating the
position of the IGVs allows for a different volume of gas
to enter the compressor, thereby affecting the compres-
sor’s output. Where the volume of air entering the com-
pressor is varied (e.g., during a load change), the gas
turbine compressor blades experience changing pres-
sure forces causing vibrations in those blades. Aspects
of the invention allow for determining whether one or
more gas turbine compressor blades are damaged based
upon data gathered during compressor load changes.
This approach may take advantage of the frequent and
normal turndown operations of power generating gas tur-
bines. The monitoring system can be configured to run
every time there is a significant load change, thereby
allowing frequent measurement, and long term trending
of changes in blade health over the operational life of the
turbine.
[0014] Turning to FIG. 1, an illustrative schematic en-
vironment 2 including a compressor (e.g., a gas turbine
compressor) 4 and a blade monitoring system 40 are
shown according to an embodiment. Compressor 4 is
shown including a plurality of compressor blades (or sim-
ply, blades) 10 in motion during operation of compressor
4 (operation illustrated by counter-clockwise arrow). The
nominal position of each blade is indicated by the numeral
10, while each blade’s actual position during operation
of compressor 4 is indicated by the numeral 12 (or, "de-
flection position"). The nominal position 10 is predefined
based upon the geometry of compressor (e.g., gas tur-
bine compressor ) 4 and its rate of speed during opera-
tion. The actual position 12 is measured, e.g., by one or
more sensors, as is described further herein. As used
herein, blades will be referenced by the numeral 10. Fur-
ther shown in FIG. 1 is a sensor system 20, operatively
connected to compressor 4 by conventional (e.g., wire-
less or hard-wired) means. Sensor system 20 may be
linked to (e.g., via wireless or hard-wired means), or in-
clude, a first sensor 6 and/or a second sensor 8. First
sensor 6 and second sensor 8 may aid in determining an
actual (or, deflection) position 12 of a compressor blade
10 during operation of compressor 4. It is understood that
first sensor 6 and second sensor 8 are merely illustrative
of one configuration of sensor(s) capable of working in
conjunction with embodiments of the invention. For ex-
ample, in one embodiment, only a single sensor (e.g.,
sensor 6 or sensor 8) may be used to determine and
actual (deflection) position 12 of compressor blade 10
during operation of compressor 4.
[0015] With continuing reference to FIG. 1, and with
further reference to the process flow diagram of FIG. 2,
operation of blade monitoring system 40 within environ-
ment 2 is further described. While the blades 10 rotate
within compressor 4, sensor system 20 senses a blade
passing signal (BPS) 22 for each blade 10 as it passes
under a sensor. For example, one or more sensors (e.g.,
first sensor 6 and/or second sensor 8) may be configured
to sense the passing of a blade using one or more of a
laser probe, a magnetic sensor, a capacitive sensor, a

microwave sensor , or an eddy current sensor. However,
sensors may be configured to sense BPS 22 via any tech-
niques known in the art. In any case, sensor system 20
may be linked to or include one or more sensors (e.g.,
first sensor 6 and/or second sensor 8) which may sense
a BPS 22 for a passing blade 10.
[0016] After obtaining BPS 22, sensor system 20 may
transmit BPS 22 to a computer system 120 (e.g., via wire-
less or hard-wired means), store it in an external memory
(not shown), or transmit it to an intermediate system
where it is capable of being obtained by a blade moni-
toring system (e.g., blade monitoring system 40). Com-
puter system 120 can perform processes described here-
in to determine whether one or more blades 10 are dam-
aged. As shown in FIG. 1, computer system 120 may
include blade monitoring system 40, which makes com-
puter system 120 operable to determine whether one or
more blades 10 of compressor 4 are damaged.
[0017] Computer system 120 is shown in communica-
tion with sensor system 20, which may store BPS 22
and/or transmit BPS 22 to computer system 120. Further,
computer system 120 is shown in communication with a
user 136. A user 136 may be, for example, a programmer
or operator. Additionally, computer system 120 is shown
in communication with a control system (CS) 138. CS
138 may be, for example, a computerized control system
for controlling operation of gas turbine compressor 4. In-
teractions between these components and computer
system 120 will be discussed elsewhere in this applica-
tion. Computer system 120 is shown including a process-
ing component 122 (e.g., one or more processors), a
storage component 124 (e.g., a storage hierarchy), an
input/output (I/O) component 126 (e.g., one or more I/O
interfaces and/or devices), and a communications path-
way 128. In one embodiment, processing component 122
executes program code, such as blade monitoring sys-
tem 40, which is at least partially embodied in storage
component 124. While executing program code,
processing component 122 can process data, which can
result in reading and/or writing the data to/from storage
component 124 and/or I/O component 126 for further
processing. Pathway 128 provides a communications
link between each of the components in computer system
120. I/O component 126 can comprise one or more hu-
man I/O devices or storage devices, which enable user
136 and/or CS 138 to interact with computer system 120
and/or one or more communications devices to enable
user 136 and/or CS 138 to communicate with computer
system 120 using any type of communications link. To
this extent, blade monitoring system 40 can manage a
set of interfaces (e.g., graphical user interface(s), appli-
cation program interface, and/or the like) that enable hu-
man and/or system interaction with blade monitoring sys-
tem 40.
[0018] In any event, computer system 120 can com-
prise one or more general purpose computing articles of
manufacture (e.g., computing devices) capable of exe-
cuting program code installed thereon. As used herein,
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it is understood that "program code" means any collection
of instructions, in any language, code or notation, that
cause a computing device having an information
processing capability to perform a particular function ei-
ther directly or after any combination of the following: (a)
conversion to another language, code or notation; (b)
reproduction in a different material form; and/or (c) de-
compression. To this extent, blade monitoring system 40
can be embodied as any combination of system software
and/or application software. In any event, the technical
effect of computer system 120 is to determine whether
one or more blade(s) 10 is damaged.
[0019] Further, blade monitoring system 40 can be im-
plemented using a set of modules 132. In this case, a
module 132 can enable computer system 20 to perform
a set of tasks used by blade monitoring system 40, and
can be separately developed and/or implemented apart
from other portions of blade monitoring system 40. Blade
monitoring system 40 may include modules 132 which
comprise a specific use machine/hardware and/or soft-
ware. Regardless, it is understood that two or more mod-
ules, and/or systems may share some/all of their respec-
tive hardware and/or software. Further, it is understood
that some of the functionality discussed herein may not
be implemented or additional functionality may be includ-
ed as part of computer system 120.
[0020] When computer system 120 comprises multiple
computing devices, each computing device may have
only a portion of blade monitoring system 40 embodied
thereon (e.g., one or more modules 132). However, it is
understood that computer system 120 and blade moni-
toring system 40 are only representative of various pos-
sible equivalent computer systems that may perform a
process described herein. To this extent, in other em-
bodiments, the functionality provided by computer sys-
tem 120 and blade monitoring system 40 can be at least
partially implemented by one or more computing devices
that include any combination of general and/or specific
purpose hardware with or without program code. In each
embodiment, the hardware and program code, if includ-
ed, can be created using standard engineering and pro-
gramming techniques, respectively.
[0021] Regardless, when computer system 120 in-
cludes multiple computing devices, the computing devic-
es can communicate over any type of communications
link. Further, while performing a process described here-
in, computer system 120 can communicate with one or
more other computer systems using any type of commu-
nications link. In either case, the communications link
can comprise any combination of various types of wired
and/or wireless links; comprise any combination of one
or more types of networks; and/or utilize any combination
of various types of transmission techniques and proto-
cols.
[0022] As discussed herein, blade monitoring system
40 enables computer system 120 to determine whether
one or more blades 10 is damaged. Blade monitoring
system 40 may include logic, which may include the fol-

lowing functions: an obtainer 43 (shown in phantom as
optionally included in blade monitoring system 40), a
comparator 53 (shown in phantom as optionally included
in blade monitoring system 40), an extractor 63, a calcu-
lator 73 and a determinator 83. In one embodiment, blade
monitoring system 40 may include logic to perform the
above-stated functions. Structurally, the logic may take
any of a variety of forms such as a field programmable
gate array (FPGA), a microprocessor, a digital signal
processor, an application specific integrated circuit
(ASIC) or any other specific use machine structure ca-
pable of carrying out the functions described herein. Log-
ic may take any of a variety of forms, such as software
and/or hardware. However, for illustrative purposes,
blade monitoring system 40 and logic included therein
will be described herein as a specific use machine. As
will be understood from the description, while logic is il-
lustrated as including each of the above-stated functions,
not all of the functions are necessary according to the
teachings of the invention as recited in the appended
claims.
[0023] With continuing reference to FIGS. 1-2, during
operation, sensor system 20 and blade monitoring 40
may work together to monitor one or more blades 10 and
determine whether the one or more blades 10 is dam-
aged. In one embodiment, sensor system 20 may provide
BPS 22 to blade monitoring system 40 where it may be
obtained by obtainer 43. In another embodiment, as de-
scribed herein, obtainer 43 may obtain BPS 22 from a
source other than sensor system 20 (e.g., via a storage
system or intermediate system/device). In any case, ob-
tainer 43 may obtain BPS 22 and extract a time-of-arrival
(TOA) signal from BPS 22 (FIG. 2, optional process P2).
The TOA signal may indicate a time of arrival of com-
pressor blade 10. For example, the time of arrival of a
compressor blade may be measured by timing how long
it takes a blade 10 to pass under a sensor (e.g., first
sensor 6 or second sensor 8) with reference to a once/
revolution (1/rev) marker, as is known in the art. In an-
other example, the time of arrival of a blade 10 may be
measured by timing how long it takes that blade 10 to
travel from a first sensor (e.g., first sensor 6) to a second
sensor (e.g., second sensor 8). The TOA signal may be
extracted by obtainer 43 via, for example, an edge thresh-
old approach, a centroid approach, or other conventional
signal processing approaches. In any case, obtainer 43
obtains BPS 22 and extracts the TOA signal (FIG. 2, proc-
ess P2). Comparator 53 may then compare the TOA sig-
nal extracted from BPS 22 with an expected time-of-ar-
rival (TOA) signal for the blade 10 (FIG. 2, process P3).
The expected TOA signal may be predetermined based
upon which sensor(s) (e.g., first sensor 6 and/or second
sensor 8) are detecting BPS 22. That is, an expected
TOA signal can be calculated based upon the speed at
which gas turbine compressor 4 is operating, the distance
between blades 10, and the location of one or more sen-
sors (e.g., sensors 6, 8). In any case, comparator 53 may
calculate a time-of-arrival (TOA) deviation signal by com-
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paring the TOA signal with the expected TOA signal for
a particular blade 10 (FIG. 2, process P3).
[0024] As indicated in FIG. 1, obtainer 43 and compa-
rator 53 may be optional components (or, modules) in
blade monitoring system 40. That is, obtainer 43 and
comparator 53 may be part of an external system (e.g.,
sensor system 20 and/or control system 138) which may
perform the functions described herein. In one embodi-
ment, control system 138 and/or sensor system 20 may
be configured to monitor e.g., gas turbine operating pa-
rameters (e.g., operating conditions of gas turbine com-
pressor 4 or other components in a gas turbine system).
In one embodiment, blade monitoring system 40 can ac-
cess load information and IGV position/angle information
from a turbine control system (e.g., control system 138)
whenever the load change occurs.
[0025] In one embodiment, obtainer 43 and compara-
tor 53 may operate continuously as described herein (as
either part of blade monitoring system 40 or an external
system), where extractor 63 extracts the dynamic com-
ponent of the TOA deviation signal in response to a load
change (e.g., a gas turbine load change) or a change in
the position of one or more inlet guide vanes (IGVs) on
the gas turbine compressor 4 (FIG. 2, process P4). Spe-
cifically, extractor 63 may extract the dynamic component
of the TOA deviation signal in response to detecting, or
receiving load change information (e.g., load change in-
structions 24) or information indicating a change in IGV
angle(s). Load change instructions 24 may include, for
example, instructions to change the position of one or
more inlet guide vanes (IGVs). As is known in the art, a
compressor’s (e.g., gas turbine compressor) load may
be adjusted based upon a desired power output. For ex-
ample, where a gas turbine is used in power generation
and an increased power output is required, an operator
or computer system may increase the volume of intake
air to a compressor (e.g., compressor 4) to provide for
greater output in the combustion cycle. In order to modify
the amount of compressed air provided by the compres-
sor, the position of one or more IGVs is manipulated to
introduce more or less air into the compressor. Manipu-
lating the position of the IGVs allows for a different volume
of gas to enter the compressor, thereby affecting the com-
pressor’s output. Where the volume of air entering the
compressor is varied (e.g., during a load change), the
gas turbine compressor blades may experience pressure
forces causing vibrations in the blades. These vibrations
may be detectable via the extracted dynamic component
of the TOA deviation signal.
[0026] During a load change on compressor 4 (e.g., a
gas turbine compressor), blades 10 may exhibit ringing
or vibration, as is typically seen in the response of un-
derdamped systems to an input disturbance. The TOA
deviation signal of one or more blade(s) 10 during a load
change on compressor 4 will exhibit a measurable
change in magnitude (representing oscillation of the
blade(s) 10 during the load change). In some embodi-
ments, the exact magnitude of the forcing function is not

known in general, and in this case, the oscillation of blade
(s) (e.g., blade(s) 10) may be normalized for a standard
load/IGV angle shift. These normalized features of the
blades (e.g., blades 10), such as rise time, natural fre-
quency, damping factor and settling time may be esti-
mated, using known system identification techniques.
The normalized features may then be compared with fea-
tures taken from the dynamic component of the TOA de-
viation signal, as described further herein.
[0027] Returning to FIG. 2, after extracting the dynamic
component of the TOA deviation signal, calculator 73
may calculate at least one of: a natural frequency (ω) of
blade 10 during the load change, an overshoot of blade
10 during the load change, a rise time of blade 10 during
the load change, a damping factor of blade 10 during the
load change, or a settling time of blade 10 during the load
change (process P5). As used herein, the natural fre-
quency of blade 10 may be equal to the frequency at
which the blade 10 freely vibrates during the load change;
the overshoot of the blade 10 may be equal to the amount
the dynamic component of the TOA deviation signal ex-
ceeds its steady-state value; the rise time of blade 10
may be equal to the time elapsed during a change in
magnitude of the TOA deviation signal for that blade 10;
the damping factor (or, damping ratio) of blade 10 rep-
resents how quickly a blade’s oscillations are eliminated;
and the settling time is the time required, after the initia-
tion of the load change, for blade 10 to enter its approx-
imately steady state position. These characteristics may
be calculated using any conventional techniques known
in the art (e.g., graphical and/or signal analysis calcula-
tions).
[0028] Once calculated, determinator 83 may compare
one or more of the natural frequency, the overshoot, the
rise time, the damping factor, or the settling time for a
blade 10 during the load change to expected values for
these characteristics. The expected values for all these
parameters (e.g., natural frequency, overshoot, etc.) may
be calculated and stored beforehand, when the blades
are in a known healthy, or undamaged state. The devi-
ations between a healthy and damaged blade may de-
pend on the geometry of the blade, and the type, location
and magnitude of the damage. Computer models may
be used to generate the expected responses (e.g., ex-
pected parameter values such as natural frequency,
overshoot, etc.) of one or more blades to a change in
load conditions, and these expected responses are then
used at run-time by the blade monitoring system 40 (e.g.,
determinator 83) to determine whether a fault exists. The
expected parameter values may be specific to gas tur-
bine compressor 4, and may be stored (e.g., in storage
component 124), or provided to blade monitoring system
40 by a user (e.g., user 136), or other external system.
[0029] While shown and described herein as an envi-
ronment 2 including blade monitoring system 40, it is un-
derstood that aspects of the invention further provide var-
ious alternative embodiments. For example, in one em-
bodiment, the invention provides a computer program
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embodied in at least one computer-readable storage me-
dium, which when executed, enables a computer system
(e.g., computer system 120) to determine whether one
or more blades 10, 12 is damaged. To this extent, the
computer-readable storage medium includes program
code, such as blade monitoring system 40 (FIG. 1), which
implements some or all of a process described herein. It
is understood that the term "computer-readable storage
medium" comprises one or more of any type of tangible
medium of expression capable of embodying a copy of
the program code (e.g., a physical embodiment). For ex-
ample, the computer-readable storage medium can com-
prise: one or more portable storage articles of manufac-
ture; one or more memory/storage components of a com-
puting device; paper; and/or the like. A computer reada-
ble storage medium may be, for example, but not limited
to, an electronic, magnetic, optical, electromagnetic, in-
frared, or semiconductor system, apparatus, or device,
or any suitable combination of the foregoing. More spe-
cific examples (a non-exhaustive list) of the computer
readable storage medium would include the following:
an electrical connection having one or more wires, a port-
able computer diskette, a hard disk, a random access
memory (RAM), a read-only memory (ROM), an erasable
programmable read-only memory (EPROM or Flash
memory), a portable compact disc read-only memory
(CD-ROM), an optical storage device, a magnetic stor-
age device, or any suitable combination of the foregoing.
In the context of this document, a computer readable
storage medium may be any tangible medium that can
contain, or store a program for use by or in connection
with an instruction execution system, apparatus, or de-
vice.
[0030] In another embodiment, the invention provides
a method of providing a copy of program code, such as
blade monitoring system 40 (FIG. 1), which implements
some or all of a process described herein. In this case,
a computer system can generate and transmit, for recep-
tion at a second, distinct location, a set of data signals
that has one or more of its characteristics set and/or
changed in such a manner as to encode a copy of the
program code in the set of data signals. Similarly, an
embodiment of the invention provides a method of ac-
quiring a copy of program code that implements some or
all of a process described herein, which includes a com-
puter system receiving the set of data signals described
herein, and translating the set of data signals into a copy
of the computer program embodied in at least one com-
puter-readable medium. In either case, the set of data
signals can be transmitted/received using any type of
communications link.
[0031] In still another embodiment, the invention pro-
vides a method of generating a system for determining
whether one or more blades 10, 12 is damaged. In this
case, a computer system, such as computer system 120
(FIG. 1), can be obtained (e.g., created, maintained,
made available, etc.) and one or more modules for per-
forming a process described herein can be obtained

(e.g., created, purchased, used, modified, etc.) and de-
ployed to the computer system. To this extent, the de-
ployment can comprise one or more of: (1) installing pro-
gram code on a computing device from a computer-read-
able medium; (2) adding one or more computing and/or
I/O devices to the computer system; and (3) incorporating
and/or modifying the computer system to enable it to per-
form a process described herein.
[0032] The terminology used herein is for the purpose
of describing particular embodiments only and is not in-
tended to be limiting of the disclosure. As used herein,
the singular forms "a", "an" and "the" are intended to in-
clude the plural forms as well, unless the context clearly
indicates otherwise. It will be further understood that the
terms "comprises" and/or "comprising," when used in this
specification, specify the presence of stated features, in-
tegers, steps, operations, elements, and/or components,
but do not preclude the presence or addition of one or
more other features, integers, steps, operations, ele-
ments, components, and/or groups thereof.
[0033] This written description uses examples to dis-
close the invention, including the best mode, and also to
enable any person skilled in the art to practice the inven-
tion, including making and using any devices or systems
and performing any incorporated methods. The patent-
able scope of the invention is defined by the claims, and
may include other examples that occur to those skilled
in the art. Such other examples are intended to be within
the scope of the claims if they have structural elements
that do not differ from the literal language of the claims,
or if they include equivalent structural elements with in-
substantial differences from the literal languages of the
claims.
[0034] For completeness, various aspects of the in-
vention are now set out in the following numbered claus-
es:

1. A system for monitoring a compressor, the system
comprising:

a sensor system for sensing a blade passing
signal (BPS) of a passing compressor blade;
and

a blade monitoring system connected to the sen-
sor system, the blade monitoring system per-
forming actions comprising:

obtaining the BPS and extracting a time-of-
arrival (TOA) signal from the BPS indicating
a time-of-arrival (TOA) of the compressor
blade;

calculating a time-of-arrival (TOA) deviation
signal by comparing the TOA signal with an
expected time-of-arrival (TOA) signal for the
compressor blade;
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extracting a dynamic component of the TOA
deviation signal in response to a load
change on the compressor;

calculating, using the dynamic component,
at least one of: a natural frequency of the
compressor blade during the load change,
an overshoot for the compressor blade dur-
ing the load change, a rise time of the com-
pressor blade during the load change, a
damping factor of the compressor blade
during the load change, or a settling time of
the compressor blade after the load change;
and

determining whether the compressor blade
is damaged based upon the at least one of:
the natural frequency, the overshoot, the
rise time, the damping factor, or the settling
time.

2. The system of clause 1, wherein the blade moni-
toring system further determines that the load
change is occurring and sends instructions to extract
the dynamic component of the TOA deviation signal.

3. The system of clause 2, wherein the blade moni-
toring system further determines that the load
change is occurring by monitoring compressor op-
erating parameters.

4. The system of clause 1, wherein the compressor
is a component in a gas turbine, and wherein the
blade monitoring system further determines that the
load change is occurring by monitoring a position of
at least one inlet guide vane or a power output of the
gas turbine.

5. The system of clause 1, wherein the sensor sys-
tem senses the blade passing signal using at least
one of optical sensing, capacitive sensing, micro-
wave sensing or eddy current sensing.

6. The system of clause 1, wherein the TOA signal
is extracted from the BPS using one of an edge
threshold extraction or a centroid extraction.

7. A system comprising:

a gas turbine including a compressor having a
plurality of blades; and

at least one computing device configured to
monitor the compressor during a load change
by performing actions comprising:

obtaining a time-of-arrival (TOA) deviation
signal indicating a deviation in a time-of-ar-

rival (TOA) of one of the plurality of blades;

extracting a dynamic component of the TOA
deviation signal in response to the load
change on the compressor;

calculating, using the dynamic component,
at least one of:

a natural frequency of the compressor
blade during the load change, an over-
shoot of the compressor blade during
the load change, a rise time of the com-
pressor blade during the load change,
a damping factor of the compressor
blade during the load change, or a set-
tling time of the compressor blade after
the load change; and

determining whether the compressor
blade is damaged based upon the at
least one of:

the natural frequency, the over-
shoot, the rise time, the damping
factor, or the settling time.

8. The system of clause 7, further comprising a sen-
sor system for obtaining an actual time-of-arrival
(TOA) signal of the blade.

9. The system of clause 8, wherein the at least one
computing device is further configured to initiate the
sensor system to obtain the actual TOA signal in
response to the load change.

10. The system of clause 7, wherein the at least one
computing device is further configured to determine
occurrence of the load change and in response
thereto, send instructions to extract the dynamic
component of the TOA deviation signal.

11. The system of clause 10, wherein the at least
one computing device is configured to determine oc-
currence of the load change by monitoring gas tur-
bine operating parameters.

12. The system of clause 7, wherein the at least one
computing device is further configured to obtain the
TOA deviation signal by comparing an actual time-
of arrival (TOA) signal of the blade with an expected
time-of-arrival (TOA) signal of the blade.

13. The system of clause 7, wherein the at least one
computing device is further configured to determine
occurrence of the load change by monitoring a po-
sition of at least one gas turbine inlet guide vane or
a power output of the gas turbine.
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14. A computer program comprising program code
embodied in at least one computer-readable storage
medium, which when executed, enables a computer
system to implement a method of monitoring a com-
pressor during a load change, the method compris-
ing:

extracting a dynamic component of a blade time-
of-arrival (TOA) deviation signal in response to
the load change on the compressor, the blade
TOA deviation signal indicating a deviation in a
time of arrival of a compressor blade;

calculating, using the dynamic component, at
least one of: a natural frequency of the compres-
sor blade during the load change, an overshoot
of the compressor blade during the load change,
a rise time of the compressor blade during the
load change, a damping factor of the compres-
sor blade during the load change, or a settling
time of the compressor blade after the load
change; and

determining whether the compressor blade is
damaged based upon the at least one of:

the natural frequency, the overshoot, the
rise time, the damping factor, or the settling
time.

15. The computer program of clause 14, the method
further comprising obtaining an actual time-of-arrival
(TOA) signal of the compressor blade.

16. The computer program of clause 15, the method
further comprising initiating the measuring of the ac-
tual TOA signal in response to the load change.

17. The computer program of clause 14, the method
further comprising determining that the load change
is occurring and sending instructions to extract the
dynamic component of the TOA deviation signal.

18. The computer program of clause 17, the method
further comprising determining that the load change
is occurring by monitoring turbine operating param-
eters.

19. The computer program of clause 14, the method
further comprising obtaining the TOA deviation sig-
nal by comparing an actual time-of arrival (TOA) sig-
nal of the compressor blade with an expected time-
of-arrival (TOA) signal of the compressor blade.

20. The computer program of clause 14, the method
further comprising determining occurrence of the
load change by monitoring a position of at least one
gas turbine inlet guide vane.

Claims

1. A system (120) for monitoring a compressor (4), the
system (40) comprising:

a sensor system (20) for sensing a blade pass-
ing signal (BPS) (22) of a passing compressor
blade (10); and
a blade monitoring system (40) connected to the
sensor system (20), the blade monitoring sys-
tem (40) performing actions comprising:

obtaining the BPS (22) and extracting a
time-of-arrival (TOA) signal from the BPS
(22) indicating a time-of-arrival (TOA) of the
compressor blade (10);
calculating a time-of-arrival (TOA) deviation
signal by comparing the TOA signal with an
expected time-of-arrival (TOA) signal for the
compressor blade (10);
extracting a dynamic component of the TOA
deviation signal in response to a load
change on the compressor (4);
calculating, using the dynamic component,
at least one of: a natural frequency of the
compressor blade (10) during the load
change, an overshoot for the compressor
blade (10) during the load change, a rise
time of the compressor blade (10) during
the load change, a damping factor of the
compressor blade (10) during the load
change, or a settling time of the compressor
blade (10) after the load change; and
determining whether the compressor blade
(10) is damaged based upon the at least
one of: the natural frequency, the over-
shoot, the rise time, the damping factor, or
the settling time.

2. The system (120) of claim 1, wherein the blade mon-
itoring system (40) further determines that the load
change is occurring and sends instructions to extract
the dynamic component of the TOA deviation signal.

3. The system (120) of claim 1 or 2, wherein the com-
pressor (4) is a component in a gas turbine, and
wherein the blade monitoring system (40) further de-
termines that the load change is occurring by mon-
itoring a position of at least one inlet guide vane or
a power output of the gas turbine.

4. The system (120) of any of the preceding claims,
wherein the TOA signal is extracted from the BPS
(22) using one of an edge threshold extraction or a
centroid extraction.

5. A system comprising:
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a gas turbine including a compressor (4) having
a plurality of blades (10); and
at least one computing device (120) configured
to monitor the compressor (4) during a load
change by performing actions comprising:

obtaining a time-of-arrival (TOA) deviation
signal indicating a deviation in a time-of-ar-
rival (TOA) of one of the plurality of blades
(10);
extracting a dynamic component of the TOA
deviation signal in response to the load
change on the compressor (4);
calculating, using the dynamic component,
at least one of:

a natural frequency of the compressor
blade (10) during the load change, an
overshoot of the compressor blade (10)
during the load change, a rise time of
the compressor blade (10) during the
load change, a damping factor of the
compressor blade (10) during the load
change, or a settling time of the com-
pressor blade (10) after the load
change; and
determining whether the compressor
blade (10) is damaged based upon the
at least one of: the natural frequency,
the overshoot, the rise time, the damp-
ing factor, or the settling time.

6. The system of claim 5, further comprising a sensor
system (20) for obtaining an actual time-of-arrival
(TOA) signal of the blade (10).

7. The system of claim 6, wherein the at least one com-
puting device (120) is further configured to initiate
the sensor system (20) to obtain the actual TOA sig-
nal in response to the load change.

8. The system of any of claims 5 to 7, wherein the at
least one computing device (120) is further config-
ured to determine occurrence of the load change and
in response thereto, send instructions to extract the
dynamic component of the TOA deviation signal.

9. A method of monitoring a compressor (4) during a
load change, the method comprising:

extracting a dynamic component of a blade time-
of-arrival (TOA) deviation signal in response to
the load change on the compressor (4), the
blade TOA deviation signal indicating a devia-
tion in a time of arrival of a compressor blade
(10);
calculating, using the dynamic component, at
least one of: a natural frequency of the compres-

sor blade (10) during the load change, an over-
shoot of the compressor blade (10) during the
load change, a rise time of the compressor blade
(10) during the load change, a damping factor
of the compressor blade (10) during the load
change, or a settling time of the compressor
blade (10) after the load change; and
determining whether the compressor blade (10)
is damaged based upon the at least one of: the
natural frequency, the overshoot, the rise time,
the damping factor, or the settling time.

10. The method of claim 9, further comprising determin-
ing occurrence of the load change by monitoring a
position of at least one gas turbine inlet guide vane.

11. A computer program comprising program code em-
bodied in at least one computer readable storage
medium, which when executed, enables a computer
system to implement the method of claim 9 or 10.
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